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Abstract 

Dredging operations in the tropical north of Australia often occurs nearby sensitive habitats like 

coral reefs. During periods of critical ecological importance, such as biannual coral spawning events, 

dredging operations are often halted for ~12 days (termed an Environmental Window) to allow the 

pelagic stages of life cycle to develop without excessive exposure to suspended sediment, 

depositing sediment, or reduced light. However, mechanisms by which sediment affects these early 

life history stages are poorly understood, with a range of responses described in the literature, and 

therefore raises the question about how effective the Environmental Windows are for protecting 

coral reproduction and recruitment processes. In this thesis, I aim to assess the impact of stressors 

associated with elevated sediment exposure (i.e. suspended sediments, deposited sediments and 

light attenuation) on the early life-history stages of coral, including the bundle ascent, fertilisation, 

embryo, larval and settlement stages.  

For many coral species in Australia and the world, spawning occurs over just a few nights of the year 

in a multi-species synchronised event. Coral spawning begins with the release of buoyant egg and 

sperm packages (bundles) that float slowly to the water surface. In Chapter 2, a mathematical model 

was developed to predict the water quality conditions that could cause sediments to intercept and 

sink egg–sperm bundles. The model was further expanded to demonstrate how this cause–effect 

pathway could translate to fewer egg–sperm contacts, a proxy for fertilisation success. I validated 

the model using sedimentation columns, and verified that sediment grains adhered to the bundle 

membrane using optical and scanning electron microscopy. Next, I investigated how suspended 

sediments may directly impact the fertilisation stage of coral gametes at the water surface (Chapter 

3). This involved a series of controlled assays applying a range of sediment and sperm concentrations 

to test whether the suspended sediments interacted with sperm, eggs or both. Sperm (but not eggs) 

were affected by suspended sediments, and evidence for the formation of sediment–sperm flocs 

was revealed using flow cytometry and a range of microscopy techniques. Flocculation with 

suspended sediments caused the sperm concentration to fall below the threshold required for 

fertilisation, and this finding was investigated further to determine why some sediment types affect 

fertilisation more than others. Subsequently, I identified threshold concentrations of these 

sediments for application in risk assessments (Chapter 4). Sediments that contain cohesive 

components (mineral clays and acid polysaccharides) caused a dramatic decrease in fertilisation 
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success, whereas biogenic calcium carbonate sediment, typical of mid–offshore reefs, had no effect. 

In Chapter 5, I assessed the impacts of sediment on embryo and larval stages and found that each 

pelagic life history stage had impressive tolerance to high sediment concentrations. Sediment grains 

were effectively cleared from the developing larvae through mucous secretion and ciliary beating.  

Further, a novel adaption was documented in which embryos form a protective mucous sac or 

“cocoon” which protects the developing embryos until they are capable of swimming, at which point 

they use ciliary beating to break free. These results indicate that the pelagic stages are at lower risk 

during dredging operations relative to other life history stages. Finally, in Chapter 6 I examined how 

deposited sediment may either directly impact larval settlement by creating a thin but impenetrable 

veneer, or indirectly by impacting the settlement inducer (calcareous red algae, CRA). While 

complex surface aspects and structures create more refuges where larvae can settle in areas of high 

sediment deposition, there is likely to be an overall reduction in available settlement substrates, 

and larvae may preferentially settle in sub-optimal areas that have a subsequent impact on their 

growth and survival as recruits. 

This thesis provides valuable information on pressure–response thresholds and cause–effect 

pathways across several early life history stages. The pathways and thresholds identified will inform 

management decisions around dredging operations, allowing for improved protection during 

ecologically critical coral spawning events. 

 



v 

 

Table of Contents 

ABSTRACT .............................................................................................................................................................. III 

TABLE OF CONTENTS ................................................................................................................................................ V 

ACKNOWLEDGMENTS ........................................................................................................................................... XIII 

AUTHORSHIP DECLARATION: CO-AUTHORED PUBLICATIONS ................................................................................. XIV 

1 CHAPTER 1 — GENERAL INTRODUCTION ....................................................................................................... 18 

1.1 DREDGING AND CORAL REEFS ..................................................................................................................................... 18 

1.2 REPRODUCTIVE STAGES OF CORALS ............................................................................................................................. 19 

1.3 THE IMPACTS OF SEDIMENT ON THE EARLY LIFE HISTORY STAGES OR CORALS ........................................................................ 22 

1.4 THE ENVIRONMENTAL WINDOW ................................................................................................................................ 24 

1.5 EXAMPLE OF WATER QUALITY CONDITIONS DURING A LARGE DREDGING PROGRAM ............................................................... 24 

1.6 CAUSE–EFFECT PATHWAYS ........................................................................................................................................ 26 

1.7 OBJECTIVES OF THIS THESIS ........................................................................................................................................ 27 

2 CHAPTER 2 — THAT SINKING FEELING: SUSPENDED SEDIMENTS CAN PREVENT THE ASCENT OF CORAL EGG 

BUNDLES ............................................................................................................................................................... 29 

2.1 ABSTRACT ..............................................................................................................................................................  29 

2.2 INTRODUCTION ....................................................................................................................................................... 29 

2.3 METHODS ..............................................................................................................................................................  30 

2.4 RESULTS ................................................................................................................................................................ 32 

2.5 DISCUSSION ........................................................................................................................................................... 37 

2.6 ACKNOWLEDGMENTS. .............................................................................................................................................. 39 

3 CHAPTER 3 — SUSPENDED SEDIMENTS LIMIT CORAL SPERM AVAILABILITY ................................................... 41 

3.1 ABSTRACT ..............................................................................................................................................................  41 

3.2 INTRODUCTION ....................................................................................................................................................... 41 

3.3 MATERIALS AND METHODS ........................................................................................................................................ 45 

3.3.1 Choice of suspended sediment (exposure) concentrations ....................................................................... 45 

3.3.2 Sediment preparation and analysis .......................................................................................................... 45 

3.3.3 Coral collection and gamete preparation ................................................................................................. 46 

3.3.4 Influence of SS on fertilisation at multiple sperm concentrations ............................................................. 47 

3.3.5 Sperm counting in the water’s surface with SS ......................................................................................... 48 

3.3.6 Microscopic examination .......................................................................................................................... 48 

3.3.7 Gamete exposure duration of SS on fertilisation ...................................................................................... 49 

3.3.8 Design and statistical analysis .................................................................................................................. 49 



vi 

 

3.4 RESULTS ................................................................................................................................................................ 50 

3.4.1 SS generation during dredging operations and cyclones .......................................................................... 50 

3.4.2 Influence of SS on fertilisation at multiple sperm concentrations ............................................................. 51 

3.4.3 Sperm counting in the water’s surface with SS ......................................................................................... 54 

3.4.4 Gamete exposure duration of SS on fertilisation ...................................................................................... 57 

3.5 DISCUSSION ........................................................................................................................................................... 58 

3.6 ACKNOWLEDGMENTS ............................................................................................................................................... 61 

4 CHAPTER 4 — WHAT’S CAUSING THE FLOCS? SEDIMENT CHARACTERISTICS INFLUENCE THE FERTILISATION 

SUCCESS OF THE CORALS ACROPORA TENUIS AND ACROPORA MILLEPORA ............................................................ 62 

4.1 ABSTRACT ..............................................................................................................................................................  62 

4.2 INTRODUCTION ....................................................................................................................................................... 62 

4.2.1 Sediments and corals ................................................................................................................................ 62 

4.2.2 Sediment and fertilisation success ............................................................................................................ 63 

4.2.3 Floc formation ........................................................................................................................................... 64 

4.2.4 Aims .......................................................................................................................................................... 64 

4.3 METHODS ..............................................................................................................................................................  65 

4.3.1 Coral and gamete collection ..................................................................................................................... 65 

4.3.2 Sediment preparation ............................................................................................................................... 65 

4.3.3 Sediment analysis ..................................................................................................................................... 66 

4.3.4 Concentration–response assays ................................................................................................................ 67 

4.3.5 Responses of coral fertilisation sediment components ............................................................................. 68 

4.3.6 Microscopy ................................................................................................................................................ 68 

4.3.7 Risk assessment analysis to in situ water quality data ............................................................................. 68 

4.3.8 Statistical analysis ..................................................................................................................................... 70 

4.4 RESULTS ................................................................................................................................................................ 70 

4.4.1 Sediment composition ............................................................................................................................... 70 

4.4.2 Concentration–response relationships for sediments and A. tenuis ......................................................... 71 

4.4.3 Responses of A. millepora to sediment and clays ..................................................................................... 72 

4.4.4 Microscopy images ................................................................................................................................... 73 

4.4.5 Risk assessment analysis of field sites ....................................................................................................... 74 

4.5 DISCUSSION ........................................................................................................................................................... 76 

4.5.1 Summary ................................................................................................................................................... 76 

4.5.2 Inhibition of fertilisation by suspended sediments and clays .................................................................... 77 

4.5.3 Contribution of extracellular polymeric substances (EPS) to fertilisation inhibition ................................. 78 

4.5.4 Sperm limitation ........................................................................................................................................ 79 

4.5.5 Risk assessment and environmental relevance ......................................................................................... 80 

4.5.6 Environmental relevance .......................................................................................................................... 80 



vii 

 

4.5.7 Conclusion ................................................................................................................................................. 81 

4.6 ACKNOWLEDGMENTS ............................................................................................................................................... 81 

5 CHAPTER 5 — MUCOUS SECRETION AND CILIA BEATING DEFEND CORAL LARVAE FROM SUSPENDED 

SEDIMENTS ............................................................................................................................................................ 82 

5.1 ABSTRACT ..............................................................................................................................................................  82 

5.2 INTRODUCTION ....................................................................................................................................................... 83 

5.3 MATERIALS AND METHODS ....................................................................................................................................... 85 

5.3.1 Sediment collection and preparation ........................................................................................................ 85 

5.3.2 Coral collection and larval culture ............................................................................................................ 86 

5.3.3 Embryo concentration–response experiments .......................................................................................... 87 

5.3.4 Larval survivorship and metamorphosis concentration–response experiments ....................................... 88 

5.3.5 Optical and scanning electron microscopy ............................................................................................... 89 

5.3.6 Water quality during turbidity generating events .................................................................................... 89 

5.3.7 Statistical Analysis .................................................................................................................................... 89 

5.4 RESULTS ................................................................................................................................................................ 90 

5.4.1 Impacts of suspended sediments on embryogenesis ................................................................................ 90 

5.4.2 Impacts of suspended sediments on larval development and metamorphosis ........................................ 94 

5.4.3 Water quality during turbidity generating events .................................................................................... 96 

5.5 DISCUSSION ........................................................................................................................................................... 97 

5.5.1 Conclusion ............................................................................................................................................... 101 

5.6 ACKNOWLEDGMENTS ............................................................................................................................................. 101 

6 CHAPTER 6 — SETTLEMENT PATTERNS OF THE CORAL ACROPORA MILLEPORA ON SEDIMENT-LADEN 

SURFACES ............................................................................................................................................................ 103 

6.1 ABSTRACT ............................................................................................................................................................ 103 

6.2 INTRODUCTION ..................................................................................................................................................... 104 

6.2.1 Sedimentation on coral reefs .................................................................................................................. 104 

6.2.2 Coral recruitment .................................................................................................................................... 104 

6.2.3 Cause-effect pathways ............................................................................................................................ 105 

6.2.4 Concentration-response thresholds ........................................................................................................ 106 

6.3 METHODS ............................................................................................................................................................ 107 

6.3.1 Coral collection and larval culture .......................................................................................................... 107 

6.3.2 Substrate types and conditioning ........................................................................................................... 108 

6.3.3 Sediment types ........................................................................................................................................ 108 

6.3.4 Light intensity .......................................................................................................................................... 109 

6.3.5 Experiment 1 — Deposited sediment and surface aspect ....................................................................... 110 

6.3.6 Experiment 2 — Deposited sediment on upward-facing surfaces .......................................................... 110 



viii 

 

6.3.7 Experiment 3 — Smothered CRA ............................................................................................................. 112 

6.3.8 Experiment 4 — Light intensity and surface structure ............................................................................ 113 

6.3.9 Experiment 5 — Light intensity ............................................................................................................... 113 

6.3.10 Statistical Analysis .............................................................................................................................. 114 

6.4 RESULTS ..............................................................................................................................................................  114 

6.4.1 Experiment 1 — Deposited sediment and surface aspect ....................................................................... 114 

6.4.2 Experiment 3 — Smothered CRA ............................................................................................................. 116 

6.4.3 Experiment 4 — Light intensity and surface structure ............................................................................ 118 

6.4.4 Experiment 5 — Light intensity ............................................................................................................... 118 

6.5 DISCUSSION ......................................................................................................................................................... 119 

6.5.1 Summary ................................................................................................................................................. 119 

6.5.2 Deposited sediment and surface aspect ................................................................................................. 119 

6.5.3 Smothered CRA ....................................................................................................................................... 121 

6.5.4 Light intensity and surface structure ...................................................................................................... 122 

6.5.5 Ecological relevance ................................................................................................................................ 123 

6.5.6 Conclusion ............................................................................................................................................... 124 

7 CHAPTER 7 — DISCUSSION .......................................................................................................................... 126 

7.1 SUMMARY AND OBJECTIVES .................................................................................................................................... 126 

7.1.1 Determine if sediment can impact the ascent of coral egg-sperm bundles, and from this determine 

concentration–response thresholds, cause–effect pathways, and scenarios under which ballasting occurs 

(Chapter 2). ........................................................................................................................................................... 127 

7.1.2 Identify the cause–effect pathways that prevent coral gametes fertilising when exposed to suspended 

sediments (Chapter 3). .......................................................................................................................................... 128 

7.1.3 Determine thresholds for different sediment types on coral fertilisation success and explain factors for 

any variation (Chapter 4). ..................................................................................................................................... 129 

7.1.4 Assess the impacts of sediments on embryogenesis and larval development, and derive thresholds and 

cause–effect pathways (Chapter 5). ...................................................................................................................... 130 

7.1.5 Determine concentration–response thresholds and cause–effect pathways of how sediment directly and 

indirectly impacts coral larval settlement (Chapter 6) .......................................................................................... 131 

7.2 ASSESS THE CUMULATIVE IMPACT OF SEDIMENT EXPOSURE ACROSS ALL THE LIFE HISTORY STAGES AND HOW THIS MAY BE USED TO 

INFORM MANAGEMENT DECISIONS AROUND DREDGING OPERATIONS WITH REFERENCE TO THE ENVIRONMENTAL WINDOW ................. 132 

7.2.1 Comparisons of thresholds to water quality data ................................................................................... 132 

7.2.2 Complexities of assessing impacts of dredging on populations: cumulative impacts of sediments across 

coral early life stages ............................................................................................................................................ 139 

7.2.3 Management .......................................................................................................................................... 141 

7.3 CONCLUSIONS: ..................................................................................................................................................... 146 

REFERENCES ........................................................................................................................................................ 147 



ix 

 

APPENDIX ............................................................................................................................................................ 171 

LITERATURE REVIEW — EFFECTS OF SEDIMENTS ON THE REPRODUCTIVE CYCLE OF CORALS… .......................................................... 171 

Abstract .................................................................................................................................................................  171 

Example of water quality conditions during a large dredging program ............................................................... 174 

Gametogenesis and reproductive synchrony ........................................................................................................ 175 

Effects of sediment on gametogenesis and reproductive synchrony .................................................................... 176 

Spawning synchrony and egg–sperm bundle release ........................................................................................... 176 

Effects of sediment on spawning synchrony and egg–sperm bundle release ....................................................... 179 

Fertilisation ........................................................................................................................................................... 179 

Effects of sediment on fertilisation ........................................................................................................................ 181 

Embryogenesis and larval development ............................................................................................................... 182 

Effects of sediment on embryogenesis and larval development ........................................................................... 184 

Settlement and metamorphosis ............................................................................................................................ 186 

Effects of sediment on settlement ......................................................................................................................... 190 

New recruits .......................................................................................................................................................... 191 

Effects of sediment on metamorphosis and new recruits ..................................................................................... 194 

Conceptual models and cause–effect pathways ................................................................................................... 194 

Discussion and conclusions ................................................................................................................................... 196 

Tables .................................................................................................................................................................... 203 

Figures ................................................................................................................................................................... 207 

SUPPLEMENTARY INFORMATION FOR CHAPTER 2–THAT SINKING FEELING: SUSPENDED SEDIMENTS CAN PREVENT THE ASCENT OF CORAL EGG 

BUNDLES ....................................................................................................................................................................... 212 

SUPPLEMENTARY INFORMATION FOR CHAPTER 3–SUSPENDED SEDIMENTS LIMIT CORAL SPERM AVAILABILITY .................................... 218 

SUPPLEMENTARY INFORMATION FOR CHAPTER 4 – WHAT’S CAUSING THE FLOCS? SEDIMENT CHARACTERISTICS INFLUENCE THE 

FERTILISATION SUCCESS OF THE CORALS ACROPORA TENUIS AND ACROPORA MILLEPORA ............................................................... 219 

SUPPLEMENTARY INFORMATION FOR CHAPTER 5–MUCOUS SECRETION AND CILIA BEATING DEFEND DEVELOPING CORAL LARVAE FROM 

SUSPENDED SEDIMENTS .................................................................................................................................................... 221 

SUPPLEMENTARY INFORMATION FOR CHAPTER 6–SETTLEMENT PATTERNS OF CORALS ON SEDIMENT-LADEN SURFACES ....................... 226 

 

 



xiii 

 

Acknowledgments 

This research was supported by an Australian Government Research Training Program (RTP) Scholarship.  

Over the past three and a half years, I have been given a huge amount of support and I cannot possibly name 

everyone that has contributed. I feel privileged to have been offered such a meaningful and well-supported 

topic. First, I would like to give my sincere appreciation to my Primary Supervisor Andrew Negri. In many 

ways, it is hard to imagine a better supervisor. Coral spawning work can be relatively risky, and it is only 

through Andrew’s expertise, tireless enthusiasm and love for making larval cultures that myself (and others) 

could hit the ground running with our PhDs. I have learnt a huge amount being his student. I am also very 

thankful to my other Primary Supervisor Ross Jones, who is one of the most thorough scientists I have ever 

met. Through his contribution, I was much better able to contextualise how my lab-based experiments 

related to large-scale dredging programs in the field. I would like to thank, my Coordinating Supervisor Peta 

Clode, and the CMCA for providing me with a range of equipment to dig deep into my research question. She 

has also provided a valuable link between myself and the university, which is undoubtedly more complicated 

for external students. Thank you to my ideas buddy Adriana, who helped me get my project off the ground 

within just a few months before my first coral spawning. It was a great opportunity to have easy access to 

the excellent laboratories and equipment at AIMS and the SeaSim. The development of conditioned CCA 

plugs at the SeaSim considerably improved my larval settlement assays, and allowed us to assess coral 

settlement in some ways never done before. The WAMSI dredging-node team and Negri Lab (Alan, Nat, Mari-

Carmen, Pia, Brian, Kath, Phil, Adam, Heidi and Flo) have been great to work among. Nat has shed almost as 

much blood and sweat as myself — after running experiments into the early hours of the morning, just to 

realise the experiment failed and needed repeating again…and again. Pia and Brian have been great at 

keeping me sane through long periods of writing, and provided great ears to vent typical frustrations about 

‘doing science’ to. There have also been many volunteers that have helped over the 10 spawnings and 

collectively I say thank you to all, but in particular I’d like to thank Kat, Sarah, Mikaela, Ruby, Leslie, Andrew 

and Teleah, who stayed out for many long nights. You were great company and kept me moving once I’d hit 

the wall. Also I’d like to thanks my family for their continual support. My final thankyou goes to my loving 

partner Julia. Your support has been amazing. You once told me that if you had two options, you always 

picked the hardest one. Maybe that’s why you decided to uproot yourself from your happy life in Hamburg 

to move down-under, to be with a guy trying to begin his career in marine science.  



xiv 

 

Authorship Declaration: Co-authored Publications  

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

Details of the work: Ricardo GF, Negri AP, Jones RJ, Stocker R (2016) That sinking feeling: Suspended 
sediments can prevent the ascent of coral egg bundles. Scientific Reports 6:21567 
Location in thesis: Chapter 2 
Author contributions: G.F.R., A.P.N. and R.S. designed the experiments, G.F.R and A.P.N conducted the 
experiments, R.S designed the mathematical model. All authors made comments on the model and wrote 
the paper (G.F.R., A.P.N. and R.S.).  
Co-author signatures and dates: 

Gerard Ricardo  20/01/2017 

Ross Jones  21/01/2017 

Andrew Negri        21/01/2017 

Roman Stocker       25/01/2017 

 

Details of the work: Ricardo GF, Jones RJ, Clode PL, Humanes A, Negri AP (2015) Suspended sediments limit 
coral sperm availability. Scientific Reports 5:18084 
Location in thesis: Chapter 3 
Author contributions: G.F.R. and A.P.N. designed the experiments. G.F.R. conducted the experiments. 
G.F.R, A.H. and A.P.N. analysed the data. R.J.J. analysed the seawater quality data. G.F.R. and P.L.C. 
conducted the microscopy analysis. G.F.R. wrote the manuscript and all authors made comments on the 
manuscript (G.F.R., R.J.J., P.L.C., A.H. and A.P.N.). 
Co-author signatures and dates: 

Gerard Ricardo  20/01/2017 

Ross Jones      20/01/2017 
Peta Clode 

Adriana Humanes 06/02/2017 

Andrew Negri          20/01/2017 

 

 

 

 

 

 



xv 

 

Details of the work: Ricardo G, Jones R, Clode P, Negri A (2016) Mucous secretion and cilia beating defend 
developing coral larvae from suspended sediments PloS One 11:e0162743 
Location in thesis: Chapter 5 
Author contributions: G.F.R. and A.P.N. designed the experiments, G.F.R. conducted the experiments, 
G.F.R analysed the data. G.F.R. wrote the manuscript and all authors made comments on the manuscript 
(G.F.R., R.J.J., P.L.C., and A.P.N.). 
Co-author signatures and dates: 

Gerard Ricardo  20/01/2017 

Ross Jones        21/01/2017 

Peta Clode  23/02/2017 

Andrew Negri                    20/01/2017 

 

Details of the work: Jones R, Ricardo GF, Negri AP (2015) Effects of sediments on the reproductive 
cycle of corals. Mar Pollut Bull 100:13-33 
Location in thesis: Appendix 
Author contributions: R.J and G.F.R conducted the background research. R.J, G.F.R, and A.P.N wrote 
the review.  
Co-author sign

Gerard Ricardo  20/01/2017 

Ross Jones   20/01/2017 

Andrew Negri                    20/01/2017 

 

Student signature: Date: 20/01/2017  
 
I,   Peta Clode                                                 certify that the student statements regarding their contribution 
to each of the works listed above are correct 
 

Coordinating supervisor signature: 
Date:  23/02/2017 
 

 

 

 

 

 



18 

 

1 Chapter 1 — General Introduction 1 

1.1 Dredging and coral reefs 2 

As development along the world’s coastline increases, dredging is often required to allow vessels to 3 

access ports, and in the mid-latitudes this increase in dredging activity has renewed concerns of the 4 

risks that elevated sediments may pose to coral reefs (PIANC 2010). Current dredging off the coasts 5 

of Florida, Spratly Islands, and both the east and west coast of Australia have come under 6 

considerable focus, and in some cases, there have been environmental impacts associated with 7 

these projects (Blakeway 2004, Pollock et al. 2014, Miller et al. 2016, Mora et al. 2016). In Australia, 8 

large-scale dredging occurs near coral habitats of the Great Barrier Reef (GBR) on the tropical east-9 

coast, and the Pilbara coast on the tropical west-coast. The GBR is protected under the 10 

Environmental Protection and Biodiversity Act of 1999 (EPBC 1999) and the World Heritage 11 

Framework. Reefs outside of these areas, and catchments adjacent the reefs, are managed by the 12 

State Governments of Queensland, Western Australia (WA), and the Northern Territory. 13 

Consequently, current dredging operations are managed under a raft of legislation at both state and 14 

federal levels. Within the GBR lagoon, there are a number of large port expansions proposed, but a 15 

range of protective measures have been put in place, including limits on where dredging may occur 16 

(via marine park zoning), a moratorium on new large-scale port developments, and a ban on capital-17 

dredge material disposal within the Marine Park (GBRMPA 2015, McCook et al. 2015). Further, the 18 

broad cross-shore distance of the GBR, and the tendency for resuspended sediment to move north-19 

westward along the shore (Sweatman & Syms 2011, Orpin & Ridd 2012), likely result in a limited 20 

number of reefs being directly affected by dredge-sediment. In contrast, capital and maintenance 21 

dredging projects along the WA coastline are set to increase, with 200 Mm3 proposed to be dredged 22 

over the next 25 years (Masini et al. 2011). Some projects take place close (within hundreds of 23 

metres) to coral reefs, and reefs of high ecological value (Fisher et al. 2015, Feng et al. 2016). 24 

Management practices adopted for dredging in WA comprise a range of regulatory mechanisms and 25 

monitoring, the cornerstone of which is a spatially-defined zonation scheme where proponents 26 

must estimate where plumes will occur (a zone of influence), moderate (i.e. recoverable within 5 27 

years), and high (i.e. irreversible impacts) (EPA 2016). This zonation scheme is being increasingly 28 

adopted elsewhere in Australia as a practical way to manage dredging projects and ensure 29 

compliance with predictions made at the EIA stage. 30 
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 31 

Another implemented management practice termed an Environmental Window (EW), aims to 32 

protect sensitive stages of particular organisms, such the early life history stages that proceed coral 33 

spawning events. This involves halting all dredging operations for a period lasting ~12 days to allow 34 

for the corals to spawn, gametes to fertilise, embryos to develop, and larvae to settle (Jones et al. 35 

2015). Many reefs in proximity to dredging operations have been identified as of high ecological 36 

importance because they act as sources and sinks of coral larvae (Feng et al. 2016), and the EW is 37 

based on a concept that unfavourable conditions caused by dredging during spawning periods could 38 

result in the loss of an entire year’s reproductive output (Harrison et al. 1984, EPA 2016).  39 

Reproduction and recruitment processes underpin the maintenance and resilience of reef 40 

communities, and sediment released into the water column from resuspension events, terrestrial 41 

run-off and anthropogenic activities, such as dredging, is one of the key pollutants for many coral 42 

reefs. This PhD examines the effects of sediment on the early life history stages of corals and it is 43 

framed within the context of the coral spawning EW. As a starting point, we reviewed the biology 44 

of the reproductive cycle of primarily broadcast spawning species, and aspects of the life cycle that 45 

could be susceptible to effects of sediments (Jones et al. 2015b). We identified all known and all 46 

possible (i.e. putative or biologically plausible) cause–effect pathways whereby sediment may affect 47 

these stages. This framework was useful for identifying areas of uncertainty and knowledge gaps 48 

and guided the subsequent thesis chapters. The detailed review features in the Appendix (Effects of 49 

sediments on the reproductive cycles of corals) and various parts from it are summarised here as 50 

part of the General Introduction. 51 

1.2 Reproductive stages of corals 52 

The most common method for reproduction in Indo-Pacific corals is broadcast spawning, which 53 

usually dominates the tropical coral reef environment. The life cycle of broadcast spawning corals 54 

is complex involving gametogenesis, reproductive synchronisation, fertilisation at the water surface, 55 

larval development in the water column, leading finally to settlement and metamorphosis into a 56 

sessile polyp. Their life-cycle is stylised in Fig. 1.1 and based on Acropora spp.  57 
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 58 
Fig. 1.1 A stylised depiction of the reproductive cycle of the genus Acropora from Jones et al. (2015b) with 59 
indicative timings based on the studies of Hayashibara et al. (1997), Okubo and Motokawa (2007), Okubo et 60 
al. (2008), and Ball et al. (2002). 61 

Broadcast spawning corals take several years to reach reproductive maturity (Baria et al. 2012), and 62 

gonad production in the benthic, polyp phase typically occurs over a period of 12 months, 63 

culminating in the annual coral spawning event (Fig. 1.2). In most hermaphroditic species, oogenesis 64 

occurs over a period of months while spermatogenesis occurs more rapidly just prior to spawning 65 

and can be completed in a few weeks (Wallace 1985b, Harrison & Wallace 1990). During coral 66 

spawning, they release eggs and sperm packaged in small bundles that rise slowly to the water 67 

surface. At the surface, the bundle dissociates releasing the eggs and sperm, and a lag-time of 15–68 

30 min before insemination is expected because conspecifics may take some time to encounter each 69 

other (Harrison & Wallace 1990). First cleavage of the embryo takes place 2–3 h after fertilisation. 70 

Movement and swimming after 1–3 d indicates development of cilia, and at this stage the young 71 

coral is defined as a larva or a planula. After a few more days of development, the larvae become 72 

competent to settle i.e. to attach to the substratum and undergo metamorphosis into a polyp. 73 
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Settlement has generally been estimated from those studies where appropriate settlement cues 74 

have been used and associated with binding of the larvae to a substrate and not necessarily to 75 

metamorphosis. From the time of coral spawning, larval settlement generally peaks between 4 and 76 

10 d after spawning, but extended settlement times have been shown lasting several months, 77 

having implications for long-distance dispersal and increased genetic connectivity between distant 78 

reefs (Baird 1998, Nozawa & Harrison 2002, Nishikawa et al. 2003). Brooded larvae, however, are 79 

often released in an advanced stage of development, and many are competent to settle 80 

immediately upon release (Harrison 2011). Immediately after settlement and metamorphosis, the 81 

corals are typically <1 mm and can grow at a rate of ~0.2 mm diameter a week, generally reaching 82 

1 cm after about one year (Babcock 1985, Schmidt-Roach et al. 2008), although much faster rates 83 

have been observed (Baria et al. 2012). During this stage they are vulnerable to a range of threats, 84 

such as grazing by fish, overgrowth by algae, and smothering by sediment (Maida et al. 1994, 85 

Doropoulos et al. 2016). 86 

 87 

 88 
Fig. 1.2 Durations of each of the life-cycle phases depicted in Fig. 1.1 for broadcast spawning species (Jones 89 
et al. 2015b).  90 

 91 
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1.3 The impacts of sediment on the early life history stages or corals 92 

Sediment impacts the reproductive and early life history stages of corals differently, with effect 93 

thresholds often varying between studies. No studies have directly manipulated SSCs and 94 

sedimentation levels to examine the effects on gametogenesis, however a few studies have 95 

correlated reproductive output with turbidity or sedimentation (Kojis and Quinn, 1984; Tomascik 96 

and Sander, 1987). Inferences were based on correlation (which does not prove causality) and using 97 

a similar approach Padilla-Gamiño et al. (2014) did not find any differences in gamete production in 98 

Montipora capitata in Hawaii in areas with different sediment trap accumulation rates. No studies 99 

have directly examined the effects of sediments on coral spawning but a range of plausible cause–100 

effect pathways exist involving masking of synchronization cues by changes in light quantity and 101 

quality which could affect the timing of egg–sperm bundle setting and release processes. Studies 102 

that examined sediment effects on coral fertilisation showed a range of sensitivities that were 103 

dependant on sediment type and probably also the sperm concentration used in the assay (Jones et 104 

al. 2015b). However, the mechanism whereby sediment impacts coral fertilisation is not currently 105 

not known, and until this pathway has been determined, explanations for various thresholds 106 

between studies remain speculative. Only one study has sought to determine impacts of sediments 107 

on embryogenesis and larval survivorship over relevant exposure durations, with decreases in larval 108 

survivorship at 50 mg L-1 (Gilmour 1999). Finally, several studies have identified impacts of sediment 109 

deposition on coral settlement, and in some cases produced very low threshold values (see 0.9 mg 110 

cm-2 in Perez III et al. (2014)).  111 

While providing valuable information on the sensitivities to early life history stages to sediment, 112 

most studies were limited by the number of treatments used, and often contained confounding 113 

factors (e.g. SSCs co-occurring with sediment deposition or light attenuation), and in some 114 

instances, unrealistic particle grain sizes and sediment concentrations have been used. Only since 115 

Fisher et al. (2015) and Jones et al. (2015a), could SSC thresholds derived in experiments be put into 116 

context relating to dredging operations, while the adequacy of sediment deposition thresholds still 117 

remains unknown because of the lack of in situ water quality data. Further, there is a need to better 118 

understand the underlying pathways that sediment impacts each stage, which will further provide 119 

context to each threshold. 120 

 121 
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Table 1. Studies previous to 2014 on the effects of sediments on aspects of the reproductive life-cycle of corals. 

Study  Species Particle size 
(µm) 

Contaminant 
screening Concentration–response relationship 

Gametogenesis and reproductive synchrony 

Tomascik and 
Sander (1987) 

Porites 
porites 

not 
quantified nutrients only 

Mean number of larvae per cm2 of coral planulating 
Acropora palifera in Papua New Guinea, in shallow, 
turbid water sites was consistently half the value than at 
the clear water sites 

Kojis and 
Quinn (1984) 

Acropora 
palifera 

not 
quantified none Reduction in reproductive activity in Porites porites in 

Barbados along an increasing eutrophication gradient  
Padilla-
Gamiño et al. 
(2014) 

Montipora 
capitata 

not 
quantified none 

No differences in gamete production in Montipora 
capitata in Hawaii between areas with different 
sediment trap accumulation rates. 

Fertilisation 

Gilmour 
(1999) 

Acropora 
digitifera 50–200 µm metals 

Effects of sediments collected from a terrestrial dredge 
spoil ground measured at 50 mg L-1 and 100 mg L-1 
(measured concentrations)  

Humphrey et 
al. (2008) 

Acropora 
millepora 

<63 µm 
(measured) 

metals and 
nutrients 

Concentration–response relationships established for % 
fertilisation versus SSC over a range from 4 to 1024 mg L-

1 and an LOEC established at 100 mg L-1 for a range of 
sediment types 

Erftemeijer et 
al. (2012a) 

Pectinia 
lactuca 

not 
quantified not quantified 

Significant reduction at 169 mg L-1 (nominal 
concentrations) tested against a reference sample of 6 
mg L-1  

Embryogenesis and larval development 
Gilmour 
(1999) 

Acropora 
digitifera 50–200 µm metals No effects on embryogenesis but larval survivorship 

effects at > 50 mg L-1. 
Settlement and metamorphosis 

Hodgson 
(1990) 

Pocillopora 
damicornis 

sand 12% 
silt 67%  
clay 21% 

none Planulae settlement was markedly reduced where there 
was a layer of sediment <1 mm thickness  

Babcock and 
Davies (1991) 

Acropora 
millepora 

fine sand 
and silt none 

Reduced settlement at sediment traps accumulation 
rates of ~3 (LOEC), 6–7 and 110–325 mg cm-2 d-1 
measured using sediment traps as compared with 
controls at 0.5 mg cm-2 d-1 (NOEC) 

Babcock and 
Smith (1992) 

Acropora 
millepora 

90% <63 
µm none 

Settlement lower in sediment treated areas (1.9–11.7 mg 
cm-2 d-1) scrubber pad accumulation rates as opposed to 
control sites where sedimentation rates were 0.8–1.3 mg 
cm-2 d-1) 

Te (1992) Pocillopora 
damicornis unspecified none 

0, 10, 100, 1000 mg L-1 (NOEC) concentrations with no 
significant difference in settlement between control and 
highest concentration tested but polyp bailout in 100 and 
1000 mg L⁻¹ concentrations 

Gilmour 
(1999) 

Acropora 
digitifera 50–200 µm metals 50 mg L-1 and 100 mg L-1 (measured concentrations) 

tested against a reference of >1 mg L-1 
Perez et al. 
(2014) 

Pocillopora 
damicornis <63 m none No settlement on surfaces >0.9 mg cm⁻² 

New recruits 

Babcock and 
Smith (1992) 

Acropora 
millepora 

90% <63 
µm none 

Settlement lower in sediment treated areas (1.9–11.7 mg 
cm-2 d-1) scrubber pad accumulation rates as opposed to 
control sites where sedimentation rates were 0.8–1.3 mg 
cm-2 d-1) 

 122 
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1.4 The Environmental Window 123 

Since 1993, dredging projects in WA that are close to reefs are required to temporarily pause when 124 

corals are spawning (Baird et al. 2011, EPA 2011) (Appendix). This is referred to as the coral 125 

spawning Environmental Window (EW) and is associated with the well-known synchronous, multi-126 

specific release of gametes by broadcasting spawning coral species that can occur in WA in single 127 

events of relatively short duration (Simpson 1985, EPA 2011, Styan & Rosser 2012, Gilmour et al. 128 

2016). Unfavourable conditions (such as poor water quality) during a spawning period could 129 

potentially result in loss of the entire reproductive output for the year (Harrison et al. 1984, Ricardo 130 

et al. 2015). This management approach has also been adopted in some dredging projects on the 131 

Great Barrier Reef (Koskela et al. 2002) and the possibility of introducing this practice to other 132 

locations such as Singapore has been suggested (Erftemeijer et al. 2012b). However, the EW is 133 

controversial because its effectiveness has not been assessed, and its implementation can 134 

significantly inflate costs for project sponsors.  135 

In the absence of a comprehensive understanding of the effects of sediments on coral reproductive 136 

processes, the EW has been derived with a somewhat precautionary approach. Early studies 137 

indicate a fragility of early life history stages of coral to stressors (Harrison et al. 1984, Gilmour 138 

1999). Yet other studies or laboratory assays have shown little or no impact of early life history 139 

stages of corals to some sediment exposures (Te 1992, Humphrey et al. 2008). The discrepancies in 140 

the responses between assays makes it difficult for marine resource managers to assess the risk and 141 

determine safe limits around dredging regulations. Therefore, further work is needed to resolve 142 

these discrepancies, and subsequently determine if the current ~12 d EW presents an insufficient, 143 

adequate, or excessive management practice. 144 

1.5 Example of water quality conditions during a large dredging program 145 

Dredging generates large amounts of suspended particles during excavation and disposal. While 146 

large particles will settle close to the dredge, plumes of suspended sediment can drift many 147 

kilometres away from the excavation or disposal site, shading underlying habitats before settling 148 

out on the benthos increasing sedimentation rates. Spatial and temporal scales of suspended 149 

sediment dynamics in dredging programs are highly dependent on distance from the dredge, the 150 

dredging method, mode of operation, type of sediment dredged, and the local hydro-151 

meteorological conditions (Havis 1988, Herbich & Brahme 1991, Collins 1995, Black & Parry 1999, 152 
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Spearman et al. 2007). Several studies have attempted to quantify the effects of sediment on corals 153 

and coral reefs and the risks associated with dredging in coral reef environments have been well 154 

known for many years. However, until recently, observational or time-series data of seawater 155 

quality conditions and behaviours during dredging around coral reefs have rarely been collected. 156 

Near dredging operations, suspended sediments concentrations are approximated indirectly by 157 

measuring light-scattering in Nephelometric Turbidity Units (NTUs) and then converted to 158 

suspended sediments based on conversion factor derived from calibration curves. Light levels, 159 

which are expressed as Daily Light Integrals (DLI), are the number of photosynthetically active 160 

photons (PAR) accumulated over a square meter over the course of the day. When the sediment 161 

settles-out of suspension, the downward flux and the enduring sediment that is deposited on the 162 

benthos can be measured with ‘catching’ devices, but because of the limitations of these devices to 163 

determine spatial and temporal trends, there are at present no accurate estimates of deposited 164 

sediment levels near dredging operations (Whinney et al. 2017). 165 

The Barrow Island dredging project off the north of WA was one of the largest and best-studied 166 

dredging projects undertaken in a clear-water, coral reef environment, and involved the removal of 167 

~8 Mm3 of sediment to create an access channel for a liquefied natural gas plant (Hanley 2011, Evans 168 

et al. 2012, Fisher et al. 2015, Jones et al. 2015a). Data from the Barrow Island project (Fig. 1.3) show 169 

that natural background SSC levels are typically low (<5 mg L-1), with episodic increases associated 170 

with storms and wind-wave re-suspension events (Fig. 1.3 a). During dredging, and a few hundred 171 

metres away from a working trailing-suction hopper dredge, SSC levels can increase by 1 to 2 orders 172 

of magnitude with instantaneous values regularly exceeding 100 mg L-1 and maximum 173 

instantaneous readings exceeding 200 mg L-1. As the time-averaging period increases to 30 d, the 174 

maximum average SSCs decrease to <20 mg L-1 (Fig. 1.3 a). 175 

Daily Light Integrals (DLIs) during the baseline (non-dredging) period ranged seasonally from 176 

typically 1 to 10 mol photons m-2 d-1 with occasional very low light periods occurring during the 177 

austral winter time (Fig. 1.3 b). During the dredging period, DLIs regularly fell below 1 mol photons 178 

m-2 d-1 and corals were occasionally exposed to extended periods of semi-dark, caliginous, twilight 179 

periods. In one of the worst periods, the irradiance levels did not exceed 0.3 mol photons m-2 d-1 180 

over a 21-d period which is equivalent to an average daytime instantaneous flux of <10 µmol 181 

photons m-2 s-1 (Fig. 1.3 b). 182 
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 183 
Fig. 1.3 a) Nephelometric turbidity units (NTUs) collected every 10 mins, and b) Daily Light Integral (DLI, mol 184 
photons m-2 d-1) calculated from instantaneous fluxes collected from sensor platforms mounted 0.4 m above 185 
the seabed at 6–9 m depth at 3 locations <500 m away for a dredge during the Barrow Island (Pilbara, 186 
Western Australia) dredging project in the baseline (pre-dredging period) period or during the 1.5 y dredging 187 
program. Figures on the right-hand side show the 95th and 100th (maximum) percentiles of the NTUs for 188 
different running mean periods (from 1 h to 30 d) before (dashed lines) and during (solid lines) the dredging 189 
program or the 5th and 1st percentiles of DLI (mol photons m-2 d-1). Nephelometer turbidity units (NTUs) were 190 
converted to suspended sediment concentrations using a conversion factor of 1.3 (Jones et al. 2015b).  191 

1.6 Cause–effect pathways 192 

A conceptual model, shown graphically in Fig. 1.4, was developed to determine all known and 193 

possible cause–effect pathways between dredge-sediments and impacts on early life-history stages 194 

of corals (Jones et al. 2015b) (Appendix). This graphical display presents all known cause–effect 195 

linkages, steps along causal pathways and possible interacting stressors. There were >30 pathways 196 

identified whereby sediment could impact coral identified with the main proximate stressors being 197 

suspended sediment, sediment covering, and light attenuation. Generally, suspended sediment 198 

impacts the pelagic stages (bundle ascent, fertilisation, and embryo and larval survival), and 199 

sediment covering/light attenuation impact the benthic stages (fecundity, spawning 200 

synchronisation, and settlement).  201 
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 202 

Fig. 1.4 A conceptual model of the effects of dredging activity on the early life-history stages of corals 203 
including sources of sediments, dredging and dredging-related turbidity-generating activities, as well as 204 
proximate stressors, interacting stressors are depicted along with modes of action and likely physiological 205 
and ecological responses. G = gametes, L = larvae, R = recruits and A = adults (Jones et al. 2015b). More 206 
comprehensive conceptual diagrams of cause-effect pathways can be found for fertilisation and settlement 207 
stages within their corresponding chapters (i.e. Fig. 3.1 and Fig. 6.1).  208 

1.7 Objectives of this thesis 209 

This thesis is presented as a series of five independent data chapters, several of which have been 210 

published. The overall objective of the PhD was to review previous literature on the impacts of 211 

sediment to early life history stages of corals (see Appendix – Literature Review), and identify cause–212 

effect pathways and pressure–response (pressure is defined as a stressor or treatment likely to elicit 213 

a biological response; response is defined as a biological change measured in the target organism) 214 

relationships. While it was not in the scope of this PhD to address every cause–effect pathway, data 215 
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chapters investigated and determined pathways and thresholds for: (i) success of egg–sperm bundle 216 

ascent, (ii) fertilisation success, (iii) embryo and larval survival and development, and (iv) larval 217 

settlement. There is a strong focus on dredging as a manageable source of sediment stress in the 218 

marine environment; however, the results presented are generally applicable to other turbidity-219 

generating events such as wind-driven resuspension events and flood plumes from river run-off. 220 

The specific objectives of the subsequent chapters are as follows:  221 

 222 

1. Determine if sediment can impact the ascent of the coral egg–sperm bundle, and from this 223 

determine concentration–response thresholds, cause–effect pathways, and scenarios under 224 

which ballasting occurs (Chapter 2). 225 

2. Identify the cause–effect pathways that prevent coral gametes fertilising when exposed to 226 

suspended sediments (Chapter 3). 227 

3. Determine thresholds of different sediment types on coral fertilisation success and explain 228 

factors for any variation (Chapter 4). 229 

4. Assess the impacts of sediments on embryogenesis and larval development, and derive 230 

thresholds and cause–effect pathways (Chapter 5). 231 

5. Determine concentration–response thresholds and cause–effect pathways of how sediment 232 

directly and indirectly impacts coral larval settlement (Chapter 6). 233 
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2 Chapter 2 — That sinking feeling: suspended sediments can prevent 234 
the ascent of coral egg bundles 235 

This chapter is published as:  236 

Ricardo GF, Negri AP, Jones RJ, Stocker R (2016) That sinking feeling: Suspended sediments can 237 

prevent the ascent of coral egg bundles. Scientific Reports 6:21567 238 

2.1 Abstract  239 

Spawning synchrony represents a common reproductive strategy in sessile marine organisms and 240 

for broadcast spawning corals, buoyancy of egg–sperm bundles is critical to maximise fertilisation 241 

at the ocean surface. Here we demonstrate a novel threat to coral reproduction whereby buoyant 242 

egg–sperm bundles intercept and are ballasted (weighed-down) by sediment grains on their journey 243 

to the ocean surface, preventing them from reaching the ocean surface and greatly reducing egg–244 

sperm encounter rates. Empirical observations of this mechanism are successfully captured by a 245 

mathematical model that predicts the reduction in ascent probability and egg–sperm encounters as 246 

a function of sediment load. When applied to 15 m deep reefs, the model predicts that 10% and 247 

50% reductions in egg–sperm encounters occur at 35 mg L⁻¹ and 87 mg L⁻¹ suspended sediment 248 

concentrations, respectively, and for a 5-m deep reef a 10% reduction occurs at 106 mg L⁻¹. These 249 

concentrations are commonly associated with sediment plumes from dredging or natural 250 

resuspension events. The potential for sediments to sink coral gametes highlights the need to 251 

carefully manage the timing of turbidity-generating human activities near reefs during spawning 252 

periods. 253 

2.2 Introduction 254 

Declining water quality is a major threat to coral reefs. Natural resuspension events (Larcombe et 255 

al. 1995), river runoff (Bainbridge et al. 2012) and sediment plumes associated with human activities 256 

including dredging operations (Dodge & Vaisnys 1977, Bak 1978) elevate the concentrations of 257 

suspended sediments (SS) in marine waters. Elevated SS can attenuate light availability required for 258 

primary production, reduce feeding efficiency in filter feeders, and settle onto sessile invertebrates 259 

such as corals, reducing solute exchange and causing partial or complete mortality (Fabricius 2005). 260 

Elevated SS can also negatively impact the early life history stages of coral including fertilisation, 261 



30 

 

larval development, settlement and post-settlement survival (Gilmour 1999, Humphrey et al. 2008). 262 

However, the vulnerability to suspended sediment of reproductive stages prior to fertilisation has 263 

not been considered (Jones et al. 2015b).  264 

The coordinated release of coral gametes, packaged as buoyant egg–sperm bundles within a 265 

mucous sheath, is the culmination of months of gametogenic synchronisation in broadcast spawning 266 

species (Harrison & Wallace 1990). The ascent through the water column, timely arrival at the 267 

surface, and release of gametes from the bundles are critical for increasing egg–sperm encounter 268 

rates, and subsequent fertilisation. We hypothesised that, during ascent, the bundle can intercept 269 

suspended sediment grains that stick to its mucous coating. Here we demonstrate this mechanism 270 

through experimental observations and mathematical modelling and show that the ballasting effect 271 

of intercepted sediments is often sufficient to reverse the ascent, causing a sizeable fraction of 272 

bundles to sink. The detrimental impact of this loss of bundles reaching the water surface on egg–273 

sperm encounters is nonlinear because the bundles carry both eggs and sperm, and the encounter 274 

rate is proportional to the product of their respective concentrations at the surface. Even for 275 

bundles that remain positively buoyant, reaching the surface might be delayed, further reducing 276 

egg–sperm encounter rates. This is the first study to examine the effects of environmental pressures 277 

on the success of gamete ascent, a critical step in recruitment success, which serves to replenish 278 

and facilitate recovery of coral reefs (Hughes & Tanner 2000). 279 

2.3 Methods 280 

To test the effect of different SS loads on the ascent of egg–sperm bundles, we quantified the 281 

fraction of bundles from the digitate coral Montipora digitata successfully ascending through a 77-282 

cm tall acrylic column containing different loads of carbonate sediments (radius rS = 25.6 ± 8.8 µm, 283 

mean ± SD) suspended in 0.4 µm-filtered seawater at 28°C (Fig. 2.1). After sediment-laden water 284 

was added to the column, 3–5 freshly collected and intact egg–sperm bundles were transferred to 285 

the top of the column and the column was inverted, allowing bundles to rise. The number of bundles 286 

ascending was assessed after 164 s (the time by which 95% of bundles surfaced in sediment-free 287 

water). Four replicate runs, for a total of ≥12 bundles, were performed for each SS load. Bundles 288 

from M. digitata and Acropora nasuta were also exposed to elevated SS loads and examined by light 289 

and scanning electron microscopy to determine attachment of sediment grains (SI Methods).  290 
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Fig. 2.1 Carefully tracking egg-sperm bundles 
through a ~80 cm column. The buoyancy of 
the bundle was assessed after 164 s, the time 
taken for 95% of the bundles to surface in the 
control (no sediment) sample.  

To further test the mechanistic basis of sediment ballasting and predict its consequences in natural 291 

conditions, we developed a mathematical model based on encounter rate theory for differentially 292 

settling particles: the bundle of radius rB rising with speed vB and the sediment grains of radius rS 293 

sinking with speed vS. The dominant encounter mechanism is ‘direct interception’ (SI Methods), 294 

which occurs when the centre of a sediment grain comes within one grain radius of the bundle. The 295 

encounter kernel βINT, given by Kiørboe (2008): 296 

βINT = 1.5π(vB − vS)rS2,    (1) 297 

represents the equivalent volume of seawater from which all sediment grains are ‘captured’ by a 298 

rising bundle per unit time. This yielded the number of sediment grains encountered by the bundle 299 

during its ascent time h/vB (where h is the water depth),  300 

NS = βINT CS  h
vB

= 9
8
�1 − vS

vB
� h
rS

LS
ρS

 ,   (2) 301 

where CS = LS/M is the concentration of sediment grains, LS the SS load, M = (4/3)πρSrS
3 the mass of 302 

one grain, and ρS = 2500 kg/m3 the sediment density. These grains ballast the bundle, whose density, 303 
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ρ, becomes  304 

ρ = rB
3ρB+NSrS

3ρS
rB
3+NSrS

3  ,     (3) 305 

where ρB is the sediment-free bundle density (SI Methods). When ρ exceeds the seawater density, 306 

the bundle sinks. For the sizes and densities of sediments and bundles used in this study (SI 307 

Methods), approximately 50 sediment grains are sufficient to sink a bundle.  308 

For each scenario, 50,000 bundle ascents were modelled using a Monte Carlo approach to take into 309 

account variability in key parameters. Parameter values and their distributions were obtained from 310 

our experimental observations and literature (SI Methods). This allowed us to quantify the fraction 311 

of failed ascents and the critical SS loads EC10,A and EC50,A (the SS loads causing 10% and 50% ascent 312 

failure).  313 

2.4 Results 314 

Imaging of individual bundles revealed strong sediment attachment (Fig. 2.2). Light microscopy 315 

demonstrated preferential accumulation of sediment grains on the mucous coating between 316 

oocytes (Fig. 2.2 A). Scanning electron microscopy yielded high-contrast images showing bundles 317 

covered in a tangle of sperm, sediment and mucus (Fig. 2.2 B,C), clearly distinguishing sediments 318 

(yellow) from biotic matter (purple). The mucous coating was thickest at the junctures between 319 

oocytes (Fig. 2.2 D).  320 
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 321 
Fig. 2.2 Microscopy images of coral egg–sperm bundles after failed ascent through elevated concentrations 322 
of suspended sediments, revealing considerable attachment of sediment grains to the bundles. Attached 323 
sediments hampered the ascent of these otherwise positively buoyant bundles. (A) Optical microscopy image 324 
showing sediment grains attached to a M. digitata egg–sperm bundle. (B–D) Colored backscatter scanning 325 
electron microscopy micrographs, showing sediment grains in yellow and biotic matter in purple. Shown are 326 
coral bundles of (B) A. nasuta and (C) M. digitata. Panel (D) shows the sticky mucous membrane, which 327 
thickens where the oocytes contact each other. All scale bars = 200 µm. E, egg; S, sperm; SE, sediment; M, 328 
mucous membrane. 329 

The fraction of ascending bundles decreased nonlinearly with increasing SS load (Fig. 2.3), with 50% 330 

of bundles failing to ascend at a SS load of EC50,A = 3262 mg L-1 (95% CI: 2523–4218). Taken together 331 

with the visual evidence of sediment attachment (Fig. 2.2 A–C), these results support the proposed 332 

mechanism of sediment ballasting.  333 

Ascent failure predictions from the model are in excellent agreement with our laboratory 334 

observations over the full range of SS loads tested (Fig. 2.3). For the 77 cm tall water column used 335 

in experiments, the model’s prediction of EC50,A = 2768 mg L⁻¹ is within 20% of the experimental 336 

value of 3262 mg L⁻¹ (95% CI: 2523–4218 ), and the predicted and observed dependence of ascent 337 

failure on SS load were statistically indistinguishable (F = 1.853, p = 0.166). This agreement further 338 

supports our hypothesis that the ballasting from sediments intercepted by a rising bundle can 339 
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terminate its ascent, and validates the use of the model to predict sediment ballasting under natural 340 

conditions.  341 

 342 
Fig. 2.3 The fraction of positively buoyant egg–sperm bundles decreases with increasing sediment load. Red 343 
circles denote laboratory observations of the fraction of M. digitata bundles successfully rising through a 77-344 
cm tall water column, for different values of the total sediment load, LS. Error bars are standard errors (SE) 345 
computed over 4 runs containing replicates of at least 3 bundles each. The red curve is a sigmoidal fit to the 346 
observations, given by y = 100 (1 + 10^(2.537 (log10LS - 3.514))) x-1. Also shown is the prediction from a 347 
physically-based Monte Carlo model (blue line) that quantifies the ballasting of rising bundles by sediment 348 
grains encountered by direct interception, for the same conditions as in the experiments (bundle radius rB = 349 
489.6 ± 54.6 µm (mean ± SD); bundle rising speed vB = 6.35 ± 1.37 mm s⁻¹; sediment grain radius rs = 25.6 ± 350 
8.8 µm; sediment density ρS = 2500 kg m-3). 351 

When applied to typical water depths at which corals live, the model shows that considerable 352 

reductions in the fraction of ascending bundles occur even at modest sediment loads (Fig. 2.4 A). 353 

For example, the model predicts EC10,A = 236 mg L-1 for h = 3 m and EC10,A = 47 mg L-1 for h = 15 m 354 

(Table 2.1). The ascent failure increases with SS load and with water depth, in both cases due to the 355 

larger number of sediment grains encountered by a bundle before reaching the surface (Fig. 2.4 A, 356 

Table 2.1).  357 
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 358 
Fig. 2.4 Reduction in the number of coral egg–sperm bundles reaching the water surface due to sediment 359 
ballasting, predicted by a model of sediment ballasting as a function of water depth, h, and sediment load, 360 
LS. A) Percent reduction. The green and blue contours denote the SS loads that reduce successful ascents by 361 
10% (EC10,A) and 50% (EC50,A), respectively. B) EC10 values for ascent failure (EC10,A; green and purple lines, 362 
referring to two different sediment grain radii rS) and encounter failure (EC10,E, red line), as a function of water 363 
depth, h. Note that EC10,E < EC10,A because the decrease in egg–sperm encounters is quadratic in the decrease 364 
in ascents. For both panels, model parameter values are as in Fig. 2.3, except for sediment grain radii rS in 365 
panel B, indicated in the legend.  366 

Because bundles carry both sperm and eggs, ascent failure has a quadratic effect on egg–sperm 367 

encounter rates at the surface, with direct repercussions on fertilisation rates. The effect is 368 

quadratic because encounter rates are proportional to the product of egg and sperm concentrations 369 
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at the surface and each bundle that fails to ascend negatively impacts both. This is evident in the SS 370 

loads causing a certain (e.g., 10%) reduction in encounters (EC10,E) being lower than the SS loads 371 

causing the same reduction in ascents (EC10,A): for example, EC10,E = 179 mg L-1 < EC10,A = 236 mg L-1 372 

for h = 3 m and EC10,E = 35 mg L-1 < EC10,A = 47 mg L-1 for h = 15 m (Fig. 2.4 B, Table 2.1).  373 

Table 2.1 Concentrations of suspended sediments predicted to cause a 10% (EC10) and a 50% (EC50) 374 
reduction in bundle ascent (subscript A) and gamete encounter (subscript E) for coral bundles of M. digitata. 375 
Model parameters as in Fig. 2.3. 376 

 Ascent failure Encounter failure 
Water depth  

[m] 
EC10,A 

[mg L-1] 
EC50,A 

[mg L-1] 
EC10,E 

[mg L-1] 
EC50,E 

[mg L-1] 
15 47 141 35 87 
10 71 211 53 131 
5 141 422 106 262 
3 236 699 179 436 

0.77 (Model) 
0.77 (Expt) 

911 
– 

2726  
3262 

690 
– 

1676 
– 

Bundles ascending through suspensions of smaller sediments are less sensitive to ascent failure (Fig. 377 

2.4 B), because the grain radius rS strongly impacts bundle-grain encounters (βINT~ 𝑟𝑟S2, Eq. 1). For 378 

instance, sediments with rS = 16 ± 5 µm (mean ± SD) result in EC10,A = 891 mg L-1 for h = 3 m and 379 

EC10,A = 177 mg L-1 for h = 15 m, ~4-fold greater than corresponding values for rS = 25.6 ± 8.8 µm 380 

grains (Fig. 2.4 B). 381 

Sediment ballasting can be detrimental even when ascent succeeds, because decreased buoyancy 382 

reduces rising speed and thus increases time to surface. A quantification of the ascent time obtained 383 

by dynamically tracking the bundle’s buoyancy yields delays of <10 min for corals at 3 m depth, but 384 

up to 40 min for corals at 15 m depth at high SS loads (Fig. 2.5). Bundles spawned from deeper 385 

colonies are thus at greatest risk of missing adequate gamete concentrations for fertilisation at the 386 

surface. 387 
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 388 
Fig. 2.5 Time delay in the ascent of those coral-egg bundles that successfully reach the surface, as a function 389 
of water depth, h, and suspended sediment load, LS. Model parameter values as in Fig. 2.3. 390 

2.5 Discussion 391 

The ascent failure of coral egg–sperm bundles is a previously unrecognised mechanism threatening 392 

coral recruitment if spawning overlaps with conditions of elevated SS loads, such as those associated 393 

with dredging activities or natural resuspension events. The ballasting of coral gametes during 394 

ascent adds to the cumulative risk that sediments pose on early life history stages including reduced 395 

fertilisation, larval development and settlement (Gilmour 1999, Humphrey et al. 2008), and could 396 

contribute to recruitment failure on nearby reefs. Our model predicts that bundles released from 397 

deeper corals have the greatest chance of sinking because of accumulation of sediment grains and 398 

that medium-coarse silt sediments (~25 ± 10 µm radius) result in a strong ballasting effect. 399 

Additionally, our work shows that finer silt-sized sediments (~16 ± 5 µm radius), which remain in 400 

suspension longer, can also sink bundles at elevated SS loads (~180 mg L¯¹) at deeper water sites. 401 
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Importantly, in all cases, ascent failure not only results in less reproductive material reaching the 402 

water surface, it also translates to a quadratic decrease in egg–sperm encounters, which will directly 403 

impact fertilisation success (Fig. 2.4 B). As recruitment is necessary to sustain populations and 404 

facilitate recovery from disturbances, recruitment failure may have a long-lasting negative legacy 405 

on a given reef (Hughes & Tanner 2000). 406 

Sediment ballasting is not strongly dependent on the bundle’s rising speed and may thus be 407 

relatively insensitive to variations in rising speed among bundles from different species. This is due 408 

to the dual effect of a faster rising speed, which enhances encounters with grains per unit time (Eq. 409 

1) but reduces the ascent time (h/vB, Eq. 2). Faster rising speeds are in fact predicted to somewhat 410 

reduce the number of sediment grains encountered (Eq. 2). More consequential for ascent success 411 

are the bundle’s density at release, ρB, and size, rB, with larger and more buoyant bundles 412 

withstanding greater sediment ballasts (Eq. 3). A smaller bundle density may seemingly appear 413 

intuitively beneficial, but larger bundles sizes increase buoyancy (a larger volume in proportion to 414 

mass) while counterintuitively not increasing the encounter rate with sediment grains (rB does not 415 

appear in Eqs. 1 and 2; Methods). Therefore, larger bundles will result in a lower density compared 416 

with smaller bundles given the same sediment exposure. Coral species with larger egg–sperm 417 

bundles are thus predicted to fare better under heavy SS load conditions.  418 

Sediment ballasting can be aggravated by additional encounter mechanisms beyond direct 419 

interception. Whereas Brownian motion is typically negligible (see Methods), relative fluid motion 420 

in highly turbulent environments (turbulent kinetic energy > 10-6 W kg⁻¹) could contribute several 421 

percent to direct interception (Methods), rendering actual encounter rates somewhat higher than 422 

predicted here. On the other hand, not every encounter between a bundle and a sediment grain 423 

will result in attachment. Based on the high stickiness of the mucus enveloping egg–sperm bundles 424 

(Huettel et al. 2006, Okubo & Motokawa 2007), we have assumed 100% capture efficiency of 425 

encountered sediment grains; the strong agreement between experimental data and modelling 426 

outcomes supports this approach for M. digitata. Any reduction in the capture efficiency due to 427 

lower adhesion between sediments and bundle or to limited mucus coverage of the bundle, will 428 

result in a proportional decrease in the encounter rate and thus an increase in EC10 values.  429 

Even when sediment loads are insufficient to sink bundles, they cause ascent delays that may reduce 430 

reproductive success. Spawning synchrony is crucial for achieving an adequate sperm concentration 431 
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at the water surface (Oliver & Babcock 1992), and mixing significantly reduces fertilisation 432 

probabilities as little as 1 h after spawning (Omori et al. 2001). With such a narrow fertilisation 433 

window, the ~40 min ascent delay predicted here for bundles from the deepest corals (Fig. 2.5) 434 

would be ecologically significant. Subtle but consistent differences in the spawning times of closely-435 

related species is also thought to be a mechanism for reproductive isolation, preventing or reducing 436 

hybridisation (Willis et al. 2006). Loss of punctuality and blurring of the fertilisation window could 437 

reduce the efficacy of that important prezygotic isolation barrier.  438 

The laboratory observations and mathematical simulations presented here indicate that ascent 439 

failure is probable for bundles from all but shallow-water colonies if spawning occurs in proximity 440 

to turbidity-generating processes. This is apparent when comparing the EC10 and EC50 values 441 

computed here (Table 2.1) with reported SS loads from the environment. The latter include values 442 

of 50-840 mg L-¹ measured within three kilometres from dredging and disposal operations (Nichols 443 

et al. 1990, Wolanski et al. 1992, Thomas et al. 2003) and values >100 mg L-¹ caused by natural 444 

resuspension events in shallow lagoonal areas (Larcombe et al. 1995, Anthony & Larcombe 2000) . 445 

Furthermore, river discharge loads over inshore reefs can exceed 1200 mg L-¹ (Richmond 1996a), 446 

indicating that sediment ballasting could be particularly relevant to coral spawning in fringing 447 

habitats. Despite both mathematical and laboratory-based evidence for this cause-effect pathway, 448 

some caution needs to be considered applying the results to in situ conditions, that are subject to a 449 

greater range of water quality conditions than can be included in a simulated or modelled approach.  450 

To predict the risks posed by turbidity-generating activities such as dredging to the spawning of 451 

corals, and possibly of other species relying on buoyant eggs for fertilisation (Craik & Harvey 1987, 452 

Emlet 1994, Gros et al. 1999), we propose that sediment ballasting be integrated in ocean circulation 453 

and sediment transport models. This will couple sediment resuspension, advection and settling with 454 

sediment interception by rising bundles, so that the SS loads at any given site can be used to produce 455 

local risk maps for coral fertilisation. These findings describe a novel threat to coral reefs, yet they 456 

also present a practical approach for improving management of sediment-generating activities 457 

during sensitive coral spawning events.  458 
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3 Chapter 3 — Suspended sediments limit coral sperm availability 471 

This chapter is published as:  472 

Ricardo GF, Jones RJ, Clode PL, Humanes A, Negri AP (2015) Suspended sediments limit coral sperm 473 

availability. Scientific Reports 5:18084 474 

3.1 Abstract 475 

Suspended sediment from dredging activities and natural resuspension events represent a risk to 476 

the reproductive processes of coral, and therefore the ongoing maintenance of coral populations. 477 

To investigate the underlying mechanisms that could reduce the fertilisation success in turbid water, 478 

we conducted several experiments exposing gametes of the corals Acropora tenuis and A. millepora 479 

to two sediment types. Sperm limitation was identified in the presence of siliciclastic sediment (230 480 

and 700 mg L-1), with 2–37-fold more sperm required to achieve maximum fertilisation rates, when 481 

compared with sediment-free treatments. This effect was more pronounced at sub-optimum sperm 482 

concentrations. Considerable (> 45%) decreases in sperm concentration at the water’s surface was 483 

recorded in the presence of siliciclastic sediment and a > 20% decrease for carbonate sediment. 484 

Electron microscopy then confirmed sediment entangled sperm and we propose entrapment and 485 

sinking is the primary mechanism reducing sperm available to the egg. Longer exposure to 486 

suspended sediments and gamete aging further decreased fertilisation success when compared 487 

with a shorter exposure. Collectively, these findings demonstrate that high concentrations of 488 

suspended sediments effectively remove sperm from the water’s surface during coral spawning 489 

events, reducing the window for fertilisation with potential subsequent flow-on effects for 490 

recruitment. 491 

3.2 Introduction 492 

Dredging to create or widen shipping channels is a largely unavoidable component of most port and 493 

coastal infrastructure developments (Foster et al. 2010). Sediments released into the water column 494 

by dredging and natural resuspension events can migrate over nearby benthic communities where 495 

they can have pronounced effects on organisms such as coral (Rogers 1990, Fabricius 2005, 496 

Erftemeijer et al. 2012b), seagrass (Erftemeijer & Robin Lewis 2006), fish and invertebrates (Wilber 497 

& Clarke 2001, Bilotta & Brazier 2008). Understanding the potential environmental effects of 498 
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dredging is now particularly important in tropical Australia where a resources boom has increased 499 

demand for further development of large-scale coastal infrastructure facilities and ports (McCook 500 

et al. 2015). For example, 200 M m³ of sediments along the Western Australian coastline and an 501 

estimated 85 M m³ of sediment in or around the Great Barrier Reef Marine Park are proposed to be 502 

dredged over the next 25 yrs. to allow ship access to these facilities (Masini et al. 2011, Morton et 503 

al. 2014).  504 

Dredging and natural resuspension events release sediments into the water column and once 505 

disturbed, fine silts and clays can remain in suspension for extended periods and travel distances of 506 

100s of km (Bainbridge et al. 2012, Storlazzi et al. 2015). The effect on adult coral colonies can be 507 

significant, with sediments causing decreased productivity and growth rates (Dodge & Vaisnys 1977, 508 

Riegl & Branch 1995, Philipp & Fabricius 2003), and subsequent sediment smothering causing tissue 509 

damage and mortality (Bak 1978, Weber et al. 2006, Flores et al. 2012). Consequently, coral loss can 510 

occur when dredging occurs in the proximity of reefs (Blakeway 2004, EPA 2013).  511 

The early life-history stages of corals are also known to be susceptible to elevated suspended 512 

sediments (SS) (see review by Jones et al. (2015b)), and there is a great deal of attention to these 513 

effects, as reproduction and recruitment underpins the maintenance and resilience of reef 514 

communities, and poor water quality conditions during spawning periods could lead to loss of the 515 

entire reproductive output for the year (Harrison et al. 1984, Hughes et al. 2000, Hughes & Tanner 516 

2000). Most scleractinian corals are broadcast spawners, releasing gametes 1-2 times a year and 517 

often over a few nights in synchronous, multispecific mass spawning events (Harrison & Wallace 518 

1990, Baird et al. 2009, Harrison 2011). Spawned gametes are packaged in a positively buoyant 519 

bundle that dissociate within an hour upon reaching the water’s surface, releasing sperm and eggs 520 

(Babcock et al. 1986, Padilla-Gamino et al. 2011). Mixing of gametes by wind, waves, and currents 521 

occurs at or just under the water surface promoting out-crossing but also causing sperm 522 

concentrations to rapidly dilute. Sperm dilution combined with the deleterious aging of the 523 

gametes, limits the opportunity for successful fertilisation to a comparatively short (<2 h) window 524 

following spawning (Oliver & Babcock 1992, Omori et al. 2001).  525 

As a framework for evaluating the effects of sediment on coral reproduction, Jones et al. (2015b) 526 

recently developed a conceptual model of known and biologically plausible cause-effect pathways 527 

whereby suspended sediments could affect all aspects of the reproductive processes, from 528 
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gametogenesis though spawning, embryogenesis, settlement and post-settlement survival. Of the 529 

>30 proposed known and putative cause-effect pathways, many were associated with the 530 

fertilisation stage. Three main groups consisting of nine pathways were postulated in which elevated 531 

suspended sediment could prevent coral fertilisation. These were: (i) impacts on egg viability, (ii) 532 

impacts on sperm viability, and (iii) reduced egg–sperm encounters and sperm penetration into the 533 

egg. These potential mechanisms are depicted in the conceptual diagram of Fig. 3.1. 534 

 535 

Fig. 3.1 Possible cause-effect pathways in which suspended sediments (SS) can reduce fertilisation rates in 536 
broadcast spawning corals. Clockwise from top left, SS could impact egg viability through damage to the egg 537 
or through impacting the polyspermy block. Similarly, SS could impact sperm viability from toxic substances 538 
leached from the sediment, physically through abrasion, or by depleting energy reserves via increased 539 
flagellum beating. SS could also decrease egg–sperm contacts and sperm penetration by damage to 540 
anchoring protrusions on the egg (microvilli), by impairing the sperm chemoattractant, by cloaking of the 541 
gametes, slowing and blocking sperm, and by entanglement and sinking of the sperm. 542 

Several studies have reported that SS can reduce fertilisation success at concentrations as low as 543 

≥50 mg L-1 (Gilmour 1999, Humphrey et al. 2008, Erftemeijer et al. 2012a), i.e. within an 544 

environmentally relevant range associated with dredging projects (Jones et al. 2015b). These studies 545 

included species from the genus Acropora, which are typical of clear water as well as Pectinia 546 
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lactuca, which is common in turbid water habitats. However, some experiments have not detected 547 

any effects at SS concentrations as high as ~1000 mg L-1 (Humphrey et al. 2008). The reason for 548 

these marked differences in sensitivity is not known, but could be linked with sediment geochemical 549 

parameters (including effects of sediment-bound contaminants), particle grain size and nutrient 550 

content (Humphrey et al. 2008, Jones et al. 2015b). Further, differences in responses could be 551 

species-specific, or to differences in the experimental conditions under which the tests were 552 

conducted (Jones et al. 2015b). For example, one likely source of the variation between studies is 553 

the use of different sperm concentrations, which can significantly influence the outcome of 554 

fertilisation experiments (Dinnel et al. 1987, Marshall 2006). Fertilisation success in corals increases 555 

non-linearly with sperm concentration because of an increase in egg–sperm encounters, resulting 556 

in maximum fertilisation success at 10⁵–10⁷ sperm mL-1 (Oliver & Babcock 1992, Willis et al. 1997, 557 

Negri & Heyward 2000). In fertilisation assays, the effect of a treatment is usually more pronounced 558 

at lower sperm concentrations as inhibitory effects can be masked at higher, saturating sperm 559 

concentrations (Dinnel et al. 1987). For corals, few toxicology studies have attempted to match the 560 

range of ecologically relevant sperm concentrations that occur in situ (Albright & Mason 2013, Lam 561 

et al. 2015). A number of approaches have been proposed to address this issue including use of a 562 

number of sperm concentrations in assays, and a calculation of two metrics which describe 563 

maximum fertilisation (Fmax) and the sperm concentration required to reach this maximum 564 

[Sperm]max (Marshall 2006). Further, determination of the EC50 (sperm concentration required for 565 

half the maximum fertilisation, Fmax) has been used when data are non-linear and asymptotic 566 

(Albright & Mason 2013, Uthicke et al. 2013). Another equally important source of variability 567 

between studies could be gamete viability and quality which can vary between spawning nights and 568 

decrease quickly following release from the bundle (Oliver & Babcock 1992, Hédouin & Gates 2013). 569 

To improve risk assessments of the effects of dredging and turbidity-generation near reefs during 570 

spawning events, and to better understand the source of the variability between past studies, there 571 

needs to be an improved understanding of the mechanism(s) by which sediment reduces 572 

fertilisation success. In this study, we examine cause-effect pathways for the effect of sediments 573 

(relevant to dredging and natural resuspension events) on coral gametes through a series of 574 

manipulative experiments. We test the hypothesis that greater sperm concentrations would be 575 

required to attain maximum fertilisation under the presence of environmentally realistic suspended 576 

sediment concentrations and test how prolonged exposure of gametes to suspended sediment 577 
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concentrations before fertilisation may amplify failure as gametes aged or were reduced in number. 578 

The principle finding, that sediments primarily impact sperm rather than eggs, is then discussed with 579 

respect to water quality conditions that can occur during dredging projects and natural turbidity 580 

events such as wind and wave resuspension from storms and cyclones. 581 

3.3 Materials and methods 582 

3.3.1 Choice of suspended sediment (exposure) concentrations 583 

SS in a shallow coral habitat during a major capital dredging program (~7.6 M m3 of sediment 584 

dredged over 530 d) at Barrow Island Western Australia was monitored indirectly by submerged 585 

nephelometers taking turbidity (NTU) readings every 10 min, positioned 1–2 m above the seabed at 586 

two water quality monitoring sites ~300 m north (site 1, 20.829°S, 115.509°E) and south (site 2, 587 

20.822°S, 115.511°E) during the autumn (coral spawning) months in 2010 (before dredging) and 588 

2011 (during dredging) (see Ministerial statement 800 searchable on the WA EPA website 589 

www.epa.wa.gov.au for more details). NTU recordings were made with a sideways mounted optical 590 

backscatter device (nephelometer) that can be used to estimate suspended sediment 591 

concentrations (as mg L-1) by applying site specific algorithms (conversion factors) based on 592 

gravimetrically determined TSS levels versus nephelometer readings of 1.3–1.6 NTU = 1 mg L-1 593 

(Thomas et al. 2002). Benthic sediments before dredging were predominantly unconsolidated, 594 

undisturbed carbonate with a low total organic content of <0.8% (w/w), which formed a thin veneer 595 

(0.5–3 m thick) overlying limestone pavements ranging from rubble to typically gravelly sand mixed 596 

with fine silts and clays. 597 

3.3.2 Sediment preparation and analysis 598 

Experiments were conducted with two different types of marine sediments, a terrestrially-599 

influenced siliciclastic (~50% quartz) sediment that we describe as “siliciclastic”, with relatively high 600 

concentrations of iron and aluminium (collected from 10 km offshore in the Pilbara region of 601 

Western Australia and in an area subject to the influence of the Ashburton River). The second type 602 

of sediment was primarily biogenic calcium carbonate (~80% aragonite), typical of offshore reef 603 

sediment of the Great Barrier Reef (collected from Davies Reef on the Great Barrier Reef, 604 

Queensland, see Table S 3.1 for chemical analyses and collections locations). The sediments, 605 

hereafter referred to as siliciclastic and carbonate, were screened and milled to < 63 µm then mixed 606 
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with 0.4 µm filtered seawater (FSW) to create a 5 g L-1 suspension. To remove larger particles, the 607 

sediment settled for 10 min and the top three-quarters of the suspension was siphoned off for use 608 

in the experiments. This reduced the modal peak of the particle size distribution to ≤ 10 µm, which 609 

is a typical grain size likely to be found at the water’s surface. To further concentrate the stock 610 

solution, the sediment was left to settle overnight and the supernatant removed. Sediment 611 

concentrations were measured gravimetrically by taking three 100 mL replicate samples using 0.4 612 

µm polycarbonate filters and dried overnight at 60°C. Turbidity was measured with a nephelometer 613 

(TPS 90FL-T) and linear NTU-SS relationship was determined. During experiments, desired sediment 614 

suspensions were created by mixing the sediment stock with FSW. The final concentration of each 615 

experimental chamber was calculated by taking the average of turbidity readings before and after 616 

the experiment. The mean SS exposures for each treatment were determined using the NTU-SS 617 

relationships. Turbidity generated by the gametes (~5 NTU) was deducted from the final turbidity 618 

reading. Salinity (35.5 ppt) and pH (8.1) did not deviate throughout the experiment and dissolved 619 

oxygen remained above > 95% saturation.  620 

3.3.3 Coral collection and gamete preparation 621 

Colonies of Acropora tenuis (Dana, 1846) > 20 cm were collected from 3 to 5 m depth on 21 October 622 

2013 and 9 October 2014 from Magnetic Island (central inshore Great Barrier Reef region, 19.157°S, 623 

146.861°E). Colonies of A. tenuis (Dana, 1846) and Acropora millepora (Ehrenberg, 1834) >20 cm 624 

were collected from 3 to 5 m depth on the 14 to 17 November 2013 and 3 to 6 November 2014 from 625 

Trunk Reef (18.329°S, 146.846°E) and Davies Reefs (18.832°S, 147.633°E), both which are located in 626 

the central, mid-shelf region of the Great Barrier Reef. The gravid colonies were then transported 627 

to the National Sea Simulator (SeaSim) at the Australian Institute of Marine Science (AIMS) and 628 

placed in flow-through tanks at 27–29°C according to the temperature of their natal reef. Following 629 

spawning the egg–sperm bundles were gently scooped from the surface and the eggs separated 630 

from sperm using a 100 µm mesh filter and washed five times in FSW as described by Negri and 631 

Heyward (2000). Eggs of each species were selected from a single colony, while sperm from multiple 632 

colonies (3–5) were pooled and the resultant stock was counted using a hemocytometer under a 633 

compound microscope. The sperm stock was then diluted to achieve a working stock concentration 634 

of 1 × 108 sperm mL-1 from which further dilutions were made. 635 
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3.3.4 Influence of SS on fertilisation at multiple sperm concentrations 636 

Sperm concentration-response experiments were conducted using siliciclastic SS at ~230 and 700 637 

mg L-1, carbonate SS at 230 mg L-1 and FSW (control). For the fertilisation assays sediment 638 

concentrations of 230 mg L-1 and 700 mg L-1 were used together with a FSW (control). For each of 639 

six sperm concentrations (101–106 sperm cells mL-1) of A. tenuis, 48 mL of the SS treatment was 640 

transferred into ten replicate 180 mL clear polystyrene chambers. Eggs were added to half the 641 

chambers (1 mL of ~200 eggs) and the desired sperm concentration (1 mL) was added to the other 642 

half. Gametes were independently exposed to the suspended sediment treatments for 30 min, 643 

simulating the time taken for the eggs to become viable and for compatible gametes to encounter 644 

each other in situ (Okubo & Motokawa 2007). Sperm were then mixed with their corresponding 645 

eggs to initiate fertilisation and placed on mechanical rollers at 0.3 revolutions s-1 (Fig. 3.2) located 646 

at a constant temperature room set to the temperature of their parent’s natal reef (27–29°C). The 647 

rollers consisted of a series of 3 cm diameter cylinders rotated by an electrical motor and use of the 648 

rollers maintained a constant suspension of sediment throughout the fertilisation period. The 649 

chambers were removed from the rollers when most the embryos in the controls had developed to 650 

the 4-cell stage, which for A. tenuis, was typically 150 min after mixing sperm with eggs. Turbidity 651 

was immediately measured using a nephelometer and then embryos and eggs were fixed using Z-652 

fix fixative (Anatech Limited). Eggs and embryos were transferred to counting trays and the first 100 653 

embryos or eggs in each experimental chamber were assessed for fertilisation success. To control 654 

for the possible effects of mechanical agitation, similar fertilisation experiments were conducted 655 

under stationary conditions in 6-well cell culture plates (Nunclon, Thermo Scientific) on three 656 

separate occasions. In these experiments, 1 mL of the desired sperm concentration was added to 1 657 

mL of ~200 eggs and 8 mL of FSW. Final sperm concentrations were over the range 101–106 sperm 658 

mL-1.  659 
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Fig. 3.2 
Experimental set-
up for fertilisation 
assays. Eggs were 
fertilised in 
chambers 
containing a series 
of sperm 
concentrations, and 
with and without 
suspended 
sediments. The 
chambers were 
rotated using 
mechanical rollers 
to maintain the 
sediments in 
suspension.  

3.3.5 Sperm counting in the water’s surface with SS 660 

Changes in sperm concentration of A. tenuis were measured using a C6 Flow Cytometer and Cflow 661 

Sampler software (Accuri Cytometers Inc.). One mL of either 5 × 104, 5 × 105 and 5 × 106 sperm mL-662 
1 were added to 50 mL of 230 mg L-1 siliciclastic or carbonate sediment, or FSW (control) making a 663 

sperm concentration of 104–106 sperm mL-1. Sperm-only and sediment-only controls at these 664 

concentrations were also prepared. All chambers were mechanically agitated for 30 min. From each 665 

chamber, a 1 mL subsample was taken from ~1 cm below the surface for flow cytometry. Using 666 

forward and side scatter, the regions for gating were determined by running the controls separately. 667 

Values from forward scattering are proportional to particle size and the threshold was set at 20,000 668 

signal intensity units using a calibration of 1 µm florescent beads; side scattering is proportional to 669 

their complexity and was set at the minimum signal intensity threshold of 10 units. Two clear cluster 670 

distributions were observed for each of the sediment particles and the sperm in the sample. Three 671 

replicates of each treatment or control were measured. The flow cytometer was run to count at 672 

least 100,000 particles or 2 min.  673 

3.3.6 Microscopic examination 674 

Subsamples from the bottom and middle of sediment-sperm samples were fixed in 1.25% 675 
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glutaraldehyde and 0.5% paraformaldehyde in FSW and stored at 4°C. Samples were dehydrated in 676 

a microwave using a graded ethanol series (70%, 90% × 2, 100%, 100% (anhydrous)) for 40 s at 250 677 

W and then critical point dried (Polaron KE3000, Quorum Technologies) in liquid CO2. The dried 678 

samples were then mounted on carbon tape on aluminium stubs, coated with 3 nm platinum, and 679 

imaged using a field emission SEM (Zeiss 55-VP).  680 

3.3.7 Gamete exposure duration of SS on fertilisation 681 

To determine if a decline in gamete viability with age compounded the effect of sediment on 682 

fertilisation success, gametes (90 min age) were exposed to a suspension (230 mg L-1) at two sperm 683 

concentrations for two time periods (15 and 120 min). A pilot study revealed low rates of fertilisation 684 

at sperm concentrations of 10⁴ sperm mL-1 for A. millepora; therefore, 5 × 10⁴ sperm mL-1 was used 685 

in addition to 10⁵ sperm mL-1 for the experiment. Similar to the first experiment, 1 mL of ~200 eggs 686 

and 1 mL sperm was added to 10 replicates chambers each containing 48 mL of the SS treatment or 687 

control (FSW) and gently agitated on mechanical rollers. After 15 min, half the gamete exposure 688 

chambers were mixed with their counterpart to initiate fertilisation and placed back on the 689 

mechanical rollers. The remainder were mixed at 120 min and placed on the rollers. The chambers 690 

were removed from the rollers when most the embryos in the controls reached the 4-cell stage, 691 

which for A. millepora, was generally 180 min after mixing sperm with eggs. Turbidity measurement 692 

and fixation of the embryos and eggs were conducted as described previously. 693 

3.3.8 Design and statistical analysis 694 

We used a similar assay technique proposed by Marshall (2006) to calculate the fertilisation 695 

maximum (Fmax) over a range of sperm concentrations because the effect of polyspermy in acroporid 696 

corals appears to be minor (if at all) (Negri & Heyward 2000, Albright & Mason 2013). We also 697 

calculated a second metric, the EC50 — the concentration that yields the half maximum fertilisation 698 

response.  699 

Fertilisation success rates were fitted to nonlinear regression curves (four-parameter logistic 700 

models) using the program GraphPad Prism (v5, San Diego, USA). The model was constrained 701 

between 0 and 100%. All curves were tested for normality of the residuals and a replicate test was 702 

applied to assess goodness of fit. For the treatment data sets, the model and the inflection point i.e. 703 

EC50 values were determined with greater confidence by global fitting the parameters top, slope and 704 
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bottom of the curves if there was no significant difference with the controls (p>0.05) (Motulsky & 705 

Christopoulos 2004). The fertilisation maximum (Fmax) was compared between the sediment 706 

treatments and the controls with an unpaired t-test. Agitated assays were compared with non-707 

agitated assays to test for any effect of the mechanical rollers on coral fertilisation.  708 

To assess changes in sperm numbers at the water surface in the presence of sediments, the 709 

estimated number of sediment particles incorrectly occurring in the gate was deducted from the 710 

total sperm count. Changes in sperm numbers between sediment treatments and the controls were 711 

analysed with unpaired t-test using GraphPad Prism (v.5). Sperm counts were compared with 712 

fertilisation success curves by first standardising the data to the initial sperm concentration and then 713 

interpolating the values onto the fertilisation success curve. To test gamete exposure durations on 714 

fertilisation success, each sperm concentration was analysed separately and fit to Generalized 715 

Linear Models (GLM) using packages lattice in R (R Development Core Team, 2014). Data exploration 716 

was done by methods described in Zuur et al. (2010), with the presence of outliers investigated 717 

using Cleveland dotplots. Quassi-binomial errors and the log link function were used because the 718 

data were overdispersed.  719 

3.4 Results 720 

3.4.1 SS generation during dredging operations and cyclones  721 

In order to select dredging-relevant SS concentrations for the series of experimental exposures, 722 

turbidity data from instantaneous nephelometer measurements at two sites during the Barrow 723 

Island dredging (see Methods) were assessed. SS concentrations derived from the turbidity 724 

measurements during dredging activities regularly exceeded ~100 mg L-1 and on occasions > 300 mg 725 

L-1 (Fig. 3.3 a). Similar SS concentrations were measured during a natural resuspension event 726 

(category 4 Cyclone Bianca (2011)) which passed approximately 100 km to the west of the dredging 727 

location. Dredging was suspended for a few days during the cyclone and when cyclones Dianne 728 

(2011) and Carlos (2011) were in close enough proximity to have affected safety. All dredging 729 

activities were stopped for a further 12-d period (20 March to 31 March 2011) during the predicted 730 

autumn spawning period to comply with the mandatory coral spawning impact minimisation 731 

window (GBRMPA 2014, Jones et al. 2015b). Over these shutdown periods suspended sediment 732 

concentrations were reduced dramatically, largely to baseline (pre-dredging) levels (Fig. 3.3 a). The 733 

maximum turbidity peaks were also similar to those recorded during cyclones and notably a 734 
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category 3 Tropical Cyclone (Olwyn) which passed by the Pilbara coast of Western Australia during 735 

the first night of the coral spawning period (12–15 March 2015) causing turbidity levels to exceed 736 

275 NTU for 24 h (pers. comm. - Travis Elsdon) (Fig. 3.3 b-d). 737 

3.4.2 Influence of SS on fertilisation at multiple sperm concentrations 738 

Fertilisation success increased non-linearly with sperm concentration (Fig. 3.4 a–c). For siliciclastic 739 

(≤ 10 µm) sediment, fertilisation curves shifted to the right in the presence of both high and low 740 

sediment concentrations. The difference in the EC50 values (sperm concentration required for half 741 

the maximum fertilisation, Fmax) was statistically significant and ranged from ~2-fold greater at the 742 

low sediment treatment (F1, 43 = 5.55, p = 0.023) to 37-fold greater in the high sediment treatment 743 

(high: F1, 53 = 363.90, p = <0.001) (Table 3.1). No significant difference was detected between the 744 

EC50 for the carbonate (≤ 10 µm) sediment and control curves (F1, 43= 0.13, 0.721). Maximum 745 

fertilisation (Fmax) for all sediment treatments were high (>90% fertilisation) and there was no 746 

significant difference in comparison with the controls (siliciclastic (high): t 8= 1.16, p = 0.281, 747 

siliciclastic (low): t 6= 0.71, p = 0.507, carbonate: t6= 1.19, p = 0.278), indicating that sediment did 748 

not affect egg viability. There was no difference in fertilisation success between the agitated 749 

controls on the rollers and the non-agitated controls in the 6-well plates (F1, 41 = 0.005, p = 0.946). 750 

 751 
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 752 
Fig 3.3 Turbidity-generating events during coral spawning periods in north-west Australia. a) Turbidity (NTU) 753 
readings at two water quality monitoring sites ~300 m north (Site 1) and south (Site 2) during the autumn 754 
(coral spawning) months in 2010 (before dredging) and 2011 during dredging a major capital dredging 755 
program (~7.6 M m3 of sediment dredged over 530 d) at Barrow Island. The autumn full moons are indicated 756 
and the shaded area indicates the major predicted autumn coral spawning period 8 d after the full moon. 757 
Dredging operations were suspended for 12 d from 20 to 31 March 2011 for the coral spawning 758 
environmental window and for a few days associated with the close proximity of cyclones Bianca, Dianne and 759 
Carlos. b–d) Moderate Resolution Imaging Spectroradiometer (MODIS) images from the Terra Satellite of 760 
Category 3 Tropical Cyclone Olwyn passing through Western Australian coastline from 10 to 13 March. 761 
Cyclone Olwyn developed in the Indian Ocean approximately 800 km from the Kimberley and Pilbara and hit 762 
the Ningaloo coastline on 12 to 13 March 2015, coinciding with the March coral spawning event. Scale bars 763 
= 200 km.  764 
 765 
 766 
 767 
 768 
 769 
 770 
 771 
 772 
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Table 3.1 Results of data fitted to a four-parameter logistic function (Fig. 3.3). The curves were constrained 773 
between 0 and 100%.  774 

 Control (0 mg L-1) Siliciclastic (high) (~700 mg L-1) 
Best-fit parameters (95% CI)   
   EC50 6.8 × 10³ (5.7 × 10³–8.0 × 10³) 2.5 × 10⁵ (1.9 × 10⁵–3.3 × 10⁵) 
   *Top/Fmax (%)  95.9 (93.0–98.7) 95.9 (93.0–98.7) 
   Bottom (%) 5.1 (2.4–7.7) 1.7 (0.0–3.5) 
   Slope 1.6 (1.1–2.0) 2.4 (1.7–3.0) 
 Control (0 mg mL-1) Siliciclastic (low) (~230 mg L-1) 
Best-fit parameters (95% CI)   
   EC50 1.8 × 10⁴ (1.3 × 10⁴–2.5 × 10⁴) 2.9 × 10⁴ (2.1 × 10⁴–4.1 × 10⁴) 
  *Top/Fmax (%) 92.7 (88.9–100.0) 92.7 (88.9–100.0) 
  *Bottom (%) ~0.0 (0.0–3.2) ~0.0 (0.0–3.2) 
  *Slope 1.3 (1.0–1.6) 1.3 (1.0–1.6) 
 Control (0 mg L-1) Carbonate (~230 mg L-1) 
Best-fit parameters (95% CI)   
   EC50  1.5 × 10⁴ (1.2×10⁴–1.9×10⁴) 1.5 × 10⁴ (1.2 × 10⁴–1.9 × 10⁴) 
  *Top/Fmax (%) 94.3 (91.2–97.5) 94.3 (91.2–97.5) 
  *Bottom (%) 0.5 (0.0–3.0) 0.5 (0.0–3.0) 
  *Slope 2.0 (1.1–3.0) 2.0 (1.1–3.0) 

*Indicates sharing of parameters (bottom, top/Fmax, and slope) 775 
 776 
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Fig. 3.4 Acropora tenuis fertilisation success 
(%) curves fitted to four-parameter logistic 
models plotted over a range of sperm 
concentrations (102–106 sperm mL-1). a) 
Siliciclastic (high): 705 mg L-1, green; control: 
0 mg L-1, blue, and b) siliciclastic (low): 230 
mg L-1, green; control: 0 mg L-1, blue) and, c) 
carbonate: 230 mg L-1, red; control: 0 mg L-1, 
blue) suspended sediment concentrations. 
Dashed lines represent 95% confidence 
bands. 

3.4.3 Sperm counting in the water’s surface with SS 777 

Flow cytometry revealed a ~10% (at 10⁶ sperm mL-1) to 50% (at 104 and 105 sperm mL-1) decrease 778 

in sperm numbers in the absence of sediment following 30 min of agitation, probably caused by the 779 

negative buoyancy and some clustering and flocculation of the sperm. There were further significant 780 

(22%–43%) decreases in surface sperm counts across the range of initial sperm concentrations for 781 

siliciclastic SS treatments (Fig. 3.5 a and Table 3.2). A decrease of 14%–26% sperm counts was 782 

observed with carbonate sediment but this was only statistically significant at the low sperm 783 
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concentration (104 sperm mL-1).  784 

Table 3.2 Difference (%) in sperm counts at the water’s surface compared with the control.  785 
Initial sperm concentration 
(sperm mL-1) 

Sediment Difference from 
control (%) 

t-ratio (n = 3) p value 

104
 Carbonate 26 2.94 0.043 

104 Siliciclastic 34 3.28 0.031 
105 Carbonate 14 1.91 0.128 
105 Siliciclastic 22 3.40 0.027 
106 Carbonate 18 1.82 0.143 
106 Siliciclastic 43 5.01 0.007 

To assess whether reductions in sperm at the surface caused by suspended sediment quantitatively 786 

accounts for observed effects on fertilisation, the expected rates of fertilisation caused by sperm 787 

dropout (Fig. 3.5 a) were calculated by interpolation of reduced sperm concentrations into the 788 

control fertilisation curves in Fig. 3.4. The observed fertilisation in the presence of SS was then 789 

plotted against the fertilisation expected from sperm dropout (Fig 3.5 b). Once all samples were 790 

standardised to their initial sperm concentration, the reduction of sperm was generally proportional 791 

to the drop in the fertilisation. The exceptions were with carbonate sediment at initial sperm 792 

concentrations of 104 and 105 sperm mL-1, where greater fertilisation occurred than expected for 793 

the reduction in sperm observed.  794 

 795 
Fig. 3.5 a) Bar chart of Acropora tenuis sperm counts (means ± SE) in the water’s surface (top 1 cm) as a 796 
proportion of the initial sperm concentration after 30 min exposure to suspended sediments (230 mg L-1). 797 
n = 3. b) Means (SE) of interpolated sperm counts (expected) with fertilisation success data (actual).  798 

When sperm were added to suspended sediments, small flocs appeared on the bottom of the 799 

chambers (Fig. 3.6 a). Scanning electron microscopy images revealed A. tenuis sperm tangled, 800 

coated, buried, and damaged in aggregations of fine sediment grains (Fig. 3.6 b). Similar inspection 801 

of the eggs revealed very few sediment grains bound to the outer surface (Fig. 3.6 c).  802 
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Fig. 3.6 Optical and scanning 
electron microscopy images 
showing Acropora tenuis sperm 
and eggs after 30 min exposure 
to suspended sediments. a) 
optical microscopy image of 
sperm aggregating around a 
sediment floc, b) secondary 
electron image of sperm 
(artificially coloured blue) 
tangled in sediment clumps, c) 
back-scattered electron image 
of eggs, showing fine particles of 
scattered sediment, but the 
eggs are largely sediment free. 
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3.4.4 Gamete exposure duration of SS on fertilisation 803 

There was a significant effect of siliciclastic sediment on fertilisation success of A. millepora at both 804 

sperm concentrations (5 × 104 sperm mL-1: F = 9.18, P = < 0.007; 10⁵ sperm mL-1: F = 38.12, P = < 805 

0.001) but the effect was more pronounced when the gametes had been exposed for longer 806 

durations (120 min), resulting in a 19% greater decrease at 5 × 104 sperm mL-1 and a 46% greater 807 

decrease at 10⁵ sperm mL-1 (Fig. 3.7 a). In the absence of SS, fertilisation success halved (51%) for 808 

gametes at the high sperm concentration but decreased by 76% at the lower sperm concentration. 809 

This decrease in fertilisation success at the low sperm concentration in the absence of sediments 810 

meant the impact of sediment was not as pronounced, because fertilisation success was already low 811 

(21%). After a long exposure to sediments, both sperm concentration triggered almost no 812 

fertilisation success (3%).  813 

 814 
Fig. 3.7 a) Boxplots of Acropora millepora fertilisation success after short (15 min) and long exposure (120 815 
min) periods to siliciclastic suspended sediments (230 mg L-1) and control (0 mg L-1) treatments at two sperm 816 
concentrations (5 × 10⁴ sperm mL-1 and 10⁵ sperm mL-1). b) A schematic diagram of changes to the fertilisation 817 
window (fertilisation success over time) with increasing sediment concentrations and decreasing sperm 818 
concentrations. The relative changes of the fertilisation window are the represented by the areas under the 819 
curves. The unbroken line ( ) is typical of a normal fertilisation window, with fertilisation decreasing with 820 
gamete viability over time. As sediment concentration increases, which has the same effect as decreasing 821 
sperm concentration, the curve is moved to the left, shown by the dashed line ( ). If sperm numbers are 822 
very limited, through high sediment concentrations or sperm dilution, the curve ( ) moves further left and 823 
the maximum fertilisation success (Fmax) decreases.  824 

The contraction of the fertilisation window with suspended sediments and gamete aging is 825 

described schematically in Fig. 3.7 b. Under sediment-free conditions, fertilisation peaks and 826 

gradually decreases over time as the slick dilutes and gametes age. The effects of SS are amplified 827 

under decreasing sperm concentrations and gamete viability, mostly impacting the tail of the 828 
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window and causing a contraction to the left. Under extreme sediment concentrations, the 829 

maximum fertilisation rate is heavily impacted in addition to leftward contraction of the fertilisation 830 

window.  831 

3.5 Discussion 832 

By applying several lines of evidence, we propose sperm coagulates with sediment particles, 833 

contributing to reduced numbers of sperm at the water surface, and subsequently to sperm 834 

limitation and reduced fertilisation. These effects are more pronounced (i) at lower sperm 835 

concentrations, (ii) for siliciclastic sediments and (iii) following prolonged exposures of aging 836 

gametes to suspended sediments, and each of these factors in combination can impact fertilisation 837 

success and can contract the fertilisation window.  838 

Elevated siliciclastic sediments had marked effects on fertilisation success at moderate sperm 839 

concentrations (<106 sperm mL-1), increasing the EC50 (half the maximum fertilisation success) 2–840 

37-fold, yet eggs were still capable of being fertilised, even at high sediment concentrations if the 841 

eggs were saturated with high sperm concentrations (106 sperm mL-1). This suggests the mechanism 842 

affecting fertilisation success by sediment was not related to egg viability (Marshall 2006). 843 

Furthermore, when examined under SEM, few sediment grains were bound or attached to the egg 844 

surface, suggesting egg cloaking was not a major cause of reduced fertilisation success. Instead, the 845 

strong dependence of the fertilisation success rate on the sperm concentration suggests an 846 

occurrence of sperm limitation with sediment suspensions physically impeding the movement of 847 

the sperm or attaching to sperm and causing them to sink, therefore reducing opportunities for 848 

egg–sperm contact. The observed reduction in sperm concentration at the surface of the water in 849 

the presence of sediments is consistent with sediments vertically “stripping” sperm from upper 850 

surface (and away from the eggs). This mechanism is further supported by the microscopy showing 851 

sperm cells highly entangled with the sediment particles. The current study applied continual 852 

agitation to maintain the sediments in suspension (and mimicking water movement in situ), but the 853 

density of the sperm-sediment flocs was still great enough to overcome the replenishment of sperm 854 

to the surface and largely accounted for the observed reductions in fertilisation. 855 

In addition to the physical effects of sediment on sperm there may be an additional mechanism 856 

associated with decreasing gamete viability. Eggs of the corals Montipora digitata and Platygyra 857 

sinensis remain viable for fertilisation 2 h after spawning but begin to show signs of reduced viability 858 
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> 2 h (Oliver & Babcock 1992). Here, after a short (15 min) exposure period to SS, there was a small 859 

yet significant decrease in A. millepora fertilisation even at high sperm concentrations; however, 860 

the effects of SS exposure on fertilisation was much more pronounced following 2 h SS exposures. 861 

However, gametes exposed for 2 h almost completely failed to fertilise, regardless of the sperm 862 

concentration. The mechanism for this further reduction in fertilisation success after prolonged 863 

exposure to SS is not known but could include damage through abrasion, impact to the polyspermy 864 

block, or a depletion of energy reserves in the sperm. 865 

The net effect of the decrease in sperm availability and impact on aging gametes could have a 866 

significant impact on the overall fertilisation window by reducing the opportunity for successful 867 

fertilisation, similar to dilutive forces associated with wind, waves and currents. Although the impact 868 

of SS is masked at saturating sperm concentrations (>106 sperm mL-1), these sperm concentrations 869 

in situ are likely fleeting because of dilutive effects and an often patchy distribution of spawning 870 

conspecifics. Only one study has provided insight into in situ coral sperm concentrations of a single 871 

species, Montipora digitata (Oliver & Babcock 1992). Washed eggs were fertilised with sperm 872 

samples collected from a spawning slick in relatively calm weather conditions. During the main night 873 

of spawning, high fertilisation success was recorded in a few samples indicating saturating sperm 874 

concentrations, but more often the fertilisation success was low indicating sub-optimal sperm 875 

concentrations. Further, high fertilisation rates were recorded with sperm taken after 1 h following 876 

spawning from 1 m below the water’s surface, suggesting that sperm rapidly sank. Given the rapid 877 

dilution of sperm and the aging of gametes in situ, the fertilisation window is limited to less than 2 878 

h (Oliver & Babcock 1992, Omori et al. 2001). For degraded reefs with low numbers of fecund adult 879 

conspecifics, the fertilisation window is likely constrained by sperm limitation and further 880 

exacerbated by the impacts of SS.  881 

A number of studies have stressed the importance of suitable sperm concentrations in determining 882 

effects on fertilisation in marine invertebrates, with greater sensitivity to pollutants and climate 883 

stressors reported at sub-saturating sperm concentrations (Marshall 2006, Albright & Mason 2013, 884 

Uthicke et al. 2013). The reported sensitivity of coral fertilisation to SS has varied considerably 885 

between past studies and part of this variation is likely due to differences in sperm concentration. 886 

For example, Gilmour (1999) reported significant decreases in fertilisation at just 50 mg L-1 SS using 887 

a low sperm concentration of 10⁴ sperm mL-1, whereas Humphrey et al. (2008) reported no effects 888 

for some sediment types up to 1000 mg L-1 but using saturating sperm concentrations of 2 × 10⁶ 889 
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sperm mL-1. 890 

The purpose of the present study was to identify mechanisms by which sediments can affect 891 

fertilisation and we applied relatively high concentrations of SS to ensure well-defined impacts on 892 

gametes. Nevertheless, SS concentrations were guided by water quality analyses during major 893 

capital dredging projects in the Pilbara region of Western Australia in addition to other instances of 894 

SS recorded during natural and anthropogenic sediment plumes (Nichols et al. 1990, Richmond 895 

1996b, Thomas et al. 2003, Jones et al. 2015a). In Australia, one management strategy to reduce 896 

coral spawning slicks encountering sediment plumes is a mandatory shutdown period of dredging 897 

operations during coral spawning periods (“environmental window”) employed by regulatory 898 

authorities of Western Australia and the Great Barrier Reef Marine Park (Baird et al. 2011, GBRMPA 899 

2014, Jones et al. 2015b). The rapid improvement in water quality associated with such a shutdown 900 

period is clearly evident; however, given the costs associated with shut-down periods, it is important 901 

to consider whether partial shutdowns guided by conservative water quality guidelines might be 902 

equally protective of coral spawning success. Answering this question and effectively quantifying 903 

the risk associated with elevated sediment requires further studies determining (and spatially 904 

modelling) statistical metrics such as EC10 and EC50 for fertilisation across a range of sediment types. 905 

For example, carbonate sediments tend to have far less impact on coral fertilisation than nearshore 906 

terrigenous sediment types (this study and Humphrey et al. (2008)). The present study highlights 907 

the need for these future studies to carefully consider the appropriate choice of sperm 908 

concentration(s) and use a wide range of sediment concentrations, otherwise the effect of the 909 

treatment could be masked by sperm-saturation effects. Fertilisation experiments with sediments 910 

are challenging due to difficulties in simultaneously maintaining sediments and fragile gametes in 911 

suspension over the duration of experiment. Irrespective of the methods used, both the initial and 912 

final suspended sediment concentrations should be measured, as some flocculation is likely given 913 

sperm-sediment interactions. Moreover, selection of a suitable particle grain size for the experiment 914 

is fundamental and sediment leachate, contaminant and associated nutrient concentrations should 915 

be assessed as part of normal ecotoxicological procedures (Klimisch et al. 1997). This approach 916 

would also benefit assessments of the potential environmental effects of wind-driven wave 917 

resuspension of terrestrially-derived sediments on the fertilisation success of corals (Larcombe et 918 

al. 1995). Optimising the coral fertilisation assays using the techniques described here should 919 

improve assessments of the environmental implications of these natural turbidity events. 920 
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In summary, sperm limitation through physical effects such as entanglement with sediment particles 921 

and stripping from the surface was identified as the key mechanism preventing and reducing 922 

successful fertilisation of coral eggs exposed to elevated suspended sediments. This finding may also 923 

have implications for other broadcast spawning marine organisms, such as fish, molluscs and 924 

echinoderms (Levitan & Petersen 1995). When combined with natural factors such as decreasing 925 

gamete viability and dilutive effects, the opportunity for fertilisation may be substantially reduced 926 

in the presence of sediment. As fertilisation is a critical step in recruitment, a decrease in fertilisation 927 

success may result in demographic bottleneck, reducing ongoing population maintenance or 928 

replenishment following disturbances. Furthermore, as coral spawning is ephemeral and usually 929 

confined to just a few nights, it is important that these fertilisation and recruitment processes are 930 

not inhibited.  931 
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4 Chapter 4 — What’s causing the flocs? Sediment characteristics 944 
influence the fertilisation success of the corals Acropora tenuis and 945 

Acropora millepora 946 

Ricardo G, Jones R, Clode P, Humanes A, Gioffre N, Negri A 947 

4.1 Abstract  948 

The increase in exposure of coral reefs to anthropogenic sources of terrestrial sediments has raised 949 

concerns of impacts to coral reproduction and population replenishment. Terrestrially-derived and 950 

recently deposited sediments have unique characteristics such as ease of resuspension, and 951 

increased light attenuation to the benthos; and often associated with mineral clays (layered 952 

aluminium silicates) and associated microbial communities that increase particle aggregations 953 

(flocs). Here, we assessed concentration–response thresholds for suspended sediment 954 

concentrations (SSCs) comprising very different mineral and organic compositions on coral 955 

fertilisation success. Fertilisation was highly sensitive to organic-clay rich sediments which inhibited 956 

fertilisation by 10% (EC10) at 2.5 mg L-1, with clear binding of the mineral clay (identified as kaolinite) 957 

to sperm. While Kaolin clay did not cause an effect by itself (presumably because of the absent 958 

nutrient content), Bentonite clay, which is often used as a drilling mud, had a dramatic effect on 959 

fertilisation at 4.6 mg L-1 (EC10). Yet sediments with lower organic content or mineral clay content 960 

had a much lower effect on coral fertilisation (EC10 = >40 mg L-1). This study demonstrates that the 961 

composition of sediment is crucial to understanding thresholds for coral fertilisation. Environmental 962 

impact assessments for turbidity-generating activities should therefore consider the composition of 963 

sediment as well as SSCs produced by fluvial sources and dredging operations. 964 

4.2 Introduction 965 

4.2.1 Sediments and corals 966 

Coral reefs are ecologically and economically important, providing a variety of valuable goods and 967 

services (Moberg & Folke 1999, Stoeckl et al. 2014); however, increasing industrialisation, coastal 968 

development and overuse of marine resources has led to deterioration of coral reefs worldwide 969 

(Rogers 1990, Hughes 1994, De'ath et al. 2012). In some regions, elevated sediment loads have 970 

contributed to coral loss (Blakeway 2004, EPA 2013), with sediments preventing gas exchange, 971 
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attenuating light, and increasing the prevalence of disease (reviewed by Fabricius (2005), 972 

Erftemeijer et al. (2012b), and Jones et al. (2016)). Terrestrially-derived sediment, in particular, are 973 

thought to pose the most risk to organisms owing to a range of characteristics that include small 974 

grain size, high light-attenuation, and associations with microbial communities (Weber et al. 2006, 975 

Weber et al. 2012, Storlazzi et al. 2015, Restrepo et al. 2016). Many reefs have been subject to 976 

increased suspended sediment (SS) exposure, including the Great Barrier Reef (GBR) which receives 977 

an estimated 5.5-fold increase in annual sediment loads since pre-European settlement (Kroon 978 

2009). Regular resuspension of inshore sediment wedges occurs through wind-driven events also 979 

exposing reefs to periodically high sediment conditions (Larcombe & Woolfe 1999, Orpin & Ridd 980 

2012, Abdul Wahab et al. 2017). The excavation and disposal of sediment through dredging for the 981 

maintenance of shipping channels, expansions of ports, and instalment of pipelines contributes to 982 

local elevated turbidity and sediment exposure in the tropical coastal zone (Fisher et al. 2015, Jones 983 

et al. 2015a). Once suspended, fine terrestrial clays have the potential to remain in suspension for 984 

long periods (Brodie et al. 2010, Bainbridge et al. 2012, Storlazzi et al. 2015), and form nepheloid 985 

layers that may encroach towards reefs (Wolanski & Spagnol 2000). 986 

4.2.2 Sediment and fertilisation success 987 

The early life stages of coral have been considered more sensitive than mature colonies to a range 988 

of stressors, including sediments (Gilmour 1999, Perez III et al. 2014). The effect of sediments on 989 

early life history stages of corals are not well understood with many possible cause-effect pathways 990 

remaining untested (Jones et al. 2015b). One of the key stages of concern is the fertilisation process 991 

of broadcast spawning species, as low fertilisation success will reduce the chance of successful 992 

recruitment, population maintenance and recovery. Previous studies reported lower fertilisation 993 

success with elevated sediment concentrations but a wide range of responses have been reported 994 

from ~37 mg L-1 (EC50) to no effect (Gilmour 1999, Humphrey et al. 2008, Erftemeijer et al. 2012a, 995 

Humanes et al. 2017). Different sediments properties such as mineralogy, particle grain size, and 996 

nutrient content have been proposed as explanations for differences in observed responses 997 

(Humphrey et al. 2008, Jones et al. 2015b). Additional mechanisms (cause–effect pathways) have 998 

also been proposed including impacts on the egg viability, sperm viability, or the obstruction of egg–999 

sperm contact (Humphrey et al. 2008, Jones et al. 2015b). Recently, we demonstrated that fine 1000 

siliciclastic sediments cause sediment–sperm flocs, resulting in fewer available sperm to fertilise the 1001 



64 

 

buoyant eggs (Ricardo et al. 2015). Further investigation is required to identify more broadly which 1002 

sediment types pose the greatest risk to fertilisation: specifically, which biogeochemical properties 1003 

promote adhesion and stripping of sperm from the water surface in sinking flocs. 1004 

4.2.3 Floc formation 1005 

During floc development, electrostatic charges and van der Waals forces influence the coagulation 1006 

of particles including i) attraction between individual sediment grains, ii) attraction between organic 1007 

particles forming polymers, and iii) the attraction between sediment grains and organic particles, a 1008 

‘polymer bridge’ (Theng 2012). Flocs increase the settling rate of the particles, and in marine 1009 

systems can drive an important transfer of nutrients from the pelagic-zone to the benthos 1010 

(Alldredge & Silver 1988, Smith & Friedrichs 2011). Fine sediment grains increase the tendency for 1011 

flocculation, and in particular mineral clays (layered aluminium silicates) which have high specific 1012 

surface areas and electronegative charges that coagulate in a medium with high ionic strength, such 1013 

as seawater. Another known flocculant are mucilaginous products (i.e. extracellular polymeric 1014 

substances (EPS)) secreted by microbes and to a lesser extent plankton.  These products are largely 1015 

composed of polysaccharides and proteins that create a fibril matrix with a large surface area for 1016 

exchange to occur (Alldredge & Silver 1988, Decho 1990, Underwood et al. 1995, Stoderegger & 1017 

Herndl 1999, Engel et al. 2004). Together the binding nature of mineral clays and mucilaginous 1018 

products are responsible for the formation of clay-polymer bridges through bipolar forces, van der 1019 

Waals forces and hydrogen bonding (Theng 2012, Mueller 2015). Floccing of coral sperm and the 1020 

subsequent reduction in fertilisation success may be strongly influenced by the adhesive, swelling 1021 

and viscose properties of minerals clays and EPS associated with sediments, but this has not been 1022 

previously considered. 1023 

4.2.4 Aims 1024 

Turbidity-generating activities near coral reefs such as dredging and river runoff are often regulated 1025 

by assigning turbidity (NTU) trigger values, but these do not take into account sediment composition 1026 

(i.e. mineralogy, particle size and nutrient-content) that may alter thresholds at certain sites 1027 

(Gordon & Palmer 2015). This study seeks to improve decision-making and risk management by 1028 

identifying concentration–response relationships and associated ECx values for coral fertilisation 1029 

success using several realistic sediment types of differing organic and mineral composition. We then 1030 
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assessed individually how common components of sediment (such as mineral clays and gums) could 1031 

impact fertilisation. Finally, we applied a quantitative approach to assess risk (severity vs. likelihood) 1032 

by comparing standardised response measurements (ECx values) with running-mean percentiles of 1033 

SS recorded during dredge plumes and natural resuspension events. 1034 

4.3 Methods 1035 

4.3.1 Coral and gamete collection 1036 

Two common tropical broadcast spawning species representative of shallow reefs from the Great 1037 

Barrier Reef (GBR) to Ningaloo Reef in Western Australia (WA), Acropora tenuis (Dana, 1846) and 1038 

Acropora millepora (Ehrenberg, 1834) were selected for the fertilisation experiments. Adult colonies 1039 

were collected (GBRMPA Permit G12/35236.1) at <8 m depth from two inshore reefs of the central 1040 

Great Barrier Reef (Magnetic Island: 19°10’S, 146°51’E; Esk Reef: 18°46’ S, 146°31’ E) and two mid-1041 

shelf reefs (Davies Reef: 18°49’ S, 147°39’ E; Trunk Reef: 18°23’ S, 146°48’ E), a few days before the 1042 

austral spring coral spawning events between 2014 and 2016. The colonies were transported to the 1043 

National Sea Simulator (SeaSim) at the Australian Institute of Marine Science (AIMS, Townsville, 1044 

Queensland) and placed in a flow-through raceway tank kept at water temperatures equal to that 1045 

from which the adult colonies were collected. Colonies that showed signs of setting were isolated 1046 

in individual 60-L tanks, and egg-sperm bundles were carefully scooped from the surface following 1047 

spawning. Eggs were separated from sperm using a 100 µm mesh and rinsed in 0.4 µm filtered 1048 

seawater (FSW) to remove any remaining sperm. On each night, sperm from multiple colonies (3–6 1049 

individual colonies) were pooled and used to fertilise eggs from single colonies (Negri & Heyward 1050 

2000). Final sperm concentrations of 104, 5 × 104, or 105 sperm mL-1 were used to match realistic 1051 

environmental concentrations and ensure high levels of sensitivity (Ricardo et al. 2015).  1052 

4.3.2 Sediment preparation  1053 

Sediments were collected from sites on the GBR and WA (see Table 1 for collections sites and 1054 

biogeochemical properties). These sediments were referred to as: Inshore GBR 1; Inshore GBR 2; 1055 

Inshore WA; and Offshore GBR. Inshore GBR 1 sediment was accidently discarded before the suite 1056 

of sediment analysis could be conducted. The replacement sediment from a nearby reef had slightly 1057 

different properties and therefore was treated as a different sediment (Inshore GBR 2). Briefly, 1058 

Inshore GBR 1 sediment was very high in total organic carbon (TOC) (3.8%) and terrestrially-1059 
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influenced (~70%), with a substantial (~20%) kaolinite clay portion (described in Humanes et al. 1060 

(2017)). Inshore GBR 2 sediment was high in TOC (1.9%) and was a mix of terrestrial (~43 % quartz) 1061 

and carbonate sediment. Inshore WA sediment was similar in minerology to Inshore GBR 2, but had 1062 

lateritic influences (10 % magnetite) and importantly, was low in TOC (0.3%). Finally, Offshore GBR 1063 

sediment, was typical of offshore carbonate reef sediments with low TOC (0.3%) and composed 1064 

entirely of carbonate sediments. Low levels of organic nutrients (<0.5% TOC) found in Inshore WA 1065 

and Offshore GBR sediments are comparable to the organic carbon content for sediments found in 1066 

the Pilbara, WA and offshore reefs of both coasts (DEC 2006). Three commercially available high 1067 

grade processed clays were used in assays including calcium-bentonite clay (Watheroo Bentonite), 1068 

kaolin clay (N-Essentials). 1069 

The two Inshore GBR sediments were kept in flowthrough FSW at 27°C to retain their residing 1070 

microbial community. All sediments were sieved or settled to reduce their grain size to a size that 1071 

gametes are likely to encounter on the water surface. SS concentrations were measured 1072 

gravimetrically by taking three replicate 100 mL samples using 0.4 µm polycarbonate filters and 1073 

dried overnight at 60°C. Turbidity was measured with a nephelometer (TPS 90FL-T) and linear NTU-1074 

SS relationship was determined (r2 > 0.98). Specific treatment concentrations were produced by 1075 

diluting each stock with FSW and measuring the turbidity with a nephelometer. 1076 

4.3.3 Sediment analysis 1077 

Sediments were analysed for their total and dissolved metals by inductively coupled plasma optical 1078 

emission spectrometry (ICP-OES). X-ray powder diffraction (XRD) was used to assess minerals and 1079 

mineral clay components within sediments. Particle size distribution was determined using a 1080 

Malvern Mastersizer 2000. Organic material was assessed for total organic carbon using a 1081 

Shidmadzu SSM-5000A TOC-L. Alcian Blue was used to stain acid polysaccharides associated with 1082 

extracellular polymeric substances (Passow & Alldredge 1995, Hung et al. 2003). Briefly, five 20 mL 1083 

replicates of 100 mg L-1 sediment suspension were filtered through 0.4 µm polycarbonate 1084 

membranes, rinsed with 10 mL ultrapure water to remove salts, stained with aqueous 0.02% Alcian 1085 

blue solution at pH 2.5 for 2 to 5 s and immediately hydrolysed with 80% sulphuric acid. Samples 1086 

were regularly agitated manually and sonicated for 2 h, and the absorbance of the hydrolysate was 1087 

measured with a spectrophotometer at 787 nm. Absorbance of FSW blanks and turbidity blanks 1088 

(samples not stained) were deducted from the sample absorbance. Samples were calibrated to µg 1089 



67 

 

of gum xanthan equivalents with the dilution series made in FSW (Hung et al. 2003). However, EPS 1090 

analyses on sediment containing clays need to be interpreted with caution, as clays clogged the 1091 

filters leading to longer staining times (>5 s).  1092 

4.3.4 Concentration–response assays 1093 

Fertilisation studies have demonstrated the effect of toxicants and pollutants on fertilisation success 1094 

is often dependent on the sperm concentration (Marshall 2006, Ricardo et al. 2015). Slightly sub-1095 

optimal sperm concentrations increase the sensitivity of assays, while saturating concentrations (≥ 1096 

10⁶ sperm mL-1) often mask the effect of the treatment and are unlikely to occur for long periods  in 1097 

situ due to dilutive effects (Omori et al. 2001). To explore a range of environmentally relevant 1098 

scenarios we applied the slightly sub-optimal (for Acropora spp.) sperm concentrations of 10⁴ and 1099 

10⁵ sperm mL-1 (Ricardo et al. 2015).  1100 

Each experiment included eight serially diluted sediment treatments with the control defined as the 1101 

treatment without sediment. For each treatment sample, 1 mL of ~200 eggs and 1 mL of sperm were 1102 

each exposed to the sediment treatment in separate experimental chambers, simulating the time 1103 

taken for two compatible gametes to encounter each other in situ and eggs to become fertile 1104 

(Heyward & Babcock 1986, Jones et al. 2015b). After 30 min, the sample containing eggs were mixed 1105 

with sperm to initiate fertilisation, and placed on mechanical rollers. The rollers consisted of a series 1106 

of pins rotating at 0.3 revolutions s-1 by an electrical motor, which maintained the sediment in 1107 

suspension. Chambers were manually inverted approximately every 15 minutes and gently flipped 1108 

upon their axis to ensure rotation from both directions. The temperature of water and air were 1109 

controlled to the ambient temperature of the reef that the adult colonies were collected (26–29° 1110 

C). In addition, a series of sperm dilutions were prepared in 6-well plates (10 ml, Nunc) by adding 1 1111 

mL of each sperm concentration to 1 mL of ~200 eggs and 8 mL of filtered seawater. This sperm 1112 

dilution series was used as a control to assess gamete viability against those agitated in the rollers. 1113 

Experiments were terminated when most the embryos in the controls reached the 4-cell stage, 1114 

which generally occurred 150 min after the gametes were mixed. Embryos and eggs were fixed using 1115 

Z-fix (Anatech Limited) or 4% buffered formalin in FSW containing 10 g L-1 sodium β 1116 

glycerophosphate. Fertilisation success was determined from sample sizes of at least 100 eggs or 1117 

embryos.  1118 

Various controls were used to explore the possibility of other cause–effect pathways influencing the 1119 
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fertilisation response. For example, the potential of toxicity caused by labile metals was assessed by 1120 

testing fertilisation success in the presence of 0.4 µm FSW from a 200 mg L-1 sediment suspension. 1121 

Inhibition by this mechanism was considered unlikely with leached metals not causing any reduction 1122 

in fertilisation compared with controls (Inshore GBR 1: t4 = 0.86, p = 0.441; Inshore WA: t4 = 0.50, p 1123 

= 0.644; Offshore GBR: t4 = 0.21, p = 0.84). Pilot studies also confirmed Inshore GBR 1 SSCs did not 1124 

affect the viability of the eggs (t-test: t4 = 0.24, p = 0.824) using the methods previously described 1125 

for Inshore WA (previously referred to as “siliciclastic”) and Offshore GBR (previously referred to as 1126 

“carbonate”) in Ricardo et al. (2015). However, neither assay could be applied to Inshore GBR 2 due 1127 

to time constraints.   1128 

4.3.5 Responses of coral fertilisation sediment components 1129 

To investigate how certain components of the sediment (including clays) affect coral fertilisation, 1130 

and to test consistency across species, SSC treatments of various sediment types (2 or 3 treatments 1131 

depending on assay) were applied to coral gametes of Acropora millepora in the same way described 1132 

above. A pilot study revealed sperm concentrations at 104 sperm mL-1 had inconsistent fertilisation 1133 

success in this species (<70%) and therefore we used 5 × 104 as the lower sperm concentration. 1134 

4.3.6 Microscopy  1135 

Subsamples of the fixed sediment-gamete sample were gently washed with freshwater to remove 1136 

salts and the water evaporated on a glass slide for viewing under optical compound microscopy. For 1137 

scanning electron microscopy, subsamples of sediment from the bottom and middle of sediment–1138 

sperm samples were fixed in 1.25% glutaraldehyde and 0.5% paraformaldehyde in FSW. Samples 1139 

were dehydrated in a microwave using a graded ethanol series (70%, 90% × 2, 100%, 100% 1140 

(anhydrous)) for 40 s at 250 W and then critical point dried (Polaron KE3000, Quorum Technologies) 1141 

in liquid CO2. The dried samples were then mounted on carbon tape on aluminium stubs, coated 1142 

with 3 nm platinum, and imaged using a field emission scanning electron microscope (SEM) (Zeiss 1143 

55-VP). 1144 

4.3.7 Risk assessment analysis to in situ water quality data 1145 

The risk (likelihood × consequence) that dredging may present to coral fertilisation was determined 1146 

by comparing in situ water quality measurements with the threshold (EC10) derived from fertilisation 1147 
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assays of the most relevant sediment type (at the lowest effect threshold). In situ turbidity (NTU) 1148 

were measured with an optical backscatter sensors (nephelometers) at three locations subject to 1149 

elevated levels of turbidity, off the coastlines of Magnetic Island, Qld, Onslow, WA and Burrup 1150 

Peninsula. The coral fertilisation window only lasts for a few hours (Oliver & Babcock 1992, Omori 1151 

et al. 2001), therefore the percentage of intervals above each threshold was determined using the 1152 

shortest time interval for each location (Magnetic Island= 10 min, Onslow = 30 min, Burrup 1153 

Peninsula = 60 min). All obvious errors in the recordings were removed prior to analysis. 1154 

Magnetic Island is an inshore island of the GBR situated in a muddy embayment, regularly exposed 1155 

to turbidity associated with natural resuspension events, and in proximity to a dredge disposal site 1156 

located ~6 km away. Turbidity (NTU) was measured at five water quality sites for two consecutive 1157 

years between 2001 and 2006 with nephelometers at 10 min intervals (see Macdonald et al. (2013) 1158 

for further details on water quality measurements) and converted to approximate SSC using a 1159 

conversion factor of 1.1 (Larcombe et al. 1995). The analysis only included turbidity readings for 1160 

coral spawning months (October to December).  1161 

Onslow waters are subject at times to elevated levels of turbidity because of the discharge from the 1162 

Ashburton River; and sea-floor disturbance from a major capital dredging operation associated with 1163 

the Wheatstone LNG project and regular natural resuspension events. Turbidity data before and 1164 

during dredging were collected between 2011 and 2015 at five water quality monitoring sites in 1165 

close proximity to the dredge or spoil disposal grounds (two sites within 2 km and three sites 1166 

between 5 and 10 km). The water quality conditions at these sites are described in detail in Abdul 1167 

Wahab et al. (2017). Turbidity was measured at 30 min intervals and converted to approximate SSC 1168 

using a conversion factor of 0.71, derived from sediment collected near the dredging operation at 1169 

21.642°S, 114.924°E.  1170 

Burrup Peninsula is an enclosed inshore turbid reef environment and subject to a dredging program 1171 

that removed a volume of ~12.5 Mm3 of sediment between 2007 and 2010 (Jones et al. 2015a). 1172 

Sediment at the location consisted of a mix of siliciclastic and carbonate sediment, and was also 1173 

compared to Inshore WA sediment fertilisation thresholds. Five water quality sites were selected 1174 

for comparison (three sites within hundreds of metres to dredging operation, one site within 2 km 1175 

and one reference site 11 km away. Sites close to the dredge suffered probe malfunction and only 1176 

brief periods before and during dredging operations could be analysed. 1177 
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4.3.8 Statistical analysis 1178 

Concentration–response experiments were designed to derive Effective Concentration (ECx), the 1179 

preferred measure in ecotoxicology to determine thresholds for toxicants and pollutants (Warne et 1180 

al. 2014, Blasco et al. 2016). Specifically, suspended sediment concentrations that inhibited 1181 

fertilisation success by 10% (EC10) or by 50% (EC50) were derived from nonlinear regression curves 1182 

(four-parameter logistic models) using GraphPad Prism (v7) (Fig. 4.1 f). Most assays were conducted 1183 

at suboptimal sperm concentrations to maximize the sensitivity of the assay (Ricardo et al. 2015). 1184 

Low fertilisation rates in control conditions could indicate poor gamete quality, poor sperm motility, 1185 

or gamete aging, and therefore we defined the test acceptability criteria for inclusion as >70% 1186 

fertilisation success in the control (sediment-free samples) (Hobbs et al. 2005). All models indicating 1187 

a lower-bound at 0% were constrained. To compare EC50 values of two curves (e.g. two sperm 1188 

concentrations), the slope parameters were first compared using global nonlinear regression and 1189 

shared if there was no evidence against their difference. Experiments with only a few sediment 1190 

treatment levels were fitted to binomial Generalized Linear Mixed Models (GLMM) using the 1191 

package lme4 in R (v 3.3.1), with each treatment as a categorical fixed factor, and each experimental 1192 

chamber treated as random factor to account for overdispersion in the model. Each sediment type 1193 

was compared against the control (no sediment), and familywise error was corrected with Dunnett’s 1194 

test. 1195 

4.4 Results 1196 

4.4.1 Sediment composition 1197 

The four sediment types varied in their organic and mineral clay content. Inshore GBR sediment 1 1198 

was very high in total organic content (TOC) at 3.8% (Table 1), 2-fold higher than Inshore GBR 1199 

sediment 2 (1.9% TOC) and a magnitude higher than the Inshore WA and Offshore GBR sediment 1200 

(~0.3% TOC). Extracellular polymeric substances were 4-fold higher in Inshore GBR 2 sediment than 1201 

Inshore WA sediment, and 7-fold higher than Offshore GBR sediment. All sediment had a similar 1202 

particle size distribution and were defined as very fine silt (Wentworth scale). For Inshore GBR 1 1203 

sediment, 70% was classified as terrestrial-origin and importantly, ~20% identified as kaolinite 1204 

mineral clay. Inshore WA sediment was 54% terrestrial-origin and no mineral clays were detected. 1205 

Offshore GBR sediment was composed of 100% carbonates. 1206 
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Table 4.1 Properties of sediments from each location including information on site location, mineral and 1207 
organic sediment analyses. PSD: particle size distribution; EPS: extracellular polymeric substance; TOC: total 1208 
organic carbon. 1209 

Sediment  Inshore GBR 1 Inshore GBR 2 Inshore WA Offshore GBR 
Collection site     
 Orpheus Is Reef, 

inshore GBR 
Pandora Reef, 
inshore GBR 

Onslow, inshore 
Pilbara 

Davies Reef, 
mid-shelf GBR 

 18.60°S, 146. 48°E 18.81°S, 146.43°E 21.64°S, 114.92°E 18.83°S, 147.63°E 
Mineral analyses     
Leachate effect on 
fertilisation 

No effect Not tested No effect No effect 

PSD (median µm, specific 
surface area m2 g-1, 
Wentworth classification) 

6.7, 1.6, very fine 
silt 

6.9, 1.8, very fine 
silt 

6.9, 1.7, very fine 
silt 

7.7, 1.8, very fine 
silt 

Mineralogy Terrestrial:          
45% quartz, 
19% kaolinite, 
7% albite 
Carbonate:       
30% calcite 

Terrestrial: 
43% quartz 
Carbonate: 
32% aragonite 
25% mg calcite 

Terrestrial:        
44% quartz, 
10% magnetite 
Carbonate:        
24% mg calcite, 
12% aragonite, 
9% calcite    

Carbonate:         
80% aragonite, 
20% calcite 

Organic analyses     
EPS (µg gum xanthan 
equivalent mg -1)  

567 ± 78 259 ± 18 66 ± 22 35 ± 8 

TOC (%) 3.76 1.87 0.26 0.27 

4.4.2 Concentration–response relationships for sediments and A. tenuis 1210 

Acropora tenuis fertilisation was more sensitive to Inshore GBR 1 sediments than all other types, 1211 

with fertilisation inhibited at a threshold concentration (EC10) of 2.5 mg L-1 at low sperm 1212 

concentrations of 104 sperm mL-1 (Table S 4.1, Fig. 4.1 a). This threshold increased to EC10 =54 mg L-1213 
1 at higher sperm concentrations of 105 sperm mL-1 (Table S 4.1, Fig. 4.1 a). Fertilisation was less 1214 

sensitive to Inshore GBR 2 sediment, which was only applied to the lower sperm concentration, 1215 

inhibiting coral fertilisation at a threshold concentration of EC10 = 47 mg L-1 (Table S 4.1, Fig. 4.1 b). 1216 

Inshore WA sediment also inhibited fertilisation at moderate concentrations (104 sperm mL-1: EC10 1217 

= 40 mg L-1; 105 sperm mL-1: EC10 = 80 mg L-1) (Table S 4.1, Fig. 4.1 c). However, Offshore GBR 1218 

sediment had only a minor impact on coral fertilisation at the low sperm concentration (104 sperm 1219 

mL-1: EC10 = 214 mg L-1), but no obvious impact at the higher sperm concentration (Table S 4.1, Fig. 1220 

4.1 e). Lower sperm concentrations increased the sensitivity of the assay (Inshore GBR 1: F1,89 = 1221 

124.7, p < 0.001; Inshore WA: F1,59 = 4.13, p = 0.047; Offshore GBR: N/A), reducing the EC10 values 1222 

by 2–21 fold. There was a stronger nonlinear effect of the Inshore GBR sediments (slope: Inshore 1223 

GBR 1 = -2.6; Inshore GBR 2 = -4.7) compared with the Inshore WA sediment (slope: -1.3). Bentonite 1224 

Clay greatly reduced A. tenuis fertilisation success at low sperm concentrations (EC10 = 4.6 mg L-1) 1225 
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and had a strong nonlinear effect (slope: -5.3). 1226 

 1227 

Fig. 4.1 Concentration–responses relationships of suspended sediments (SS) on coral fertilisation success of 1228 
Acropora tenuis at two sperm concentrations (104 sperm mL-1 and 105 sperm mL-1). a) Inshore GBR 1, b) 1229 
Inshore GBR 2, c) Inshore WA, d) Offshore GBR, e) Bentonite Clay. f) A graphical representation illustrating 1230 
how Effect Concentrations are derived from concentration-response curves. All models except Offshore GBR 1231 
were constrained to 0%. The slopes of both models at each sperm concentration were shared for Inshore 1232 
GBR 1 and Inshore WA 2. Note different log-scales on x-axes. 1233 

4.4.3 Responses of A. millepora to sediment and clays 1234 

Inshore GBR 1 sediment also caused inhibition of fertilisation in Acropora millepora gametes (5 × 1235 

105 sperm mL-1) with a decrease of 17.7% fertilisation success at 50 mg L-1 (Z = 3.17, p = 0.009) and 1236 

a 91.6% decrease at 100 mg L-1 (Z = 11.63, p < 0.001) (Fig. 4.2). At the higher sperm concentration, 1237 
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bentonite clay effectively prevented fertilisation coral fertilisation at 20 mg L-1 (Z = 8.03, p < 0.001). 1238 

There was no observed effect of Inshore WA, Offshore GBR sediments, or Kaolin clay on fertilisation 1239 

at either sperm concentration to SS concentrations of 100 mg L-1. 1240 

 1241 
Fig. 4.2 Fertilisation success of A. millepora at lower (5 x 104 sperm mL-1) and higher (105 sperm mL-1) exposed 1242 
to various sediment and clay types. A) Inshore GBR 1, b) Inshore WA, c) Offshore GBR sediments, d) Kaolin 1243 
Clay and e) Bentonite Clay. 1244 

4.4.4 Microscopy images 1245 

The potential of each sediment type to form sperm-sediment flocs corresponded with the effect of 1246 

each sediment on fertilisation success, and small sperm–sediment clumps could be observed under 1247 

optical stereomicroscopes. The Inshore GBR 1 sediment formed extensive flocs composed of sperm 1248 

and ~1 µm clay particles (Fig. 4.3 a-e), while Inshore WA sediment formed more loosely-bound flocs, 1249 

mostly dominated by fine silt with fewer sperm. Offshore GBR sediment formed few flocs, and much 1250 

of the sample did not bind to the coverslip of the metal stub used for scanning electron microscopy. 1251 
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Organic matter was identified throughout Inshore GBR sediment 1, and within parts of the 1252 

sediment-sperm flocs (Fig. 4.4 a-d). Many microbes were additionally observed within the Inshore 1253 

GBR 1 and Inshore WA sediments.  1254 

4.4.5 Risk assessment analysis of field sites 1255 

At Magnetic Island, the EC10 threshold for the relevant Inshore GBR 1 sediment of 2.5 mg L-1 was 1256 

exceeded during ~15.9% ± 4.4 (mean ± SE) of intervals (or a risk probability of ~0.16). However, the 1257 

47 mg L-1 threshold from Inshore GBR 2 was not exceeded by the exposure observations and 1258 

therefore the risk probability was close to zero. 1259 

At Onslow, maximum SSCs (100 percentiles) were 171 ± 4 mg L-1 between the sites; however, SS 1260 

exceeded the 40 mg L-1 threshold (EC10 for the relevant sediment, Inshore WA) on very few occasions 1261 

(<1 % of the time), both in the pre-dredge and during-dredge phase (Fig. S 4.1). In the 2 years prior 1262 

to dredging, there was a disproportionate amount of natural turbidity events, leading to slightly 1263 

greater exceedance of the threshold in the pre-dredging phase.  1264 

At Burrup Peninsula, suspended sediment concentrations at sites very close to the dredge exceeded 1265 

the threshold regularly during the dredging phase on 32.9% of the intervals compared with 0% in 1266 

the pre-dredging phase (Fig. S 4.1). Sites further away (>1 km) rarely exceeded the threshold (0.36%) 1267 

during the dredging phase and 0% during the pre-dredging phase. 1268 
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 1269 
Fig. 4.3 Scanning electron microscopy images of sediment-sperm flocs of Inshore GBR 1 sediment. a–b) High 1270 
magnification images of sediment-sperm flocs showing binding of clay plates (organic-clay rich sediment). c–1271 
d) Mid-magnification images of sediment-sperm flocs showing clumping of the clay around the sperm e–f) 1272 
Low-magnification images of sediment-sperm flocs revealing flocs >100 µm in length and consisting of 1273 
thousands of sperm. S, sperm; C, clay. 1274 
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 1275 
Fig. 4.4 Evidence of organic material (extracellular polymeric substances, EPS) that assists with the formation 1276 
of the flocs in Inshore GBR 1 sediment. a) A sperm head coated with organic material. Clay can be observed 1277 
in the corner. b) A web of sperm around clumps of clay. Stringy material can be observed between two sperm. 1278 
c) An image of the sediment without sperm. Microbes and mucous-like material are apparent within the 1279 
sample. d) Parts of the sediment sample had a thick web of mucous-like material. S, sperm; O, organic 1280 
material; C, clay; M, microbes. 1281 

4.5 Discussion 1282 

4.5.1 Summary 1283 

Sediment composition and mineralogy plays a crucial role in determining the effect of SS on coral 1284 

fertilisation, with sediment rich in organic-clay complexes capable of forming a thick matrix that 1285 

traps and sinks sperm. Sediment of this type had a strong effect on coral fertilisation at low SS 1286 

concentrations, comparable to occasional background concentrations experienced on inshore reefs. 1287 

Bentonite, a common mineral clay entering inshore environments through fluvial discharge, also 1288 

had a striking effect on coral fertilisation. In contrast, terrigenous sediments of lower nutrient 1289 

quality affected fertilisation at higher SSC relevant to medium–high impact zones of dredge plumes 1290 

or storm events. Carbonate based SSCs had very minor effect on coral fertilisation, even at low 1291 
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sperm concentrations. These thresholds identified for different sediment types can be combined 1292 

with relevant field data to assess risks posed by turbidity-generating activities like dredging. 1293 

4.5.2 Inhibition of fertilisation by suspended sediments and clays 1294 

Coral sperm readily forms flocs with terrestrially-influenced sediment, and these flocs sink the 1295 

sperm which reduces coral fertilisation at the surface (Ricardo et al. 2015). Sediment-sperm flocs 1296 

causing impacts on fertilisation were most evident for sediments that were very cohesive. These 1297 

results support other studies which identified sediment composition as being a crucial factor in 1298 

determining sediment impacts of early history stages of coral (Fabricius et al. 2003, Humphrey et al. 1299 

2008), and adult colonies (Weber et al. 2006), yet sediment composition is largely ignored in the 1300 

vast majority of studies (Risk 2014, Jones et al. 2016). Humphrey et al. (2008) applied a range of 1301 

sediment types and those with lower terrestrial-influence and generally carbonate dominated had 1302 

no impact on fertilisation success up to ~500 mg L-1, similar to the our results reported here and 1303 

elsewhere (Ricardo et al. 2015). However, even carbonate sediment may affect coral fertilisation 1304 

indirectly; for example, by binding to egg-sperm bundles leading to fewer gametes on the water 1305 

surface to fertilise (Ricardo et al. 2016b).  1306 

In the current study, particle grain size was highly controlled to very fine silts (all ~7 µm median), 1307 

representing those sediments that would easily remain in suspension. This small grain size is very 1308 

similar to the size fraction found to cause inhibition of fertilisation by Humphrey et al. (2008). 1309 

However, the wide range of responses observed between sediment types here, cannot be explained 1310 

grain size (since only one size fraction was applied), and mineral clay composition may be a better 1311 

indicator of fertilisation inhibition. A key finding of this study was the documentation of clay 1312 

particles of ~1 µm from Inshore GBR1 sediment clearly binding to sperm in large flocs under SEM, 1313 

and this sediment had a dramatic impact on fertilisation (EC10 = 2.5 mg L-1). The only clay identified 1314 

in the sediment was kaolinite (~20%) which is a common component of sediments entering and 1315 

residing in muddy embayments of the GBR (Esslemont 2000, Bainbridge et al. 2015). Although there 1316 

is a paucity of data of mineral clay content for WA sediment, kaolinite is presumably present in at 1317 

least some locations given substantial deposits of kaolin (which contains kaolinite clay) occur near 1318 

Broome on the northern WA coastline. Interestingly though, mined kaolin that has a low organic 1319 

carbon content did not have any effect on coral fertilisation, indicating an additional component is 1320 

required to form the sediment–sperm flocs observed (discussed below). In contrast, mined 1321 
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Bentonite clay had a powerful effect on fertilisation by binding to the sperm, and at elevated SSCs, 1322 

even bound to and sank some buoyant coral eggs. Bentonite is comprised primarily of an 1323 

expandable clay montmorillonite, that has an interlayer surface area of 700-800 m2 g-1, magnitudes 1324 

greater than silt (Theng 2012). Expandable clays are the most abundant mineral clay entering the 1325 

GBR lagoon from the Burdekin catchment, Australia’s largest river by discharge volume (Mitchell et 1326 

al. 2006); and it is hypothesised that these sediment fractions travel furthest offshore (Bainbridge 1327 

et al. 2015). Its expandable properties also make it a common choice of drilling muds for directional 1328 

drilling of wells and pipelines associated with oil and gas extraction facilities (APASA 2005, Järnegren 1329 

et al. 2016). Bentonite is sometimes used as a surrogate for sediment in assays, and has been shown 1330 

to impact in reef fish (Wenger & McCormick 2013, Hess et al. 2015), but the extent that bentonite 1331 

composes a proportion of the sediment in the inshore marine environment remains poorly known. 1332 

Both Inshore GBR 1 sediment and bentonite also showed a strong nonlinear response, signifying 1333 

that only a few additional mg L-1 above the thresholds identified here can cause complete 1334 

fertilisation failure. 1335 

4.5.3 Contribution of extracellular polymeric substances (EPS) to fertilisation inhibition 1336 

Most natural mineral particles are likely covered in organic material and both components are 1337 

commonly associated with flocs (Eisma 2012), and our results support the notion that organic 1338 

matter is involved in the formation of the sediment-sperm floc. While sediments enriched with 1339 

dissolved inorganic nutrients have been shown to impact coral fertilisation inhibition, there has 1340 

previously not been a clear association with sediments containing high total organic content (TOC) 1341 

(Humphrey et al. 2008, Lam et al. 2015). TOC could be derived from a range of material in the 1342 

sediment such as seagrass or algae that may not contribute to floc formation, whereas dissolved 1343 

inorganic nutrients may enrich the microbial community residing in the sediment, increasing the 1344 

production of biofilm material (More et al. 2014). Biofilms are largely composed of 1345 

mucopolysaccharides or ‘extracellular polymeric substances (EPS)’, and we propose this material 1346 

can act as ‘glue’ to bind sediment to sperm, responsible for the large sediment–sperm flocs in the 1347 

Inshore GBR 1 sediment. Interestingly, organic nutrients (decaying plankton) added to sediment 1348 

collected from a nearby location to Inshore GBR 1 sediment did not add any additional effect on 1349 

coral fertilisation, perhaps because increases in organic nutrients did not directly relate to EPS 1350 

production (Humanes et al. 2017). Close examination of the flocs in our sample under SEM revealed 1351 
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there was organic material present, and fibrils of EPS were observed in the raw sediment in addition 1352 

to many microbes. Microbes were also observed in the Inshore WA sediment but there was little 1353 

presence of EPS (and chemical analyses indicated that Inshore GBR 2 sediments were 4-fold higher 1354 

in EPS than Inshore WA sediment). The binding of EPS onto clay particles has been well documented 1355 

owing to the use of EPS as a flocculant in waste water remediation (Cao et al. 2011, More et al. 1356 

2014), and is well known to cause flocculation of sediments in marine waters (Sutherland 2001, 1357 

Engel et al. 2004, Eisma 2012). Floccing is generated by open bonds (mostly negative) along the 1358 

surfaces and edges of the materials, which leads to the formation of clay-polymer bridges between 1359 

the clay particles and polysaccharides, but can also involve nucleic acids and proteins (Eisma 2012, 1360 

Theng 2012). More extreme examples of bio-mediated flocs are those associated with positively 1361 

buoyant transparent exopolymer particles (TEP) (Fabricius et al. 2003, Wurl et al. 2011, Petrova & 1362 

Sauer 2012), which could potentially interfere with coral fertilisation because of their size and 1363 

concentration water surface. Further research is needed to understand the role specific microbial 1364 

communities actively play in EPS production and floc formation. Together organic-sediment flocs 1365 

present a threat to coral fertilisation, particularly at inshore turbid reefs. 1366 

4.5.4 Sperm limitation 1367 

Suspended sediments reduce the availability of sperm to the coral eggs (sperm limitation) (Ricardo 1368 

et al. 2015), and this was supported in our experiments for all sediment types where thresholds 1369 

were derived (i.e. EC10s at the lower sperm concentration were always lower than the EC10s at the 1370 

higher sperm concentrations). As sediments impact fertilisation at lower sperm concentrations (10⁴ 1371 

cells mL-1), the negative impacts of a sediment plume would be most apparent for less concentrated 1372 

coral spawn slicks. More degraded reefs are also likely to generate lower sperm concentrations and 1373 

therefore are more at risk of concentrations falling under the necessary threshold (> 104 sperm mL-1374 
1) for successful fertilisation leading to possible Allee Effects (Hollows et al. 2007, Birkeland 2015, 1375 

Nozawa et al. 2015){Courchamp, 1999 #583}. As many pollutants and toxicants induce sperm 1376 

limitation in marine broadcast spawners (Marshall 2006, Hollows et al. 2007, Albright & Mason 1377 

2013), a better understanding of in situ sperm concentrations is needed to properly assess how 1378 

resilient a reproductive event is to relevant stressors like elevated SSCs. 1379 
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4.5.5 Risk assessment and environmental relevance 1380 

A quantitative approach was applied to analyse ecological risk (consequence × likelihood; defined 1381 

by Australia/New Zealand Standard for Risk Management (AS/NZS 2004)) based on the occurrence 1382 

that SSCs exceeded a standardised response threshold (EC10 of fertilisation failure). For the most 1383 

severe scenario tested (Inshore GBR 1 sediment and a low sperm concentration), natural 1384 

resuspension events near Magnetic Island on the GBR would exceed the threshold ~16% of the time, 1385 

or approximately once every 6 years during coral spawning. At this threshold, 10% or more eggs 1386 

would fail to fertilise because of sediment impacts. However, when the SS were compared against 1387 

the Inshore GBR 2 sediment threshold, there was no threshold exceedance, even during elevated 1388 

suspended sediments spikes, therefore presenting a negligible risk. Water quality data from Onslow, 1389 

WA compared with 40 mg L-1 thresholds of Inshore WA sediment additionally produced a very low 1390 

risk probability (<1%) in both the pre-dredging and during dredging phase. While both pre-dredge 1391 

and during-dredge phases did have SSC readings >150 mg L-1, these events were very rare, owing 1392 

mostly to large storm events. In contrast, sites at Burrup Peninsula very close to the dredge regularly 1393 

exceeded the threshold ~33% of the time. But a distance >1 km from the dredge markedly reduced 1394 

the risk probability down to <1%. The differences in risk underscore the need to carefully match 1395 

derived thresholds with in situ water quality data for fertilisation responses. Given both the 1396 

thresholds and in situ water quality conditions for WA dredging operations analysed, where reefs 1397 

are healthy with moderate to high coral cover and sperm is present in adequate concentrations, 1398 

much of the risk to coral fertilisation could be alleviated with a buffer distance as little as 1 km. The 1399 

level of risk and the associated buffer distances are likely to increase where coral cover and sperm 1400 

concentrations are low. 1401 

4.5.6 Environmental relevance 1402 

The likelihood that a threshold exceedance (10% reduction in fertilisation success) leads to an 1403 

overall decline in recruitment depends on whether a demographic bottleneck occurs at the 1404 

settlement/post-settlement stage. For example, if recruitment success is density-dependant 1405 

(Edwards et al. 2015), larval supply will be saturated and a small reduction in fertilisation success 1406 

will do little to impact overall recruitment. On the other hand, if a reef is degraded and there is no 1407 

density-dependence, then every larva will contribute to the overall population, and a decline in 1408 

fertilisation success may contribute to recruitment failure. A further difficultly in extrapolating the 1409 
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results found to what may occur in in situ is coarse understanding of the water quality that occurs 1410 

in the surface layer of the water column near dredging operations. For example, the organic content 1411 

is likely to vary substantially depending on the site, and fluctuated both in fine spatial and temporal 1412 

scales.  1413 

4.5.7 Conclusion 1414 

There is a growing trend to apply site-specific trigger values to effectively regulate suspended 1415 

sediments or toxicants, as it becomes apparent that factors other than exposure concentration and 1416 

duration can influence impacts on biota (van Dam et al. 2014, Warne et al. 2014, Gordon & Palmer 1417 

2015, Storlazzi et al. 2015). This study indicates that sediments containing high proportions of 1418 

mineral clays and organic carbon affect coral fertilisation at low concentrations. It is therefore 1419 

important to continue efforts to reduce mineral clays and nutrients entering tributaries, and 1420 

regulate dredging projects that generate or disturb (e.g. dredge, drill or resuspend) nutrient and 1421 

clay rich sediment types, especially during critical environmental periods such as multi-specific coral 1422 

spawning.   1423 
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5 Chapter 5 — Mucous secretion and cilia beating defend coral larvae 1439 
from suspended sediments 1440 

This chapter is published as: 1441 

Ricardo G, Jones R, Clode P, Negri A (2016) Mucous secretion and cilia beating defend developing 1442 

coral larvae from suspended sediments. PloS ONE 11:e0162743 1443 

5.1 Abstract  1444 

Suspended sediments produced from dredging activities, or added to the sediment budget via river 1445 

runoff, are a concern for marine resource managers. Understanding the impact of suspended 1446 

sediments on critical life history stages of keystone species like corals is fundamental to effective 1447 

management of coastlines and reefs. Coral embryos (Acropora tenuis and A. millepora) and larvae 1448 

(A. tenuis, A. millepora and Pocillopora acuta) were subject to a range of suspended sediment 1449 

concentrations of different sediment types (siliciclastic and carbonate) to assess concentration-1450 

response relationships on ecologically relevant endpoints, including survivorship and ability to 1451 

metamorphose. Embryos were exposed to short (12 h) suspended sediment exposures from ages 1452 

of 3–12 h old or a long (30 h) exposure at 6 h old. Neither the survivorship nor metamorphosis 1453 

function of embryos were significantly affected by realistic sediment exposures to ~1000 mg L-1. 1454 

However, some embryos exhibited a previously undescribed response to dynamically suspended 1455 

sediments, which saw 10% of the embryos form negatively buoyant cocoons at siliciclastic 1456 

suspended sediment concentrations ≥35 mg L-1. Scanning electron and optical microscopy 1457 

confirmed the presence of a coating on these embryos, possibly mucus with incorporated sediment 1458 

particles. Cocoon formation was common in embryos but not in larvae, and occurred more often 1459 

after exposure to siliciclastic rather than carbonate sediments. Once transferred into sediment-free 1460 

seawater, functional ~36-h-old embryos began emerging from the cocoons, coinciding with cilia 1461 

development. Ciliated (> 36-h-old) larvae exposed to suspended sediments for 60 h were also 1462 

observed to secrete mucus and were similarly unaffected by suspended sediment concentrations to 1463 

~800 mg L-1. This study provides evidence that mucous secretion and cilia beating effectively protect 1464 

coral embryos and larvae from suspended sediment and that these mechanisms may enhance their 1465 

chances of successful recruitment that follows these important development and dispersal stages. 1466 

1467 
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5.2 Introduction 1468 

Coral reefs provide a range of benefits to coastal communities through tourism, fishing and coastal 1469 

protection, and have been collectively valued at US $9.9 trillion/yr. globally (Costanza et al. 2014). 1470 

However, coral reefs are considered to be in decline due to the impacts of both global (e.g. climate 1471 

change) and regional (e.g. declining water quality) disturbances (Pandolfi et al. 2003). Successful 1472 

coral reproduction underpins the maintenance of communities and their resilience to disturbance 1473 

(Harrison et al. 1984, Hughes & Tanner 2000). Of ongoing concern is the increased supply of 1474 

terrestrial sediment near coral reefs (McCulloch et al. 2003), the release of sediments into the water 1475 

column from dredging activities (Jones et al. 2016), and the resuspension of sediments from natural 1476 

wind and wave events (Larcombe et al. 1995, Neil et al. 2002), and how these stressors may impact 1477 

coral reproduction and recruitment processes (Gilmour 1999, Ricardo et al. 2015, Ricardo et al. 1478 

2016b).  1479 

Sediments resuspended from dredging operations can remain elevated for several kilometres, 1480 

occasionally reaching hundreds of mg L-1 (but often <10 mg L-1) (Fisher et al. 2015, Jones et al. 2015a, 1481 

Storlazzi et al. 2015). Similarly, inshore reefs are frequently exposed to SS < 5 mg L-1, but subject to 1482 

spikes of >100 mg L-1 usually associated with cyclonic activity (Wolanski & Spagnol 2000, Schaffelke 1483 

et al. 2012). These particles have the potential to affect both existing populations and reproduction 1484 

and recruitment of key reef-building taxa, including corals (Fabricius 2005, Jones et al. 2015b). 1485 

Particularly relevant to managing the risk of dredging projects around coral reefs is the potential for 1486 

sediment plumes to interact with coral spawning slicks, produced from synchronous, multi-specific 1487 

release of gametes by broadcasting spawning coral species. For example, since the early 1990s, 1488 

dredging projects in Western Australia have been required to shut-down all turbidity generating 1489 

activities (i.e. dredging and disposal of dredge material at sea) shortly before and after synchronous 1490 

spawning periods (Jones et al. 2015b). Similar shutdown periods have been implemented on the 1491 

Great Barrier Reef (GBRMPA 2014), and have recently been suggested for coral reefs in Singapore 1492 

(Erftemeijer et al. 2012a). The shutdown policy was introduced under a precautionary principle, 1493 

which still remains in place, as there are many possible cause-effect pathways whereby SS can 1494 

interact with the reproductive cycle of corals, and few of these have ever been quantified (Jones et 1495 

al. 2015b). In particular, the impact of sediment on the planktonic stage remains poorly explored 1496 

compared with the fertilisation (Gilmour 1999, Humphrey et al. 2008, Erftemeijer et al. 2012a, 1497 

Ricardo et al. 2015, Ricardo et al. 2016b) and settlement stages, both which often show 1498 
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susceptibility to low sediment levels (Hodgson 1990, Perez III et al. 2014). 1499 

For broadcast spawning corals, the planktonic stage begins following fertilisation of coral gametes 1500 

at the water’s surface (Jones et al. 2015b). The first visible signs of embryogenesis generally occur a 1501 

few hours after fertilisation with the zygote undergoing holoblastic cleavage until four blastomeres 1502 

are formed (Okubo et al. 2013) (Fig 5.1). During these initial stages of cleavage, the embryo is 1503 

increasingly vulnerable to physical disturbance, including fragmentation in turbulent conditions; 1504 

however, embryonic cells can continue re-dividing resulting in functional, albeit smaller, embryos 1505 

(Heyward & Negri 2012). Further division of the embryo results in the morula stage, followed in 1506 

many coral species by a flattened, concave bilayer dish (prawn-chip stage) ~7–9 h after 1507 

insemination, and then a blastopore formation (bowl stage, Fig 5.1) (Hayashibara et al. 1997, Okubo 1508 

& Motokawa 2007). The term ‘embryo’ is used here to denote these developmental stages from 1509 

fertilisation until blastopore closure. At this stage ciliation and movement occurs (Harrison & 1510 

Wallace 1990, Okubo et al. 2013) and the term ‘larvae’ is used to denote the motile planktonic stage 1511 

(Heyward & Negri 1999). Like most benthic marine organisms, corals undergo a planktonic larval 1512 

phase following fertilisation generally lasting 4 to 10 d (reviewed by Jones et al. (2015b)), although 1513 

larger larvae and those that acquire algal symbionts, Symbiodinium spp., have the greatest potential 1514 

to disperse long distances through energy derived from lipids or supplied via photosynthesis 1515 

(Richmond 1987, Graham et al. 2008). The larval stage ends when the larvae permanently attach to 1516 

a substratum and undergo metamorphosis (Heyward & Negri 1999). At a behavioural level, coral 1517 

exhibit a sensory capacity to identify sites that are suitable for settlement, but are limited in their 1518 

ability to navigate towards reefs and therefore are considered mostly planktonic (Vermeij et al. 1519 

2010a, Baird et al. 2014, Dixson et al. 2014, Tebben et al. 2015).  1520 

A range of responses of planktonic stages to SS have been reported. Humphrey et al. (2008) found 1521 

no difference in developmental abnormalities in very early stage embryos (~four-cell stage) of 3-h-1522 

old Acropora millepora after sediment exposures of 200 mg L-1. Similarly, Gilmour (1999) found no 1523 

clear trends in in survivorship of 3–18 h-old embryos of A. digitifera exposed to ~100 mg L-1. At the 1524 

larval stage, Te (1992) did not observe any larval mortality of the brooding coral Pocillopora 1525 

damicornis exposed to 1000 mg L-1 SS, but Gilmour (1999) found significant mortality of A. digitata 1526 

larvae at much lower SS concentrations of ~50 mg L-1. More recently, Larsson et al. (2013) in a pilot 1527 

study observed a decrease in larval survivorship of Lophelia pertusa at ~ 25 mg L-1 SS.  1528 
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Some of the variability in the outcome of these studies could be methodological, with some 1529 

approaches unlikely to achieve a uniform, consistent suspension of sediments throughout the 1530 

course of the experiment (Jones et al. 2015b). Gilmour (1999) used coarse silt to fine-grained 1531 

sediments, whereas Larsson et al. (2013) removed coarse-grain sediment through a two day 1532 

settlement process to select only for very fine-grained particles for testing. The broadcast spawning 1533 

Lophelia pertusa larvae are much smaller (~20%) in length than the brooding P. damicornis larvae, 1534 

and therefore likely to contain comparatively less energy reserves that may be drawn upon to 1535 

overcome sediment encounters. L. pertusa larvae used by Larsson et al. (2013) is also a cold water 1536 

species, as opposed to the tropical species used by Te (1992), Gilmour (1999), and Humphrey et al. 1537 

(2008).  1538 

As part of an experimental sequence to investigate the effects of sediments on the early life-history 1539 

stages of corals and understand the risk associated with turbidity-generating events during coral 1540 

spawning periods (Jones et al. 2015b, Ricardo et al. 2015, Ricardo et al. 2016b), we examined the 1541 

survivorship and metamorphosis response of embryo and larvae of several tropical coral species 1542 

after exposure to different sediment types and concentrations. The quantitative approach used in 1543 

this study, and derivation of concentration–response relationships will allow more informed 1544 

assessment of the risk, as opposed to hazard (sensu Harris et al. (2014)), of SS on the planktonic 1545 

phase of corals. 1546 

5.3 Materials and Methods 1547 

5.3.1 Sediment collection and preparation  1548 

Experiments were conducted with two types of marine sediments: predominantly siliciclastic 1549 

sediments collected from Onslow Reef (Pilbara region, Western Australia: 21°38’32 S, 114°55’27 E), 1550 

and predominantly ‘carbonate’ sediments collected from Davies Reef, (Great Barrier Reef, 1551 

Queensland: 18°49’12 S, 147°39’21 E). Collection and preparation of the field-collected sediment 1552 

have been described in Ricardo et al. (2015). Briefly, the sediments were screened, milled and 1553 

settled until the modal grain size was <10 µm as measured using laser diffraction techniques 1554 

(Mastersizer 2000, Malvern instruments Ltd). Each type of sediment had relatively low proportions 1555 

of total organic carbon (0.26%). Suspended sediment treatments were created by making a serial 1556 

dilution of the concentrated stock with 0.4 µm filtered seawater (FSW), and the resultant turbidity 1557 

(NTU) measured with a nephelometer (TPS 90FL-T) and spectrophotometer (Shimadzu, UV-1800). 1558 
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Sediment concentrations in the samples were determined by spectrophotometry at the start and 1559 

end of the experiments, or when a water change was conducted (typically every 12 h). For each 1560 

treatment, 3.5 mL of the sample was measured for absorbance at 820 nm and the mean of the initial 1561 

and final absorbance readings calculated. Turbidity and absorbance values both correlated linearly 1562 

with SS (R² > 0.98) and were therefore used to derive total suspended sediments concentrations in 1563 

the chambers. To confirm sediment concentration for each experiment, 3  100 mL replicate 1564 

samples of the highest concentration were filtered through 0.4 µm polycarbonate filters (Advantec), 1565 

which were dried overnight in an oven at 60°C and the sediments weighed on an analytical balance 1566 

to 0.0001 g. During the experiments, salinity (35.5 ppt) and pH (8.1) remained constant. Dissolved 1567 

oxygen was measured in the highest sediment treatment and remained above 95% saturation. All 1568 

experiments were carried out in a temperature controlled room set at the same temperature as the 1569 

outdoor aquaria (27–29 ˚C) depending on the month of spawning), and the water temperature 1570 

within the chambers did not deviate from this range. 1571 

5.3.2 Coral collection and larval culture 1572 

Colonies of Acropora millepora (Ehrenberg, 1834), A. tenuis (Dana, 1846), and Pocillopora acuta 1573 

(Lamarck, 1816) were collected from <10 m depth 3 to 5 d before the predicted spawning events 1574 

from 2013–2015 in the central Great Barrier Reef from inshore and mid-shelf reefs (19°10’13 S, 1575 

146°51’53 E; 18°22’53 S, 146°47’43 E; 18°49’12 S, 147°39’21 E; 18°48’48 S, 147°39’26 E; 18°46’25 S, 1576 

146°31’07 E) (Table S 5.1). All corals were collected under the Great Barrier Reef Marine Park 1577 

Authority Permit G12/35236.1. 1578 

Gravid colonies were transported to the National Sea Simulator at the Australian Institute of Marine 1579 

Science (AIMS), and placed in outdoor flow-through seawater tanks of 27–29°C (equivalent to the 1580 

water temperature at their collection site). At the ‘setting stage’ just prior to spawning (see Babcock 1581 

and Heyward (1986)), colonies were isolated in individual tanks and egg–sperm bundles gently 1582 

scooped from the water surface after spawning. The embryo and larval culture procedures were 1583 

conducted following methods described in Negri and Heyward (2000). Briefly, gametes were cross-1584 

fertilised for ~1.5 h in 20 L of 0.4 µm FSW in a 50 L container. The embryos were then washed free 1585 

of sperm by gently transferring them into another 50 L container also containing FSW. This process 1586 

was repeated three times. Embryos were then transferred into 500 L fiberglass tanks filled with 1587 

FSW, where they were left to develop for 12 h, after which time gentle aeration and water flow was 1588 
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introduced to provide adequate water circulation and maintain sufficient dissolved oxygen levels.  1589 

For the brooder P. acuta, larval traps were placed on tanks containing adult colonies on the night of 1590 

the new moon in April 2014. Over the following seven mornings, larvae were collected from the 1591 

traps and transferred to 5 L glass chambers containing FSW, with gentle aeration and water flow. 1592 

 1593 

5.3.3 Embryo concentration–response experiments 1594 

Embryos of A. millepora were exposed to a range of sediment concentrations (up to ~1,000 mg L-1) 1595 

for 12 h, in 3 separate experiments, starting with embryos 3 h after fertilisation (3−15 h, experiment 1596 

1), 6 h after (6−18 h, experiment 2) and 12 h after (12–24 h, experiment 3) (Fig 5.1). A longer-term 1597 

(30-h) experiment was also conducted at a range of lower suspended sediment concentrations 1598 

(SSCs) (<100 mg L-1) starting with embryos 6 h after fertilisation (6−36 h, experiment 4). The control 1599 

chambers contained no sediment but all other conditions were identical to the treatment chambers. 1600 

We assessed embryo survivorship in all experiments, and in experiment 2 and 3 we assessed 1601 

numbers of embryos forming cocoons, and in experiment 4 we assessed the ability of larvae to settle 1602 

following the exposure of embryos to sediments. The SSCs ranges were selected to span the 1603 

maximum running-mean values embryos could encounter for a given exposure duration based on 1604 

the analyses of water quality conditions during three major capital dredging projects (Jones et al. 1605 

2015a) and for peaks in instantaneous turbidity measurements during one capital dredging project 1606 

(see below). Specifically, we covered the maximum SS concentrations for the relevant durations of 1607 

exposure. For example, shorter exposure durations (i.e. 12 h) result in higher 100% running means 1608 

(i.e. hundreds of mg L-1), whereas longer exposures (1–3 d) result in lower 100% running means 1609 

(tens of mg L-1). Between 10−20 embryos were added to chambers containing 150 mL of each SS 1610 

treatment and placed on mechanical rollers at 0.3 revolutions s-1 to maintain the sediments in 1611 

suspension. Every few hours the chambers were gently inverted a few times and then placed back 1612 

on the mechanical rollers. After exposure, the total number of surviving embryos was counted, with 1613 

damaged, missing, and inert embryos defined as dead. To test the ability of larvae to undergo 1614 

normal metamorphosis, embryos previously exposed to SS were transferred into FSW for a further 1615 

5-d recovery period, and after this time the larvae were considered competent to settle 1616 

(competency generally commences after 4 d (Jones et al. 2015b)). These 6-d-old larvae were then 1617 

exposed to a 2  2 mm chip of live crustose coralline algae (CCA, Porolithon onkodes) to assess their 1618 
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ability to settle and undergo metamorphosis (Heyward & Negri 1999). The experiment was repeated 1619 

using A. tenuis embryos of the same age to examine replicability between species.  1620 

 1621 
Fig. 5.1 Diagram illustrating the sequence of experiments throughout the embryonic and larval 1622 
developmental stages of the genus Acropora. The experimental design included three experiments 1623 
(experiment 1, experiment 2 and experiment 3) where embryos were subject to three separate 12-h 1624 
sediment exposures commencing at 3, 6, and 12 h after fertilisation. In addition, two long sediment exposure 1625 
experiments (experiment 4 and experiment 5) were conducted covering most of embryogenesis (6–36-h-old 1626 
embryos) and a 60-h period following ciliation using larvae at 3–6 days old.  1627 

5.3.4 Larval survivorship and metamorphosis concentration–response experiments 1628 

Larval survivorship was examined in >3-d old A. millepora, A. tenuis and P. acuta larvae exposed to 1629 

sediment suspensions to ~800 mg L-1 over a period of 60 h (Fig 5.1). As with the embryo assays, 1630 

sediment concentrations used in the larval experiments spanned the range of environmentally 1631 

relevant concentrations expected for 1–3 d exposures. The control chambers contained no 1632 

sediment but all other conditions were identical to the treatment chambers. For each sediment 1633 

concentration, 20 larvae were added to each of 4 × 180 mL chambers containing 150 mL of the 1634 

sediment suspension. Sediments were kept in suspension by rotating the chambers at 0.3 1635 

revolutions s-1 using mechanical rollers, and the resuspension was assisted by the use of three 6 × 6 1636 

× 75 mm rods attached to the inner-surface of the chambers (as baffles) to disturb the water 1637 

movement. Every few hours the chambers were gently inverted a few times and then placed back 1638 

on the mechanical rollers. Every 12 h, the sediment suspensions were changed, and the larvae 1639 

assessed for survivorship at the end of the experiment. Surviving larvae were then gently washed 1640 

and transferred to 6-well tissue culture plates containing 10 mL of FSW, and at 6-d old were assessed 1641 

for their ability to undergo attachment and metamorphosis using CCA chips, as described previously 1642 

(except for P. acuta where metamorphosis rates were poor in the controls — see ‘test acceptability 1643 
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criteria’ below).  1644 

 1645 

5.3.5 Optical and scanning electron microscopy 1646 

Embryos and larvae at the end of the experiments were examined using light microscopy, and by 1647 

scanning electron microscopy (SEM) using samples fixed in 1.25% glutaraldehyde and 0.5% 1648 

paraformaldehyde in FSW. The SEM samples were subsequently dehydrated in a microwave using 1649 

a graded ethanol series for 40 s at 250 W and then critical point dried (Polaron KE3000, Quorum 1650 

Technologies) in liquid CO2. The dried samples were mounted on carbon tape on aluminium stubs, 1651 

coated with 3 nm platinum, and imaged using a field emission SEM (Zeiss 55-VP). Backscattered 1652 

signals are proportional to atomic composition and therefore these images were used to identify 1653 

sediments on the larval samples. Elements of greater atomic number, such as calcium, iron, and 1654 

silicon appeared bright relative to the sample (Goldstein et al. 2012) and the biological material are 1655 

primarily composed of elements with low atomic numbers (carbon, oxygen and hydrogen), and 1656 

appeared dark in the sample. 1657 

5.3.6 Water quality during turbidity generating events 1658 

A year of water quality turbidity readings (1/6/2010 to 31/5/2011) were examined to determine the 1659 

ephemeral nature of SS pulses and brief reprieves from SS exposure. Turbidity readings were 1660 

collected with sideways mounted optical backscatter devices (nephelometers) at two water quality 1661 

coral reef sites (Site 1 (LNGA: 20° 49.322’ S, 115° 30.665' E) and Site 2 (LNGO: 20° 49.713’ S, 115° 1662 

30.507’ E) subject to periodic cyclone events and ~300 m from a major capital dredging program at 1663 

Barrow Island, Western Australia. For further water quality collection and sites details see and Jones 1664 

et al. (2015a), Ricardo et al. (2015).  1665 

5.3.7 Statistical Analysis 1666 

We defined the test acceptability criteria as experiments that had a high rate of survivorship (>80%) 1667 

and metamorphosis (>50%) in the controls, and only these were included for analysis (Hobbs et al. 1668 

2005). Suspended sediment concentrations (SSC) that resulted in a 10% (EC10) or greater response 1669 

in absolute terms were calculated where possible, by fitting the data to non-linear regression curves 1670 

(four-parameter logistic models) with 95% confidence bounds using the software GraphPad Prism 1671 
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(v7), and by fitting binomial Generalized Linear Models (GLM) using a probit link using the statistics 1672 

program R (v3.1.2). Non-linear regression (NLR) models were only fitted under the criteria that they 1673 

passed normality of residuals and the replicates test (a measure of deviation from the model) 1674 

(Motulsky & Christopoulos 2004). GLM models were corrected for overdispersion using quasi-1675 

likelihood estimations (Zuur et al. 2009b) and ECX values extracted using the package dose.p 1676 

(Venables & Ripley 2013). For sake of easier interpretation, GLM models were only plotted if NLR 1677 

models could not be fitted. Four chambers leaked during experiment 5 leading to a loss of larvae 1678 

and therefore these data were not included in the analyses. All sample size analyses were conducted 1679 

a priori for binomial GLM using G*Power (v3.1.9.2). Pilot experiments indicated high survivorship 1680 

(>90%) in the controls and low cocoon formation (0%), and therefore because the response could 1681 

only be unidirectional (e.g. survivorship cannot be >100% (Ruxton & Neuhäuser 2010)), survivorship 1682 

and cocoon formation were run as one-tailed hypotheses with α = 0.05, β = 0.8. Post-hoc analysis 1683 

confirmed our sample sizes were sufficient. For settlement assays, which were considered two-1684 

tailed hypotheses, a lower settlement rate in the control than expected in the A. millepora embryo 1685 

and A. tenuis larval experiments meant that our minimum detection effect was 13 and 16% 1686 

respectively at α = 0.05, β = 0.8. In situ 10-min turbidity data were converted to approximate SS 1687 

concentrations using the conversion factor of 1.3 NTU: SS (Ricardo et al. 2015). The data were 1688 

analysed using Matlab (v8.6) for sediment pulse durations above 35 mg L-1 (a SS concentration 1689 

required for the formation of embryo cocooning to occur — see Results).  1690 

5.4 Results 1691 

5.4.1 Impacts of suspended sediments on embryogenesis 1692 

The 3-h old embryos exposed for 12-h to ~800 mg L-1 SS (experiment 1) fragmented upon agitation 1693 

(used to keep the sediment suspended) and so it was not possible to quantify survivorship. There 1694 

was no effect of exposure of 6-h-old embryos to either siliciclastic or carbonate sediments at 1695 

concentrations up to ~80 mg L-1 for 30 h (experiment 4, Fig 5.2 a). The SS exposure did not have any 1696 

significant effect (GLM: b = -0.1761, t = -1.209, p = 0.204) on the subsequent ability of the larvae to 1697 

metamorphose following a 4.5-d recovery period, despite a 29% decrease in settlement rates (Table 1698 

S 5.2, Fig 5.2 a). The experiment was repeated using 6-h-old embryos exposed to SS of ~900 mg L-1 1699 

for 12 h, and there was also no effect on survivorship in either sediment type (experiment 2, Fig 5.2 1700 

b). Exposure of 12-h-old embryos for 12 h to elevated SS concentrations (siliciclastic: ~1200 mg L-1; 1701 
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carbonate: ~800 mg L-1) had no effect on survivorship for either sediment type (experiment 3, 1702 

Fig 5.2 c), although in the 10 mg L-1 exposures, embryos sometimes clumped with mucus, causing a 1703 

decrease in survivorship in some chambers (Fig 5.2 c). The high SS exposures of ~1000 mg L-1 had no 1704 

impact on subsequent metamorphosis (Fig S5.1 a, b). In A. tenuis, a single exposure experiment on 1705 

12-h-old embryos at siliciclastic SS to ~1000 mg L-1 had no impact on survivorship (Fig S5.1 b). 1706 

 1707 
Fig. 5.2 Concentration-response relationships for A. millepora embryos. a) Survivorship and ability to 1708 
metamorphose after prolonged exposure to siliciclastic (yellow shade) and carbonate (grey shade) 1709 
suspended sediment (SS) from 6 to 36 h age, n = 6 per concentration. b) Survivorship and cocoon formation 1710 
after exposure to a 12-h sediment exposure of siliciclastic (yellow shade) and carbonate (grey shade) SS from 1711 
6 to 18 h age. c) Survivorship and cocoon formation after exposure to a 12-h sediment exposure of siliciclastic 1712 
(yellow shade) and carbonate (grey shade) SS from 12 to 24 h age. d) Larval emergence from the cocoon after 1713 
exposure to 12-h sediment exposure (siliciclastic sediment only, n = 12 per time interval). Data points 1714 
staggered for visualisation. Each replicate contains 10–20 embryos. 1715 

Although there was no effect of SS on survivorship, embryos often formed ‘cocoons’ that quickly 1716 

became negatively buoyant and resulted in the embryos sinking (Fig 5.3 a). The colour of the cocoon 1717 

reflected the colour of the sediment grains (Fig 5.3 a, f), and under SEM the embryo cocoon 1718 
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appeared to be a casing composed of sediment grains incorporated in mucus (Fig 5.3 b-d and Fig 1719 

5.4 a-e). Once transferred to FSW, the larvae were able to free themselves from the cocoon, with 1720 

the movement generated by newly developed cilia (Fig 5.3 g, h and File S 5.1). For 6-h-old embryos, 1721 

cocooning was observed in high proportions at the high SS concentration (Fig 5.2 b). Cocoon 1722 

formation was observed in 12-h-old embryos exposed to the siliciclastic sediments with 10% (EC10) 1723 

of the embryos forming cocoons at 35 mg L-1 (95% C.I.; 20–60) (Table S 5.2, Fig 5.2 c), but embryos 1724 

of the same age showed less sensitivity to carbonate sediment with mucous cocooning (23 ± 7%, 1725 

mean ± SEM) only observed in the highest (~800 mg L-1) sediment concentration (Fig 5.2 c). In 1726 

sediment-free FSW, the entrapped larvae were first observed emerging from the cocoon after 12 h 1727 

and by 48 h, >75% had emerged (Fig 5.2 d). After emerging from the cocoon, the larvae were capable 1728 

of swimming and undergoing normal metamorphosis (Fig. S 5.1 a). 1729 

 1730 
Fig. 5.3 Microscopy of A. millepora embryos in mucous cocoons. a) a mucous cocoon under optical 1731 
microscopy following exposure to carbonate sediment, b) a false-coloured backscatter electron image of a 1732 
scrapped mucous cocoon showing sediment (yellow) bound the embryo (purple), c) secondary electron 1733 
image showing the mucous coating (high contrast) and d) backscatter electron image showing sediment 1734 



93 

 

grains (high contrast). Progression of mucous cocoons through development, e) early developmental stages 1735 
(i.e. bowl stage at 12 h old) embryos before sediment exposure, f) mucous cocoons during sediment exposure 1736 
(the orange colour of the cocoon reflects the orange colour of the siliciclastic sediment used), g) ciliated larva 1737 
spinning and tearing open the cocoon, h) larva emerging from the cocoon (with assistance using a dissection 1738 
probe for photograph), i) larvae (6 days old) were capable of metamorphosis once competent.  1739 

Cocoon formation was observed as late as 72 h after fertilisation in the development sequence in 1740 

A. millepora, but only in a few individuals (data not shown). Exposure to siliciclastic SS for a brief 1-1741 

h period elicited some cocooning in embryos. Cocoon formation was also observed for A. tenuis 1742 

embryos exposed to siliciclastic SS at ~600 mg L-1, with all emerging from the cocoon within 4 d 1743 

(Fig. S 5.1 b). However, embryos of either species did not create the cocoons without water 1744 

movement and attempts to recreate mucous cocoons by inverting the chambers every 5 min (a less 1745 

effective method for sediment resuspension) were largely unsuccessful. As a final examination of 1746 

the cocoon formation, commercially available high grade processed calcium-bentonite clay 1747 

(Watheroo Bentonite) was tested and caused all embryos to form cocoons at SSC as low as 20 mg L-1748 
1 and inverting the chambers every 5 min was capable of inducing cocoon formation at bentonite 1749 

treatment of ~100 mg L-1.  1750 
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 1751 
Fig. 5.4 Scanning electron microscopy images of the mucous cocoon around an embryo of Acropora 1752 
millepora. a) Image of the cocoon showing a thick mesh enveloping the embryo. b) With part of the cocoon 1753 
removed, cilia can be observed developing underneath. A closer inspection of the cocoon showing c) a stringy 1754 
web interpreted as mucus and d) bound sediment grains clearly revealed under backscatter electron 1755 
microscopy. e-f) Thick protrusions of mucus could be seen throughout parts of the cocoon. M, mucus; C, cilia; 1756 
S, sediment. 1757 

5.4.2 Impacts of suspended sediments on larval development and metamorphosis 1758 

There was no effect of either sediment type on survivorship or ability to metamorphose of >3-d-old 1759 

larvae of A. millepora, even at very elevated SS (~800 mg L-1), and for extended exposure durations 1760 

(~60 h) (Fig 5.5 a). Similarly, no effect on survivorship was observed for A. tenuis using either 1761 

sediment type (Fig 5.5 b). Upon transferring to clean FSW, siliciclastic sediments at high 1762 
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concentrations caused a non-significant decrease in the ability of larvae to metamorphose (GLM: b 1763 

= -0.182, t = -1.780, p = 0.085), and a similar non-significant trend was observed for larvae exposed 1764 

to carbonate sediment (GLM: b = -0.1581, t = -1.540, p = 0.134) (Table S 5.2, Fig 5.5 b). The 1765 

survivorship of Pocillopora acuta larvae was not affected by exposure of carbonate sediments up to 1766 

~900 mg L-1 (Fig 5.5 c). Optical microscopy revealed larvae actively cleared sediment grains and 1767 

florescent beads through cilia beating (Fig 5.6 a, b) in addition to some mucous secretion (Fig 5.6 b 1768 

and File S5.2) and scanning electron images revealed few sediment grains adhered to larvae (Fig 5.6 1769 

c).  1770 

 

Fig. 5.5 Concentration–response relationships 
between suspended sediments (SS) and larval 
survivorship and ability to undergo metamorphosis. 
a) Survivorship and metamorphosis of > 3-d-old 
larvae A. millepora following sediment exposure to 
siliciclastic (yellow shade) and carbonate (grey 
shade) sediment. c) Survivorship and 
metamorphosis of > 3-d-old larvae A. tenuis 
following sediment exposure to siliciclastic (yellow 
shade) and carbonate (grey shade) sediment. e) 
Survivorship of P. acuta following sediment 
exposure to carbonate sediment. Data points 
staggered for visualisation. Each replicate contained 
10–20 larvae, with n = 4–5 per concentration.  

 1771 
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Fig. 5.6 Observations of sediment removal 
mechanisms of A. millepora larvae under 
optical and scanning electron microscopy. a) 
florescence microscopy of a larva deflecting 
florescent beads through cilia beating b) 
optical microscopy of a larva clearing 
sediment through mucous production, and 
c) scanning electron microscopy of a larva 
after being exposed to elevated SS for 60 h 
showing few grains adhering to its surface. 

5.4.3 Water quality during turbidity generating events 1772 

Turbidity peaks during dredging and natural events are very episodic, with turbidity remaining above 1773 

35 mg L-1 (the concentration required to form mucous cocoons) for a mean of 49 min (average of 1774 

both sites) (Fig. S 5.2 a, b). The time at these elevated concentrations was highly skewed to brief 1775 

peaks lasting <1.5 h (~80%). In total, there were 595 turbidity events above 35 mg L-1 at Site 1 and 1776 

456 turbidity events at Site 2 over the course of the year.  1777 
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5.5 Discussion 1778 

Coral embryos and larvae are relatively resilient to elevated concentrations of SS, employing 1779 

impressive protective strategies such as mucous production and cilia beating to assist in the removal 1780 

or avoidance of sediments. A novel mechanism was observed which involved the encapsulation of 1781 

embryos in a sediment–mucous layer under dynamic resuspension conditions, with the planula 1782 

shedding the cocoon once ciliated. There was no obvious legacy of damage impacting further larval 1783 

development and metamorphosis under realistic sediment exposure concentrations and durations.  1784 

Suspended sediments in dredge plumes constitute a hazard to developing embryos and coral larvae, 1785 

but whether they constitute a risk depends on the SSCs generated, the probability of encountering 1786 

those conditions and the sensitivity of embryos and larvae to the sediments (Harris et al. 2014, Jones 1787 

et al. 2015b). Recent analyses of temporal and spatial patterns in water quality during several large 1788 

scale capital dredging programs have emphasised the very high variability in SS concentrations and 1789 

the transient natures of plumes (Fig. S 5.2) (Fisher et al. 2015, Jones et al. 2015a). Close to dredging, 1790 

concentrations can reach hundreds of mg L-1, but these high values are typically short-lived events 1791 

(i.e. a few hours). Over time periods which are more relevant for the planktonic phase of coral larvae 1792 

(i.e. days), the upper percentiles SSC is typically a few tens of mg L-1 (Jones et al. 2016). These water 1793 

quality values were derived from fixed optical backscatter nephelometers, measuring turbidity as a 1794 

proxy for SSC in passing plumes. Coral embryos and larvae could encounter and drift with highly 1795 

turbid plumes and may therefore be exposed to high concentrations for longer durations than 1796 

recorded by fixed devices. Taking a conservative approach embryos and larvae were exposed to very 1797 

high SSCs (up to ~800 mg L-1) over periods of several days. Even under these high conditions, and in 1798 

response to two very different sediment types, there was no obvious effect on survivorship of 1799 

embryos and ciliated larvae of two broadcast spawning Acropora spp. and mature planulae of the 1800 

brooding species Pocillopora acuta. Importantly, there was also no subsequent impact of the 1801 

sediments on the ability of the larvae to metamorphose when transferred to sediment-free clean 1802 

seawater. 1803 

For the brooded larvae, these results support the earlier study of Te (1992), who also did not see 1804 

any effects on survivorship in larvae of P. damicornis at SSCs of up to 1,000 mg L-1. However, the 1805 

results differ from the study of Gilmour (1999), who found effects on survivorship as low as ~50 mg 1806 

L-1 in the broadcast spawning species Acropora digitifera. As discussed in Jones et al. (2015b), there 1807 
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may have been a range of water quality issues associated with the incubation chambers used in the 1808 

study, in particular the possibility of stagnation and reduced water exchange caused by the 1809 

suspended sediment and high larval concentrations. Preliminary studies with the Acropora species 1810 

used here, indicated that if water was not exchanged regularly with FSW (i.e. every 12 h), mortality 1811 

of a few larvae quickly resulted in loss of all remaining larvae in the chamber (Ricardo personal 1812 

observation). Larsson et al. (2013), who reported effects on larval survivorship of the deep-water 1813 

coral Lophelia pertusa at low concentrations (25 mg L-1), also reported issues with their 1814 

methodology including handling stress and low sample size. In their opportunistic study (from an 1815 

unexpected spawning event) many larvae disappeared on the first day of the study and their analysis 1816 

was based on changes in larval survivorship from one day after adding the larvae until the end of 1817 

the 5-d experiment. The authors emphasised the need to conduct more extensive assessment of 1818 

the effects of sediment exposure to examine the reproducibility of the pilot study. We suggest that 1819 

conditions listed above may have led to an overestimation of the sensitivity of the larvae to SS. 1820 

However, the sediments used in the current study were relatively nutrient-poor, relevant to those 1821 

found along the Western Australian coastline or beneath the substrate biofilm layer. Sediments 1822 

occurring in nutrient-rich waters, or in combination with other stressors, may have a greater impact 1823 

on the pelagic stages. Further, differences between species in terms of energy reserves or ability to 1824 

remove sediment grains may also lead to species-specific responses. 1825 

Our results indicate that coral embryos and larvae may be less sensitive to elevated SSCs than other 1826 

early life stages and processes. Here, there was no obvious decline in survivorship or larval 1827 

metamorphosis after sediment exposure within realistic environmental concentrations. We 1828 

previously demonstrated a potential 10% impact on coral bundle ascent at concentrations as low as 1829 

47 mg L-1 (Ricardo et al. 2016b), whereas effects on fertilisation have been reported at SSCs as low 1830 

as 35–100 mg L-1 (Gilmour 1999, Humphrey et al. 2008, Ricardo et al. 2016b). Coral embryos and 1831 

larvae appear well equipped to deal with elevated sediment particles, either repelling them by 1832 

beating cilia, or removing them by mucous secretion, which represents a novel protection 1833 

mechanism in coral larvae. Secretion of a mucosubstance was commonly observed throughout 1834 

embryogenesis and larval stages during exposure to SS. In adult corals, mucous production is 1835 

associated with feeding processes (i.e. mucous entrapment), and in conjunction with ciliary 1836 

movement, for self-cleaning and manipulating sediments that have settled on the coral’s surfaces 1837 

(Lewis 1973, Stafford-Smith 1993). Both mucous production and ciliary movement have a latent, 1838 
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sub-lethal energetic cost (Pechenik 2006) although the cost of cilia beating in corals is believed to 1839 

be negligible compared with the energetic cost of respiration (Shapiro et al. 2014). Overall the ciliary 1840 

beating and mucous production did not translate to any obvious impairment of larval development 1841 

or the ability of the larvae to metamorphose once transferred to sediment-free seawater.  1842 

Under elevated SSCs, the early developing embryos became covered in a layer of the 1843 

mucosubstance that completely cocooned the embryo. The accumulation of sediment grains on the 1844 

cocoon quickly sunk the embryo, typically within 2 h of exposure. Within the cocoon the early-stage 1845 

embryos underwent normal larval development, eventually forming cilia which resulted in their 1846 

movement and spinning inside the casing. After the larvae were removed from sediment exposure, 1847 

they were capable of shedding the cocoon and completing development into functional larvae and 1848 

undergoing metamorphosis. Thus, cocoon formation around embryos appeared to act as a 1849 

mechanism for protection, and removal of sediment in the absence of cilia. The formation and 1850 

shedding of the cocoons adds to a number of ways mucus is utilised in marine organisms. Mucous 1851 

cocooning has been previously been observed in some fish of the suborder Labroidei, as a means to 1852 

protect against parasites and predators (Byrne 1970, Grutter et al. 2011), and mucous secretion is 1853 

a common physiological process in adult corals as a response to stress including exposure to 1854 

sediment (Brown & Bythell 2005, Jones et al. 2016). Some adult colonies of the genus Porites can 1855 

occasionally form thick, viscid ‘sheets’ of mucus on their surfaces, which can ultimately envelope 1856 

the whole colony (Duerden 1906, Coffroth 1985), and capture sediments, algae and debris (Coffroth 1857 

1990). The mucous sheet eventually sloughs off the colony’s surface by water movement, thereby 1858 

removing the sediment (Coffroth 1985, Brown & Bythell 2005). However, the use of mucus during 1859 

early life history stages is less understood. During broadcast spawning events, coral egg–sperm 1860 

bundles are wrapped in a mucous membrane that packages the gametes and it is hypothesised the 1861 

mucus is secreted from the eggs (Padilla-Gamino et al. 2011). Previously we demonstrated that 1862 

sediment grains can bind to the bundle membrane and coarse grains may sink and delay the egg–1863 

sperm bundle from reaching the surface where fertilisation takes place (Ricardo et al. 2016b). In 1864 

some corals, embryogenesis occurs close to the surface of the adult coral, usually trapped within a 1865 

mucous matrix (Kojis & Quinn 1981a, Brazeau & Lasker 1990, Okubo et al. 2013). The matrix was 1866 

described as adhesive and adhered to objects it contacted (Kojis & Quinn 1981a). At the other end 1867 

of the pelagic life-history stage, mucous secretion is hypothesised to aid in the attachment of the 1868 

larva to substrata during settlement (Brown & Bythell 2005).  1869 



100 

 

In this study, cocooning was commonly observed during the embryo stage but few, if any, were 1870 

observed once the larvae were ciliated and neither was cocooning observed earlier on eggs exposed 1871 

for 3-h to SS (Fig. S 5.3). Therefore, it is unlikely the cocoon is a remnant part of the bundle mucous 1872 

membrane. Recently, a hyaline layer (which assists in cellular orientation of embryos during 1873 

development) has been proposed for one species of coral Tubastraea coccinea, but this has yet been 1874 

identified in other species (Okubo 2016). At these very early stages of development, it is unlikely 1875 

mucous producing cells have been formed, and in Acropora millepora these tend to increase in 1876 

numbers typically after ~170 h (Okubo & Motokawa 2007). An attempt to stain the cocoon with 1877 

Alcian Blue (which stains acidic polysaccharides) was unsuccessful but may have failed because coral 1878 

mucous composition can vary in carbohydrate, proteins and lipids (Ducklow & Mitchell 1979, Brown 1879 

& Bythell 2005). Another possibility is that the mucosubstance secretes directly from the ectoderm.  1880 

Mucous cocoons formed on 10% of embryos in the presence of siliciclastic SSCs as low as ~35 mg L-1881 
1. Despite the average sediment concentration near dredging operations remaining elevated over 1882 

longer periods (Jones et al. 2015a), SS pulses >35 mg L-1 were usually short in duration, often lasting 1883 

< 1h. Sharp decreases in SSCs in between sediment pulses may offer larvae in mucous cocoons a 1884 

brief reprieve to split and emerge from the cocoon. If, however, the sediment concentration 1885 

remains elevated or sediment deposition rate is high, the embryos or larvae could remain entrapped 1886 

and smothered. Cocoons created in response to carbonate sediments required greater 1887 

concentrations of SS, probably owing to these sediments being less abrasive and sticky in nature. In 1888 

contrast, only 20 mg L-1 of highly sticky bentonite clay caused all embryos to form mucous cocoons. 1889 

With the exception of bentonite clay, embryo mucous cocoons only formed under constant 1890 

agitation, and especially under unidirectional movement. Therefore, naturally suspended particles 1891 

in the absence of water movement is unlikely to create mucous cocooning and locations with high 1892 

agitation such as inshore wave-swept shorelines that have abrasive or sticky components in the 1893 

sediment may be necessary to activate this response. 1894 

The formation of sediment-mucous cocoons has implications for the larval dispersal stage of the 1895 

coral lifecycle. Most dispersal between reefs is through self-recruitment (philopatric) but larvae are 1896 

capable of travelling considerable distances (teleplanic), which may increase genetic diversity and 1897 

assist in the transition of coral populations to higher latitudes as water temperatures increase 1898 

(Veron 1995, Graham et al. 2008, Jones et al. 2009). Many larvae of broadcast spawning corals 1899 

become competent and recruit between 4 to 10 d (Jones et al. 2015b), and the sinking of the 1900 
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embryos in sediment-mucous cocoons in conditions of high turbidity may reduce the pelagic phase 1901 

by 1 –2 d, restricting dispersal, and therefore may limit the ability of distant reefs to recover from 1902 

disturbances. Further, these larvae may be restricted to settlement in unfavourable areas near their 1903 

natal reef, which may be subject to ongoing elevated sediment levels. Other cause-effect pathways 1904 

may affect embryo and larval dispersal phases that were not investigated in the study. Reductions 1905 

in light associated with SS may confuse phototactic responses of larvae, entrainment of circadian 1906 

rhythms (Brady et al. 2011) and the combined impact of downward sediment flux and increased 1907 

cilia beating (to deflect sediment grains) may interfere with vertical positioning in the water column, 1908 

ultimately impacting on dispersal and settlement (Jones et al. 2015b). Moreover, larval exposure to 1909 

sediment may carry a legacy of impact on life-history stages beyond settlement. However, assessing 1910 

the consequences of these impacts in both the laboratory and the field remains a challenge.  1911 

5.5.1 Conclusion 1912 

Newly developing embryos and ciliated larvae are robust to high SSCs used in this study, with no 1913 

impact on larval survivorship or their ability to metamorphose. Combined, both life-history stages 1914 

demonstrate an ability to remove sediment grains and tolerate high sediment loads, and therefore 1915 

should be considered less of a concern when compared with more sediment-sensitive life-history 1916 

stages such as fertilisation and settlement (onto sediment-covered reef) (Hodgson 1990, Perez III et 1917 

al. 2014, Ricardo et al. 2016b), which bracket the pelagic stages.  1918 
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6 Chapter 6 — Settlement patterns of the coral Acropora millepora on 1934 
sediment-laden surfaces 1935 

Ricardo G, Jones R, Nordborg M, Negri A. 1936 

6.1 Abstract 1937 

Successful recruitment in corals is important for the sustenance of coral reefs, and is considered a 1938 

demographic bottleneck in the recovery of reef populations following disturbance events. Yet 1939 

several factors influence larval settlement behaviour, and here we quantified thresholds associated 1940 

with light attenuation and accumulated sediments on settlement substrates. Sediments deposited 1941 

on calcareous red algae (CRA) directly and indirectly impacted coral settlement patterns. Although 1942 

not avoiding direct contact, Acropora millepora larvae were very reluctant to settle on surfaces 1943 

layered with sediments, progressively shifting their settlement preference from upward to 1944 

downward facing (sediment-free) surfaces under increasing levels of deposited sediment. When 1945 

only upward-facing surfaces were presented, 10% of settlement was inhibited at thresholds from 1946 

0.9 to 16 mg cm-2 (EC10), regardless of sediment type (carbonate and siliciclastic) or particle size (fine 1947 

and coarse silt). These levels equate to a very thin (<150 µm) veneer of sediment that occurs within 1948 

background levels on reefs. Grooves within settlement surfaces slightly improved options for 1949 

settlement on sediment-coated surfaces (EC10: 29 mg cm-2), but were quickly infilled at higher 1950 

deposited sediment levels. CRA that was temporarily smothered by sediment for 6 d became 1951 

bleached (53% surface area), and inhibited settlement at ~7 mg cm-2 (EC10). A minor decrease in 1952 

settlement was observed at high and very low light intensities when using suboptimal 1953 

concentrations of a settlement inducer (CRA extract); however, no inhibition was observed when 1954 

natural CRA surfaces along with more realistic diel-light patterns were applied. The low deposited 1955 

sediment thresholds indicate that even a thin veneer of sediment can have consequences for larval 1956 

settlement due to a reduction of optimal substrate. And while grooves and overhangs provide more 1957 

settlement options in high deposition areas, recruits settling at these locations may be subject to 1958 

ongoing stress from shading, competition, and sediment infilling. 1959 
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6.2 Introduction 1960 

6.2.1 Sedimentation on coral reefs 1961 

Sedimentation in tropical ecosystems poses a threat to the persistence of coral reefs through direct 1962 

impacts on existing populations and by reducing recovery following disturbance events (Hodgson 1963 

1990, Weber et al. 2012). Sediments can be released into the water column by terrestrial run-off 1964 

(Kroon et al. 2012, Fabricius et al. 2016), natural resuspension events (Orpin & Ridd 2012), and a 1965 

range of anthropogenic activities including dredging and dredge spoil disposal (Jones et al. 2016). 1966 

Once released into the water column, fine sediments can remain in suspension for extended periods 1967 

and travel considerable distances via advection (Wolanski & Spagnol 2000, Bainbridge et al. 2012, 1968 

Fisher et al. 2015). Sediments will also settle out of suspension depending on suspended sediment 1969 

concentration (SSC), grain size, density, ability to flocculate, and hydrodynamics of the water column 1970 

(Smith & Friedrichs 2011). Compaction and consolidation of recently settled sediments takes days 1971 

to weeks (Wolanski et al. 1992), and until consolidated, sediments are prone to successive 1972 

resuspension and deposition and further lateral dispersion. While the impact of sediment 1973 

deposition on adult corals has been reasonably well studied (see reviews Erftemeijer et al. (2012b), 1974 

and Jones et al. (2016)), comparatively less is known about how sediment accumulating onto 1975 

substrates may interfere with coral settlement, and the recolonization of local populations in turbid 1976 

environments. 1977 

6.2.2 Coral recruitment 1978 

The coral recruitment process is a complex sequence that involves larval supply, settlement 1979 

behaviour, successful attachment and metamorphosis, and post-settlement survival (Harrison & 1980 

Wallace 1990). Successful recruitment is dependent on a suite of physical and biological factors 1981 

(Ritson-Williams et al. 2009, Doropoulos et al. 2016), and referred to by Gleason and Hofmann 1982 

(2011b) as a ‘…dizzying array of abiotic and biotic factors, both positive and negative, that can 1983 

determine whether a coral larva ultimately ends up on the reef…’. The larvae are weak swimmers 1984 

predominantly relying on currents for dispersal (Baird et al. 2014). When they reach developmental 1985 

competence (the ability to settle), they descend in the water column and temporarily enter a 1986 

demersal phase, when they actively and repeatedly test, probe and explore the substrate 1987 

presumably searching for some characteristic properties to indicate a favourable settlement 1988 

location (Müller & Leitz 2002). Settlement for many species is induced by chemical cues, often 1989 
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associated with calcareous red algae (CRA — which includes crustose coralline algae (CCA) and non-1990 

coralline red algae)(Heyward & Negri 1999, Tebben et al. 2015), and/or microbial biofilms (Webster 1991 

et al. 2004). For most larvae of broadcast spawning corals, competency occurs after only a few days 1992 

development (Connolly & Baird 2010), with settlement peaking between 4 and 10 d after spawning 1993 

(Jones et al. 2015b). Observations of attachment through mucous production and firing of spirocysts 1994 

or nematocysts have been reported (Paruntu et al. 2000, Harii & Kayanne 2002, Okubo et al. 2008, 1995 

Larsson et al. 2014), and once attached the larvae metamorphose by flattening into disc-shaped 1996 

structures with septal mesenteries radiating from the central mouth region (Heyward & Negri 1999). 1997 

Early recruits are small, initially less than 1 mm in diameter, and vulnerable to grazing, overgrowth 1998 

and smothering from sediment for the ensuing 12 months (Rogers 1990, McCook et al. 2001, Jones 1999 

et al. 2015b, Moeller et al. 2016).  2000 

6.2.3 Cause-effect pathways 2001 

Many studies have shown correlations between low recruitment success and sediment in situ 2002 

although the specific mechanism(s) or cause-effect pathway(s) underlying this correlation is not 2003 

known (Wittenberg & Hunte 1992, Dikou & Van Woesik 2006, Salinas-de-León et al. 2013, Jokiel et 2004 

al. 2014, Bauman et al. 2015). A range of established and also biologically plausible mechanisms (i.e. 2005 

where there is a credible or reasonable biological and/or toxicological basis linking the proposed 2006 

cause and effect) has recently been described in Jones et al. (2015b). These mechanisms, which are 2007 

based on larval behaviour, chemotaxis, and physical characteristics of the substrate have been 2008 

expanded upon in Figure 6.1, and include: 1) avoidance of small non-consolidated grains that 2009 

prevent attachment or access to suitable underlying substrates (Harrigan 1972, Perez III et al. 2014); 2010 

2) masking, obscuring or deterioration of chemical settlement cues by sediment (Harrington et al. 2011 

2005); 3) the production of inhibitory chemicals from sediment-tolerant organisms (Quéré & 2012 

Nugues 2015, Morrow et al. 2017); and 4) changes in the quality and quantity of light (Mundy & 2013 

Babcock 1998, Fabricius et al. 2016).  2014 

In the presence of these inhibitory factors, or absence of cues to stimulate settlement, coral larvae 2015 

may either continue to seek a more suitable substrate until lipid reserves become depleted and 2016 

death occurs (colloquially referred to as ‘death before dishonour’ – see Figure 6.1)(Raimondi & 2017 

Morse 2000, Bishop et al. 2006), or possibly re-enter the plankton to seek a more suitable reef. The 2018 

larvae may also settle onto sub-optimal microhabitats (colloquially referred to as ‘desperate larva 2019 
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hypothesis’), which may have subsequent consequences for the recruits, juveniles and/or adult 2020 

stages, including increased competition, light-limitation or sediment smothering (Baird & Hughes 2021 

2000, Doropoulos et al. 2016, Moeller et al. 2016). 2022 

6.2.4 Concentration-response thresholds 2023 

The effects of sediments on coral settlement have been investigated in several different ways, 2024 

including examining responses to suspended sediment i.e. sediments kept in suspension expressed 2025 

as mg L-1 (Te 1992, Gilmour 1999), accumulating sediments i.e. to a continual downward flux 2026 

(deposition) of sediment expressed in mg cm-2 d-1 (Babcock & Davies 1991, Babcock & Smith 2002), 2027 

or accumulated sediment i.e. sediments that have settled on surfaces and expressed as mg cm-2 2028 

(Hodgson 1985, Perez III et al. 2014). Often only one of these measurements is reported when 2029 

several cause–effect pathways could be co-occurring, complicating the interpretation of the 2030 

reported thresholds (Jones et al. 2015b). Despite this, there is clear evidence that SSCs have a limited 2031 

impact larval settlement (Babcock & Davies 1991, Te 1992, Humanes et al. 2017), indicating that 2032 

sediment depositing and accumulating on surfaces may represent more significant cause–effect 2033 

pathways (Babcock & Davies 1991).  2034 

The aim of the present study was to experimentally determine and quantify the effects of 2035 

accumulated sediment that result directly and indirectly (via impact to the CRA) in changes to larval 2036 

settlement patterns, and whether these thresholds were influenced by additional factors such as 2037 

light intensity, surface structure and surface aspect. These thresholds may assist regulatory agencies 2038 

assign improved guideline values around turbidity-generating activities such as dredging and land 2039 

run-off near coral reefs, and are also crucial to interpret coral recruitment patterns in naturally 2040 

turbid reefs. 2041 

 2042 
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 2043 

Fig. 6.1 A conceptual diagram showing possible coral settlement behaviour and cause–effect pathways in 2044 
response to sediment stressors, such as suspended sediments, deposited sediment and reduced light. 2045 
Potential mechanisms proposed in Babcock and Davies (1991), Babcock and Mundy (1996), Raimondi and 2046 
Morse (2000), Birrell et al. (2005), Bishop et al. (2006), Doropoulos et al. (2016), and Morrow et al. (2017). 2047 

6.3 Methods 2048 

6.3.1 Coral collection and larval culture 2049 

All experiments were conducted at the National Sea Simulator (SeaSim) at the Australian Institute 2050 

of Marine Science (AIMS, Queensland) using larvae cultured from colonies of Acropora millepora 2051 

(Ehrenberg, 1834). Adult colonies were collected from <8 m depth from an inshore reef of the 2052 

central Great Barrier Reef (Esk Reef: 18°46’ S, 146°31’ E) and from mid-shelf reefs (Davies Reef: 2053 

18°49’ S, 147°39’ E; Trunk Reef: 18°23’ S, 146°48’ E), GBRMPA Permit G12/35236.1. The gravid 2054 

colonies were collected 3 to 5 days before the predicted night of spawning, transported to the 2055 

SeaSim, and placed in outdoor flow-through filtered seawater (FSW) tanks (at temperatures 2056 

equivalent to the collection sites, 27–29°C). Setting colonies were isolated in individual tanks and 2057 

spawning occurred ~2 h after sunset. Egg-sperm bundles from all colonies were gently scooped from 2058 

the surface and cross fertilised for ~45 min in 20 L of 1 µm FSW. The embryos were washed free of 2059 

sperm by transferring them into 20 L of new FSW. This process was repeated three times and the 2060 
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embryos then transferred into 500 L flow-through fiberglass tanks to undergo embryogenesis under 2061 

static conditions. The following afternoon, gentle aeration and water flow was introduced. Water in 2062 

the larval culture tanks and used in experiments were controlled to temperatures between 27 and 2063 

29°C (equivalent to the current temperatures at the collection sites), salinity at 36 ppt, pH at 8.16, 2064 

and dissolved oxygen remained above 90% saturation.   2065 

6.3.2 Substrate types and conditioning  2066 

Round aragonite and PVC settlement plugs (20 mm diameter discs) were used in the experiments. 2067 

Aragonite plugs are commonly used in settlement assays, but PVC plugs can easily be modified to 2068 

create surface structures that represent microhabitat complexity. Each PVC plug had three 2069 

horizontal grooves cut parallel across the surface, including a small groove (1.5 mm wide × 0.7 mm 2070 

deep), a medium groove (2 × 1.8 mm) and a large groove (4 × 2.5 mm) (Fig. 6.2). Before use, the 2071 

plugs were conditioned for ~3 months in seawater and developed a thick assemblage of calcareous 2072 

red algae (CRA) dominated by the species Titanoderma prototypum (70–100% cover) and a smaller 2073 

cover of Peyssonnelia sp. (0–30%). Both CRA types are effective settlement inducers for A. millepora 2074 

larvae (Heyward & Negri 1999, Harrington et al. 2004). While there was no obvious change in CRA 2075 

composition between aragonite and PVC plugs, there was a small reduction in Peyssonnelia sp. 2076 

cover across the three spawning seasons. In addition, a sub-optimal inducer for settlement was 2077 

needed to test potentially subtle effects of light on settlement. Ethanol extracts of the crustose 2078 

coralline algae Porolithon onkodes have been shown to induce settlement, and we applied sub-2079 

optimal concentrations of CCA extract (Heyward & Negri 1999) in some tests to increase the 2080 

sensitivity of the assay for this purpose (0.08% v/v of extract in the final test volume). 2081 

An oblique rectangular prism (two parallelogram-faces and four rectangular sides) was designed to 2082 

assess settlement patterns on various surface aspects (Fig. 6.2 b). The PVC prism had five differently 2083 

orientated surface planes; an upper-side (0°, relative to a horizontal plane), upper-slope (45°), 2084 

vertical-side (90°), under-slope (135°), and under-side (180°). Four plugs could be positioned within 2085 

each plane. 2086 

6.3.3 Sediment types 2087 

Two marine sediment types were used in this study. Carbonate sediment, composed almost entirely 2088 

of aragonite and calcite, was collected from Davies Reef, Great Barrier Reef, Queensland. Carbonate 2089 



109 

 

sediments are typical of reefs away from the influence of river systems. Siliciclastic sediment, 2090 

composed mostly of silicates but also with notable fractions of iron (5% w/w) and aluminium (3% 2091 

w/w), were collected from near Onslow, Pilbara, Western Australia. Mineral characteristics of the 2092 

sediment can be found in Ricardo et al. (2015). Both sediments were milled, screened and dried to 2093 

< 63 µm. The sediments were then separated into two size classes, and the particle size distribution 2094 

measured for each class using laser diffraction techniques (Mastersizer 2000, Malvern Instruments 2095 

Ltd), yielding a final modal size of 16 µm and 48 µm. These values correspond to ‘fine silt’ and ‘coarse 2096 

silt’ respectively (Udden–Wentworth scale). Each type of sediment had relatively low 2097 

concentrations of total organic carbon (~0.3% w/w), comparable to that found in Western Australia 2098 

(DEC 2006), although sediment processing likely reduced the active microbial community. 2099 

River sand was additionally used in experiments to prevent the larvae from settling on the sides of 2100 

settlement plugs. The river sand was sieved to > 2 mm, autoclaved and washed in 0.4 µm FSW for a 2101 

minimum of six days to ensure the sand did not affect water quality in settlement experiments.2102 

 2103 

Fig. 6.2 Design of the PVC settlement plug and the settlement prism. a) geometry and dimensions of the 2104 
settlement plug containing three parallel grooves (referred to as small, medium and large grooves), b) the 2105 
settlement prism which holds the settlement plugs at five different aspects referred to as upper-side (0°), 2106 
upper-slope (45°), vertical-side (90°), under-slope (135°) and under-side (180°). Grey circles are slots where 2107 
the settlement plugs are positioned. 2108 

6.3.4 Light intensity 2109 

Two light regimes were applied in the experiments; either a constant exposure of light, or a variable 2110 

exposure that matches the change in light intensity throughout a day. Light regime 1 (constant) had 2111 

six light levels supplied for 12 h at a constant irradiance of 0.5, 5, 14, 47, 140, 470 photosynthetically 2112 

active radiation (PAR, µmol photons m-2 s-1). The 12-h period is relevant to the diurnal (day-time) 2113 

period larvae may encounter upon approaching a reef. Light regime 2 (variable) also had six light 2114 
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levels, but light levels increased from darkness to a midday peak (0.5, 5, 14, 47, 140, 470 µmol 2115 

photons m-2 s-1) then decreased linearly to darkness, corresponding to daily light integrals (DLI) of 2116 

0.01, 0.1, 0.3, 1, 3, 11 mol photons m-2 d-1, typical of the DLI range found during autumn spawning 2117 

in Western Australia (Jones et al. 2016). Light was applied using LED aquarium lights (Hydra, 2118 

AquaIllumination), and ~12 h light/dark with light set to start and finish at local sunrise and sunset 2119 

times. PAR was measured with an Apogee Quantum light sensor (MQ-100), and the values were 2120 

corrected for LED blue-light, which made up most of the wavelengths (Fig. S 6.1). The lower light 2121 

intensities were measured with a Jaz Spectrometer (Jaz-EL200).   2122 

6.3.5 Experiment 1 — Deposited sediment and surface aspect 2123 

To assess whether coral settlement patterns on several differently oriented surfaces changed with 2124 

increasing levels of deposited sediment, larvae were provided CRA-covered plugs embedded in 2125 

different planes of the prism. Larvae only settled on the conditioned plugs, allowing settlement 2126 

patterns to be clearly quantified. Different amounts of coarse carbonate silt (None, Very Low, Low, 2127 

Medium, High, Very High) were added to the different 5-L aquaria and thoroughly mixed with FSW 2128 

to create different SSCs. The sediment was left to settle overnight (~12 h), resulting in various 2129 

deposited sediment levels on the upward-facing surfaces (0˚ and 45˚) of prism. The deposited 2130 

sediment levels on the upper-side horizontal surface (0˚) corresponded to ~0, 5, 15, 30, 90, and 180 2131 

mg cm-2. Five replicate aquaria were used per treatment in addition to a variable light regime that 2132 

resulted in a DLI of 3 mol photons m-2 d-1 on the upper horizontal surface. Approximately 100 larvae 2133 

were then added to each aquarium, and left for 24 h to choose a settlement site. The proportion of 2134 

larvae settling on each surface aspect or not settled was then recorded, with the data for the four 2135 

plugs per surface pooled. Sediment from all plugs were carefully removed (pooled per surface), 2136 

filtered onto a 0.4 µm filter, dried at 60°C for 24 h, and weighed to determine the level of deposited 2137 

sediment for each surface.   2138 

6.3.6 Experiment 2 — Deposited sediment on upward-facing surfaces 2139 

Settlement inhibition thresholds for deposited sediments of two sediment types (carbonate and 2140 

siliciclastic) and two grain size fractions (fine and coarse silt) on the upper-surfaces were determined 2141 

in 60 mL glass jars (Plasdene Glass-pak). Forty jars were used for each sediment type and grain size 2142 

combination (i.e. carbonate fine, carbonate coarse, siliciclastic fine, siliciclastic coarse). For each 2143 
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trial, five replicates across eight deposited sediment treatments (0, 0.3, 1, 3, 10, 30, 100, 300 mg 2144 

cm-2) were used, with the control defined as plugs without deposited sediment (Fig. 6.3 a). These 2145 

deposited sediment levels generally cover the range of amounts recorded in situ (Goatley & 2146 

Bellwood 2010, Tebbett et al. 2017). 2147 

Within each jar, a flat CRA-covered aragonite plug was embedded into ~1 cm river sand until the 2148 

surface of the plug was flush against the sand surface. Pre-weighed sediments were mixed with 0.4 2149 

µm filtered seawater (FSW), added to each jar, and left to deposit on the plugs for ~6 h until the 2150 

water appeared clear. Ten larvae were then transferred to each jar using disposable 1 mL plastic 2151 

pipettes with care taken not to disturb the settled sediment. All jars were covered to prevent 2152 

evaporation of water. After 24 h, the proportion of settlement was determined using the definition 2153 

of metamorphosis described in Heyward and Negri (1999). To visually assess larval behaviour in the 2154 

presence of sediment, larvae were photographed at 10 s intervals for ~2.5 h, and the images 2155 

combined into a time-lapse. To compare flat plugs (as used above) with plugs containing grooves, 2156 

the above experiment was repeated the following year using PVC plugs, in addition to coarse 2157 

carbonate silt. 2158 
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 2159 

Fig. 6.3 Calcareous red algae settlement plugs used in the settlement assays. a) Experimental set-up of 2160 
Experiment 2 for coarse-silt carbonate sediment at 0, 0.3, 1, 3, 10, 30, 100, 300 mg cm-2. Red-lines indicate 2161 
the approximate range of the EC10 among sediment types. b) Settlement plugs used in Experiment 3 after 2162 
coarse-silt carbonate sediment was removed following 6-d exposure at 0, 3, 10, 100 mg cm-2. White tissue 2163 
indicates pigment loss.  2164 

6.3.7 Experiment 3 — Smothered CRA 2165 

A variation on Experiment 2 enabled us to assess whether temporary smothering of CRA impacted 2166 

settlement (Fig. 6.3 b). Similar to methods described above, conditioned plugs with a complete 2167 

surface-film of CRA were covered in 0, 0.3, 1, 3, 10, 30, 100, 300 mg cm-2 of coarse carbonate silt in 2168 

60 mL glass jars. Once the sediment had completely settled, the jars were placed in a 12-cm deep 2169 
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plastic tray with free-flow of FSW added in such a way as to not agitate the sediment within the jars. 2170 

The tray was kept under a DLI of 3 mol photons m-2 d-1. After 6 days, sediments were washed off the 2171 

plugs using FSW, then embedding in river-sand (as described previously) and settlement success 2172 

tested using 10 larvae per jar. 2173 

During the assessment of settlement, each CRA-covered plug was photographed at a constant 2174 

exposure and magnification. The proportions of healthy and bleached (white) CRA in 32-bit RGB 2175 

images (TIFF) were measured using ImageJ (v1.49) (Schneider et al. 2012). The background edge-2176 

effects of the plug and areas not containing CRA (such as other algae, sand grains or coral recruits) 2177 

were manually removed prior to analysis in all images. Images were converted to a 32-bit floating-2178 

point greyscale containing 255 pixel-intensity units. The threshold for ‘healthy CRA’ and ‘bleached 2179 

CRA’ was set manually based on the control (not sediment exposed) plugs. Healthy CRA was defined 2180 

as ranging between 1 and 170 intensity units (darker pixels), whereas bleached CRA ranged in pixel 2181 

units between 170 and 255 intensity units (lighter pixels).   2182 

6.3.8 Experiment 4 — Light intensity and surface structure 2183 

To determine if light intensity and surface structure affects larval settlement patterns, larvae were 2184 

exposed to a realistic Light regime 2 in addition to conditioned (CRA covered) PVC plugs containing 2185 

grooves. Four plugs were placed in the upper-side (0˚) of a prism (Fig. 6.2 b) in 5 L aquaria with four 2186 

replicate aquaria per light treatment. Fifty larvae were then added to each aquarium and after 24 h 2187 

the number of larvae that settled within each groove type was assessed. All aquaria were assessed 2188 

to confirm larvae had only settled on the plugs. 2189 

6.3.9 Experiment 5 — Light intensity 2190 

To determine if light intensity impacts larval settlement, 10 competent larvae (>4-d-old) were added 2191 

to each well of 6-well tissue culture plates containing a sub-optimal settlement cue concentration 2192 

(8 µL of crustose coralline alga extract) and 10 mL of FSW. Two 6-well plates (total of 12 replicate 2193 

wells) were added to each light level of Light regime 1 and settled larvae were counted after 12 h. 2194 

This experiment was repeated with a separate culture of genetically different larvae using 18 2195 

replicate wells per light level (total number of replicate wells per treatment = 30).   2196 
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6.3.10 Statistical Analysis 2197 

In Experiment 1 and 4, data were initially fitted with a poisson log-linear generalized linear mixed 2198 

model (GLMM), which can be used as a surrogate model for multinomial data (Venables & Ripley 2199 

2013), using R (v. 3.3.1). Overdispersion was then accounted for by refitting the data to a negative 2200 

binomial mixed model using the package glmmADMB (Zuur et al. 2009a). Models were compared 2201 

by adding and removing predictor variables, and assessed using likelihood ratio tests. Adding 2202 

‘aquaria’ as a random factor did not improve either model, so ultimately a negative binomial GLM 2203 

was selected for both experiments. Experiment 1 was also fitted with poisson generalized additive 2204 

models (GAM) using the package gam for easier visual interpretation by treating the predictor 2205 

variable (the surface aspect) as continuous. Additionally in Experiment 1, the overall decrease in 2206 

settlement success in each sediment treatment scenario was compared with the control (no 2207 

sediment), by combining the data for coral settlement at each surface aspect, and then analysed as 2208 

a proportion of the total larvae added, using a logit-link binomial GLMM with ‘aquaria’ as a random 2209 

factor (Zuur et al. 2009a). The proportion of settlement success on the upward-facing surfaces in 2210 

Experiment 1–3 were fitted with nonlinear regression four-parameter logistic models using 2211 

GraphPad Prism (v.7). For each model, the bottom of the curve was constrained to 0% as best-fit 2212 

line approached 100% inhibition. EC10 values (the deposited sediment level that causes 10% 2213 

inhibition of settlement) were determined for each assay. EC50 values for each sediment type 2214 

(carbonate, siliciclastic) and silt size (fine, coarse) were compared using global nonlinear regression 2215 

with parameters shared if there was no evidence that they were different (Motulsky & Christopoulos 2216 

2004). The assay comparing flat plugs with grooved plugs was analysed in the same way but one 2217 

replicate sample was removed from the analysis because the CRA became rapidly diseased 2218 

(identified as bright orange regions). In Experiment 5 (light intensity), the data from the two assays 2219 

were combined and fitted with a quadratic-polynomial model. 2220 

6.4 Results 2221 

6.4.1 Experiment 1 — Deposited sediment and surface aspect 2222 

In the control (no sediment) treatment, larvae preferentially settled on the two upward facing 2223 

surfaces i.e. upper-side (0˚): 38% (95% CI: 27–53%) and upper-slope (45˚): 20% (14–29%) (Table S 2224 

6.1), compared to the downward facing surfaces. This settlement pattern progressively reversed  2225 
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under increasing deposited sediment levels with larvae 

generally changing their settlement preference from 

the upward-facing to the downward-facing surfaces 

(Fig. 6.4 a-f). No or very little sediment was observed on 

the vertical (or downward facing surfaces) and <10% of 

the larvae settled on the vertical sides regardless of 

sediment treatment. On the upper-side, deposited 

sediment at 69 (95% CI: 17–N/A) mg cm-2 was 

associated with a 10% decrease in settlement (EC10), 

representing a change in settlement preference to less 

sediment covered sides (Fig. 6.5 b). Overall, there was 

no difference in settlement between the different 

sediment treatments when all larvae from all surfaces 

were counted (Fig. 6.5 a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4 Experiment 1. Numbers of settled larvae across 
different surface aspects (0–180 degrees) (black lines) and 
deposited sediment levels (mg cm -2) (red lines). Each 
scenario was titled based on the deposition amount 
measured on the upper surface. 
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 2226 

Fig. 6.5 Experiment 1. Total settlement responses on the settlement prism. a) Percent of total settlement in 2227 
each sediment treatment regardless of surface aspect. b) Concentration–response relationships between 2228 
sediment deposition levels and percent settlement success for only the upper surface (0˚). Black: Model 2229 
predicted mean ± 95% CI. Grey: Raw data. Red dashed line indicates the EC10 value. 2230 
Experiment 2 — Deposited sediment on upward-facing surfaces 2231 

There was rapid settlement directly onto the CRA covered plugs, with most larvae attaching and 2232 

metamorphosing within 1 to 2 h. Settlement on the upward-facing surfaces of the CRA-covered 2233 

plugs was high (controls: 89 ± 1%). EC10 values (10% inhibition of settlement compared with the 2234 

control) occurred in response to deposited sediments between 0.9 and 4.2 mg cm-2 (carbonate fine 2235 

silt: 1.3 mg cm-2 (95% CI: 0.35–3.3); carbonate coarse silt: 2.9 mg cm-2 (1.2–5.8); siliciclastic fine silt: 2236 

4.2 mg cm-2 (2.4–6.4); siliciclastic coarse silt: 0.9 mg cm-2 (0.1–3.6)) (Fig. 6.6 a–d). These values 2237 

equate to a fine film or veneer of sediment over the plug (Fig. 6.3 a). There were no significant 2238 

differences between the EC50 values of any sediment type or particle size fraction (F3,148 = 1.38, p = 2239 

0.251).  2240 

When plugs with grooves were compared to flat plugs, there was a significant difference in 2241 

sensitivity to deposited sediments (EC50: F1,91 = 9.86, p = 0.002), and the EC10 increased (from 2242 

16 mg cm-2 to 29 mg cm-2) because larvae could settle on the sides of the grooves until they were 2243 

completely infilled with sediment (Fig. 6.6 e). Considering all sediment types, the mean of the EC10 2244 

values on the flat plugs was 5.1 mg cm-2. 2245 

  2246 

6.4.2 Experiment 3 — Smothered CRA 2247 

The threshold for settlement inhibition (EC10) on CRA plugs that were previously smothered by 2248 

sediment for 6 d was 7.2 mg cm-2 (95% CI: 0.94–46) (Fig. 6.7 a), and CRA smothered to this extent 2249 



117 

 

was 53% (95% CI: 47–60%) bleached (Fig. 6.3 b; Fig. 6.7 b). The correlation between CRA bleaching 2250 

and larval settlement was statically significant (F1,38 = 28.01, p < 0.001), and CRA bleaching explained 2251 

42% of the settlement variation. 2252 

 2253 

Fig. 6.6 Experiment 2. Inhibition of settlement of A. millepora on upward-facing sediment-covered CRA plugs. 2254 
Deposited sediment–response relationships with plugs covered in sediments of a) fine-silt carbonates, b) 2255 
coarse-silt carbonates, c) fine-silt siliciclastics and, d) coarse-silt siliciclastics. Each deposited sediment 2256 
treatment had 5 replicate samples with 10 larvae per sample. e) Deposited sediment–response relationships 2257 
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with flat and grooved CRA plugs covered in coarse-silt carbonates. Top and Slope parameters of the models 2258 
were shared. Each deposited sediment treatment had 6 replicate samples with 10 larvae per sample. For all 2259 
models, grey shaded areas represent the 95% confidence bands and symbols represent the raw mean ± SE 2260 
of the data. Red dashed lines indicate EC10 threshold values. 2261 

 2262 
 2263 

  2264 
Fig. 6.7 Experiment 3. Percent settlement success and bleaching on CRA plugs previously smothered for 6 d 2265 
with coarse silt carbonate. a) Inhibition of settlement of A. millepora on CRA plugs after sediments were 2266 
removed. There were five replicate jars per sediment treatment, with 10 larvae used per jar to assess 2267 
settlement after sediment smothering. Red dashed lines indicate the EC10 value.  b) Percent of pigment loss 2268 
(bleaching) on CRA plugs. Red dashed line indicates the corresponding bleaching response at the EC10 derived 2269 
from the settlement assay.  2270 

6.4.3 Experiment 4 — Light intensity and surface structure  2271 

Very few larvae settled outside of the parallel grooves (3 ± 1, mean ± SE), with the greatest number 2272 

of larvae settling in the largest groove (13 ± 1). However, the largest groove had >3-fold larger 2273 

surface area compared to the smallest groove, and when each groove was normalized by surface 2274 

area, the greatest density of settled larvae were found to be on the smallest groove (21 ± 2 settlers 2275 

cm-2) (Fig. 6.8 a). Based on AICs, there was no effect of light-intensity (χ2 = 0.841, p = 0.359) under a 2276 

realistic diurnal cycle (Light regime 2), and therefore the final model only contained surface 2277 

structure as a factor.   2278 

6.4.4 Experiment 5 — Light intensity 2279 

Settlement success peaked (70%) at 6.9 µmol photons m-2 s-1 (95% CI: 1.6–27) following settlement 2280 

induction by sub-optimal concentrations of CCA extract. A 10% settlement decrease (EC10) occurred 2281 

at low light 1.4 µmol photons m-2 s-1 (95% CI: 0.7–3.4) and high light 33 µmol photons m-2 s-1 (95% 2282 
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CI: 12–67) (Fig. 6.8 b).  2283 

  2284 
Fig. 6.8 Experiment 4 and 5. Settlement success of A. millepora larvae across various light intensities and 2285 
surface structures. a) Number of settlers across various surface structures (groove types) adjusted for surface 2286 
area over a 24-h-period using a strong settlement inducer (condition plugs in CRA). There were 24 replicates 2287 
of each groove type. b) Settlement success at constant light intensity steps (over the range between ~0.5 and 2288 
473 µmol photons m-2 s-1) for 12 h. Data were pooled from two days using two cultures with 30 replicate 2289 
wells per light treatment with 10 larvae per replicate well. Red dashed lines indicate EC10 values.   2290 

6.5 Discussion 2291 

6.5.1 Summary 2292 

Previous research has suggested that sediment impacts coral recruitment more than adult stages 2293 

(Fabricius 2005, Erftemeijer et al. 2012b, Jones et al. 2015b), and this study formally quantified the 2294 

impacts of deposited sediment and light intensity on larval settlement. Larvae preferred to settle 2295 

on surfaces that are virtually free of sediments, and that deposited sediment loads of ~5 mg cm2, 2296 

which is equivalent to only a thin (~<150 µm) veneer of silt-sized sediment, can influence settlement 2297 

preferences. The study also shows that settlement of A. millepora larvae is reduced if surfaces that 2298 

are attractive for settlement (calcareous red algae, CRA) have recently been covered by sediment, 2299 

regardless of whether there was any sediment present at the time of settling. These results have a 2300 

range of implications for managing the effects of sediment on coral reefs, and notably within the 2301 

context of dredging activities during environmentally sensitive period such as coral spawning (Jones 2302 

et al. 2015b). 2303 

6.5.2 Deposited sediment and surface aspect 2304 

The majority of A. millepora larvae preferred to settle on upward facing-surfaces, but if these 2305 

surfaces were covered in silt, larvae instead chose downward facing, sediment-free surfaces to 2306 
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settle on. Despite these pronounced changes in settlement preferences there was no overall 2307 

reduction in the number of larvae settling on the prisms in the different sediment treatments; that 2308 

is, larvae ultimately found a surface to settle on. This result is consistent with other studies 2309 

(Birkeland 1977, Babcock & Davies 1991), perhaps owing to adequate conditions associated with 2310 

these under-surfaces including a strong settlement inducer, sufficient light levels and an absence of 2311 

competition. Since the larvae were introduced to the tanks after all the sediment had fallen out of 2312 

suspension, and the overlying water lacked any turbidity, this switch in settlement preference was 2313 

exclusively related to the presence and quantity of unconsolidated sediment accumulated on the 2314 

plugs. While a proportion of the A. millepora larvae appear to prefer settlement on sediment-free 2315 

upward-facing surfaces (see also Babcock and Davies (1991)), these trends have not been observed 2316 

in situ (Babcock & Smith 2002). This conflict may be in part explained by low levels of sediment 2317 

accumulating in the controls/references of the field study (reported as 0.76 to 1.32 mg cm-2 d-1 over 2318 

the 4 to 8 d exposure period), with the sediment possibly accumulating to within the very low 2319 

thresholds found here that affect larval settlement on flat horizontal surfaces. Additionally, 2320 

preferences of natural settlement inducers and competitors to colonise certain surface orientations, 2321 

as well as predation of newly settled recruits on exposed surfaces may also determine responses 2322 

observed in situ (Raimondi & Morse 2000, Baird et al. 2003, Doropoulos et al. 2016). Settlement on 2323 

vertical surfaces was low, even in the sediment-free treatments, but it remains unclear why larvae 2324 

did not select these surfaces.  2325 

When the larvae were only offered a single horizontal flat surface for settlement, they showed a 2326 

strong aversion to a very thin layer of sediment, regardless of sediment type or grain size. The 2327 

settlement inhibition thresholds for each sediment type and grain size were similar although 2328 

settlement on coarse-grained carbonate sediment was slightly higher in one spawning year, likely 2329 

due to slight differences in larvae competency and CRA assemblages, or a change in plug material 2330 

(grooves could only be manufactured on PVC plugs). It is possible that particle grain size could 2331 

produce differences in settlement had a wider range of particle sizes been compared i.e. silts (<63 2332 

µm) versus sands (>63−2000 µm); however, the silt-sized sediments used in this study are typically 2333 

of those associated with sediment plumes from natural resuspension events, dredging, and dredge 2334 

spoil disposal (Bainbridge et al. 2012, Jones et al. 2016). Grooved plugs offered some minor refuge 2335 

to deposited sediment in comparison with flat surfaces because the vertical wall of the groove did 2336 

not accumulate sediment at low deposition levels. However, as the deposited sediment levels 2337 
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increased, the grooves became infilled, causing complete inhibition of settlement. 2338 

Thin tracks were regularly observed on the sediment-covered plugs where larvae had searched 2339 

across the surface for suitable attachment sites (see also Perez III et al. (2014)). In preliminary 2340 

experiments larvae were regularly observed settling on sediment-free surface just a few mm away 2341 

from thick deposits of sediments. Collectively these observations suggest the larvae could detect a 2342 

settlement cue and were not averse to contact with the loose sediment. The larvae searched the 2343 

substrate for a place of settlement with their aboral end as described by Harrigan (1972), and at the 2344 

time of attachment, we observed mucous production between the aboral end and the substrate, 2345 

consistent with previous observations of Harii and Kayanne (2002). It is not known if the mucus is 2346 

produced to provide initial attachment to the substrate or to clean the site before metamorphosis. 2347 

At high accumulated sediment levels, long strands of mucus were often observed, which could be a 2348 

stress response (sediment clearing) or an increased effort to prepare surfaces for attachment. When 2349 

the sediment film was reasonably thin or not continuous, the larvae were capable of burrowing into 2350 

the sediment to find the substrate but this behaviour was drastically reduced with thicker sediment 2351 

films. Minor gregarious settlement groupings of 3 or 4 individuals were also observed, which may 2352 

assist the larvae to burrow into the settlement or create some elevation above the sediment layer.  2353 

6.5.3 Smothered CRA 2354 

Larvae avoided settling on the CRA-encrusted plugs that had previously been smothered with 2355 

sediment, even though the sediment had been removed from the plugs at the time of settlement. 2356 

The smothering of the CRA by sediment caused it to discolour or ‘bleach’, and this is the first study 2357 

to describe a direct link between decrease in larval settlement and changes in the health of the CRA 2358 

from sediment smothering. Only a temporary 6-d sediment smothering of low-level deposited 2359 

sediment (7 mg cm-2) caused a decrease in larval settlement, which corresponded with ~50% 2360 

bleaching (increased whiteness) of the CRA plugs. Harrington et al. (2005) described similar pigment 2361 

loss and reduced photosynthetic efficiency in CRA-smothered settlement tiles, albeit following 2362 

smothering at ~100 mg cm-2 of sediment over a shorter time-period. However, pigment loss on CRA 2363 

plugs only explained 42% of the variation in larval settlement success, indicating that tissue 2364 

bleaching and the immediate loss of the colour red (see Mason et al. (2011)) may not be a reliable 2365 

indicator to predict quality changes of the CRA as a settlement inducer. Sediment-smothering may 2366 

reduce light available to the CRA, and could possibly cause anoxic conditions that inhibit settlement 2367 
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due to a deterioration of settlement cues or a release of chemicals by the algae related to cellular 2368 

stress. Although the plugs were colonised predominantly with T. prototypum and Peyssonnelia spp., 2369 

variability in settlement between plugs may indicate subtle differences in coverage, species 2370 

assemblage, or susceptibility to sediment-smothering (Harrington et al. 2005).  2371 

Coral larvae show a settlement preference to only a few species of CRA — including T. prototypum 2372 

and Peyssonnelia spp. identified on the settlement plugs (Heyward & Negri 1999, Price 2010, 2373 

Doropoulos et al. 2012), and decrease in abundance of these ecologically important species could 2374 

have a disproportionate effect on recruitment success (Harrington et al. 2004, Price 2010, 2375 

Doropoulos et al. 2012). Corals may have adapted to seek substrates covered in such pioneering 2376 

species as a guide to select an area of the reef with low competition, adequate light levels and low 2377 

in sedimentation (Fabricius & De'Ath 2001, Vermeij & Sandin 2008, Price 2010, Smith et al. 2016). 2378 

Continued smothering of CRA in areas of high sediment deposition, in addition to sediment-related 2379 

light attenuation (Riul et al. 2008), may lead to long-term loss of the crustose algae community, 2380 

impacting future recolonisation of disturbed reefs. More work is needed to determine if the trends 2381 

observed here are consistent across other CRA species and communities. 2382 

6.5.4 Light intensity and surface structure 2383 

Surprisingly, there was no evidence of light intensity affecting larval settlement under 2384 

environmentally realistic conditions (Experiment 4). Responses to light intensity may be species-2385 

specific (Morse et al. 1988, Babcock & Mundy 1996, Mundy & Babcock 1998), and other factors 2386 

associated with light could play an important role in site selection for larval settlement including 2387 

spectral changes and substrate colour (Morse et al. 1988, Mundy & Babcock 1998, Mason et al. 2388 

2011), but were not tested here. Nevertheless, larvae readily settled in near darkness, suggesting 2389 

that either phototactic behaviour is comparatively weak for settlement in A. millepora and/or 2390 

chemotaxic cues from the CRA settlement inducer overwhelmed the influence of light intensity. For 2391 

example, in the presence of a subtle settlement inducer and a constant light regime (Experiment 5), 2392 

there was some settlement inhibition at very low, or medium–high light intensities, suggesting that 2393 

larvae may, under some circumstances, defer settlement on sun-exposed or very low light surfaces 2394 

(Jokiel et al. 1985). Such very low light intensities may occur during extreme turbidity, that 2395 

substantially reduce the light at depth and within crevices and overhangs (Bak 1978, Jones et al. 2396 

2016). However, light measurements presented in this study should be considered with some 2397 
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caution, as spectral wavelengths and intensities can occur outside of the detection limits of our light-2398 

meter, and the reduction in light within grooves, which could not be measured, is expected to be 2399 

substantial (Doropoulos et al. 2016). 2400 

6.5.5 Ecological relevance 2401 

Sediments released into the water column can affect many different stages of the reproductive cycle 2402 

including the egg sperm bundles and fertilisation (Ricardo et al. 2015, Ricardo et al. 2016b), 2403 

embryogenesis (Ricardo et al. 2016a, Humanes et al. 2017) and settlement (Gilmour 1999, Perez III 2404 

et al. 2014). This study demonstrated that very low levels of accumulated sediment can alter larvae 2405 

settlement preferences of a common broadcast spawner. There is scarcity of in situ information on 2406 

enduring deposited sediment levels under ordinary background conditions or during and after 2407 

dredging events (Jones et al. 2016), but estimates indicate background levels could settle and 2408 

accumulate to tens of mg cm-2 (Goatley & Bellwood 2010, Tebbett et al. 2017, Whinney et al. 2017), 2409 

before being resuspended by storm events (Wolanski et al. 2005, Storlazzi et al. 2009). The threshold 2410 

values we report for settlement are likely to occur even within background conditions and this may 2411 

in part explain why recruits are often found attached to under-sides in situ (Babcock & Davies 1991, 2412 

Maida et al. 1994, Babcock & Smith 2002). Inhibition responses may be further complicated in reef 2413 

systems where competition and allelopathy further limit access to suitable areas for settlement and 2414 

growth (Birrell et al. 2005, Doropoulos et al. 2016, Morrow et al. 2017). Dredging activities result in 2415 

much higher accumulated sediment loads on the seabed, as sediments are typically released into a 2416 

relatively calm water column (compared to natural resuspension events) and the hydrodynamics 2417 

are insufficient to keep the sediments in suspension (Bak 1978, Jones et al. 2016). In recognizing this 2418 

risk, development proponents in Australia are usually required to avoid dredging activities for ~2 2419 

weeks when corals are spawning (Jones et al. 2015b, EPA 2016). Large-scale dredging projects create 2420 

sediment deposition zones around the excavation and dredge material placement sites, as 2421 

temporarily resuspended sediments settle back to the seabed. The results of this study show that 2422 

low levels of loose unconsolidated sediments can alter larval settlement preferences either, by 2423 

directly acting on the coral larvae, or indirectly by reducing the health and ecological function of 2424 

CRA-covered surfaces. Therefore, while the shut-down period may improve conditions for the 2425 

fertilisation and larval life-history stages (Humphrey et al. 2008, Ricardo et al. 2015, Humanes et al. 2426 

2016), the shutdown period may be less effective for addressing the impact of deposited sediments 2427 
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on recruitment. To improve predictions of likely impacts of dredging on larval settlement, further 2428 

research is needed to better define the background/dredging deposited sediment interface, and 2429 

document how this interface changes during the ~2 week shut-down period. 2430 

It is difficult to evaluate the ecological significance of the change in the settlement preference away 2431 

from upwards facing (i.e. light–exposed but sediment influenced) surfaces to more downward facing 2432 

(and hence more poorly illuminated but sediment-free) surfaces. Although there was no difference 2433 

in the total number of larvae that settled between treatments in this study, that was only because 2434 

alternative, sediment-free surfaces (downward-facing planes) with suitable CRA settlement cues 2435 

were provided (cf the difference between experiments 1 and 2). The question then becomes what 2436 

is the availability of alternative sediment-free substrates for larvae to settle on in the field, are they 2437 

limiting, and what are consequences of settling there for post settlement survival? Recruits growing 2438 

in shaded areas may suffer greater mortality and impaired growth rates compared to those in 2439 

unshaded areas (Baird & Hughes 2000, Box & Mumby 2007) and this is likely relevant for larvae 2440 

settling on downward-facing surfaces. On the other hand, larvae that settle in exposed areas may 2441 

be subject to continued sedimentation (Fabricius et al. 2003, Moeller et al. 2016). Cryptic 2442 

microhabitats, such as crevices, holes, grooves, nooks and crannies which larvae tend to prefer, also 2443 

may not provide refuge, because they are likely to trap more sediment compared to exposed 2444 

surfaces. Regardless of the issues with sub-optimal settlement sites, this study highlights the 2445 

importance of a three-dimensional coral reef framework in providing alternative settlement 2446 

options. Difficulties in evaluating the ecological significance of settlement preference changes also 2447 

remains challenging because many studies on the effects of sediments on coral recruitment appear 2448 

to conflict. But apparent disagreement may be explained by limited reporting of sediment 2449 

characteristics (i.e. particle size, composition, organic content, deposition levels, resuspension rates 2450 

and toxicants etc. sensu Jones et al. (2016)), and differences in the methodologies used to assess 2451 

settlement success (Abelson & Gaines 2005).  2452 

6.5.6 Conclusion 2453 

Deposited sediment impacts the larval behaviour at low levels on upward facing surfaces, but 2454 

uncertainty remains on how thresholds determined here relate to in situ conditions, and how 2455 

changes in settlement patterns translate to post-settlement impacts. Given these gaps in 2456 

knowledge, a precautionary approach to managing turbidity-generating events such as dredging in 2457 



125 

 

the weeks following coral spawning should continue. 2458 
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7 Chapter 7 — Discussion 2472 

7.1 Summary and Objectives 2473 

Coral reefs are increasingly subject to global and local disturbance events, and the survival and 2474 

success of coral early life history stages maximises the chances of reef regeneration and recovery 2475 

following disturbances. Human activities such as dredging can negatively affect early life stages, but 2476 

the extent that dredging poses as a risk remains uncertain without a better understanding of the 2477 

mechanisms or concentration thresholds whereby sediment impacts these stages. To that end, the 2478 

aim of this thesis was to improve the understanding of dredging-related impacts on the key early 2479 

life phases of broadcast spawning corals by performing a series of controlled aquarium sediment 2480 

experiments to identify cause–effect pathways and determine pressure–response relationships. 2481 

This involved identifying and addressing gaps in knowledge recognised in the review which was 2482 

summarised in the General Introduction, and sequentially examining the impacts of sediments on 2483 

five early life history phases — from effects on the egg-sperm bundles through to larval settlement 2484 

and metamorphosis.  2485 

Objectives of the individual data chapters were to: 2486 

1. Determine if sediment can impact the ascent of the coral egg–sperm bundle, and determine 2487 
concentration–response thresholds, cause–effect pathways, and scenarios under which 2488 
ballasting occurs (Chapter 2). 2489 

2. Identify the cause–effect pathways that prevent coral gametes fertilising when exposed to 2490 
suspended sediments (Chapter 3). 2491 

3. Determine thresholds for different sediment types on coral fertilisation success and explain 2492 
factors for any variation (Chapter 4). 2493 

4. Assess the impacts of sediments on embryogenesis and larval development, and derive 2494 
thresholds and cause–effect pathways (Chapter 5). 2495 

5. Determine concentration–response thresholds and cause–effect pathways of how sediment 2496 
directly and indirectly impacts coral larval settlement, and explain factors for any variation 2497 
(Chapter 6). 2498 

 2499 

The broad outcomes from the data chapters are first individually summarised below, before a more 2500 

comprehensive discussion on the comparative sensitivities of individual stages, and risks posed by 2501 

elevated sediments.  2502 

 2503 
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7.1.1 Determine if sediment can impact the ascent of coral egg-sperm bundles, and from this 2504 

determine concentration–response thresholds, cause–effect pathways, and scenarios under 2505 

which ballasting occurs (Chapter 2). 2506 

One of the potential or ‘biologically-plausible pathways identified (see General Introduction) was 2507 

that suspended sediment would adhere to ascending egg-sperm bundles, and affect their buoyancy 2508 

to the degree that they sank. This mechanism has never previously been investigated, and my 2509 

preliminary assays indeed showed that relatively few sediment grains were capable of impacting 2510 

the bundle ascent rate (Fig. 7.1). A mechanistic mathematical model was subsequently developed 2511 

to determine conditions that were favourable to bundle ballasting. The model predicted ballasting 2512 

would increase with SSCs, particle grain size, and depth of the spawning adult colony. Specifically, 2513 

larger grain sizes and adult colonies spawning in deeper waters reduced the SSC–ballasting 2514 

threshold. Sediment grains were assumed to adhere to the mucous membrane of the egg-sperm 2515 

bundle and this was confirmed via optical microscopy and backscatter scanning electron microscopy 2516 

(Fig. 7.1) (Chapter 2). The model was validated using laboratory sediment-column assays. If egg-2517 

sperm bundles were spawned from adult colonies at 10-m depth and exposed to settling coarse silt, 2518 

10% of the bundles would be expected to sink at EC10 ~70 mg L-1. The loss of bundles reaching the 2519 

water surface would translate to a quadratic decrease in egg–sperm encounter rates (a proxy for 2520 

fertilisation success), equating to a 10% decrease in rates occurring at 53 mg L-1.  2521 

 

 Fig. 7.1 An egg-sperm 
bundle covered in coarse 
silt sediment. 
Approximately 50 grains 
of this particle size (~50 
µm) are capable of 
sinking egg-sperm 
bundles.  
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7.1.2 Identify the cause–effect pathways that prevent coral gametes fertilising when exposed to 2522 

suspended sediments (Chapter 3). 2523 

The fertilisation of coral eggs that successfully reach the surface may be further impacted by grains 2524 

of suspended sediments. In Chapter 3, I provided evidence that sperm limitation occurred when 2525 

gametes were exposed to elevated SSC. The predominant cause–effect pathway was identified 2526 

using scanning electron, optical and video-microscopy and involved sediment–sperm floccing, with 2527 

sperm becoming entangled within clumps of sediment, and subsequently sinking away from the 2528 

unfertilised eggs. Eggs were capable of being fertilised even when exposed to very high SSC, but 2529 

sperm exposed to sediment led to a general decrease in fertilisation success. Sperm counts in the 2530 

upper-layer of the samples confirmed the loss of sperm (principally following exposure to siliciclastic 2531 

sediments). Sperm limitation is only important when sub-optimal sperm concentrations are present, 2532 

with elevated SSCs causing sperm numbers to decrease below the necessary threshold for 2533 

fertilisation success. Furthermore, extended gamete exposure to elevated SSCs before fertilisation 2534 

(referred to as gamete aging) led to increased impacts on fertilisation success. The combined impact 2535 

of decreasing sperm concentrations in concert with aging gametes during sediment exposure, would 2536 

thus lead to an overall shortening of the effective coral spawning window. This new understanding 2537 

of the cause–effect pathways enables us to better interpret past studies and formed the basis for 2538 

further investigation in Chapter 4. 2539 

 

Fig. 7.2 Sperm 
aggregating on a 
siliciclastic sediment 
in a floc. 
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7.1.3 Determine thresholds for different sediment types on coral fertilisation success and explain 2540 

factors for any variation (Chapter 4). 2541 

In Chapter 4, I investigated further how biogeochemical properties of various sediments affected 2542 

the formation of the sediment–sperm flocs. Sediment-sperm flocs formation is a complex process, 2543 

but can be broadly predicted based on the sediment particle size, mineral clay content and presence 2544 

of acid-polysaccharides (extracellular polymeric substances (EPS)) (Sun et al. 2016). In particular, 2545 

some mineral clays, such as bentonite (montmorillonite mineral clay) are very cohesive and formed 2546 

large flocs with sperm at low clay concentrations. Another clay, kaolin (containing kaolinite mineral 2547 

clay), did not cause flocs with sperm by itself, but had an adverse impact on fertilisation success 2548 

when occurring within organically rich sediment— indicating the clay was acting in concert with 2549 

other components of the sediment to form the flocs. A likely candidate is for the floccing is EPS, 2550 

which was observed in such sediments, and is well known to bind to mineral clays. Notably, organic 2551 

and clay free carbonate sediment had minimal impact on fertilisation success. SSC threshold values 2552 

for fertilisation failure were generated for four sediment types and where applicable, compared 2553 

against in situ water quality data to determine risk probabilities.  2554 

 

Fig. 7.3 A high 
magnification 
scanning 
electron image 
of a sediment–
sperm floc. 
Thin ~1 µm 
plate-like 
grains can be 
seen coating 
sperm within 
the floc. 
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7.1.4 Assess the impacts of sediments on embryogenesis and larval development, and derive 2555 

thresholds and cause–effect pathways (Chapter 5). 2556 

In the first few days after fertilisation coral embryos undergo embryogenesis at the surface and then 2557 

become ciliated, and motile, and disperse throughout the water column eventually searching for 2558 

settlement surfaces as fully developed planula. Chapter 5 examined the impacts of SSCs on the 2559 

embryogenesis and larval development processes. In the early stages of embryogenesis (6 h) the 2560 

corals appeared comparatively insensitive to very high SSCs, and this resilience persisted through 2561 

development into competent >4 day-old larvae. The embryos and planula larvae were capable of 2562 

removing sediment by mucous production and once developed, by ciliary beating. A novel adaption 2563 

was identified in this study, whereby embryos could create a protective mucous sac or ‘cocoon’ 2564 

which protected the developing embryos until they were capable of swimming (Fig. 7.4). At this 2565 

point they used the beating of their cilia beating to break free from the surrounding cocoon. The 2566 

ecological significance of this cocooning process is not clear. Embryos wrapped in negatively 2567 

buoyant cocoons are unlikely to survive if they sink in a high deposition area, but given SSCs during 2568 

dredging only briefly reach >35 mg L-1 (the SSC required to cause mucous cocooning), cocooning 2569 

could be a survival mechanism to temporarily endure high SSCs. 2570 

 

Fig. 7.4 
Embryos 
developing 
inside 
mucous 
cocoons 
after being 
exposed to 
elevated 
SSCs. 

 2571 



131 

 

7.1.5 Determine concentration–response thresholds and cause–effect pathways of how sediment 2572 

directly and indirectly impacts coral larval settlement (Chapter 6) 2573 

In Chapter 6 I investigated the effect of sediments on the following life-cycle stage — settlement 2574 

and metamorphosis. Settlement choice experiments were conducted offering larvae multiple 2575 

settlement options on differentially orientated surfaces containing different levels of sediment 2576 

cover. Larvae preferentially settled on upwards facing surfaces but very low levels (<150 µm thick) 2577 

of deposited sediment deterred settlement, with larvae then preferring to settle on sediment-free 2578 

downward facing surfaces. This pattern occurred regardless of sediment type (siliciclastic or 2579 

carbonate) and particle size (fine or coarse silt). This indicates that larvae may preferentially trading 2580 

off between upper surfaces that suffer from sedimentation and under-sides that suffer from low 2581 

light. The impact on settlement choice is further complicated when taking into additional factors 2582 

such as rugosity and shape of the settlement surfaces, and the competition for space from other 2583 

organisms. Sediment is likely to predominantly impact bare upper surfaces and fill potentially 2584 

attractive cracks and crevices in the reef matrix. All things considered, successful settlement in 2585 

habitats impacted by recent sediment deposition would mostly be limited to vertical and exterior 2586 

undersides that are not severely light-limited. 2587 

 

Fig. 7.5 Some of the few 
successful larvae that 
managed to burrow and 
undergo metamorphosis 
on sediment-covered 
surfaces. 
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7.2 Assess the cumulative impact of sediment exposure across all the life history 2588 
stages and how this may be used to inform management decisions around 2589 
dredging operations with reference to the Environmental Window 2590 

7.2.1 Comparisons of thresholds to water quality data 2591 

The General Introduction summarised key features of our Literature Review that identified 2592 

approximately 32 known and biologically cause–effect pathways for dredging impacts on the early 2593 

life stages of coral (Appendix) (Jones et al. 2015b). I assessed several of the most likely cause-effect 2594 

pathways and generated thresholds, nevertheless there remains a number of key pathways 2595 

untested. These included those pathways that occur before the fertilisation stage (such as the 2596 

effects of sediments on fecundity and spawning synchrony, and also following the settlement stage 2597 

i.e. post-settlement survival and growth). To further complicate the comparison between the 2598 

generated thresholds and conditions in situ, many of these proximate stressors (i.e. SSCs, deposited 2599 

sediment and light intensity) may act alone or more likely in combination. Cause–effect pathways 2600 

are thus not mutually exclusive, and together represent a source of cumulative effects. Likewise, 2601 

many of the cause–effect pathways identified through experimental studies may be affected or 2602 

altered by changes in environmental and biological conditions. The many caveats that influence the 2603 

impact of each stressor or pathway means that assessing cumulative impacts across early life history 2604 

stages is challenging, yet some broad trends can be recognised, along with areas where more data 2605 

are needed. 2606 

In Chapter 2, I examined how coarse sediment grains could decrease the ascent rate or even sink 2607 

egg-sperm bundles resulting in a reduction or even loss of egg-sperm encounters on the water 2608 

surface where fertilisation takes place (Table 7.1). Comparing the lowest threshold (35 mg L-1) to 2609 

nephelometrically-derived SSCs observed close to dredging operations (of a similar sediment type, 2610 

carbonate), the threshold was breached on ~3% of occurrences, compared with 0% in the pre-2611 

dredging phase (Jones et al. 2015a). At sites further away from the primary dredging areas the 2612 

threshold was not exceeded in either the dredging or pre-dredging phase. Therefore, this cause–2613 

effect pathway, although technically plausible, is probably restricted to sites close to dredging 2614 

operations (<2 km). However, the technically challenging nature of this experiential design resulted 2615 

in only light-coloured carbonate sediment being tested (tracking each egg-sperm bundle in darker-2616 

coloured terrestrial sediment types proved challenging). Therefore, these thresholds should be 2617 

considered conservative because sediments that are more typical of inshore dredging operations 2618 
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(rich in organic nutrients and clays) are more cohesive and likely to bind and accumulate onto 2619 

ascending bundles. 2620 

Table 7.1 Concentration–response thresholds for suspended sediment impacts on the ascent of Montipora 2621 
digitata egg-sperm bundle and egg-sperm contact. All sediments were coarse-silt* carbonates. 2622 

Experiment Water depth (m) EC10 (mg L-1) EC50 (mg L-1) 
Bundle ascent 10 71 211 
Egg-sperm contact 10 53 131 
Bundle ascent 15 47 141 
Egg-sperm contact 15 35 87 

*Wentworth classification for grain size 2623 

In the Chapters that address the impacts of sediment on fertilisation (Chapter 3 and 4), I reported 2624 

the lowest threshold that has been observed from SSCs on coral fertilisation (EC10 = 2.5 mg L-1), 2625 

relevant to lower sperm concentrations and a sediment rich in organic material and mineral clays 2626 

(Table 7.2). A similar threshold was observed using the mineral clay bentonite. These thresholds 2627 

need to be interpreted with caution as sediment characteristics are very site-specific and need to 2628 

be assessed for dredging operations on case-by cases basis. For example, when thresholds derived 2629 

from GBR sediments were compared against NTU-derived SSCs, the lowest threshold was exceeded 2630 

16% but the higher threshold ~0%, highlighting how sediment collected just a kilometres apart could 2631 

present very different risks (Chapter 3). Cleaner sediments, lacking an active microbial community 2632 

and mineral clays, had much higher thresholds (>40 mg L-1), as did any sediment tested at higher 2633 

sperm concentrations (Table 7.2). We know now that these higher thresholds are only exceeded 2634 

infrequently by natural or dredging events in WA (<5 % of the time) and that most of these 2635 

exceedances occur within 2 km of the dredge operating (Fisher et al. 2015). Thus the probability of 2636 

a spawning event occurring in combination with SSCs that are a risk to fertilization is low and 2637 

restricted in area. 2638 

Since the effects of sediment on fertilisation success appears dependent on mineral clay and 2639 

mucopolysaccharides content the nature of the suspended sediment needs to be examined on a 2640 

site-specific basis during dredging projects. We can generalise that there is less risk of suspended 2641 

sediments to fertilisation success comparatively clean sediment low in clays and organic content is 2642 

resuspended. Fertilisation success in the presence of sediment is nevertheless quite dependent on 2643 

sperm concentrations used in the experiments, and more in situ research is needed on likely sperm 2644 

concentrations during spawning events to further evaluate the significance of the cause-effect 2645 

pathway. 2646 
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The fertilisation stage also offers future opportunities to test a range of cumulative impacts on 2647 

sediment. As evident through assays, a seemingly small change in the sediment composition can 2648 

result in very different sensitivities. This strong dependence of fertilisation success to sediment type 2649 

contrasts that of the larval settlement stage, which is sensitive to any deposited sediment type 2650 

because each presents a physical barrier of sediment to the substrate. By manipulating mineral 2651 

content, clay content, polysaccharides, microbial content etc. in a crossed experimental design, 2652 

subtle cumulative impacts and interactions could be determined which will better inform the risk 2653 

sediment at a dredging site may pose. 2654 

Table 7.2 Concentration–response thresholds for suspended sediment impacts on coral fertilisation of 2655 
Acropora tenuis. EC10 and EC50 values reported are derived from nonlinear regression models. 2656 

Experiment Sediment type PSD* Sperm 
concentration 

EC10 (mg L-1) EC50 (mg L-1) 

Fertilisation success Inshore GBR 1 Very fine silt 104 sperm mL-1 2.5 5.8 
Fertilisation success Inshore GBR 1 Very fine silt 105 sperm mL-1 54 125 
Fertilisation success Inshore GBR 2 Very fine silt 104 sperm mL-1 47 75 
Fertilisation success Inshore WA 

(siliciclastic) 
Very fine silt 104 sperm mL-1 40 205 

Fertilisation success Inshore WA 
(siliciclastic) 

Very fine silt 105 sperm mL-1 80 414 

Fertilisation success Offshore GBR 
(carbonate) 

Very fine silt 104 sperm mL-1 214 >800** 

Fertilisation success Offshore GBR 
(carbonate) 

Very fine silt 105 sperm mL-1 >820** >820** 

Fertilisation success Bentonite Clay Clay 104 sperm mL-1 4.6 6.9 
*Wentworth classification for grain size 2657 
**Greater than the range of concentrations tested 2658 

The embryo and larval stages (Chapter 5) are the most robust to elevated SSC, with the sediment 2659 

grains removed through by cilia beating and mucous production. There were no lethal effects on 2660 

the larvae at SSCs >100 mg L-1, even exposure durations greater than what would occur during 2661 

dredging events (Table 7.3). There were also no clear legacy impacts affecting the ability of sediment 2662 

exposed larvae from settling on clean substrates. Recently, two studies have reported lethal and 2663 

sub-lethal impacts on larvae with sediment of very different compositions than the clean, 2664 

organically poor sediment that I used in larval experiments (Järnegren et al. 2016, Humanes et al. 2665 

2017). In the Järnegren et al. (2016) study, the drill-cutting sediment could be clearly seen binding 2666 

to the larvae, impacting survivorship at concentrations as low as > 40 mg L-1. Interestingly, bentonite 2667 

clay, which caused a similar encapsulation response to embryos in Chapter 5 was used as the drilling 2668 

mud in the drilling operation. The adhesive properties of this mineral clay (high surface area and 2669 
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electrostatic charge) perhaps overwhelmed the ability of the larvae to clear themselves as observed 2670 

in Chapter 5. In the Humanes et al. (2017) study, there was a modest decline in larval settlement 2671 

following sediment exposure to the embryo stage of the life cycle. The authors attribute the 2672 

differences between their study and those presented in Chapter 5 to sediment type (higher organic 2673 

content), exposure durations and age of the embryos. 2674 

Collectively, these results indicate that only areas in close proximity to dredging operations would 2675 

generate conditions that would regularly exceed the comparatively high thresholds. A wider range 2676 

of sediment types needs to be investigated in future studies, and more focus on sub-lethal impacts 2677 

is warranted given the continued mucous production in clearing sediment is likely to represent an 2678 

energetic cost to larvae.  2679 

Table 7.3 Concentration–response thresholds for very-fine-silt* suspended sediment impacts on coral 2680 
embryos and larvae. EC10 and EC50 values reported are derived from nonlinear regression models. 2681 

Experiment Sediment type Exposure 
duration (h) Species EC10 (mg L-1) EC50 (mg L-1) 

Embryo survival  Siliciclastic 30 A. millepora >75** >75** 
Settlement (pre-exposed 
embryos) Siliciclastic 30 A. millepora >75** >75** 

Embryo survival  Carbonate 30 A. millepora >78** >78** 
Settlement (pre-exposed 
embryos) Carbonate 30 A. millepora >78** >78** 

Cocoon formation (pre-
exposed embryos) Siliciclastic 12 A. millepora 35 134 

Larval survival  Siliciclastic 60 A. millepora >747** >747** 
Settlement (pre-exposed 
larvae) Siliciclastic 60 A. millepora >747** >747** 

Larval survival  Carbonate 60 A. millepora >802** >802** 
Settlement (pre-exposed 
larvae) Carbonate 60 A. millepora >802** >802** 

Larval survival  Siliciclastic 60 A. tenuis >747** >747** 
Settlement (pre-exposed 
larvae) Siliciclastic 60 A. tenuis 300 >747** 

Larval survival  Carbonate 60 A. tenuis >802** >802** 
Settlement (pre-exposed 
larvae) Carbonate 60 A. tenuis >802** >802** 

Larval survival  Carbonate 60 P. acuta >915** >915** 
*Wentworth classification for grain size 2682 
**Within the range of concentrations tested 2683 

2684 
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Coral larvae are poor swimmers (Baird et al. 2014) and unlikely to be able to avoid suspended 2685 

sediments during their larval phase, potentially being swept by currents through or along with 2686 

sediment plumes. However, larvae can moderate their position in the water column and select for 2687 

settlement surfaces at finer scales where currents are attenuated (Raimondi & Morse 2000). The 2688 

experiments in Chapter 6 demonstrated that competent larvae will actively avoid settlement if the 2689 

substrate was covered in a thin veneer of sediment, leading to a major decrease in settlement 2690 

success on that surface (Table 7.4). If many surface planes are offered, there is a natural distribution 2691 

of settlement across the various surface orientations, with the strongest preference for upward-2692 

facing surfaces. But if low levels of deposited sediment exists, there is strong inhibition of settlement 2693 

on upward-facing surfaces and larvae move to their second preferred surface, which for Acropora 2694 

millepora was downward-facing surfaces, as may of occurred in Babcock and Davies (1991), Babcock 2695 

and Smith (2002). In the experiments where small crevices were available for settlement there was 2696 

a strong preference towards smaller crevices (Whalan et al. 2015) (Chapter 6). The presence of 2697 

crevices on the substrates buffer some of the sediment impacts by presenting more sediment-free 2698 

settlement sites; that is, until the cervices are infilled by sediment grains. Given these strong 2699 

changes in settlement preferences with sediment, I propose that the settlement life history stage is 2700 

the most sensitive to sediment of the five stages tested. Yet changes in settlement patterns do not 2701 

necessarily lead to mortality, and many factors influence if and where settlement occurs, as are the 2702 

many factors that affect post-settlement mortality. 2703 

Deposited sediment levels that cause shifts in the settlement distribution occur within common 2704 

natural background levels (Chapter 6), indicating these shifts are already likely to operate to some 2705 

degree on most reefs (Tebbett et al. 2017). In regard to dredging impacts, a key consideration is 2706 

whether additional deposited sediment that causes further shifts of the recruiting larvae to under-2707 

surfaces impact the population as a whole (Fig. 7.6). This would be the case if more sediment-2708 

tolerant larvae which manage to settle on upward-facing surfaces under natural conditions, but 2709 

were inhibited under dredging conditions, were crucial in sustaining the overall population. These 2710 

subtle shifts of the recruiting population to undersides may eventually lead to a competitive 2711 

advantage of other organisms such as turf algae on upper surfaces, and an overall slower growth 2712 

rate of the coral population in the light-limited overhangs and crevices until they eventually grow 2713 

outwards into light. Reefs or parts of reefs (such as the reef flat) that lack in rugosity or complex 2714 

surface aspects are particularly at risk to deposited sediment impacting settlement success. For 2715 
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these reefs, deposited sediment might greatly reduce available space for larvae to settle and thrive 2716 

as a recruit.  2717 

 2718 
Fig. 7.6 A simplified conceptual diagram on how threshold values for early life history stages of corals can 2719 
relate to natural (background) and dredging sediment levels. a) All or part of an affected early life history 2720 
stage population (represented by the violin-shaped symbol) can be impacted by natural and dredging 2721 
conditions, and can fall into one of three categories. Background sediment levels range from 0 to x-units, 2722 
dredging sediment levels from 0 to y-units, and sediment levels above natural and dredging level are 2723 
represented as > y-units. If all or a portion of an affected population falls within the Background range, 2724 
dredging does not cause any further impact and thus represents no additional risk. If all or a portion of an 2725 
affected population fall between the Background and Dredging conditions, efforts to decrease y-units by 2726 
managing dredging would be of benefit. Finally, if all or a portion of an affected population falls above the 2727 
dredging conditions (y-units) then it is both unaffected by Background and Dredging conditions and thus is 2728 
at no risk of being affected by dredging. A hypothetical representation of some of the threshold values guided 2729 
by the fertilisation, larval, and settlement sensitivities are presented. Generally, the fertilisation stage 2730 
thresholds are dependent on sediment type. The larval stage is relatively robust to elevated SS and thresholds 2731 
consistently sit above what might occur during dredging operations. Settlement thresholds (on up-ward 2732 
facing surfaces) are very low, and sit within background levels. Counter-intuitively, crevices and grooves that 2733 
increase the settlement threshold put the most sediment-tolerant larvae at risk from dredging. However, for 2734 
all life history stages, this is an oversimplification of the range of factors each life history stages are subject 2735 
to in both space and time.  2736 

Key to determining the impacts of deposited sediment on coral settlement is how the background 2737 
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conditions relate to the dredging conditions. Background deposited sediment levels in the GBR 2738 

generally persist in the tens of mg cm-2 (Goatley & Bellwood 2010, Tebbett et al. 2017), and levels 2739 

near dredging operations clearly create >1000s mg cm-2. The interface between background levels 2740 

and dredging levels needs to be better defined as this is where the impacts on settlement are likely 2741 

to begin (Fig. 7.6). 2742 

Table 7.4 Concentration–response thresholds for deposited sediment impacts on coral larval settlement of 2743 
A. millepora (Chapter 6). EC10 and EC50 values reported are derived from nonlinear regression models. 2744 

Experiment Sediment 
type 

Sediment 
treatment PSD* Surface 

Structure 
Surface 
Aspect Cue EC10        

(mg cm-2) 

EC50      

(mg cm-

2) 
Settlement 
(sediment) Carbonate Deposited 

sediment 
Fine 
silt Flat Upper CRA 1.3 11 

Settlement 
(sediment) Carbonate Deposited 

sediment 
Coarse 
silt Flat Upper CRA 2.9, 

16** 
11, 
48** 

Settlement 
(sediment) Siliciclastic Deposited 

sediment 
Coarse 
silt Flat Upper CRA 4.2 13 

Settlement 
(sediment) Siliciclastic Deposited 

sediment Coarse Flat Upper CRA 0.9 7.1 

Settlement 
(sediment) Carbonate Deposited 

sediment 
Coarse 
silt Grooves Upper CRA 29 88 

Settlement 
(sediment on 
multi-
surface 
prism) 

Carbonate Deposited 
sediment 

Coarse 
silt Grooves Upper CRA 69 104 

Settlement 
(post-
smothered 
CCA) 

Carbonate Deposited 
sediment 

Coarse 
silt Flat Upper CRA 7.2 33 

*Wentworth classification for grain size. 2745 
**This experiment was repeated on a following year. 2746 

Larvae were not affect by changes in light intensity, provided they were offered a strong settlement 2747 

cue; however, some settlement inhibition occurred at very low light levels and moderate–high light 2748 

levels if they were offered a sub-optimal cue (Table 7.5). An explanation for this surprising result is 2749 

that a strong settlement inducer may overpower any influence of light intensity because it provides 2750 

a very good indicator of a substrate optimal for growth. While many studies have shown light quality 2751 

(available wavelengths) and substrate colour are important for larval settlement (Lewis 1974, 2752 

Mundy & Babcock 1998, Mason et al. 2011, Strader et al. 2015), more studies are needed to 2753 

determine the role of light intensity on settlement. Clear trends exist between light intensity and 2754 

recruitment density (Maida et al. 1994, Babcock & Mundy 1996), but few studies uncouple 2755 

settlement success from post-settlement survival.  2756 
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While a dredge plume may limit or alter light affecting some areas of settlement, perhaps a more 2757 

severe effect would be that of sediment and light attenuation directly on the settlement inducer, as 2758 

observed in Chapter 6. A few days of sediment smothering of calcareous red algae (CRA) (a mixed 2759 

community dominated by Titanoderma prototypum and Peyssonnelia spp.) by a thin veneer caused 2760 

a marked decrease in settlement success (Table 7.4). Recently, the common CCA settlement inducer 2761 

Porolithon onkodes has been observed to also suffer partial mortality at low light levels (Bessell-2762 

Browne et al. submitted). The combination of these two stressors may severely reduce the available 2763 

substrate for larval settlement. As there exists a relationship between CCA coverage, sedimentation 2764 

and human population stressors (Fabricius & De'Ath 2001, Smith et al. 2016); CCA quantity and 2765 

quality may provide a useful bioindicator species to assess impacts of dredging on reefs, and their 2766 

ability to recover after the dredging has ceased. 2767 

Table 7.5 Concentration–response thresholds for light-intensity impacts on coral larval settlement of A. 2768 
millepora.  2769 

Experiment Light 
treatment 

Light 
exposure (h) 

Surface 
Structure Cue EC10 EC50 

Settlement 
(light) 

Diel 24 Grooves CRA >11 DLI* >11 DLI* 

Settlement 
(light) 

Constant 12 Flat Extract <1.4, 
> 33 PAR 232 PAR 

*Within the range of treatments tested 2770 
 2771 

7.2.2 Complexities of assessing impacts of dredging on populations: cumulative impacts of 2772 

sediments across coral early life stages 2773 

A reductionist approach was taken in Chapters 1 - 6, as often applied to study pressure–responses 2774 

on early life history stages of corals (Jones et al. 2015b, Doropoulos et al. 2016). The benefit of this 2775 

approach is that once the cause–effect pathways can be isolated, the most sensitive early life history 2776 

stages can be identified, and subsequently can inform which stressors need to be considered 2777 

priorities for management at certain times (see below). A limitation to this approach is the 2778 

complexity that results from developing life-history stages invariably being subject to multiple 2779 

stressor pathways which may impact in a cumulative way on the same or multiple life 2780 

phases/processes. One example of such a challenge is that certain stressors are more relevant to 2781 

different life-history stages: i.e. SSC is relevant to the fertilisation stages but deposited sediment is 2782 

relevant to the settlement stage. As the relationship between each proximate stressor is often 2783 

changing and poorly understood, it is difficult to assign relevant sediment treatments that a coral 2784 
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may be subject to through their early development. 2785 

Similarly, apportioning the potential impacts of sediments on coral populations to each life history 2786 

stage and process is complex. For example, in Chapters 2 and 3, I described how suspended 2787 

sediment influences the length of the ‘fertilisation window’ i.e. the short period in which fertilisation 2788 

in mass spawning corals at the water surface is possible. However, in situ fertilisation does not occur 2789 

directly or linearly with gamete concentration, but is subject to a range of multiplicative and 2790 

nonlinear effects. Broadcast-spawned gametes are quickly diluted by wind and waves leading to 2791 

lower gamete concentrations and probabilities of egg-sperm encounters. Sediment impacting 2792 

ascending bundles causes a quadratic impact on egg-sperm encounters, and sediment-sperm flocs 2793 

likewise reduce the number of available sperm to fertilise the eggs. Additionally, as gametes age, 2794 

the impact of SSC intensifies, thereby reducing the window available for eggs to be fertilised. 2795 

Therefore, protection of higher abundance, older and more fecund coral populations will lead to 2796 

higher sperm concentrations and subsequently higher chances of fertilisation success and ability to 2797 

withstand turbidity-generating disturbances. Conversely, sparse coral populations and those with 2798 

fewer and less mature adults contribute lower sperm concentrations to the water surface, and 2799 

elevated SSCs are likely to have strong impacts on fertilisation through sperm limitation, which may 2800 

potentially lead to low larval supply and Allee effects (Courchamp et al. 1999). 2801 

Although correlations between healthy reefs and higher number of recruits has been observed 2802 

(Hughes et al. 2000), larval supply (larval input) to reefs more or less occur stochastically (Edmunds 2803 

et al. 2010), and therefore create challenges in modelling and predicting demographic changes to 2804 

coral populations. For example, low recruitment in an area impacted by sediment may be because 2805 

of elevated sediments, but also may be solely because of low larval supply. Another challenge to 2806 

successfully model population dynamics is to consider demographic bottlenecks affecting survival 2807 

at a given reef. Sediment impacts on very early life history stages, such as fertilisation or larvae, 2808 

might only affect the overall population dynamics if there is an under-supply of larvae to the reef or 2809 

low post-settlement mortality (Edwards et al. 2015). For example, if a reef has a natural carrying 2810 

capacity that limits the number of recruits surviving to adulthood, then the population may be able 2811 

to withstand some perturbation in larval supply (including sediment-related mortality). In some 2812 

cases, the least sediment-tolerant larvae might also be the least tolerant at the post-settlement 2813 

stage, and therefore their loss to the population would be minimal. On the other hand, degraded 2814 

reefs, or reefs limited in larval supply may be very susceptible to small perturbations in larval supply, 2815 
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and each recruiting larva may add to the probability of population growth. These questions are 2816 

difficult to resolve but are important in contextualising and managing the impacts of turbidity-2817 

generating processes like dredging. 2818 

7.2.3 Management 2819 

At present, management of dredging operations in WA and some other jurisdictions around coral 2820 

spawning events involves a ~12-d shut-down period, termed an Environmental Window (EW) 2821 

(GBRMPA 2014, Jones et al. 2015b). The EW was designed to protect the planktonic stages of the 2822 

coral life-cycle (from spawning until settlement). The regulatory condition of the EW in WA is 2823 

currently set as 5 d before spawning events to 7 d afterwards. The 5-d period before the predicted 2824 

spawning event is to allow for sediment plumes to dissipate before spawning and presumably to 2825 

allow for some asynchrony or uncertainty in spawning dates. The 7-d window following coral 2826 

spawning would allow time for some settlement, but is 3-d short of covering the ‘peak’ settlement 2827 

period for many species (Jones et al. 2015b)(Appendix). However, the EW has only been designed 2828 

to improve water quality conditions in the water column, and not those on the benthos (i.e. 2829 

deposited sediment) relevant to the settlement stage. Further, there is no allowance in the EW for 2830 

the protection of the post-settlement stage, which is thought to be sensitive to sediment burial, 2831 

particularly in the first few weeks (Fabricius et al. 2003, Jones et al. 2015b, Moeller et al. 2016). A 2832 

recent study highlighted high levels of connectivity of larvae between reefs in NW Australia, 2833 

indicating some reefs that act as major sources or sinks of larvae should be considered as candidates 2834 

for Marine Park selection (Feng et al. 2016)(Fig. 7.8). At present, some of these reefs are in close 2835 

proximity to large-scale dredging operations near Onslow and Barrow Island, highlighting the need 2836 

to effectively manage dredging near reefs of high ecological value. 2837 

  
Fig. 7.8 Average larval supply of subregions in west Pilbara, WA. a) Larval sink value (no. of settlers y-1) and 2838 
b) Larval source value (no. of settlers y-1) (Feng et al. 2016). 2839 
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Successful conservation and resource management should ideally be adaptive and consider a range 2840 

of management options that lead to the highest environmental outcomes (Pielke 2007). While 2841 

aiming for high levels of protection for all habitats is laudable, such goals are often unrealistic, which 2842 

may hamper conservation efforts at ecologically important areas in the long run (Burgman 2005, 2843 

Kareiva & Fuller 2016). As such, resources should be allocated to address threats based on the 2844 

degree of risk they pose, and how well they can be managed (Burgman 2005, Harris et al. 2014, 2845 

Kareiva & Fuller 2016). In terms of the dredging during coral spawning events, there now exists a 2846 

greater number of management options that can be utilised by regulators to protect coral spawning 2847 

events based on data provided in this Thesis. For example, the distance from dredge is important in 2848 

considering whether spawning corals and early life history stages are at risk to sediment impacts 2849 

(Fisher et al. 2015) (Chapter 3). By coupling sediment transport and hydraulic models, exposure 2850 

concentrations and durations at different distances from dredging and dredge-material placement 2851 

can now be compared to thresholds derived from experiments. Where uncertainty exists i.e. 2852 

dredge-related deposited sediment zones, a precautious or conservative approach could be taken.  2853 

An example of how this could be applied might involve permitting a limited maintenance (less-2854 

intense) dredging campaign at safe distances from coral spawning reefs while timing the 2855 

commencement of capital (more-intense) dredging to a point well after spawning periods may ease 2856 

the impacts of sediment that likely bracket the EW (Jones et al. 2015b). Under current management 2857 

strategies it is unlikely that deposited sediment produced during a capital dredging program just 2858 

prior to spawning EW will resuspend and dissipate from settlement substrates by the time larvae 2859 

are competent to settle and metamorphose (the current Environmental Window is too short to 2860 

protect a large proportion of settlers). In some areas of the reef, the damage may have already been 2861 

done even before the EW begins that could materially affect coral recruitment to the next 2862 

generation. Similarly, the commencement of an intense dredging campaign immediately following 2863 

the current EW may reduce settlement of many larvae still in the planktonic phase, and impact those 2864 

recruits that do settle. In such a case, lengthening the EW near reefs of high ecological value, while 2865 

permitting maintenance dredging of inshore lower ecological value reefs may allow for greater net 2866 

outcomes, than a shorter intense campaign. 2867 

Whichever management option is employed, it needs to be emphasised that a precautionary 2868 

approach should be taken around the settlement stage. The ultimate success of managing coral 2869 

spawning periods (i.e. environmental windows), should be judged according to the successful 2870 
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recruitment of juveniles into the next generation. Observations (albeit in relatively small aquaria) 2871 

suggest the larvae will not re-enter the planktonic phase once they sense the settlement cue, even 2872 

if it is covered in a film of sediment. Rather, they will search around until they find an uncovered 2873 

area of substrate, even if it may be sub-optimal for survival. However, this needs to be further 2874 

confirmed in situ.  2875 

  

Fig. 7.7. Categorical scoring of the risk associated with dredging to the early life history stages based on the 2876 
likely impact to each life cycle stage vs. the adequacy and reliability of current information.2877 
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Table 7.6. Description of categories used to derive risk scoring.  2878 
  Degree of impact to life stage 

  Very High High Moderate Low 

Ad
eq

ua
cy

 o
f I

nf
or

m
at

io
n 

 

Good There is a very high level of concern 
based on frequency the effect 
concentration is breached both spatially 
and temporally during dredging.  
The cause-effect pathway is well 
understood, clear effect concentrations 
have been determined as are the 
situations under which they are 
applicable. 

There is a high level of concern based on 
frequency the effect concentration is 
breached either spatially or temporally 
during dredging.  
The cause-effect pathway is well 
understood, clear effect concentrations 
have been determined as are the 
situations under which they are 
applicable. 

There is a moderate level of concern 
based on the effect concentration being 
occasionally breached either spatially or 
temporally during dredging.  
The cause-effect pathway is well 
understood, clear effect concentrations 
have been determined as are the 
situations under which they are 
applicable. 

There is a low level of concern based 
on the effect concentration being 
rarely or never breached during 
dredging.  
The cause-effect pathway is well 
understood, clear effect concentrations 
have been determined as are the 
situations under which they are 
applicable.  

Moderate There is a very high level of concern 
based on frequency the effect 
concentration is breached both spatially 
and temporally during dredging.  
A relationship between the pressure and 
response has been associated but 
further work is needed to determine 
effect concentrations and when they are 
applicable. 

There is a high level of concern based on 
frequency the effect concentration is 
breached either spatially or temporally 
during dredging.  
A relationship between the pressure and 
response has been associated but 
further work is needed to determine 
effect concentrations and when they are 
applicable. 

There is a moderate level of concern 
based on the effect concentration being 
occasionally breached either spatially or 
temporally during dredging.  
A relationship between the pressure 
and response has been associated but 
further work is needed to determine 
effect concentrations and when they 
are applicable. 

There is a low level of concern based 
on the effect concentration being 
rarely or never breached during 
dredging.  
A relationship between the pressure 
and response has been associated but 
further work is needed to determine 
effect concentrations and when they 
are applicable. 

Low There is a very high level of concern 
based on frequency the effect 
concentration is breached both spatially 
and temporally during dredging.  
A relationship between the pressure and 
response has not been directly tested 
but there are likely impacts based on 
similar cause–effect pathways. 

There is a high level of concern based on 
frequency the effect concentration is 
breached either spatially or temporally 
during dredging.  
A relationship between the pressure and 
response has not been directly tested 
but there are likely impacts based on 
similar cause–effect pathways. 

There is a moderate level of concern 
based on the effect concentration being 
occasionally breached either spatially or 
temporally during dredging.  
A relationship between the pressure 
and response has not been directly 
tested but there are likely impacts 
based on similar cause–effect 
pathways. 

There is a low level of concern based 
on the effect concentration being 
rarely or never breached during 
dredging. 
A relationship between the pressure 
and response has not been directly 
tested but there are likely impacts 
based on similar cause–effect 
pathways. 

Poor There is a very high level of concern 
based on frequency the effect 
concentration is breached both spatially 
and temporally during dredging.  
Only a theoretical relationship between 
the pressure and response exists. 

There is a high level of concern based on 
frequency the effect concentration is 
breached either spatially or temporally 
during dredging.  
Only a theoretical relationship between 
the pressure and response exists. 

There is a moderate level of concern 
based on the effect concentration being 
occasionally breached either spatially or 
temporally during dredging.  
Only a theoretical relationship between 
the pressure and response exists. 

There is a low level of concern based 
on the effect concentration being 
rarely or never breached during 
dredging.  
Only a theoretical relationship between 
the pressure and response exists. 
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Table 7.7. Explanation of how each early life history stage was scored 2879 
Life history stage Degree of concern Adequacy of Information 
Fecundity No clear effects have been observed and impacts remain theoretical There is paucity of data available for fecundity 
Spawning 
synchronisation 

The effect is could be serious but the reduction in light necessary to 
create a response would be limited either spatially or temporally. 

Shading has been shown to cause asynchrony in corals but the turbidity-
related cause–effect pathway has not been tested directly with sediment 
and effect concentrations are unknown. 

Bundle Ascent Bundles have been shown to ballast at reasonably high sediment 
concentrations and particle sizes limited to zones near the dredge. 
However, more cohesive sediment is likely to have greater effects, 
which would likely lower the threshold. 

This mechanism has only been validated at very high SSC levels but a 
mechanistic model supports its applicability to dredging operations and it has 
been modelled for lower concentrations. Further work is needed on more 
cohesive sediments. 

Fertilisation Risk assessment modelling has found dredging conditions did not 
often exceed threshold levels of certain sediment types. However, 
some sediment had very low thresholds and there is no comparable 
water quality data available for this scenario. 

While this is a reasonably well-studied cause–effect pathway, the variability 
between sediment types causing an effect is large. More dredging water 
quality data for sediments that cause strong responses and in situ conditions 
(i.e. sperm concentrations need to be better quantified). 

Embryo survival There have been no clear effect concentrations under the range 
tested. 

There has been no effect on embryo survival under a range of sediment 
types. 

Larval survival There have been no clear effect concentrations reached under the 
SSC range tested. One study did find an effect at reasonably high 
concentrations but the applicability of that study is low. 

There has been no effect on larval survival under a realistic range of SSCs 
tested. 

Larval dispersal Some studies have shown sediment-coatings on embryos and 
larvae, which may restrict their dispersal. Continuous energy 
expenditure may reduce their dispersal potential. 

Studies that observed coating generally are limited to certain conditions, and 
no clear latency effects have been observed. 

Larval 
swimming/searching 
behaviour 

Some larvae are shown to phototactic, and downward sediment flux 
as well as changes in light quality are presumed to affect their 
swimming/seeking behaviour. 

While changes in light have been shown to affect larval seeking behaviour, a 
direct cause–effect pathway under dredge conditions remain unknown, and 
how that could translate to impacts at later stages. 

Settlement processes Larvae strongly and clearly avoid settling on sediment but can find 
overhangs/crevices if they are present. The net effect on settlement 
could be very high given the reduction in substrate space and 
increased competition in available settlement sites. There are also 
latency effects from pre-exposed larvae under some conditions. 

Clear thresholds have been defined but a lack of information of background 
and dredging deposited sediment levels impedes determination of the risk 
dredging poses. The border of the dredge deposition field needs to be better 
understood. Additionally, the myriad of factors that affect settlement remain 
less understood. 

Quality of settlement 
inducer 

Settlement inducers (CRA) have been shown to respond poorly to 
temporary sediment smothering and low light. The net effect on 
settlement could be very high. 

While settlement inducer assays show clear effects of sediment/low light, 
more work is needed to understand their applicability, recovery of the 
inducer, and resuspension of sediment. 

Post-settlement 
survival and growth 

A range of responses have been reported, which are probably 
sediment type and species specific. 

More work is needed to uncouple cause–effect pathways and understand 
their applicability. 

2880 
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7.3 Conclusions: 2881 

Coral reproduction and the recruitment processes underpin recovery and resilience of reefs, aiding 2882 

the success of these keystones species into the Anthropocene. Stressors, such as sediments, that 2883 

impact these vital processes need to be carefully managed and this requires a comprehensive 2884 

understanding of the key pathways, thresholds and additional factors that cause the most risk. This 2885 

thesis provided much needed information on pressure–response thresholds and cause–effect 2886 

pathways for many early life history stages including egg-sperm bundle ascent, fertilisation, 2887 

embryogenesis, larval development and settlement. These thresholds can be used to better inform 2888 

management decisions around dredging, allowing for increased protection during these infrequent 2889 

but ecologically critical events. While suspended sediment can impact the ascent of coral egg and 2890 

sperm bundles and coral fertilisation, the likelihood of a threshold being exceeded is reduced by 2891 

distance from the operating dredge. There is a lack of in situ measurements (including in situ sperm 2892 

concentration, deposited sediment levels and mineral clay/ EPS content), which at this stage, limits 2893 

some of the interpretability of thresholds derived from laboratory-based studies. Embryos and 2894 

larvae appear relatively robust to sediment at major endpoints (survival and post-exposure 2895 

settlement) for sediment low in organic components and mineral clays. Other impacts such dispersal 2896 

and energy budgets remain important but are difficult to test. There is a high risk of deposited 2897 

sediments impacting settlement success but considerable uncertainty remains on how this 2898 

translates to post-settlement survival and growth because of the multitude of factors involved, of 2899 

which only some can be controlled in laboratory aquaria. Interpretation of laboratory assays need 2900 

to be carefully considered in conjunction with field experiments. Importantly, future studies should 2901 

continue to effectively characterise and justify sediment composition and concentrations and light 2902 

conditions used in assays, and how likely these are in situ, to allow better interpretation of the data 2903 

to inform improved management practices. 2904 

 2905 

 2906 
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 Abstract 3922 

Dredging, river plumes and natural resuspension events can release sediments into the water 3923 

column where they exert a range of effects on underlying communities. In this review we examine 3924 

possible cause–effect pathways whereby light reduction, elevated suspended sediments and 3925 

sediment deposition could affect the reproductive cycle and early life-histories of corals. The 3926 

majority of reported or likely effects (30+) were negative, including a suite of previously 3927 

unrecognised effects on gametes. The length of each phase of the life-cycle was also examined 3928 

together with analysis of water quality conditions that can occur during a dredging project over 3929 

equivalent durations, providing a range of environmentally relevant exposure scenarios for future 3930 

testing. The review emphasises the need to: (a) accurately quantify exposure conditions, (b) identify 3931 

the mechanism of any effects in future studies, and (c) recognise the close interlinking of proximate 3932 

factors which could confound interpretation of studies.  3933 
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Natural resuspension events, terrestrial run-off and dredging-related activities can temporarily 3936 

release sediments into the water column. The effects of resuspended sediments on adult corals are 3937 

well known (Rogers 1990, Erftemeijer et al. 2012b) but nevertheless constitute only half of the 3938 

demographic equation (Hughes et al. 2000, Hughes et al. 2011). The sensitivity of the early life-3939 

history stages of corals has been recognised for over a century (Wood-Jones 1910, Stephenson 3940 

1931), but even before fertilisation, embryogenesis and the establishment of the sessile, benthic 3941 

juvenile form, sediments could exert a range of effects on effects on the reproductive cycle including 3942 

gametogenesis, spawning synchrony and on gametes in the water column. 3943 

This review examines the effects of turbidity on all aspects of the coral life cycle of corals from 3944 

gamete development to the early post settlement stage. The focus is on the effects of sediments on 3945 

broadcast spawning species which usually dominate the tropical coral reef environment. Their life 3946 

cycle is complex involving gametogenesis, reproductive synchronisation, fertilisation at the surface 3947 

and larval development in the water column, leading finally to settlement and metamorphosis into 3948 

a sessile polyp. Their life-cycle is stylised in Fig. 1 and based on Acropora spp.  3949 

Natural resuspension events regularly occur in the shallow, tropical marine environment (Anthony 3950 

et al. 2004) and although resuspension and transport of suspended material may be strongly 3951 

influenced by unidirectional currents, wind-driven waves are the primary mechanism of turbidity 3952 

generation in the shallow reef environment (Larcombe et al. 1995, Jing & Ridd 1996, Larcombe et 3953 

al. 2001, Lawrence et al. 2004, Ogston et al. 2004, Verspecht & Pattiaratchi 2010). In the shallow 3954 

waters in the inshore turbid zone coral communities of the Great Barrier Reef, resuspension of 3955 

bottom sediment by waves occurs an estimated 110 d y-1 (Orpin et al. 1999). During predicted coral 3956 

spawning periods wind speeds have averaged 8–10 m s-1 (or 15–20 knots) on six out of eleven years 3957 

from 2000 to 2010 (AIMS). At these wind speeds, natural resuspension and wind-wave induced 3958 

turbidity would occur in the inshore turbid zones (Larcombe et al. 1995, Orpin et al. 2004, Orpin & 3959 

Ridd 2012) with possible implications for spawning and recruitment success of local corals. 3960 

In addition to natural events, anthropogenic activities can also release sediment into the water 3961 

column, and dredging and dredge material (spoil) disposal are the most well-known and most 3962 

amenable to management. In recognition of the sensitivity of the early life-cycle stages, and since 3963 

reproduction and recruitment processes underpin the maintenance and resilience of communities 3964 

to disturbance, policy makers have attempted to protect coral spawning periods from sediments 3965 

generated by dredging-related activities. Since 1993 dredging projects in Western Australia that are 3966 

occurring close to corals reefs are required to temporarily stop for a when corals are spawning (Baird 3967 



 

et al. 2011, EPA 2011). This regulatory condition is currently set as 3 days before spawning to 7 days 3968 

afterwards. This is referred to as the coral spawning environmental window (EW) and is associated 3969 

with the well-known synchronous, multi-specific release of gametes by broadcasting spawning coral 3970 

species that can occur in WA in single epidemic events of relatively short duration (Simpson 1985, 3971 

EPA 2011, Styan & Rosser 2012). Unfavourable conditions during a spawning period could result in 3972 

loss of the entire reproductive output for the year (Harrison et al. 1984). This management approach 3973 

has also been adopted in some dredging projects on the Great Barrier Reef (Koskela et al. 2002) and 3974 

the possibility of introducing this practice to other locations such as Singapore has been suggested 3975 

(Erftemeijer et al. 2012b). 3976 

The practice of temporarily restricting or stopping dredging during periods where there is a much 3977 

higher environmental risk originated in the US in the early 1970s and is now used in approximately 3978 

80% of federal US dredging projects (Suedel et al. 2008). A well-known example is the restriction on 3979 

dredging during winter and spring months to protect larval and juvenile fish (Reine et al. 1998). The 3980 

management approach is highly contentious as it can significantly inflate costs for project sponsors 3981 

(Suedel et al. 2008). One of the most contested issues is the length of the window and also whether 3982 

dredging-related turbidity-generating activities need to cease entirely or whether dredging can 3983 

continue but must adhere to more conservative water quality guidelines. 3984 

Addressing these issues associated with a coral spawning environmental window is technically 3985 

challenging as it requires an understanding of how all possible proximate stressors (causal agents) 3986 

associated with turbidity generation can directly or indirectly influence all stages in the coral 3987 

reproductive cycle. Over the last 20 yrs. there have been several studies examining the effects of 3988 

sediments on the early life-cycle stages, but perhaps more importantly there is now a much greater 3989 

understanding of the reproductive biology of corals. It is now possible to fully examine the 3990 

mechanisms where sediments could affect the reproductive cycle (i.e. cause–effect pathways) and 3991 

also to identify biologically plausible mechanisms. In epidemiology, biologically plausible 3992 

mechanisms are those where these is a credible or reasonable biological and/or toxicological basis 3993 

linking the proposed cause and effect (Hill 1965, Adams 2005, Suter II 2006).  3994 

General reviews of the reproductive cycle of corals are given in Harrison and Wallace (1990) and 3995 

Richmond and Hunter (1990), and more recently in Baird et al. (2009), Ritson-Williams et al. (2009), 3996 

Gleason and Hofmann (2011a) and Harrison (2011). This review focuses on the biology of the 3997 

reproductive cycle that could be susceptible to effects of sediments (including high SSCs, sediment 3998 

deposition, and changes in light quality and quantity) and other dredging-associated pressures 3999 



 

(including sound and sediment contamination). For orientation purposes within this review, we first 4000 

describe each stage of the life-cycle from gametogenesis to post-settlement survival, describe past 4001 

studies, and then use this information to generate the conceptual model of known and plausible 4002 

cause-effect pathways. Testing the cause-effect pathways requires a knowledge of where the 4003 

processes occur (benthos, water surface, water column), and the length of each of the stages, so 4004 

information is included on the duration of these phases where available. For experimental testing 4005 

of each of the stages it is also necessary to know what the environmentally realistic or relevant 4006 

exposure conditions (SSCs, light reduction etc) are over the relevant time frames for each stage. 4007 

There is surprisingly little published information on water quality conditions that can occur during 4008 

dredging programs on a coral reef to frame such an analysis. For contextual purposes, the review 4009 

therefore starts with a brief description of water quality conditions from a recent large-scale 4010 

dredging project in the Pilbara region of Western Australia. 4011 

 Example of water quality conditions during a large dredging program 4012 

The Barrow Island dredging project in NW Australia is one of the largest and well-studied dredging 4013 

projects undertaken in a clear-water, coral reef environment, and involved the removal of ~8 Mm3 4014 

of sediment to create an access channel for a liquefied natural gas (LNG) gas plant (Hanley 2011, 4015 

Evans et al. 2012). Spatial and temporal scales of SSCs dynamics in dredging programs are highly 4016 

dependent on distance from the dredge, the dredging method, mode of operation(s), type of 4017 

sediment dredged and the local hydro-meteorological (metocean) conditions (Havis 1988, Herbich 4018 

& Brahme 1991, Collins 1995, Black & Parry 1999, Spearman et al. 2007). Data from the Barrow 4019 

Island project (Fig. 2) show that natural background SSC levels are typically low <5 mg L-1, with 4020 

episodic increase associated with storms and wind-wave re-suspension events (Fig. 2 A). During 4021 

dredging, and a few hundred metres away from a working trailing suction hopper dredge (TSHD), 4022 

SSC levels can increase by 1–2 orders of magnitude with instantaneous values regularly exceeding 4023 

100 mg L-1 and maximum instantaneous readings exceeding 200 mg L-1. As the time-averaging period 4024 

increases to 30 d, the maximum average SSCs decrease to <20 mg L-1 (Fig. 2 A). 4025 

Daily Light Integrals (DLIs) during the baseline period ranged seasonally from typically 1-10 mol m-2 4026 

with occasional very low light periods occurring during the austral winter time (Fig. 2 B). During the 4027 

dredging period DLIs regularly fell below 1 mol quanta m-2 and corals were occasionally exposed to 4028 

extended periods of semi-dark, caliginous, twilight periods. In one of the worst periods the 4029 

irradiance levels did not exceed 0.3 mol m-2 over a 21-d period which is equivalent to an average 4030 



 

daytime instantaneous flux of <10 µmol quanta m-2 sec-1 (Fig. 2 B). 4031 

 Gametogenesis and reproductive synchrony 4032 

Scleractinian corals vary in their breeding systems, having either separate sexes (gonochorism) or 4033 

combined sexes i.e. simultaneous hermaphroditism. Corals also vary in their mode of development 4034 

and are either broadcast spawning species (spawners) which release gametes for external 4035 

fertilisation and with subsequent embryo and larval development in the planktonic phase, or 4036 

breeding/brooding species, which have internal fertilisation, brood embryos and develop planula 4037 

larvae within their polyps (Fadlallah 1983, Harrison & Wallace 1990, Richmond & Hunter 1990). 4038 

These combinations (gonochorism versus hermaphroditism and spawners versus brooders) result 4039 

in four basic patterns of sexual reproduction, and of the nearly four hundred species of corals 4040 

examined to date approximately ~63% are hermaphroditic spawners (Harrison & Wallace 1990, 4041 

Richmond & Hunter 1990, Baird et al. 2009, Harrison 2011).  4042 

The timing of gametogenesis leading up to reproductive synchrony is depicted on the left of Fig. 3 4043 

with gonad production in the benthic, polyp phase typically occurring over a period of <12 months 4044 

culminating in the annual coral spawning event. In most hermaphroditic species, oogenesis occurs 4045 

over a period of months whilst spermatogenesis occurs more rapidly just prior to spawning and can 4046 

be completed in a few weeks (Kojis & Quinn 1982, Harriott 1983, Harrison et al. 1984, Wallace 4047 

1985b, Harrison & Wallace 1990, Richmond & Hunter 1990). Many broadcast spawning species 4048 

synchronise their gametogenic cycles to potentially reduce predation (predator satiation) by 4049 

planktivorous fish or filter feeders including other corals (Harrison et al. 1984, Babcock et al. 1986, 4050 

Oliver et al. 1988, Harrison 1990, Harrison & Wallace 1990, Hughes et al. 2000, Pratchett et al. 2001, 4051 

Baird et al. 2009, Harrison 2011). Spawning can also be synchronous between many different 4052 

species and families of corals. This is the basis of the well-known multispecific, synchronous, coral 4053 

spawning events, first identified in the early 1980s on the Great Barrier Reef (GBR) and involving at 4054 

least 133 species of coral from ten scleractinian families (Harrison et al. 1984, Babcock et al. 1986, 4055 

Willis et al. 1985, Harrison and Wallace 1990). Change in sea surface temperature (Hayashibara et 4056 

al. 1993), solar insolation (Penland et al. 2004, Van Woesik et al. 2006), may constitute the 4057 

proximate environmental cue(s) that instigates oogenesis, and temperatures over subsequent 4058 

months may also affect the duration of oocyte development (Nozawa 2012). Since its discovery, 4059 

multispecific spawning events have increasingly been recorded in the Indo-Pacific and many other 4060 

regions i.e. Caribbean, Japan, Gulf of Mexico (Hayashibara et al. 1993, Baird & Guest 2009, Baird et 4061 



 

al. 2009, Harrison 2011). 4062 

 Effects of sediment on gametogenesis and reproductive synchrony 4063 

No studies have directly manipulated SSC and sedimentation levels to examine the effects on 4064 

gametogenesis, however several studies have correlated reproductive output with turbidity or 4065 

sedimentation (Kojis & Quinn 1984, Tomascik & Sander 1987). Inferences were based on correlation 4066 

(which does not prove causality) and using a similar approach Padilla-Gamiño et al. (2014) did not 4067 

find any differences in gamete production in Montipora capitata in Hawaii in areas with different 4068 

sediment trap accumulation rates.  4069 

The proposed mechanism for decreased reproductive output was increased energy expenditure for 4070 

self-cleaning or that a reduction in light reduced translocation of photosynthate from the algal 4071 

symbionts to the host (Kojis & Quinn 1984, Tomascik & Sander 1987) see also (Rinkevich 1989). 4072 

Shimoike et al. (1993) suggested light and reduced translocation was mechanism to account for the 4073 

observed differences in spawning times of Acropora spp. in Okinawa which varied depending on 4074 

whether parts of colonies were shaded by other acroporids. Similarly, Cantin et al. (2007) showed 4075 

that exposure of two broadcast spawning species (Acropora tenuis and A. valida) and a brooding 4076 

species Pocillopora damicornis to a 10 µg L-1 solution of the photosystem II herbicide (diuron) 4077 

resulted in a reduction in photosynthetic electron transport, photoinhibition and a reduction in lipid 4078 

levels. Polyp fecundity was subsequently reduced by 6-fold in A. valida, and both A. valida and P. 4079 

damicornis were unable to spawn or planulate following long-term exposures. 4080 

These studies provide experimental evidence of links between reduced energy acquisition due to 4081 

shading, inhibition of algal symbiont photosynthesis or by bleaching. Cause–effect pathways and 4082 

modes of action could therefore include interference with algal photosynthesis in adults, larvae with 4083 

symbionts and recruits (autotrophy reduction) and heterotrophic suspension feeding (heterotrophy 4084 

reduction (see Houlbrèque and Ferrier-Pagès (2009)) which would reduce energy for gametogenesis 4085 

(Fig. 4). Other effects of high sediment deposition rates include reduced energy from increased self-4086 

cleaning. A reduction in light and changes in light cues associated with elevated turbidity could 4087 

disrupt synchronisation of oogenesis or spermatogenesis (gametogenic asynchrony, Fig. 4).  4088 

 Spawning synchrony and egg–sperm bundle release 4089 

Synchronisation of gametogenesis occurs progressively in a population as development proceeds, 4090 

culminating in the co-ordinated spawning of mature gametes. Overall spawning synchrony and 4091 



 

gamete release is likely to be co-ordinated by a cascade of environmental variables such as 4092 

temperature, seasonal solar insolation, wind speeds, monthly lunar or tidal cycles, and diel light 4093 

cycles which are operating on increasingly finer time scales and acting alone or in combination to 4094 

harmonise reproduction (Babcock et al. 1986, Oliver et al. 1988, Harrison & Wallace 1990, Van 4095 

Woesik et al. 2006, Van Woesik 2010, Rosser 2013). The final sequence of events are complex, 4096 

starting with the egg and sperm being packaged together in a mucous-layer to form an egg–sperm 4097 

bundle (Okubo & Motokawa 2007, Padilla-Gamino et al. 2011). Just prior to spawning the bundles 4098 

are moved into the oral disc area where they become visible in the pharynx, this is referred to as 4099 

‘setting’ (Wallace 1985b, Babcock et al. 1986). The release of bundles varies between species, but 4100 

typically occurs within minutes to hours of setting (Babcock et al. 1986, Van Veghel 1994, Fukami et 4101 

al. 2003, Levitan et al. 2004, Toh et al. 2012). Spawning usually occurs through the extrusion or 4102 

forcible ejection of the bundles from the mouth (Babcock et al. 1986) although extrusion through 4103 

temporary openings in the tentacles has been seen with some brooding (Duerden 1902), and 4104 

broadcast spawning species (Vermeij et al. 2010b). 4105 

Babcock et al. (1986) described the spawning of 17 species of corals within an hour of each other 4106 

on the same day. Although the release of the egg–sperm bundles can be highly synchronous, 4107 

different species can spawn between one and eight days after the full moon with peak spawning on 4108 

the third to sixth night. Similarly, mass spawning in Acropora in Okinawa, Japan occurs from three 4109 

days before up to seven days after the full moon (Hayashibara et al. 1993) and some species can 4110 

spawn on multiple nights. Importantly, different species also have different release times from 10 4111 

min after sunset (i.e. Acropora tenuis) to ~3.5 h after sunset (i.e. Platygyra sinensis). The release 4112 

times for these species may be within 15 min of each other between years (Babcock et al. 1986). 4113 

Subtle differences in the timing of the arrival of egg–sperm bundles at the surface could be a 4114 

mechanism for reproductive isolation i.e. a prezygotic isolating barrier to prevent or reduce 4115 

hybridisation between closely-related species (Knowlton et al. 1997, van Oppen et al. 2002, Fukami 4116 

et al. 2003, Levitan et al. 2004, Willis et al. 2006). 4117 

Jokiel et al. (1985) showed lunar periodicity in the brooding species Pocillopora damicornis is 4118 

entrained by cyclic variation in night-time irradiance noting how surprising it was that a simple 4119 

animal lacking sensory organs could respond to the low photon flux densities associated with 4120 

moonlight. Gorbunov and Falkowski (2002) showed expansion and contraction behaviour of polyps 4121 

from several coral species in response to moonlight and that the response was not related to 4122 

photosynthetic activity of the algal symbionts. It was suggested that corals have blue-light sensitive 4123 



 

rhodopsin-based photoreceptors in the invertebrate host (animal) cells (Gorbunov & Falkowski 4124 

2002). Subsequently, Levy et al. (2007) reported the presence of cyptochromes (CRYs), blue-light 4125 

sensing photoreceptors in the ectoderm of both larval and adult Acropora millepora and coral 4126 

rhodopsin-like genes have been described from A. millepora larvae (Anctil et al. 2007). Entrainment 4127 

of corals by the lunar cycle results in the synchronisation of spawning to within a few nights for most 4128 

coral species, but the ultimate trigger for gamete release seems to be related to light (Harrison et 4129 

al. 1984, Babcock et al. 1986). 4130 

In the natural environment, egg–sperm bundle release is relatively consistent for each species at a 4131 

given location; however, spawning can be accelerated or delayed. Delays can be induced by keeping 4132 

corals in extended light periods (Harrison et al. 1984; Hayashibara et al. (2004). Conversely, corals 4133 

can be induced to spawn early by placing corals in darkness during the day or by shortening the 4134 

photoperiod (Babcock 1984; Hunter 1988; Knowlton, 1997). Brady et al. (2009) suggested the early 4135 

shift was directly controlled by the solar cycle and not an entrained clock as Montastraea 4136 

(=Orbicella) franksi spawned early following a single photoperiod manipulation. While these studies 4137 

clearly suggest light is one of the proximate factors controlling the timing of spawning, they cannot 4138 

explain the very tightly coupled spawning behaviour within a single day i.e. to very discrete, 20–30 4139 

min periods when spawning occurs for each species. Possible cues include falling light intensities 4140 

and the length of a period of darkness (Babcock 1984, Hunter 1988, Knowlton et al. 1997), and 4141 

detection of the blue region of moonlight (Gorbunov & Falkowski 2002). Tying these observations 4142 

together Boch et al. (2011) and Sweeney et al. (2011) suggest that the presence, phase and position 4143 

of the moon modulates the intensity and colour (i.e. a blue shift) of downwelling irradiance during 4144 

twilight, and that this is the final discrete, proximate trigger for the synchronous spawning of corals.  4145 

Buoyancy of invertebrate eggs and larvae is determined by lipid (i.e. wax esters, triglycerides and 4146 

phospholipid) content (Chia et al. 1984) and coral eggs are very lipid-rich (Richmond 1987, Arai et 4147 

al. 1993, Wellington & Fitt 2003, Harii et al. 2007, Harii et al. 2010, Figueiredo et al. 2012, Padilla-4148 

Gamiño et al. 2013). Consequently once released the egg–sperm bundles usually rise through the 4149 

water column to the surface and form a slick (Fig. 1). Newly fertilised eggs of Montastraea 4150 

(=Orbicella) faveolata have a vertical rise rate of 1.8 mm s-1 (Szmant & Meadows 2006) and Levitan 4151 

et al. (2004) recorded an average ascent rate of 8.3 mm s-1 for Montastrea (=Orbicella) franksi. 4152 

Although clearly dependent on depth, typically the time taken for the egg–sperm bundles to rise 4153 

through the water column to form the coral-spawn surface slick would be typically less than an hour 4154 

(Oliver & Babcock 1992, Van Veghel 1994). 4155 



 

 Effects of sediment on spawning synchrony and egg–sperm bundle release 4156 

No published studies have directly examined the effects of sediments on spawning but a range of 4157 

plausible cause–effect pathways exist involving masking of synchronisation cues by changes in light 4158 

quantity and quality which could affect the timing of egg–sperm bundle setting and release 4159 

processes (spawning asynchrony, Fig. 4). Such asynchronisation has been demonstated by shading 4160 

colonies, showing the mechanism is probable (Brady 2009, Levitan 2004). This asynchronisation 4161 

could result in the un-coordinated arrival of the egg–sperm bundles on the surface. Sediment 4162 

deposition and temporary smothering of corals could also interfere with egg–sperm bundle release 4163 

(bundle release blocking, Fig. 4). Kojis and Quinn (1981a) described the stickiness of egg–sperm 4164 

bundles of Goniastrea australensis and recent studies (Ricardo et al. unpublished) have shown that 4165 

sediments can directly bind to egg–sperm bundles of A. millepora (Fig. 5A) and under conditions of 4166 

high SSCs and could cause sinking of bundles or reduce the ascent rate following spawning (bundle 4167 

ascent lag, Fig. 4). High rates of sedimentation could have a similar effect. As with asynchronous 4168 

spawning, bundle ascent lag could also affect the co-ordinated arrival of egg–sperm bundles at the 4169 

sea surface. 4170 

 Fertilisation  4171 

At the surface, the bundle dissociates releasing the eggs and sperm (Fig. 1). Dissociation of the 4172 

bundles is more rapid under turbulent conditions and in Montipora verrucosa can result in the 4173 

release of a still intact sperm packet or package (Hunter 1988). Reported times taken for the bundles 4174 

to dissociate ranges from less than 5 min to more than 4 h, but the process is typically complete 4175 

within an hour (Heyward & Collins 1985, Richmond 1997, Wolstenholme 2004, Padilla-Gamino et 4176 

al. 2011) (Fig. 3, Table 2). Wolstenholme (2004) noted that in Acropora sp. the time for bundle 4177 

dissociation is consistently different for each of species (and morphs) and this could also be part of 4178 

a mechanism for reproductive isolation. 4179 

Since eggs are positively buoyant they remain on the surface, while the negatively buoyant sperm 4180 

sink in the water column and became diluted at depth (Padilla-Gamino et al. 2011). Scleractinian 4181 

eggs range in size from 400-800 µm in Acroporidae and Mussidae, 300–500 µm in Faviidae and 4182 

Pectiniidae and 100–250 µm in Agariciidae, Fungiidae and Pocilloporidae (Harrison & Wallace 1990). 4183 

In Acropora spp. the change from elliptical to more spherical with an hour of being released from 4184 

the egg–sperm bundle (Arai et al. 1993, Hayashibara et al. 1997, Okubo & Motokawa 2007, Padilla-4185 

Gamino et al. 2011). Mature anthozoa sperm are typically ~50 µm long with a head diameter of 1–4186 



 

3 µm (Harrison 1985, Steiner 1991, Steiner & Cortés 1996, Hagedorn et al. 2006) as compared with 4187 

silt sized sediments which range from 4–62.5 µm based on the Udden-Wentworth (Wentworth 4188 

1922) US standard classification scale of sediment (see Fig. 5B). 4189 

Fertilisation in broadcast coral species occurs when the eggs and sperm dissociate from the bundle 4190 

and become viable. This usually takes place at the surface or in the upper water column (Fig. 1). 4191 

Heyward and Babcock (1986) noted for many corals (including several faviids) final maturation, 4192 

division of the oocytes and the release of polar bodies occurred 15–30 min after spawning (see also 4193 

Okubo and Motokawa (2007). Consequently, it seems unlikely that the eggs are fertile until 4194 

sometime after release from the bundles. For the sperm, Oliver and Babcock (1982) suggest they 4195 

are also inactive when highly concentrated within the egg–sperm bundles at the time of spawning 4196 

and become capable of full activity during the early stages of fragmentation of the bundles.  4197 

Morita et al. (2006) showed that sperm of Acropora digitifera, A. gemmifera and A. tenuis become 4198 

activated when in close (<300 µm) proximity to conspecific eggs but not eggs of different species. 4199 

Coll et al. (1994) described substances extracted from eggs of Montipora digitata that activated and 4200 

attracted sperm. Morita et al. (2006) also described how sperm flagellar motility decreased when 4201 

they came close to eggs where many sperm had already attached to the egg surface. These 4202 

observations suggest the presence of sperm activation, attraction, chemotaxis (orientation with 4203 

respect to a chemical concentration gradient) and suppressor(s), and a mechanism to prevent 4204 

polyspermy given that eggs of corals do not have fertilisation membranes (Babcock et al. 1986, 4205 

Oliver & Babcock 1992). 4206 

First cleavage in laboratory studies generally occurs from <1 h to 6 h following fertilisation (Fig. 4207 

3,Table 1) and the capacity for fertilisation decreases with time, falling rapidly >1.5 h after spawning 4208 

in Montipora digitata (Ricardo unpublished data), 2 h after spawning in Montastrea annularis 4209 

species complex (Levitan et al. 2004), >3 h in Platygyra sinensis (Oliver & Babcock 1992), >5–6 h 4210 

after spawning in Montipora digitata, Acropora tenuis, Goniastrea aspera and G. favulus (Heyward 4211 

& Babcock 1986), and Acropora millepora (Wallace & Willis 1994, Willis et al. 1997). However, the 4212 

majority of these fertilisation studies were conducted in the laboratory (in vitro) (Table 2), without 4213 

the natural dilution factors such as diffusion, advection and sinking of the sperm. Dilution of sperm 4214 

in the field is likely to significantly impact on the length of the fertilisation window and Omori et al. 4215 

(2001) suggests that the in situ fertilisation is unlikely as little as 1 h after spawning. 4216 



 

 Effects of sediment on fertilisation 4217 

The earliest study of the effects of sediment on fertilisation was conducted with Acropora digitifera 4218 

exposed to high sediment concentrations (1,280 mg L-1) at a low (28.5 ppt) salinity (Richmond 1993, 4219 

Richmond 1996a). Fertilisation was much lower in the experimental treatment than controls (0.45 4220 

µm filtered seawater at 34 ppt and no sediment); however, those results could be partially due to 4221 

osmotic effects since later experiments showed similarly low fertilisation rates at low salinity 4222 

without sediments (see also Humphrey et al. 2008). Several studies have examined the effects of 4223 

suspended sediment on fertilisation in Acropora digitifera (Gilmour (1999), Acropora millepora 4224 

(Humphrey et al. 2008), and Pectinia lactuca (Erftemeijer et al. (2012a)), using sediments collected 4225 

from terrestrial dredge spoil grounds and surficial sub-tidal sediments collected from a range of 4226 

locations including pristine and contaminated sites (Table 1)  4227 

The effects of suspended sediments on coral fertilisation varied considerably in these studies. Some 4228 

of the differences may be due to uncertainty in the amount of sediments suspended over the 4229 

duration of the exposures. In the most sensitive study, Gilmour (1999) placed hundreds of grams of 4230 

sediment in a container and used aeration from aquarium pumps channelled through a pipette to 4231 

re-suspend the fine-grained sediment from the container floor to the desired levels in the water 4232 

column. Recent attempts to create uniform suspensions of sediments have not been successful 4233 

(Ricardo unpublished) and the reported SSC using this technique may not be reliable.  4234 

Fertilisation is known to be one of the most vulnerable life-history stages to toxicants, and some of 4235 

the variation between studies could be associated with contaminants and genotoxic effects. Other 4236 

possible cause–effect pathways lie with the binding of nutrients and microorganisms, potentially 4237 

forming ‘sticky’ particles that may attract and capture coral sperm. It is notable that the clean 4238 

aragonite sediments used by Humphrey et al. (2008) did not cause any measurable effect on 4239 

fertilisation at 1000 mg L-1 as compared to the potentially contaminated sediments collected from 4240 

beside a nearshore, operational dock where affects were observed at 100 mg L-1. Similarly, 4241 

sediments in the study of Erftemeijer et al. (2012a) were collected from Singapore waters which are 4242 

likely to be contaminated by a range of pollutants, including potentially toxic persistent organic 4243 

pollutants (Wurl & Obbard 2005).  4244 

Another source of the variability between the studies could be methodological differences 4245 

especially in sperm concentrations. So far studies have used only a single sperm concentration but 4246 

if suspended sediments limit the available sperm for fertilisation, then the fertilisation rate can be 4247 



 

highly dependent on the sperm concentration used, masking effects at very high in vivo sperm 4248 

concentrations and exacerbating effects at low sperm concentrations (Marshall 2006). The 4249 

experiments so far have typically used a single sperm concentration and whilst the use of a single 4250 

concentration is quick and convenient, future studies need to consider a range of sperm 4251 

concentrations since fertilisation success is proportional to sperm-egg contact and increases with 4252 

increasing sperm concentration (Oliver & Babcock 1992, Marshall 2006, Iguchi et al. 2009). Different 4253 

techniques and metrics have been proposed to address this and other issues, including use of a 4254 

number of sperm concentrations, the use of a standard sperm-egg contact times, optimising sperm 4255 

and egg concentrations for each species to maximise the sensitivity of an assay (Oliver & Babcock 4256 

1992, Omori et al. 2001), and using sperm of multiple corals (Marshall 2006).  4257 

The mechanism whereby sediments effect fertilisation is unknown and could include physical effects 4258 

on egg/sperm interactions through affecting sperm activation, effects on motility, and entry and 4259 

attraction. As with processes leading to asynchrony, these may serve to reduce egg–sperm 4260 

interactions and will ultimately affect recruitment. Humphrey et al. (2008) and Erftemeijer et al. 4261 

(2012a) speculated that sediments may block sperm entry to the egg via the micropyle, and while 4262 

these structures are found in fish, insects and cephalopods, they have not been described yet for 4263 

coral eggs. Gilmour (1999) observed unusual clustering or aggregation of Acropora digitifera eggs 4264 

on the water surface in sediment-treated samples. These observations are similar to those made 4265 

with Pacific herring where sediments attach and aggregate eggs and embryos in the early post-4266 

fertilisation period, remaining there for the duration of embryonic development (Griffin et al. 2009). 4267 

Other possible pathways include attachment of sediment to the mucus-layer of the egg–sperm 4268 

bundles preventing or delaying break up (bundle cloaking in Fig. 4). Silt sized sediments (4–62 µm) 4269 

could also interfere with sperm movement decreasing sperm-egg interactions (sperm motility in Fig. 4270 

4) and possibly by masking activation and attraction cues from the eggs (egg chemotaxis in Fig. 4). 4271 

As with the effects on egg–sperm bundles, attachment of sediments to sperm could cause them to 4272 

sink (sperm drop-out in Fig. 4; Fig 5 B, C) and high sedimentation rates could accelerate this process. 4273 

 Embryogenesis and larval development 4274 

The term embryo is used here to describe the early development phase of fertilised eggs up until 4275 

the stage where the epidermis begins to differentiate and cilia form, at which stage the developing 4276 

propagule is termed a larvae (Harrison & Wallace 1990, Ball et al. 2002). Babcock and Heyward 4277 

(1986) described embryogenesis in 19 species of corals from initial cleavage to 10 d afterwards 4278 



 

including settlement and metamorphosis. Detailed time-courses in embryogensis in gamete 4279 

spawning Acropora, including the appearance of polar bodies, development of the zygote from 4280 

cleavage, morular and blastula stage and gastrulation have been given in Hayashibara et al. (1997), 4281 

Okubo and Motokawa (2007), Okubo et al. (2008), Okubo et al. (2013) and Ball et al. (2002) and 4282 

used to develop the stylised life-cycle in Fig. 1. 4283 

Fertilisation and the initial stages of embryogenesis occur at the sea surface and upper water 4284 

column (Fig. 1). The positive buoyancy in eggs and recently fertilised embryos during the first few 4285 

days would enhance passive dispersal by currents, but an important feature of embryogenesis is a 4286 

general decrease in buoyancy (Wilson 1888, Harrison et al. 1983, Babcock 1984, Figueiredo et al. 4287 

2012). Motility is typically first observed by 1–2 d after fertilisation and active swimming after 2 –3 4288 

d, although more rapid development has been recorded in some species such as Pectinia lactuca 4289 

(Fig. 3, Table 2). These observations on movement and swimming in the laboratory are supported 4290 

by studies of coral slicks at sea (Babcock et al. 1986). Arai et al. (1993) measured a decrease in 4291 

buoyancy in 4 d old larvae of Acropora millepora and A. tenuis and the downward movement of 4292 

larvae could be assisted by swimming (Harii et al. 2007, Tay et al. 2011), as coral larvae can respond 4293 

barotactically to changes in water pressure (Stake & Sammarco 2003). Willis and Oliver (1988) 4294 

showed embryos are concentrated in the surface few centimetres for the first 24 h, but numbers 4295 

started increasing in deeper water after the second day and after five days the larvae were 4296 

distributed evenly through the water column. The decrease in buoyancy and onset of motility results 4297 

in a breakup of the coral surface spawn slicks, consistent with aerial observations that the slicks 4298 

were visible for 1–2 d (Oliver & Willis 1987). A similar time course for the downward movement of 4299 

acroporid larvae and dispersal of surface slicks has been observed for Acropora larvae held in large, 4300 

floating outdoor rearing ponds (Omori et al. 2007). 4301 

Hayashibara et al. (1997) described the later stages of embryogenesis and behavioural aspects of 4302 

the larvae in Acropora spp. Once motile, the planulae change from a barrel to a 4303 

pear/elongate/spindle/tear drop shape. The planulae are active swimmers, spiralling along their 4304 

principal axis exhibiting a range of geotactic and negative and positive phototactic responses which 4305 

contribute to their ultimate settlement and attachment location (Lewis 1974). Hodgson (1985) 4306 

suggested evidence of vertical migration, with coral larvae residing near the surface at night and 4307 

moving to several metres depth during the day. When swimming in the water column the downward 4308 

navigation of the planulae in two brooding coral species (Agaricia tenuifolia and Porites astreoides) 4309 

can be cued by seawater collected from the reef i.e. involves water-borne signals (Gleason et al. 4310 



 

2009). Vermeij et al. (2010a) also showed that planktonic phase larvae of Montastraea faveolata 4311 

respond to underwater reef sounds such as fish calls and grunts and the snapping of shrimps so 4312 

there could also be water-borne acoustic cues that the larvae respond to. 4313 

Non-symbiotic coral larvae are lecitotrophic and acquire energy endogenously from the parent 4314 

generation and the rich lipid content is a plausible, primary energy source (Richmond 1987, Arai et 4315 

al. 1993, Wellington & Fitt 2003, Harii et al. 2007). This is consistent with the slow decrease in the 4316 

lipid content in Pocillopora damicornis (Richmond 1987, Richmond 1997), Acropora tenuis (Harii et 4317 

al. 2007), P. damicornis and Montipora digitata (Harii et al. 2010) during the planktonic phase, linked 4318 

to loss of buoyancy. However also associated with the energy status of the larvae, and one of the 4319 

most critically important events in the early life history stages, is the acquisition of photosynthetic, 4320 

symbiotic dinoflagellate microalgal symbionts (Symbiodinium spp. = zooxanthellae) (discussed 4321 

further below under metamorphosis). Species of the genus Acropora were believed to only uptake 4322 

algae after metamorphosis (Babcock & Heyward 1986, Babcock 1988, Harrison & Wallace 1990) but 4323 

many recent studies have now shown that Acropora larvae can form symbioses at the larval stage 4324 

i.e. A. millepora (van Oppen 2001), Acropora muricata (Baird et al. 2006), A. monitculosa (Adams et 4325 

al. 2009), A. digitifera, A. florida, A. intermedia (Harii et al. 2009), A. intermedia (Baird et al. 2010), 4326 

A. millepora and A. tenuis (Cumbo et al. 2013b). In Acropora millepora, algal symbionts acquired in 4327 

the larval stage were long-lasting, remaining stable at least over several months (van Oppen 2001). 4328 

The horizontal acquisition of symbiotic dinoflagellates at the larval stage or maternal inheritance in 4329 

eggs has implications for the nutrition of the larvae, the length of the settlement–competency 4330 

period and hence for dispersal. Richmond (1981) showed that between 13–27% of carbon fixed by 4331 

Symbiodinium in Pocillopora damicornis larvae is translocated to the host, depending on light quality 4332 

and temperature. Larval lipid content decreased more in symbiont-containing Pocillopora 4333 

damicornis and Montripora digitata under dark than light conditions (Harii et al. 2010) and larval 4334 

survival was reduced. The implication is that photosynthesis of the symbiotic dinoflagellates and 4335 

translocation to the host is important for extending the length of the larval phase (see also Isomura 4336 

and Nishihira (2001)). 4337 

 Effects of sediment on embryogenesis and larval development 4338 

Gilmour (1999) and Humphrey et al. (2008) examined effects of sediments on early embryonic 4339 

development in and Acropora digitifera A. millepora and showed no effect at the highest 4340 

concentrations tested (200 and 150 and mg L-1 respectively) (Table 1). Studies on the effects of 4341 



 

sediments on the subsequent development in larvae is limited to the work of Gilmour (1999) where, 4342 

in contrast to the lack of effects on embryogenesis, significant effects were noted from 1.5–6.5 d 4343 

after spawning at concentrations as low as 50 mg L-1. To undertake this study, larvae were incubated 4344 

in rearing jars containing several hundred grams of sediment and tethered in situ to mooring buoys. 4345 

The ends of the jars were covered with a 60 µm plankton mesh to allow water exchange and retain 4346 

the sediments which were kept in suspension by natural agitation of the buoy and containers by 4347 

wave motion. These experiments were uncontrolled in that sediment particles less than the mesh 4348 

size are likely to have been lost and water flow inside the container was likely to be minimal because 4349 

of clogging of the mesh by sediment. Gilmour (1999) described serious problems associated with 4350 

this approach, and how the containers were regularly squeezed to facilitate water exchange, but 4351 

how this did not remove all solid materials caught inside the mesh which resulted in the build-up of 4352 

tissue debris and organic material. Build-up of dead material could also have been exacerbated by 4353 

the comparatively high larval densities of ~15 mL-1 which may increase mortality within the meshed 4354 

containers (Negri unpublished results). Despite these considerable methodological problems, 4355 

Gilmour (1999) concluded there was an effect on larval survival at 50 mg L-1 and this finding has 4356 

been widely cited, including in several recent reviews (Fabricius 2005, Gleason & Hofmann 2011a, 4357 

Erftemeijer et al. 2012b). Studies on the effects of larval development need to be repeated. 4358 

There are a number of potential cause–effect pathways whereby dredging could negatively or 4359 

positively affect the larvae whilst in the planktonic phase. Sound from dredging operations, high 4360 

SSCs or reduced light levels associated with the high turbidity, could affect the macro-scale habitat 4361 

selection, the orientation of the larvae in the water column and the downward movement towards 4362 

the reef (i.e. sound masking, reef chemotaxis, phototaxis, in Fig. 4). High SSCs could also interfere 4363 

with the algal acquisition process which is mediated by a feeding. The energetics of larvae may also 4364 

be taxed by excessive particle removal (self-cleaning Fig. 4) or avoidance and reductions in light 4365 

quantity and quality would most likely negatively affect photosynthesis in larvae that have acquired 4366 

symbionts (autotrophy reduction in Fig. 4). 4367 

There are, however, a number of possible benefits of turbidity generating activities whilst embryos 4368 

and larvae are in the water column. Resuspended sediments may include free-living algal symbionts 4369 

increasing the chances of forming a stable symbiosis (see below). Light reduction could also reduce 4370 

UV damage in embryos and oxidative stress in larvae that recently acquired symbionts in the 4371 

planktonic phase. Reduced visibility could also mean reduced losses to visual predators. 4372 



 

 Settlement and metamorphosis 4373 

The pelagic larval phase ends with is a gradual descent of the planulae from the surface and water 4374 

column (i.e. planktonic stage) to a temporary demersal stage (Fig. 1). Subsequently there is a final, 4375 

benthic stage, involving settlement and eventually permanent attachment (Fig. 1). Gleason and 4376 

Hofmann (2011a) have recently reviewed the ‘...dizzying array of abiotic and biotic factors, both 4377 

positive and negative, that can determine whether a coral larva ultimately ends up on the reef as a 4378 

new recruit...’.  4379 

Once near the seabed planulae exhibit thigmotaxic ‘searching’ behaviour, touching the substrate, 4380 

temporarily ‘resting’, ‘creeping’ and ‘crawling’ over the surface before eventually attaching and 4381 

settling (Fig 1). Many studies have described similar processes with larvae of several brooding 4382 

species and introduced the colloquial terms for the stages (Wilson 1888, Duerden 1902, Atoda 4383 

1947a, b, 1951a, b, Krupp 1983). Coral larvae lack the apical tufts found in some cnidarians but 4384 

appear to have sensory cells in their aboral epidermis for substratum detection i.e. tasting surfaces 4385 

for suitable cues. Vandermeulen (1974) described these sensory cells for larvae of Pocillopora 4386 

damicornis as bearing a single flagellum and surrounded by a collar of microvilli. The nature of these 4387 

cells and the location of chemoreception has recently been examined by Tran and Hadfield (2013) 4388 

who showed that larvae Montipora capitata would not undergo metamorphosis if the first quarter 4389 

of the aboral pole was removed. Whilst suggesting sensory cells used in detecting cues are likely to 4390 

be located there, much larger larvae of Pocillopora damicornis lacking the aboral pole were also able 4391 

to settle and metamorphose. This indicated the cue-detecting cells could also be located along the 4392 

sides of the body and there are differences between species in cue-detection. 4393 

Planulae of Acropora nasuta have 2 types of cnidae, a microbasic b-mastigophore nematocyst and 4394 

a spirocyst (Hayashibara et al. 2000). Spirocysts are known to be adhesive organelles in cnidaria and 4395 

the discharged threads can link together in a fine web or meshwork (Mariscal et al. 1977). In 4396 

Acropora nasuta the appearance of cnidae 3–4 d after fertilisation coincides with the swimming 4397 

phase and first attachment (Fig. 3), and a continued increase in numbers until 8 d after fertilisation 4398 

coincides with maximum settlement (Hayashibara et al. 2000). Okubo and Motokawa (2007) also 4399 

observed an increase in numbers of spirocysts in a concave structure of the aboral region of 4400 

developing Acropora millepora larvae. Hayashibara et al. (2000) suggested that nematocysts in 4401 

planulae were associated with defence against predators but that the spirocysts were associated 4402 

with attachment. Okubo and Motokawa (2007) also suggests spirocysts are associated with 4403 

attachment but that the brim of the concave structure may sense the environmental signals for 4404 



 

metamorphosis.  4405 

The settlement of mature planulae requires the presence of an appropriate substrate as well as 4406 

chemical and/or biological cues and in some instances the presence of compatriots i.e. gregarious 4407 

settling behaviour (Wilson 1888, Duerden 1902, Edmondson 1929, Birkeland et al. 1981, Kojis & 4408 

Quinn 1981b, Tran & Hadfield 2011, Puill-Stephan et al. 2012). Baird et al. (2003) showed that 4409 

settlement of larvae is much higher on artificial surfaces which had been conditioned (left in situ for 4410 

8 wk) in the parental habitat suggesting species and habitat-specific substratum cues (see also 4411 

Suzuki and Hayashibara (2011)). Marine bacteria and biofilms are a likely source of the cues on 4412 

conditioned surfaces (Negri et al. 2001, Webster et al. 2004). The settlement of some coral larvae is 4413 

most powerfully initiated by the presence of various species of crustose coralline algae (CCA) (Morse 4414 

et al. 1988, Harrington et al. 2004, Golbuu & Richmond 2007). While chemical inducers from CCA 4415 

are far more potent than all other factors affecting the settlement of Acropora spp., larvae often 4416 

prefer to attach immediately adjacent to the CCA (Heyward & Negri 1999, Szmant & Miller 2006) 4417 

which has an array of defences including sloughing of surface cells and natural antifouling 4418 

compounds protecting it from colonisation (Harrington et al. 2004).  4419 

Following the searching/exploring stage the larvae settle, undergoing attachment by the aboral end, 4420 

followed by contraction at the oral–aboral axis forming a flattened disc that eventually becomes 4421 

subdivided radially by mesenteries (Ball et al. 2002)(Fig. 1, Fig. 5 D). Metamorphosis involves a 4422 

dramatic reorganisation and tissue remodelling creating the sessile primary polyp (Vandermeulen 4423 

& Watabe 1973, Vandermeulen 1974, 1975, Hirose et al. 2008, Grasso et al. 2011). In particular the 4424 

aboral ectoderm is transformed into the calicoblastic ectoderm, which is responsible for secretion 4425 

of the coral skeleton, and the oral ectoderm is stabilised (Grasso et al. 2011). Whilst metamorphosis 4426 

in most invertebrate larvae is usually an irreversible process, at least one species, Pocillopora 4427 

damicornis, can undergo reversible metamorphosis back into the planktonic form under conditions 4428 

of environmental stress or energy constraint (Richmond 1985, Miller & Mundy 2003). 4429 

Many studies of recruitment patterns suggest that larvae can exhibit adaptive behaviour and 4430 

actively settle at sites where the light quality and quantity regime is optimum (Duerden 1902, 4431 

Edmondson 1929, Stephenson 1931, Abe 1937, Atoda 1947a, 1951a, Lewis 1974, Mundy & Babcock 4432 

1998, Miller & Mundy 2003). In shallow environments, juvenile corals tend to be found on vertical 4433 

sides and cryptically, on the undersides of surfaces of dead corals or artificially provided settlement 4434 

media such as settlement plates (Duerden 1902, Birkeland 1977, Bak & Engel 1979, Birkeland et al. 4435 

1981, Wallace & Bull 1981, Rogers et al. 1984, Wallace 1985a, Harriott & Fisk 1987, Babcock & 4436 



 

Mundy 1996, Raimondi & Morse 2000). On the underside of plates settlement is often in an 4437 

aggregated distribution near the edge (Maida et al. 1994) and recruits eventually extend out from 4438 

these cryptic habitats as they grow. These settlement patterns have been suggested to be due to 4439 

avoidance of predation or herbivorous grazing, or avoidance of sediment deposition and algal 4440 

biomass (Birkeland 1977, Maida et al. 1994) or an interaction whereby filamentous algae traps more 4441 

sediment. However, it has also been pointed out that the majority of the settlement studies have 4442 

used settlement plates with smooth upper surfaces which lacking sufficient surface rugosity to 4443 

provide refuge for small corals (see (Penin et al. 2010b, Nozawa et al. 2011)) and discussed further 4444 

in (Ritson-Williams et al. 2010, Nozawa et al. 2011, Edmunds et al. 2014). 4445 

The cryptic recruitment pattern on settlement plates reverses with depth, and on a proportional 4446 

basis, more juvenile corals tend to be found settled on horizontal than vertical surfaces in deeper 4447 

water (Birkeland 1977, Bak & Engel 1979, Birkeland et al. 1981, Sammarco & Carleton 1981, Rogers 4448 

et al. 1984, Baggett & Bright 1985, Wallace 1985a). This pattern has been suggested to be due to 4449 

reduced light intensities at depth (Bak & Engel 1979) and can occur either through settlement 4450 

behaviour or post settlement mortality. Mundy and Babcock (1998) examined settlement patterns 4451 

of shallow (reef-flat and crest) and deep-water (reef-slope) corals under different light quality and 4452 

quantity. They found that for deeper water corals, Oxypora lacera and Montipora peltiformis, 4453 

settlement was highest under a low intensity blue light treatment which simulates lower slope light 4454 

regimes, indicating that spectral light quality is also an important cue for the settlement response 4455 

in deep-water corals. 4456 

The cryptic settlement pattern could also be related to ultraviolet radiation (UVR, 280–400 nm), 4457 

which can penetrate to considerable depths (>24 m) in tropical waters (Jerlov 1976, Banaszak & 4458 

Lesser 2009). Larvae appear particularly sensitive to UVBR (280–329 nm) radiation and exposure 4459 

reduces survivorship in the brooding species Agaricia agaricities (Gleason & Wellington 1995) and 4460 

the broadcasting species Acropora palmata, Montastrea (=Orbicella) annularis and M. (=Orbicella) 4461 

franksi (Wellington & Fitt 2003). Baker (1995) and Kuffner (2001) recorded reduced settlement of 4462 

larvae from the brooding species Pocillopora damicornis in response to UVR, but did not see impacts 4463 

on larval survival. Gleason et al. (2006) showed that planulae of Porites astreoides can detect and 4464 

behaviorally respond to UVR, preferentially swimming and ultimately settling in areas where UVR 4465 

was reduced. Cryptic settlement appears to represent a relatively straightforward mechanism of 4466 

reducing UVR damage and maximising survival during the very early stages of recruit establishment. 4467 

Overall, settlement of coral larvae probably represents a balance between opposing selective 4468 



 

pressures of access to adequate light for photosynthesis versus avoidance of UV damage and 4469 

competition with algae, sediment, and grazers (Gleason & Hofmann 2011a). 4470 

The minimum competency periods for coral larvae varies considerably (Fig. 3, Table 2). Part of the 4471 

variation could be due to differences in the experimental systems used to quantify the onset of 4472 

competency — see Heyward and Negri (2010) for a reliable technique for some species. If critical 4473 

factors which influence settlement were not optimised in laboratory-based experiments then this 4474 

may have led to some of the extended minimum settlement times reported in the early literature 4475 

— for example 36 d in Acropora hyacinthus (Harrison et al. 1984) as opposed to 7 d (Okubo & 4476 

Motokawa 2007), and 16–22 d in Acropora formosa (=A. muricata) (Harrison et al. 1984) as opposed 4477 

to 5–6 d (Nozawa et al. 2006). Furthermore, the length of the competency period is likely to be 4478 

underestimated as Acropora spp. kept in low densities and in the absence of cues to induce 4479 

settlement are still competent to settle at least 60 d post-spawning (Negri, unpublished, (Graham 4480 

et al. 2008)). 4481 

Of those studies where appropriate settlement cues were used to examine attachment, the 4482 

settlement starts to occur from a few days to two weeks after spawning (Connolly & Baird 2010, 4483 

(Table 2). Most studies have described initial settlement but several more recent studies have 4484 

followed the time course over several weeks (Nozawa & Harrison 2005, Harrison 2006, Nozawa & 4485 

Harrison 2008, Suzuki et al. 2011, Tay et al. 2011, Toh et al. 2012) including a recent in situ study 4486 

(Suzuki et al. 2011). Larval settlement generally peaks between 4 and 10 d after spawning but 4487 

extended settlement times have been shown lasting several months, having implications for long-4488 

distance dispersal and increased genetic connectivity between distant reefs (Baird 1998, Nozawa & 4489 

Harrison 2002, Nishikawa et al. 2003).  4490 

Several studies with Acropora hyacinthus, A. muricata, A. longicyathus, A. valida, Platygyra 4491 

daedalea, Favites chinensis and broadcast spawned Goniastrea aspera on the southern Great 4492 

Barrier Reef and in Japan, have shown the ability of larvae to rapidly settle and attach, occurring a 4493 

few days after spawning and a few days before they achieve competence and undergo 4494 

metamorphosis (Harrison 1997, Nozawa & Harrison 2002, Miller & Mundy 2003, Nozawa & Harrison 4495 

2005, Harrison 2006, Nozawa & Harrison 2008). This precocious settlement behaviour, occurring 4496 

prior to developing full competence, could provide a mechanism for some larvae of broadcast 4497 

spawning corals to remain on or near their natal reef, allowing some degree of self-seeding of local 4498 

populations. 4499 



 

 Effects of sediment on settlement 4500 

There have been many more studies of the effects of sediments on settlement of broadcast and 4501 

brooding species than at any other stage (Table 1). These studies have substantiated the observation 4502 

by Johannes (1970) that coral larvae are reluctant to settle in the presence of sediment (Table 1). In 4503 

laboratory-based experiments several different techniques have been used and sediment loads 4504 

causing effects qualitatively and quantitatively described. Qualitative descriptions include ‘…a 4505 

conspicuous layer of sediment…’ (Babcock and Davies 1991) or ‘…layer of sediment…’ (Gilmour 4506 

1999). More quantitative assessments have included the use of sediment traps to assess 4507 

sedimentation rates (i.e. Babcock and Davies 1991) which are unreliable for this purpose (see 4508 

Storlazzi et al. 2012). The most recent work of Perez III et al. (2014) has quantified the effect more 4509 

thoroughly, showing that Pocillopora damicornis larvae would not settle on surface covered with a 4510 

fine (<63 µm) terrigenous sediment of as little as > 0.9 mg cm-2 or ~ <80 µm thickness. 4511 

There are few field based studies examining the effects of sediment on settlement and of these 4512 

Babcock and Smith (2002) showed the broadcast-spawning species Acropora millepora would not 4513 

settle in silty environments. Manipulative field experiments are difficult, and in that particular 4514 

experiment sediment was delivered using fine (90% <63 µm) terrestrial sediment consolidated into 4515 

bricks placed beside settlement tiles. The bricks crumbled on submersion, distributing sediment in 4516 

their immediate vicinity and onto nearby coral settlement plates. Sediment supply was continued 4517 

by occasionally placing more bricks nearby over the next few months when possible. In this study 4518 

sedimentation rates were ‘quantified’ by attaching household scrubbing pads to the reef and the 4519 

amount of sediment accumulating in these pads was weighed and expressed in terms of mg cm⁻² 4520 

d⁻¹. The study confirmed the laboratory-based experiments, where corals will not settle in silty 4521 

environment, however, the experiment are highly uncontrolled and the use of the sedimentation 4522 

rates from the scrubber pads to provide reliable quantitative information on the downward flux of 4523 

sediments are not really appropriate for the reasons outlined in Thomas & Ridd (2004), Thomas and 4524 

Ridd (2005), Storlazzi et al. (2011) and Risk and Edinger (2011). 4525 

Birrell et al. (2005) examined settlement of A. millepora larvae on dead coral substrata with or 4526 

without sediments and algal turf. Sediments were manipulated by placing 50 cm3 of very fine 4527 

sediments (<15 µm) collected by filtering reef water in 9 L containers and allowing the sediment to 4528 

settle over the experimental substrates. Maximum settlement occurred where sediments and algae 4529 

were absent but the sedimentation rates or sediment thickness of suspended sediment 4530 

concentrations were not quantified. 4531 



 

The most likely cause–effect pathways related to settlement are associated with sediment 4532 

deposition and changes in light. These studies demonstrate that larvae prefer not to settle in the 4533 

presence of sediment films. Unconsolidated sediment could mask or cover settlement cues like CCA 4534 

or may simply represent a negative tactile response (settlement cue masking in Fig. 4). The ultimate 4535 

effect is a reduction of suitable (bare) horizontally oriented substratum for settlement. Coral larvae 4536 

tend to settle in small cracks and crevices and Te (1992) and Babcock and Davies (1991) showed 4537 

they would settle in confined experimental containers under sedimentation regimes if presented 4538 

with sediment-free refuges. In the field, however, these are also areas where sediments would 4539 

naturally accumulate. 4540 

A reduction in light or change in spectral quality could reduce the available substratum for 4541 

settlement by reducing the photic zone (settlement site loss, Fig. 4). Gleason et al. (2006) suggested 4542 

that under reduced light, larvae could mistakenly settle in areas (i.e. shallower depths) where the 4543 

average light conditions do not favour long term survival once water clarity returns to normal. 4544 

Larvae would then have to adapt rapidly to potentially high PAR or UV conditions or undergo reverse 4545 

metamorphosis or polyp bail out to survive. Turbidity-dredging events could also result in such 4546 

‘settlement mistakes’ (Fig. 4). 4547 

 New recruits  4548 

Immediately after settlement and metamorphosis, the corals are typically <1 mm and visible only 4549 

with a stereo microscope (Fig. 5 D). Several recent studies have shown that despite their small size, 4550 

heterotrophic feeding (zooplanktivory) occurs quite quickly after settlement, with 2-d old recruits 4551 

of Acropora hyacinthus and Pocillopora damicornis capable of capturing and consuming live brine 4552 

shrimp (Artemia salina) nauplii (Toh et al. 2013). Pocillopora damicornis recruits fed with brine 4553 

shrimp grew faster and had much higher survival rates when transferred to the field than unfed 4554 

recruits (Toh et al. 2014). Acroporid and pocilloporid recruits can grow at a rate of ~0.2 mm diameter 4555 

a week (Schmidt-Roach et al. 2008), reaching 1 cm by about 1 year (Fig. 3) (Babcock 1985). 4556 

The small size of the new recruits makes them particularly vulnerable to a range of factors including 4557 

sediment smothering (see below) and overgrowth by algae, competition from conspecifics or other 4558 

benthic organisms, and direct grazing by coral-feeding fish or incidental mortality from scraping 4559 

herbivorous fish (Penin et al. 2010a, Penin et al. 2011). High mortality rates (>90%) are well known 4560 

in most free-spawning marine invertebrates (Gosselin & Qian 1997) and similarly high rates are also 4561 

common in corals. Babcock (1985) reported mortality rates of ~90% in juvenile Acropora millepora 4562 



 

and ~70% in Goniastrea aspera and Platygyra sinensis which had attached on slabs of coral skeleton 4563 

and returned to the field. Using similar techniques Nozawa et al. (2006) reported post-settlement 4564 

mortality rates of 88–100% over a 3-month period in five species of scleractinian corals initially 4565 

settled onto slate plates for a few months then transferred to the field. Nozawa (2010) reported 4566 

post-settlement mortality rates of 40–60% per month and a yearly rate of 85% in Acropora 4567 

solitaryensis which had been settled onto plain surfaces of fibre cement boards then transferred to 4568 

the field. Similarly, high rates of post-settlement mortality have also been observed in many other 4569 

studies (see (Szmant & Miller 2006, Vermeij & Sandin 2008, Nozawa 2010, Ritson-Williams et al. 4570 

2010, Nozawa & Okubo 2011, Suzuki et al. 2013, Trapon et al. 2013a, Trapon et al. 2013b)).  4571 

These studies on survivorship have typically started when the recruits have settled and are visible 4572 

and can be counted i.e. a few months old (Tomascik 1991, Graham et al. 2013, Martinez & Abelson 4573 

2013). Because of their extremely small size and preference for settling in cryptic, architecturally 4574 

complex habitats, the first few days after settlement are particularly understudied (Baird et al. 2003, 4575 

Penin et al. 2011, Martinez & Abelson 2013). Fluorescence techniques are offering new 4576 

opportunities for examining this very early stage (Piniak et al. 2005, Baird et al. 2006, Schmidt-Roach 4577 

et al. 2008) and a recent in situ study using such techniques have confirmed the earlier suggestions 4578 

(see Babcock et al. (2003) and Baird et al. (2006)) that many coral do not survive the first few days 4579 

of settlement (Martinez & Abelson 2013). 4580 

In juvenile and adult corals the algae provide photosynthetically fixed carbon to the host providing 4581 

additional energy for respiration and growth (Lesser 2004). The initial establishment of symbiosis in 4582 

Acropora recruits involves an attraction step (of Symbiodinium to the recruits) and a subsequent 4583 

selective uptake step, suggesting the operation of recognition sytems by two weeks(Yamashita et 4584 

al. 2014). Symbiodinium are usually acquired by the hosts in feeding, and ultimately phagocytosed 4585 

into the endodermal cells (Colley & Trench 1983, Fitt & Trench 1983a, b). The majority (~80%) of 4586 

broadcast spawning species acquire the Symbiodinium horizontally (Trench 1987, Douglas 1994) i.e. 4587 

from a free-living reservoir (Baird et al. 2009). Notable exceptions are Porites spp. and Montipora 4588 

spp. where zooxanthellae are maternally inherited i.e. vertical transmission, through follicle cells 4589 

into the unfertilised eggs shortly (weeks to days) prior to maturation (Kojis & Quinn 1981a, Heyward 4590 

& Collins 1985, Babcock et al. 1986, Heyward & Babcock 1986, Padilla-Gamiño et al. 2013). In 4591 

contrast, only about 15% of brooders acquire zooxanthellae from the environment (Baird et al. 4592 

2009). Symbiodinium ultimately reside in the endodermal tissues (Muscatine 1990) of juveniles and 4593 

adults at densities of typically one but up to six algae per host cell (Muscatine et al. 1998). 4594 



 

Forming the symbiosis enhances deposition of the skeleton in the well-known phenomenon of light-4595 

enhanced (DCMU-sensitive) calcification (Kawaguti & Sakumoto 1948, Chalker & Taylor 1975). 4596 

Juvenile Acropora digitifera that have acquired algal partners calcify much faster than algal-free 4597 

aposymbionts (Inoue et al. 2012, Tanaka et al. 2013) and the onset of the symbiosis is crucial for the 4598 

energetic process of budding in newly settled Acropora tenuis recruits (Little et al. 2004, Graham et 4599 

al. 2013).  4600 

Free-living Symbiodinium cells have been detected in the water column (Loeblich III & Sherley 1979) 4601 

and the sediments (Loeblich III & Sherley 1979, Coffroth et al. 2006, Hirose et al. 2008, Littman et 4602 

al. 2008, Manning & Gates 2008, Adams et al. 2009, Cumbo et al. 2013a). Littman et al. (2008) 4603 

established that the free-living form occurs at an order of magnitude higher concentration in the 4604 

sediments than water column. This is consistent with observations that the majority of free-living 4605 

Symbiodinium sequences recovered match the dominant types found locally in endosymbiosis with 4606 

scleractinian corals (Manning & Gates 2008, Takabayashi et al. 2012). 4607 

Coffroth et al. (2006) successfully inoculated asymbiotic octocoral polyps (Briareum sp.) establishing 4608 

an important step that some of the free-living Symbiodinium were capable of forming a symbiosis. 4609 

Adams et al. (2009) subsequently established this for hard corals, showing aposymbiotic coral larvae 4610 

acquired sediment-associated Symbiodinium spp. quicker and in greater abundance than when 4611 

present in the water column. Collectively these observations suggest horizontal transmission of the 4612 

symbionts comes primarily from a benthic free-living stage in the sediments (Coffroth et al. 2006, 4613 

Adams et al. 2009). Under normal, ambient conditions Symbiodinium spp. are lost from corals at 4614 

rates of 0.1–1% d-1 (Hoegh-Guldberg & Smith 1989, Stimson & Kinzie 1991, Jones 1997, Jones & 4615 

Yellowlees 1997, Bhagooli & Hidaka 2004) and these could be the ultimate source of symbionts for 4616 

horizontal transmission. 4617 

The next stage is the process of budding i.e. formation of daughter, secondary polyps and 4618 

Hayashibara et al. (1997) reported this occurs in Acropora secale after 2 months (Fig. 1 and 3,Table 4619 

1) similar to rates reported for A. millepora and A. tenuis (Little et al. 2004, Graham et al. 2013). 4620 

Acquisition of algal symbionts and also the type (clade) of symbionts is important for post-4621 

settlement survival (Suzuki et al. 2013) bud formation and budding rate (Little et al. 2004, Graham 4622 

et al. 2013). Gamete-spawning species typically become reproductive at 4–5 yr. or older (Wallace 4623 

1985b, Harrison & Wallace 1990) although reproduction is related more to size than age, and for 4624 

Acropora spp., newly formed areas in actively growing regions are typically initially sterile, especially 4625 

when polyps were budded after the time of onset of gametogenesis (Wallace 1985b)(Fig. 1). 4626 



 

 Effects of sediment on metamorphosis and new recruits 4627 

Several studies have measured decreased recruitment rates in the field along quantified 4628 

eutrophication gradients including spatial (Hunte & Wittenberg 1992, Dikou & Van Woesik 2006) 4629 

and temporal gradients (Thompson et al. 2014). Manipulative studies are more common and Sato 4630 

(1985) conducted one of the first manipulative experiments to examine grazing on post-settlement 4631 

survival in Pocillopora damicornis. Larvae were settled in the laboratory on plastic, pre-conditioned 4632 

petri dishes and then fixed back on the reef-flat oriented facing upwards, downwards or sideways. 4633 

Some petri dishes were covered with a 1 cm mesh to protect from grazing. All larvae in the upwards 4634 

facing dishes (either protected or unprotected) became rapidly smothered in sediment and died, 4635 

whilst higher survival was noted in the downward facing petri dishes. Sato (1985) discussed the 4636 

significance of algae trapping and thereby exacerbating the effects of sediments on larval survival 4637 

but sediment deposition rates were not quantified. 4638 

Babcock and Smith (2002) extended their in situ study with rammed earth bricks and household 4639 

scrubbing pads (see above) to several months, by episodically adding sediment bricks to ensure a 4640 

continued sediment supply. After 8 months, the number of settled larvae in the sediment treated 4641 

sites was only ~40% of the levels in the reference sites suggesting further mortality had occurred 4642 

from the first census immediately following settlement of the larvae. 4643 

Cause–effect pathways associated with the effects of sediment on new recruits are likely to be 4644 

similar to those of the adult corals and include covering by sediment and loss of autotrophic and 4645 

heterotrophic feeding and reduced gas/metabolite exchange (metabolite exchange in Fig. 4). The 4646 

smaller size of recruits however may make them more susceptible to smothering and/or low light 4647 

stress from elevated sediment concentrations (see Fig. 5 D, E, F) 4648 

 Conceptual models and cause–effect pathways 4649 

Fig. 4 shows the conceptual model of the effects of sediments from dredging on the early life-history 4650 

stage of corals based on the previous discussion. The framework used to connect the many possible 4651 

cause–effect pathways and the interrelationship between the stressors is the US Environmental 4652 

Protection Agency (USEPA) Causal/Diagnosis Decision Information System (CADDIS)(USEPA 2004, 4653 

Norton et al. 2009). The process allows the generation of a graphical display, of all known cause–4654 

effect linkages, steps along causal pathways and possible interacting stressors. The framework 4655 

allows the inclusion of biologically plausible but as yet untested cause–effect pathways and, if 4656 

parameterised, could ultimately form the basis of numerical process model to examine the risks of 4657 



 

dredging during coral spawning. 4658 

Dredging activities can have both direct and indirect effects on benthic habitats with direct effects 4659 

including the loss of organisms and habitat by removal of hard and soft substrate within the dredge 4660 

footprint. Indirect and associated with either (1) sound or (2) ‘turbidity-generation’ or ‘plume 4661 

creation’ from various dredging methodologies. Sound originates from propellers, pumps, drag and 4662 

cutting heads, and engine and mechanical noise from dredges and support vessels. There has been 4663 

much progress in recent years in characterising of dredging sound and this has mostly been within 4664 

the context of understanding the effects on marine mammals and fish (WODA 2013). Sound can 4665 

‘mask’ biologically relevant signals and could result in reduced coral settlement success as noted 4666 

above. A potentially beneficial effect of sound could be avoidance of dredging areas by 4667 

planktivorous fish which may reduce predation on gametes and larvae. It is too early to evaluate the 4668 

significance of these mechanisms as compared to the more well-known effects of increased water 4669 

column suspended sediment concentrations. 4670 

The most likely cause–effect pathways associated with the effects of dredging is associated with 4671 

turbidity-generating i.e. the release of sediment into the water column through a range of different 4672 

processes (see (VBKO 2003, Foster et al. 2010). Proximate stressors (or causal agents) can be 4673 

grouped into physical effects and chemical effects (Fig. 4). Chemical effects are associated with 4674 

legacy contaminants (pollution) and nutrient release from pore-water or sorption/desorption 4675 

processes in the water column, and oxygen depletion. Nutrient release has the potential for direct 4676 

metabolic effects and adverse effects through phytoplankton and microbial blooms and subsequent 4677 

changes via oxygen concentrations. Contaminants have the potential for acute and chronic 4678 

toxicological, cellular and physiological effects, including genotoxic (mutagenic, teratogenic and 4679 

carcinogenic) effects (Fig. 4), as well as bioaccumulative effects through uptake and ingestion of 4680 

contaminants (see for example Hedge et al. (2009)). Prior to dredging sediments are normally 4681 

examined for contaminant concentrations and if levels exceed screening guidelines (see for example 4682 

(DEWHA, 2009) are landfilled. Many capital dredging projects in the tropics are also green-field sites 4683 

without historical pollution, and sediment contamination is a more significant an issue for the 4684 

marine environment of industrialised and typically temperate countries than for tropical benthic 4685 

coral reef environments (with a few notable exceptions — see Jones 2012). For these reasons, the 4686 

chemical effects are not considered further here. 4687 

The model graphically highlights some of the complexities associated with understanding the effect 4688 

of sediments on the early life-history stages of corals. While some proximal stressors such as the 4689 



 

effects of sound are isolated and distinct, most of the proximate stressors are associated with the 4690 

release of sediment into the water column and once turbidity has been generated, the proximal 4691 

stressors then become highly interlinked. Individual stressors become part of a causal pathway to 4692 

other stressors (the inner triangle of Fig. 4). 4693 

This model highlights the complex interactions of sediments with coral reproductive processes and 4694 

early life history stages. Part of this complexity is due to multiple ways in which corals are affected 4695 

(e.g. light reduction, physical interactions in the water column and smothering). The model also 4696 

highlights that dredging and natural resuspension may affect more than one step in the 4697 

reproductive sequence of corals. When the impacts on each step are documented then this should 4698 

be accounted for in risk assessment modelling. Although this model reveals multiple stressor 4699 

pathways, many of which have not been documented previously, it has not considered that other 4700 

simultaneous stressors such as high sea surface temperature can increase the sensitivity of coral 4701 

reproduction in an additive or synergistic way (Negri & Hoogenboom 2011). 4702 

 Discussion and conclusions 4703 

Turbidity and sedimentation are two of the most widely recognised threats to coral reefs (Johannes 4704 

1970, Rogers 1990, Risk & Edinger 2011). There have been many studies of the effects of typically 4705 

very high SSCs and sedimentation rates on adult corals, but the effects on coral communities may 4706 

equally manifest themselves over longer periods and associated with changes at the population 4707 

level via effects on reproduction and recruitment. This review was partly motivated by a recent 4708 

resource boom in tropical Australia, the need for dredging for coastal infrastructure and shipping 4709 

channels to export mineral and petroleum products, and current environmental regulations around 4710 

protecting coral spawning events during dredging campaigns. However, the findings are equally as 4711 

applicable to natural events in turbid-zone communities driven by wind-wave induced resuspension 4712 

(Larcombe et al. 1995, Jing & Ridd 1996, Larcombe et al. 2001, Anthony et al. 2004, Lawrence et al. 4713 

2004, Ogston et al. 2004, Verspecht & Pattiaratchi 2010). 4714 

When the regulations were introduced in WA, shortly after the discovery of coordinated spawning 4715 

of corals comparatively little was known about the effects of sediments, hence the approach was 4716 

precautionary (Kriebel et al. 2001). Since then an improved understanding of the biology of the early 4717 

life-history stages of corals and also their response to sediments, coupled with a growing 4718 

understanding of the water quality conditions that can occur during dredging programs, has allowed 4719 

a more thorough analysis of the potential risks associated with turbidity generation on the early 4720 



 

stages of the coral reproductive cycle.  4721 

The review and associated conceptual model identified known and also biologically plausible cause–4722 

effect pathways including some potentially beneficial effects of turbidity. Benefits include a 4723 

reduction in UV light penetration potentially reducing damage to gametes and embryos at the 4724 

surface, a reduction in oxidative stress in symbiotic larvae and recruits (Yakovleva et al. 2009, Abrego 4725 

et al. 2012), a reduction in predation rates by reduced visibility and increased encounter rates of 4726 

aposymbiotic larvae with sediment-associated free-living Symbiodinium released into the water 4727 

column. Suspended and deposited sediments can act as an energy source for adult corals if it 4728 

contains organic material (Anthony 1999, Mills et al. 2004), and possibly recently settled corals — 4729 

although this has yet to be examined. However, there are overwhelmingly more (30+) possible 4730 

causal pathways whereby turbidity-generating activities can negatively affect reproduction.  4731 

Most studies of the effects of sediments have been associated with fertilisation and subsequent 4732 

larval development and settlement, but there is a suite of biologically plausible cause–effect 4733 

pathways associated with turbidity-generation prior to these stages. The predictability of broadcast 4734 

spawning corals in some species (to within a few minutes from year-to-year, Vize et al. (2005), 4735 

Babcock et al. (1986)) and subtle differences when gametes are released by different species, and 4736 

even factors such as egg–sperm bundle dissociation rates ((Wolstenholme 2004)), highlight the 4737 

significance of timing and the synchronisation process for successful fertilisation. The time-window 4738 

for fertilisation could be perhaps be less than an hour in vivo where sperm dilution and advection 4739 

occurs (Omori et al. 2001). The available evidence also suggests that it is only very subtle changes 4740 

in light quantity and quality (i.e. falling light intensities, the length of a period of darkness and the 4741 

intensity and colour of downwelling irradiance during twilight (Babcock 1984, Hunter 1988, 4742 

Knowlton et al. 1997, Boch et al. 2011, Sweeney et al. 2011) that are amongst the final discrete, 4743 

proximate triggers for the spawning. This needs to be contrasted with the profound effects of high 4744 

SSCs on light including producing extended darkness and semi-dark, caliginous, twilight periods. 4745 

Altering the final cues could result in asynchronous spawning. The extended twilight periods could 4746 

also affect gametogenic synchrony in the weeks and months leading up to spawning. Such a loss 4747 

synchrony could ultimately affect the arrival of the gametes at the surface, blurring the temporal 4748 

separation for each species which is believed to be an important pre-zygotic isolating barrier that 4749 

prevents or reduces hybridisation between closely-related species spawning at slightly different 4750 

times (Knowlton et al. 1997, van Oppen et al. 2002, Fukami et al. 2003, Levitan et al. 2004, 4751 

Wolstenholme 2004, Willis et al. 2006). 4752 



 

A second suite of cause–effect pathways occurring before fertilisation include the binding of 4753 

sediments to egg–sperm bundles reducing ascent rates from the seabed and even cause ascent 4754 

failure at very high SSCs (Ricardo et al. 2016b). Even if not bound to the bundles, settling of silt-sized 4755 

sediments could affect bundle rise rates, especially for deeper corals, also impacting the timely 4756 

appearance at the surface. Sinking silt-sized particles, which are about the same size as coral sperm, 4757 

could increase the sinking rates of the already negatively buoyant sperm from the upper-surface 4758 

where fertilisation occurs. As with the effects of light quality and quantity, collectively these 4759 

mechanisms could also affect the temporal separation resulting in asynchrony and reducing the 4760 

chances of egg–sperm encounter (Ricardo et al. 2015). 4761 

Several studies have examined the effects of sediment on fertilisation but with wide ranging effects, 4762 

and it is clear that there is a need for greater standardisation of approaches and consideration of 4763 

experimental conditions such as egg and sperm concentrations and sperm contact times. Attention 4764 

to these factors may also optimise the sensitivity of the assays for further use in risk models. As a 4765 

generalisation, embryogenesis appears to be relatively less sensitive to the suspended sediment 4766 

concentration but more studies are needed on the effects on embryogenesis and early larval 4767 

development to better understand the impacts on the planktonic phase. Early embryos are known 4768 

to be very sensitive to turbulence, resulting in disintegration of embryos of Acropora millepora at 4769 

the 2 to 16 cell stage creating irregular groups of cells or individual blastomeres (Heyward & Negri 4770 

2012). To assess the effects in the water column alternative experimental approaches may be 4771 

needed to keep the delicate embryos and larvae in suspension together with uniform sediment 4772 

concentrations as well as allowing for water exchanges. Perhaps this can be achieved by the use of 4773 

kreisel tanks (Erftemeijer et al. 2012a), or similar techniques. Future studies will also need to address 4774 

suitable end-points and how to account for disintegration and disappearance of the larvae which 4775 

will also deteriorate water quality and affect the remaining larvae (Gilmour 1999, Nozawa & Okubo 4776 

2011). 4777 

The available laboratory and field studies suggests that one of the most sensitive stages is the effects 4778 

of sediment on settlement and subsequent metamorphosis. High SSCs will affect light quality and 4779 

quantity reducing the size of potential settlement areas by reducing available light and depth of the 4780 

photic zone. However, in addition to light related changes, Johannes (1970) specifically linked the 4781 

effects of sediment on settlement within the context of environmental damage ‘...no new corals can 4782 

establish themselves where the soft, shifting sediments have covered the once hard calcareous 4783 

substrate...’. These observations have been substantiated in the exposure conditions has been 4784 



 

elusive, except perhaps with the recent work of Perez et al. (2014). 4785 

Much like the cascade of environmental variables operating alone or in combination at increasingly 4786 

finer time scales to co-oordinate reproduction and spawning, Gleason and Hofmann (2011a) 4787 

describe a hierarchy of cues related to settlement, operating at sequentially finer scales and 4788 

ultimately leading to the choice of a settlement site that is optimal for adult fitness (see also (Suzuki 4789 

et al. 2012)). The presence of sediment seems to be one of the more important final (negative) cues 4790 

in this cascade, but how sediment is detected by the planulae is unknown. Possible mechanisms 4791 

include masking of settlement cues and the failure of cnidae to attach in the presence of 4792 

unconsolidated sediment. The sensing of sediments could occur by receptors on the brim of the 4793 

concave structure of the aboral pole (Okubo and Motokawa (2007)), and better understanding of 4794 

the detection mechanism is needed to establish causal relationships. 4795 

One of the least studied and potentially most sensitive life-history stages is the early post-4796 

metamorphosis survival where the submillimeter sized polyps often gain symbionts, start 4797 

heterotrophic feeding (zooplanktivory) and develop secondary polyps. High post-settlement 4798 

mortality rates (>90%) are well known in most free-spawning marine invertebrates (Gosselin & Qian 4799 

1997) but the small size of the new recruits makes them difficult to study, and also vulnerable to a 4800 

range of factors including sediment smothering. This is arguably one of the most important 4801 

information needs with respect to the effects of sediment from dredging-related and natural 4802 

turbidity events. Understanding the mechanism whereby sediments can affect the early life-history 4803 

stages is essential for deriving concentration–response relationships and ultimately for providing 4804 

information that can be useful for management. 4805 

The conceptual model highlights some of the difficulties associated with establishing concentration–4806 

response relationships and in particular the conflation of proximate stressors which could 4807 

potentially confound establishing causal links. Whilst some of the stressors are isolated and distinct, 4808 

such as effects of sound, other proximate stressors are highly interlinked. Thus, suspended 4809 

sediments can cause biological effects directly (i.e. by interfering with feeding), but high SSCs are 4810 

also a step in the causal pathway to another proximate stressor, changes in light quantity (and 4811 

quality). Similarly, elevated SSCs are a necessary precursor to sediment deposition, which by 4812 

veneering the corals’ surface with a fine layer of sediment also reduces light availability and thus 4813 

the mode-of-action of would also include those associated with light attenuation. 4814 

This close interlinking of proximate factors (the inner triangle in Fig. 4) makes it difficult to 4815 



 

distinguish which factor or factors are responsible for observed effects in the laboratory or field and 4816 

to establish quantitative relationships. This needs to be carefully considered in interpreting the 4817 

results of past laboratory or field manipulations (Table 2) and for designing future studies. For 4818 

example, Te (1992) found no effects of a 1000 mg L-1 sediment concentration on settlement of 4819 

Pocillopora damicornis planulae in shallow, shaded bowls; however, at that concentration all light 4820 

would be attenuated in situ within a metre (Te 1997). Settlement and survival of planulae under 4821 

those conditions seems improbable. The pooling of results from past studies, as is common in review 4822 

articles, can be very misleading unless the wider context of the treatment on other causal pathways 4823 

is known: only then can the results be used in any kind of environmental context. 4824 

The causal/diagnosis decision information system (CADDIS) framework laid out in Fig. 4 has proved 4825 

useful for identifying areas of uncertainty, knowledge gaps and guiding future laboratory or field 4826 

studies. If used in combination, with the analysis of the timing of the various life-history stages, and 4827 

the water quality characteristics during a dredging program over similar time periods, experiments 4828 

can be designed with more environmentally relevant exposure conditions (Harris et al. 2014). 4829 

Approximately 200 m from a trailer suction dredge SSCs can exceed hundreds of mg L-1 for short 4830 

periods (hours) encompassing the duration of some of the stages in the life-cycle such as the 4831 

fertilisation window. Over longer time frames (i.e. days to weeks), which encompass embryogenesis 4832 

and the pre-competent and competent stages through to settlement, average SSCs are lower in the 4833 

tens of mg L-1 range. Close to a dredge light levels can be reduced to zero for several days to a week. 4834 

The 95th percentile of the data over the different time frames probably represents close to a worst-4835 

case scenario but the intensity and duration of the disturbances will decrease with increasing 4836 

distance from the turbidity-generating activity. While it is clear that water quality conditions (SSCs, 4837 

sedimentation and light attenuation) during dredging have the potential to harm various early life 4838 

stages of corals, much work needs to be done to improve experimental stress protocols before the 4839 

risk to coral reproduction can be assessed. This needs to be considered in interpreting the results of 4840 

past laboratory or field manipulations (Table 2). 4841 

Establishing relationships in situ is difficult because of operational exclusion zones frequently found 4842 

around dredges and the associated flotilla of hopper barges, bunkering, crew transfer and support 4843 

vessels. If studies are conducted in the laboratory they will need to overcome the often-difficult 4844 

problems associated with manipulating and keeping sediments in suspension. To derive accurate 4845 

concentration–response relationships for gametes, embryos and larvae it is essential that SSCs are 4846 

quantified gravimetrically as opposed to being expressed nominally (Harris et al. 2014). Future 4847 



 

studies will need to use suitably sized sediment particles, and undertake analyses of particle size 4848 

distributions. Future studies will also need to undertake a full suite of organic and inorganic chemical 4849 

analyses as part of normal ecotoxicological procedures (Klimisch et al. 1997) to discount effects of 4850 

legacy contaminants. These can be significant even in non-industrialised reefal environments (see 4851 

Jones 2011, Jones 2012). Chemical analyses should be conducted of the typically fine clay and silt 4852 

fractions used in the assays and not the coarser, bulk surficial sediments from the collection point. 4853 

The use of clean aragonite or calcium carbonate sediments with similar particle size distributions is 4854 

recommended as a positive control (Klimisch et al. 1997, Harris et al. 2014) and surrogates for 4855 

sediments such as carborundum or kaolin clay should not be used. Attention to these details will 4856 

assist in interpreting the results, verifying the conditions of the assay are optimised and working 4857 

properly (Harris et al. 2014), and controlling for the effects of contaminants. Future studies need to 4858 

identify cause–effect pathways, and recognise the effects of treatments on other potential cause–4859 

effect pathways and consider the concentration–response relationships. Where appropriate 4860 

statistical metrics such as EC10 and EC50 values need to be derived rather than statistical testing of a 4861 

few point concentrations (Chapman et al. 1996, Chapman et al. 2001, Landis & Chapman 2011, 4862 

Harris et al. 2014). 4863 

The successful use of a coral spawning environmental window as a management tool depends upon 4864 

a shutdown period which encompasses the entire period that turbidity-generating activities could 4865 

have an effect on spawning and ultimately the successful recruitment of juveniles into the next 4866 

generation. The window needs to contain sensitive stages such as settlement and early post-4867 

settlement survival (Vermeij & Sandin 2008, Trapon et al. 2013b). From an operational perspective, 4868 

the success is also reliant upon the bracketing of an easily identifiable, discrete and highly 4869 

coordinated spawning period. In Western Australia there is a well-known main autumn spawning 4870 

period (Simpson 1985), but more recently a significant spring spawning period has been identified 4871 

(Rosser & Gilmour 2008). The presently applied 10 d coral spawning shutdown period is too short 4872 

to fully encompass the full settlement period, and all potential demographic bottlenecks associated 4873 

with recruitment, especially settlement and early post-settlement survival (see Fig. 3). Extending 4874 

the window for a few months before and after the predicted spawning date seems an obvious next 4875 

step to also accommodate effects on gametogenic and spawning synchrony and to fully cover the 4876 

settlement period. The window would also need to accommodate both the major (autumn) and 4877 

minor (spring) spawning period as well split spawning events which occur every 2–3 yr. This would 4878 

significantly limit time that turbidity-generating activities could occur near coral reefs in any given 4879 



 

year. Although the approach seems logical, the question is whether this approach is reasonably 4880 

practicable and whether the resulting intermittent and protracted dredging operation would result 4881 

in a better net environmental benefit than a shorter campaign. Conducting maintenance dredging 4882 

activities away from coral spawning periods and settlement periods, and starting capital dredging 4883 

programs at appropriate times to avoid spawning periods would constitute a best management 4884 

practice. 4885 

4886 



 

 Tables 4887 
Table 2. Studies of the effects of sediments on aspects of the reproductive life-cycle of corals 

Study  Species Particle size 
(µm) 

Contaminant 
screening Concentration–response relationship 

Gametogenesis and reproductive synchrony 

Tomascik and 
Sander (1987) 

Porites 
porites 

not 
quantified nutrients only 

Mean number of larvae per cm2 of coral planulating 
Acropora palifera in Papua New Guinea, in shallow, 
turbid water sites was consistently half the value than at 
the clear water sites 

Kojis and 
Quinn (1984) 

Acropora 
palifera 

not 
quantified none Reduction in reproductive activity in Porites porites in 

Barbados along an increasing eutrophication gradient  
Padilla-
Gamiño et al. 
(2014) 

Montipora 
capitata 

not 
quantified none 

No differences in gamete production in Montipora 
capitata in Hawaii between areas with different 
sediment trap accumulation rates. 

Fertilisation 

Gilmour 
(1999) 

Acropora 
digitifera 50–200 µm metals 

Effects of sediments collected from a terrestrial dredge 
spoil ground measured at 50 mg L-1 and 100 mg L-1 
(measured concentrations)  

Humphrey et 
al. (2008) 

Acropora 
millepora 

<63 µm 
(measured) 

metals and 
nutrients 

Concentration–response relationships established for% 
fertilisation versus SSC over a range from 4 to 1024 mg L-

1 and an LOEC established at 100 mg L-1 for a range of 
sediment types 

Erftemeijer et 
al. (2012a) 

Pectinia 
lactuca 

not 
quantified not quantified 

Reduction at 43 mg L-1 and but significant reduction at 
169 mg L-1 (nominal concentrations) tested against a 
reference sample of 6 mg L-1  

Embryogenesis and larval development 

Gilmour 
(1999) 

Acropora 
digitifera 50–200 µm metals 

Effects measured at 50 mg L-1 (LOEC) and 100 mg L-1 

(measured concentrations) tested against a reference of 
<1 mg L-1 

Humphrey et 
al. (2008) 

Acropora 
millepora 

<63 µm 
(measured) 

metals and 
nutrients 

Concentration–response relationships established for% 
fertilisation versus SSC over a range from 4 to 1024 mg L-

1 and an LOEC established at 100 mg L-1 
Settlement and metamorphosis 

Hodgson 
(1990) 

Pocillopora 
damicornis 

sand 12% 
silt 67%  
clay 21% 

none Planulae settlement was markedly reduced where there 
was a layer of sediment <1 mm thickness  

Babcock and 
Davies (1991) 

Acropora 
millepora 

fine sand 
and silt none 

Reduced settlement at sediment traps accumulation 
rates of ~3 (LOEC), 6–7 and 110–325 mg cm-2 d-1 
measured using sediment traps as compared with 
controls at 0.5 mg cm-2 d-1 (NOEC) 

Babcock and 
Smith (1992) 

Acropora 
millepora 

90% <63 
µm none 

Settlement lower in sediment treated areas (1.9–11.7 mg 
cm-2 d-1) scrubber pad accumulation rates as opposed to 
control sites where sedimentation rates were 0.8–1.3 mg 
cm-2 d-1) 

Te (1992) Pocillopora 
damicornis unspecified none 

0, 10, 100, 1000 mg L-1 (NOEC) concentrations with no 
significant difference in settlement between control and 
highest concentration tested but polyp bailout in 100 and 
1000 mg L⁻¹ concentrations 

Gilmour 
(1999) 

Acropora 
digitifera 50–200 µm metals 50 mg L-1 and 100 mg L-1 (measured concentrations) 

tested against a reference of >1 mg L-1 
Perez et al. 
(2014) 

Pocillopora 
damicornis <63 m none No settlement on surfaces >0.9 mg cm⁻² 

New recruits 

Babcock and 
Smith (1992) 

Acropora 
millepora 

90% <63 
µm none 

Settlement lower in sediment treated areas (1.9–11.7 mg 
cm-2 d-1) scrubber pad accumulation rates as opposed to 
control sites where sedimentation rates were 0.8–1.3 mg 
cm-2 d-1) 

4888 



 

Table 3. Timing information for egg–sperm bundle dissociation, first cleavage, movement, swimming and 4889 
attachment/settlement, symbiosis formation and budding. Only studies that described the minimum time of 4890 
a given developmental stage were included and only studies on broadcast spawners that meet the criteria 4891 
discussed in the text. 4892 
Study Species Timing 
Bundle break-up/dissociation  

Kojis and Quinn (1982) Favites abdita, Leptoria phrygia A few mins to 1 h after reaching the 
surface 

Babcock (1984) Goniastrea aspera 30 min after reaching the surface 
Hunter (1988) Montipora verrucosa, M. dilitata 45–90 mins 
Shlesinger and Loya (1991) Favia favus, Platygyra lamellina 10–20 mins after spawning 
Richmond (1997) Acropora digitifera 10–40 mins 
Hayashibara et al. (1997) Acropora hyacinthus, A. nasuta, A. florida Immediately 
Wolstenholme (2004) Acropora gemmifera, A. samoensis 5–30 min 
  Acropora humilis 1–4 h 
  Acropora monticulosa 30–60 min 
  Acropora digitifera  5–15 min 
Szmant and Miller (2006) Montastraea faveolata, Acropora palmata 40 min, > 60 min 
Toh et al. (2012) Acropora hyacinthus, Pectinia lactuca 20–30 mins 
First cleavage    

Babcock and Heyward (1986) Goniastrea favulus, G. aspera, Montipora digitata, 
Platygyra sinensis 2 h and ~100% fertilisation at 5 to 7 h 

Shlesinger and Loya (1991) Favia favus, Platygyra lamellina ~3 h after spawning 
Hayashibara et al. (1997) Acropora hyacinthus, A. nasuta, A. florida 2–6 h after fertilisation 
Okubo and Motokawa 
(2007) 
Okubo et al. (2008) 

Acropora digitifera, A. intermedia, A. hyacinthus, A. 
solitaryensis, A. tenuis within 2 h after fertilisation 

Gilmour (1999) Acropora digitifera 1.5–3 h after fertilisation 

Hirose et al. (2008) Acropora microphthalma, A. nobilis 2 h after spawning more than 90% 
began cleavage 

Okubo et al. (2008) Acropora intermedia 2 h after spawning 
Erftemeijer et al. (2012) Pectinia lactuca ~1 h after fertilisation 
Movement  
Kojis and Quinn (1981) Goniastrea australensis Ciliated in <2 d 

Babcock (1984) Goniastrea aspera Some movement 24–36 h after 
spawning 

Harrison et al. (1984) Acropora hyacinthus, A. muricata, A. tenuis, A. 
millepora. A. tenuis, Goniastrea aspera, G. favulus 1.5 d 

Babcock and Heyward (1986) Favia pallida, Goniastrea aspera, G. favulus, 
Montipora digitata, Platygyra sinensis 24 h 

  

Acropora muricata, A. millepora, Galaxea fascicularis, 
Goniopora lobata, Lobophyllia corymbosa, Montipora 
tuberculosa, Mycedium elephantotus, Paraclavarina 
triangularis, Pectinia alcicornis, P. paeonia 

Mobile when first observed at 36 h 

  Favites complanata Mobile when first observed at 48 h 
Hayashibara et al. (1997) Acropora hyacinthus 36 h 
Schwarz et al. (1999) Lobactis scutaria 12 h after fertilisation 
Gilmour (1999) Acropora digitifera Most by 36 h  
Hayashibara et al. (2000) Acropora nasuta Second day after fertilisation  
Miller and Mundy (2003) Platygyra daedalea 42 h  
 Goniastrea favulus 48 h 
Nozawa and Harrison (2005) Favites chinensis, Goniastrea aspera mobile <24 h after spawning 
Nozawa and Harrison (2006) Acropora muricata, A. valida mobile when first observed at 3 d 
Harrison (2006) Acropora longicyathus, A. hyacinthus 2 d after spawning 

Nozawa et al. (2006) Acropora solitaryensis, Cyphastrea serailia, Favia 
favus 48–72 h after spawning 

Okubo and Motokawa (2007) 
Okubo et al. (2008) 

Acropora digitifera, A. hyacinthus, A. intermedia, A. 
solitaryensis, A. tenuis 36 h 

Toh et al. (2012) Acropora hyacinthus within 48 h 



 

Study Species Timing 
  Pectinia lactuca 18 h 
Erftemeijer et al. (2012) Pectinia lactuca 12–18 h after fertilisation 
Figueiredo et al. (2013) Palauastrea ramosa 8 h 
  Danafungia horrida, Leptastrea purpurea 12 h 
  Goniastrea aspera 16 h 

  Goniastrea retiformis, Pachyseris speciosa, Platygyra 
daedalea, Porites australiensis 18 h 

  Echinopora lamellosa, Merulina ampliata, Montipora 
digitata 24 h 

  AnAcropora puertogalerae 26 h 
  Physogyra lichtensteini, Plerogyra sinuosa 30 h 
  Acropora gemmifera 32 h 
  Acropora humilis, A. millepora, A. pulchra, A. valida 36 h 
Okubo et al. (2013) Pavona decussata 12 h after spawning 
  Oulastrea crispata 13 h after spawning 
  Favites pentagona, Echinophyllia aspera 15 h after first cleavage 
  Galaxea fascicularis, Goniastrea favulus 18 h after spawning 
  Platygyra contorta, Phymastrea valenciennesi 19 h after spawning 
  Favites abdita 22 h after first cleavage 
  Dipsastraea speciosa 24 h 
  Montipora digitata, M. hispida 33 h after spawning 
Swimming  
Babcock (1984) Goniastrea aspera 48 h 

Babcock and Heyward (1986) Acropora millepora, Favia pallida, Goniastrea aspera, 
G. favulus, Montipora digitata, Platygyra sinensis 48 h 

 Echinopora gemmacea 36 h 

  Galaxea fascicularis, Goniopora lobata, Goniastrea 
retiformis, Lobophyllia hemprichii 72 h 

   
Hayashibara et al. (1997) Acropora florida, A. hyacinthus, A. nasuta, A. secale 72 h 
Schwarz et al. (1999) Lobactis scutaria within 24 h of fertilisation 
Harii et al. (2007) Acropora tenuis 48 h 
Hirose et al. (2008) Acropora microphthalma, A. nobilis 2 d after fertilisation 

Erftemeijer et al. (2012) Pectinia lactuca by 18 h most larvae were rapidly 
motile 

Settlement  

Babcock (1985) Goniastrea aspera, A. millepora, Platygyra sinensis after 4.5 d and the majority after 8–
10 d 

Babcock and Heyward (1986) Favia pallida, Platygyra sinensis, Goniastrea aspera, 
Galaxea fascicularis 4.5 d 

 Goniastrea aspera, G. favulus, G. retiformis, 
Montipora digitata 5 d 

Harrison (1997) Acropora longicyathus Settlement 2–4 d and 
metamorphosis 3–4 d after spawning 

Hayashibara et al. (1997) Acropora secale 17–24 d 
Heyward & Negri (1999) Acropora millepora 5 d 

Schwarz et al. (1999) Lobactis scutaria 
Larvae began to settle and 
metamorphose 5–14 d after 
fertilisation  

Hayashibara et al. (2000) Acropora nasuta 3–4 d after fertilisation peaking after 
7 d 

Nozawa and Harrison (2002) Platygyra daedalea Settlement 3–4 d and 
metamorphosis 4–6 d after spawning 

Fabricius et al. (2003) Acropora willisae Settled and metamorphosed 3–5 d 
after spawning 

Miller and Mundy (2003) Goniastrea favulus, Platygyra daedalea Settlement started at between 2.5–
2.75 d 



 

Study Species Timing 

Nishikawa et al. (2003) Acropora tenuis 4 d after spawning peaking 7 d after 
spawning 

Nozawa and Harrison (2005) Favites chinensis,  1–2 d after spawning 
 Goniastrea aspera 3–4 d after spawning 
Harrison (2006) Acropora longicyathus, A. hyacinthus 2–3 d after spawning 
Harii et al. (2007) Acropora tenuis 3 d 
Hirose et al. (2008) Acropora microphthalma, A. nobilis 2–16 d after fertilisation 

Nozawa and Harrison (2008) Acropora muricata, A. valida First observed at 5 to 6, peaked at 7 
to 8 d 

Okubo et al. (2008) Acropora intermedia 7 d after spawning 

Heyward and Negri (2010) Acropora millepora, Fungia repanda, Symphyllia recta 
A. spathulata 

4 d after spawning 
 
3–4 d after spawning 

Suzuki et al. (2011) Acropora spp. Commencing 2–5 d after spawning 
but 80% settled by 5–8 d 

Tay et al. (2011) Pectinia lactuca, Platygyra sinensis Peak settlement 3 and 6 d after 
spawning respectively 

Toh et al (2012) Acropora hyacinthus >50% settled by 1.7 d after 
fertilisation 

 Pectinia lactuca Starting at 3 d and >50% by 4 d after 
fertilisation 

Figueiredo et al. (2013) Acropora gemmifera, A. humilis, A. millepora, A. 
valida, Goniastrea retiformis, Platygyra daedalea Metamorphosis 3–6 d from spawning  

Graham et al. (2013) Acropora tenuis a few were competent to settle as 
early as 4 d after spawning 

Okubo et al. (2013) Favites pentagona Started swimming at about 15 h 
 Favites abdita Started swimming at about 15 h 
 Pseudosiderastrea tayamai 3 d after spawning 
Dixson et al. (2014) Acropora millepora, A. nasuta, and A. tenuis 6–7 d after spawning 
Symbiosis  

Babcock (1985) Acropora millepora, Goniastrea aspera, Platygyra 
sinensis Between 5–10 d after settlement 

Babcock and Heyward (1986) Acropora millepora, Goniastrea favulus, Platygyra 
sinensis 

Sometime within 13 d after 
settlement 

Hayashibara et al. (1997) Acropora microphthalma, A. nobilis 16 and 30 d after settlement 
Hayashibara et al. (1997) Acropora florida, A. hyacinthus, A. nasuta Established symbiosis after 30 d 

Schwarz et al. (1999) Lobactis scutaria Symbionts phagocytosed as early as 3 
d after fertilisation 

Harii et al (2009) Acropora digitifera, A. tenuis 5–6 d after fertilisation 
Graham et al. (2013) Acropora tenuis 15 d after settlement 
Budding 
Schlesinger and Loya (1991) Favia favus 7–9 months after spawning 
Hayashibara et al. (1997) Acropora secale 2 months after fertilisation 
Graham et al. (2013) A. tenuis ~22 d after settlement 
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 4896 

Fig. 1. A stylised depiction of the reproductive cycle of the broadcast spawning Acropora millepora species 4897 
with indicative timings based on the studies of Hayashibara et al. (1997), Okubo and Motokawa (2007), 4898 
Okubo et al. (2008) and (Ball et al. 2002). The cycle begins and ends with gametogenesis in the adult colonies 4899 
on the reef, but in between there are a complex sequence of phases which are spatially and temporally 4900 
separated. Spawning occurs through the release of positively buoyant membrane-less, mucous bound egg 4901 
and sperm bundles which dissociate at the surface and upper water column releasing the eggs and sperm. 4902 
Fertilisation occurs at the surface and upper water column where the initial stages of embryogenesis occur. 4903 
Cleavage takes place by progressive furrow formation and the embryos of most Acropora species undergo 4904 
an relatively unordered, irregular division cycle after the 8-cell stage eventually and after the morula stage 4905 
becomes a convex–concave cellular bi-layer stage (the prawn-chip stage sensu Hayashibara et al. (1997) then 4906 
bowl stage. The embryos then fatten to become a roughly spherical shape and by 36 h develop cilia over the 4907 
epidermis, which beat synchronously imparting mobility to the planulae larvae. The larvae then become 4908 
progressively elongated and begin searching substrates and eventually settle and undergo metamorphosis.  4909 
 4910 



 

 4911 

Fig. 2 (A) Nephelometric turbidity units (NTUs) collected every 10 mins and (B) Daily Light Integral (DLI, mol 4912 
m2) calculated from instantaneous fluxes collected from sensor platforms mounted 0.4 m above the seabed 4913 
at 6 to 9 m depth at 3 locations <500 m away for a dredge during the Barrow Island (Pilbara, Western 4914 
Australia) dredging project in the baseline (pre-dredging period) period or during the 1.5 y dredging program. 4915 
Figures on the right-hand side show the 95th and 100th (maximum) percentiles of the NTUs for different 4916 
running mean periods (from 1 h to 30 d) before (dashed lines) and during (solid lines) the dredging program 4917 
or the 5th and 1st percentiles of DLI (mol·photons m-2). Nephelometer turbidity units (NTUs) can be converted 4918 
to SSCs using a conversion factor of 1.3 determined from regressions of SSC (assessed gravimetrically) versus 4919 
NTU (nephelometer) readings. The Barrow Island project involved the excavation of ~7.6 Mm3 of sediment 4920 
dredged over 530 d from 19 May 2010 to 31 October 2011. The dredging occurred on a 7 d × 24 h basis, 4921 
stopping only for maintenance and bunkering requirements using a combination of trailer suction and cutter 4922 
suction dredges and back hoes. The Ministerial Approval Statement for this dredging project (MS800) is 4923 
searchable on the WA EPA website http://www.epa.wa.gov.au). 4924 
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 4927 

 4928 
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 4929 
Fig. 3 Durations of each of the life-cycle phases depicted in Fig. 1, from broadcast spawning species listed in 4930 
Table 2. Maturity, gametogenesis and spermatogenesis estimates are from (Harrison & Wallace 1990) and 4931 
(Wallace 1985b) and bundle rise rates are estimated from 1–15 m depth based on a vertical rise rates of 8.3 4932 
mm s-1 (Levitan et al. 2004). Most studies describing cleavage were conducted ex-situ and insemination was 4933 
controlled and therefore cleavage is given as the time from insemination, not spawning. Movement is defined 4934 
as any observable motion of the larvae associated with ciliation, and swimming is active movement in a given 4935 
direction although detailed time-courses have not always been well-defined. Settlement is estimated from 4936 
those studies where appropriate settlement cues have been used and associated with binding of the larvae 4937 
to a substrate and not necessarily to metamorphosis. Studies where references to timing were too vague, or 4938 
studies where settlement cues were either not provided or not specified, were not included in the analyses. 4939 
Extended larval durations are based on (Nozawa & Harrison 2002, Miller & Mundy 2003, Nishikawa et al. 4940 
2003, Nozawa & Harrison 2005, Harrison 2006, Harii et al. 2007, Nozawa & Harrison 2008, Suzuki et al. 2011, 4941 
Toh et al. 2012, Figueiredo et al. 2013) and Baird (1998). The present coral spawning environmental window 4942 
in Western Australia is from 3 d before to 7 d after the predicted start of coral spawning. 4943 

 4944 

 4945 

 4946 



 

 4947 

Fig. 4 Conceptual model of the effects of dredging activity on the early life-history stages of corals including 4948 
sources of sediments, dredging and dredging-related turbidity-generating activities (see text), as well as 4949 
proximate stressors, interacting stressors are depicted along with modes of action and likely physiological 4950 
and ecological responses (see text for explanation). G = gametes, L = larvae, R = recruits and A = adults. 4951 
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 4953 
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 4957 

Fig. 5 (A, B) Silt and clay sized sediment attached to the mucous-layer of an intact and a partially dissociated 4958 
egg–sperm bundle of Acropora nasuta. Arrows indicates the outer surface of a partially uncovered egg within 4959 
the bundle. Attachment of the negatively buoyant sediment to the bundles could reduce their buoyancy 4960 
reducing ascent rate and at high concentrations even preventing them reaching the surface (Image: Gerard 4961 
Ricardo unpublished) (C and D) Sperm from Acropora millepora intertwined with silt and clay sized sediment 4962 
particles. Sediments could act as a barrier and impediment to sperm movement and sediments with attached 4963 
sperm could settle out of suspension potentially stripping the upper water column of sperm and hence 4964 
reduce egg–sperm contact time. (E, F, G) (Image: Gerard Ricardo unpublished). Recently settled coral larvae 4965 
(Pocillopora acuta) 3 d h after exposure to single sediment deposition event of (A) 1 mg cm2 (B) 10 mg cm2 4966 
and (C) 100 mg cm2 of fine sediments (median grain size of ~50 µm), showing the successful clearance of 4967 
sediments from the polyp’s surface under 1 mg cm2, but a progressive smothering of the polyps at higher 4968 
concentrations. (Image (Image: Gerard Ricardo unpublished). 4969 
  4970 



 

 Supplementary information for Chapter 2–That sinking feeling: suspended 4971 
sediments can prevent the ascent of coral egg bundles 4972 

SI Materials and Methods 4973 

Model formulation and choice of parameters. An egg–sperm bundle begins its journey following 4974 

the release from a polyp, and rises to the water surface aided by buoyant lipid-rich eggs (Arai et al. 4975 

1993). We consider the rise of an individual egg–sperm bundle from the seabed to the water surface, 4976 

through a water column of depth h having a sediment load LS. The bundle is assumed to be spherical 4977 

with radius rB and to rise with speed vB. We compute the total number of individual sediment grains, 4978 

NS, encountered by the bundle before it reaches the surface, using results from encounter rate 4979 

theory. As the bundle rises, it displaces the water and sediment grains directly ahead of itself, and 4980 

only ‘captures’ the grains that come within one grain radius of the bundle’s surface. This mode of 4981 

encounter is called ‘direct interception’ (Kiørboe 2008) and is the dominant encounter mechanism 4982 

for this process (see below for a quantification of other encounter mechanisms, whose inclusion 4983 

generally further increases sediment ballasting). Based on the stickiness of the mucopolysaccharides 4984 

that coat eggs in corals and other species (Riehl & Patzner 1998, Okubo & Motokawa 2007), we 4985 

assume that each grain that encounters a bundle sticks to it. The bundle becomes heavier with each 4986 

grain captured and when its density exceeds that of seawater, ascent fails.  4987 

Model runs were based on parameter values obtained from experimental observations and 4988 

literature. In particular, we used a bundle radius rB = 489.6 ± 54.6 µm and a bundle rising speed vB = 4989 

6.35 ± 1.37 mm s⁻¹ (in line with experimental values, see Table S 2.1). The initial bundle density (i.e., 4990 

the density of the ‘clean’ bundle, without any sediments attached), ρB, is computed from the bundle 4991 

size and rising speed using Stokes’ law. The sediment grains are assumed to be uniformly distributed 4992 

in the water column and spherical, with radius rS = 25.6 ± 8.8 µm (matching the distribution used in 4993 

the experiment) and density ρS = 2500 kg/m3 (appropriate for calcareous material). This results in a 4994 

sediment grain sinking speed vS = -(2/9)(g/ν)[(ρS-ρF)/ρF]rS2, where g is the acceleration of gravity, ρF 4995 

= 1022 kg m-3 is the seawater density and ν = 8.79 x 10¯⁷ m2 s-1 is the seawater kinematic viscosity 4996 

(ρF and ν were computed for a temperature of 28°C and a salinity of 35 PSU (practical salinity units)). 4997 

For direct interception, encounter rate theory prescribes the encounter kernel to be 4998 

  βINT = 1.5𝜋𝜋(𝑣𝑣𝐵𝐵 − 𝑣𝑣𝑆𝑆)𝑟𝑟𝑆𝑆2,    (S1) 4999 

which represents the equivalent volume of seawater from which all sediment grains are ‘captured’ 5000 

by a rising bundle per unit time. βINT depends on the difference in velocity between the bundle and 5001 



 

the sediment grains: the contribution of rising by the bundle and sinking by the sediment grains is 5002 

thus additive. Furthermore, βINT is (counter intuitively) independent of the bundle size, rB, due to 5003 

the fact that a larger bundle displaces more water out of its path as it rises (Kiørboe 2008). This 5004 

formulation of βINT is valid when sediment grains are much smaller than the bundle, rS << rB, as is 5005 

the case here, and for bundles rising at small Reynolds numbers (Kiørboe 2008). Although the 5006 

bundle’s Reynolds number is rBvB/ν ~3, and thus this criterion is not strictly satisfied, we do not 5007 

expect this departure to significantly affect the computed encounter rates.  5008 

To determine the number of sediment grains NS captured by a bundle over its journey from the 5009 

seafloor to the water surface, we multiply the encounter rate kernel βINT (volume/time) by the 5010 

concentration of sediment grains CS (number of grains/volume) and by the time required for the 5011 

ascent (time), which is the water depth h divided by the bundle’s rising speed vB, i.e.  5012 

  𝑁𝑁S = βINT 𝐶𝐶S  ℎ
𝑣𝑣B

= 9
8
�1 − 𝑣𝑣S

𝑣𝑣B
� ℎ
𝑟𝑟S

𝐿𝐿S
𝜌𝜌S

 ,   (S2) 5013 

where we used CS = LS/M and M = (4/3)πρSrS3 is the mass of a single sediment grain. From the 5014 

number and density of individual grains, we can compute the density of the sediment-ballasted 5015 

bundle (the total mass of the bundle-sediment aggregate divided by its total volume) and, thus, its 5016 

density difference with respect to seawater: 5017 

  Δ𝜌𝜌 = 𝑟𝑟B
3𝜌𝜌B+𝑁𝑁S𝑟𝑟S

3𝜌𝜌𝑆𝑆
𝑟𝑟B
3+𝑁𝑁S𝑟𝑟S

3  - 𝜌𝜌𝐹𝐹.    (S3) 5018 

When Δ𝜌𝜌 > 0, the bundle is negatively buoyant and fails to rise to the surface. We note that, in 5019 

general, we would need to dynamically update the rising speed vB of the bundle, which diminishes 5020 

as the bundle becomes more ballasted. However, computations in representative cases showed 5021 

negligible differences in ascent failure, which in fact increases slightly when one updates vB 5022 

dynamically in the simulations, because the slower ascent allows more time for sediment capture.  5023 

To obtain the fraction of bundles that fail to reach the surface, we implemented the model above 5024 

using a Monte Carlo approach. For each condition (e.g., each water depth h and sediment load LS), 5025 

we simulated 50,000 bundles and for each bundle we chose the bundle radius, bundle ascent speed, 5026 

and sediment grain size from a Gaussian distribution modelled on the distribution recorded in the 5027 

experiments: for the bundle radius rB the distribution was 489.6 ± 54.6 µm (mean ± s.d.); for the 5028 

bundle ascent speed vB the distribution was 6.35 ± 1.37 mm s⁻¹; for the sediment grain radius rS the 5029 

distribution was 25.6 ± 8.8 µm. For selected simulations, we varied the sediment grain size 5030 

distribution to predict the effect of medium silt, having radius rS = 16 ± 5 µm. The number of bundles 5031 



 

for which the model predicted a failed ascent, out of the 50,000 simulated, was taken as the fraction 5032 

of failed ascents.  5033 

Other encounter mechanisms. Our analysis of sediment ballasting has focused on direct 5034 

interception as the mechanism by which bundles encounter sediment grains. Here we briefly 5035 

consider the contribution of other encounter mechanisms that in general act simultaneously to 5036 

direct interception. We show that under most circumstances they are negligible, justifying a focus 5037 

on direct interception alone in quantifying sediment ballasting. 5038 

We first show that Brownian motion is a negligible encounter mechanism compared to direct 5039 

interception for all but the smallest sediment grains. The encounter rate kernel for Brownian motion 5040 

is βBROW = 4π(DB+DS)(rB+rS), where DB and DS are the Brownian diffusion coefficients of a bundle and 5041 

a sediment grain, respectively (Kiørboe 2008). Because DB << DS and rB >> rS, we write βBROW ≈ 4πDSrB. 5042 

Furthermore, from the Stokes-Einstein relation for the Brownian diffusion coefficient, we find DS = 5043 

0.22x10-13 m2 s-1 for a sediment grain radius rS = 10 µm. The relative importance of encounters by 5044 

Brownian motion and by direct interception is then βBROW / βINT = (4πDSrB) / [1.5π(vB-vS)rS2] < 10-4, 5045 

signifying that encounters by Brownian motion are negligible. 5046 

We next show that the contribution of turbulence to the encounter rate is typically very small 5047 

compared to direct interception, but can enhance encounters under conditions of very strong 5048 

turbulence, further contributing to sediment ballasting. Turbulence favours encounters not by 5049 

transporting particles per se, but by differentially transporting particles that are in close proximity 5050 

to one another. The encounter rate kernel for turbulent encounters between a bundle and sediment 5051 

grains is βTURB = 9.75γrBrS
2 (1+ rS/rB)3 / (1+ 2rS/rB)2 ≈ 9.75γrBrS

2 (Kiørboe 2008), which is valid when 5052 

the sediment grain is much smaller than the bundle (rS << rB), as is the case here. Here, γ is the 5053 

Kolmogorov shear rate. The relative importance of encounters by turbulent fluid motion and by 5054 

direct interception is then βTURB / βINT = (9.75γrB ) / [1.5π(vB-vS)]. Under weak to moderate turbulence 5055 

(γ < 0.1 s-1), βTURB / βINT < 0.02. Under moderately strong turbulence (γ = 1 s-1), βTURB / βINT ~ 0.16, 5056 

indicating that strong turbulence can increase encounter rates by several percentage points 5057 

compared to the case of direct interception alone, and may thus further exacerbate sediment 5058 

ballasting. 5059 

From bundle ascent failure to egg–sperm encounter failure. Bundles carry both sperm and eggs to 5060 

the ocean surface. The encounter process between the two gametes, once they have reached the 5061 

ocean surface, results from a complex combination of motility, chemotaxis and fluid flow. Although 5062 



 

this makes the encounter rate kernel difficult to quantify, the encounter rate will nevertheless be 5063 

proportional to CSPERM x CEGG, the product of the concentrations of the two gametes. Therefore, the 5064 

relative decrease in the gametes’ encounter rate due to a decrease in the fraction of bundles 5065 

reaching the surface can be readily calculated. For example, if the bundles reaching the surface 5066 

decrease by a fraction q (e.g., 20%), this implies a reduction by a fraction q (20%, in this example) in 5067 

both CSPERM and CEGG, reducing the gametes’ encounter rate to a fraction (1-q)2 (= 64%, in this 5068 

example) of their original value. The effect of failed ascent on failed gamete encounter is thus 5069 

nonlinear (in the example, a 20% reduction in ascent causes a 36% reduction in egg–sperm 5070 

encounter rate). 5071 

Ascent delay. Even if bundles reach the surface successfully, sediment-ballasted bundles do so with 5072 

delay, due to the reduction in rising speed. To compute this delay, we modified the mathematical 5073 

model so as to track the buoyancy and thus the rising speed of the bundle dynamically, by computing 5074 

the density of the sediment-laden bundle at each instant of the upward trajectory to account for 5075 

the sediments encountered up to that point. This computation was repeated for different water 5076 

depths and sediment loads. Unlike the computation of the percentage of bundles reaching the 5077 

surface, the computation of the time delay was deterministic.  5078 

Sediment preparation. Offshore carbonate reef sediments were collected from Davies Reef, Great 5079 

Barrier Reef, Queensland (18.830°S, 147.631°E). Sediments were milled and screened to a median 5080 

particle size of 26 µm and further processed to select for larger silt size-classes by wet sieving 5081 

through a 32 and 63 µm aperture metal sieves. The sediment was then dried and combined with 0.4 5082 

µm filtered seawater (FSW), 35 PSU at 28°C to obtain SS loads of 0–7000 mg L¯¹. The sediment-laden 5083 

water was added to the column immediately before the experiment. Three 100 mL replicate 5084 

samples were taken of each sediment concentration drained from the column and measured 5085 

gravimetrically using 0.4 µm polycarbonate filters dried overnight in a 60°C oven to calculate final 5086 

SS values. 5087 

Coral and gamete collection. Colonies of Montipora digitata (Dana) >15 cm in size were collected 5088 

from 1–3 m depth from Hazard Bay, Orpheus Island, Great Barrier Reef (18.636°S, 146.496°E) in 5089 

March 2014. Gravid colonies were transported to the Orpheus Island Research Station and placed 5090 

in flow-through tanks at 29°C. Colonies were isolated shortly before spawning and the egg–sperm 5091 

bundles pipetted from the surface and immediately used in experiments. Colonies of A. nasuta 5092 

(Dana) >20 cm in size were collected from 3 to 5 m depth in October 2014 from Magnetic Island 5093 

(19.157°S, 146.861°E), an island located in the central inshore Great Barrier Reef region. Corals were 5094 



 

collected under the Great Barrier Reef Marine Park Authority Permit G12/35236.1. 5095 

Ascent experiment. The ascent success of M. digitata bundles was measured in 77 cm tall, 7 cm 5096 

diameter acrylic columns on the nights of 18–22 March 2014. To determine typical bundle ascent 5097 

rates and sizes, columns were filled with 0.4 µm filtered seawater (FSW) and 3–5 intact egg–sperm 5098 

bundles were transferred to the top of the column. The column was carefully sealed to prevent the 5099 

entry of any air bubbles and then inverted. Bundle ascent to the surface was timed and bundles 5100 

were then immediately transferred to a plastic petri dish and their size measured with a stereo 5101 

microscope (Olympus SZ61). To determine the ballasting due to sediment loads, bundles were 5102 

similarly added the column at each treatment level and allowed sufficient time to reach the top of 5103 

the column (164 s, a time calculated from when 95% of the bundles had surfaced in sediment-free 5104 

seawater) and the proportion of buoyant bundles assessed. This was repeated over four replicate 5105 

runs until a minimum of 12 bundles had passed through the column at each treatment level. The 5106 

average ascent success for each treatment was plotted against the measured SS load (Fig. 2.3). A 5107 

four-parameter logistic equation, constrained between 0 and 100% (see caption of Fig. 2.3), was 5108 

used to fit the data and quantify the SS load that reduced ascent success by 50%, EC50,A (Table 2.1). 5109 

Minor flocculation of sediments was sometimes observed in the water column, giving rise to 5110 

variability between replicates, but use of a high number of treatments over the entire SS range 5111 

enabled EC10,A and EC50,A values to be calculated with adequate confidence. To compare the 5112 

experimental and theoretical data, the model was run using the same level of treatments and 5113 

replication as the experiment, fit to a four-parameter logistic equation constrained between 0 and 5114 

100%, and compared by applying the F test in GraphPad Prism (v5, San Diego, USA).  5115 

Ballasted bundles were very fragile and could usually not be removed intact from the column. 5116 

Therefore, to observe if and where sediment grains can adhere to bundles, bundles were mixed in 5117 

a 400 mL vessel at a high SS load (7000 mg L¯¹). The vessel was then inverted twice, and ballasted 5118 

bundles were pipetted from the bottom and observed under the stereo microscope or prepared for 5119 

scanning electron microscopy by fixing in 1.25% glutaraldehyde and 0.5% paraformaldehyde in FSW. 5120 

Samples were dehydrated in a microwave using a graded ethanol series (70%, 90% × 2, 100%, 100% 5121 

(anhydrous)) for 40 s at 250 W, and then critical point dried (Polaron KE3000, Quorum Technologies) 5122 

in liquid CO2 at 31.1°C and 1072 PSI. The samples were then mounted on carbon tape on aluminium 5123 

stubs and coated with 3 nm platinum and imaged using a field emission scanning electron 5124 

microscope (Zeiss 55-VP).  5125 

5126 



 

Table S 2.1 Radius of egg–sperm bundles and their measured ascent rates for four coral species in sediment-5127 
free seawater.  5128 
Species  Bundle radius, µm 

mean ± s.d. (n) 
Bundle ascent rate, mm s-1 
mean ± s.d. (n) 

Acropora millepora  729 ± 38 (6) 5.8 ± 1.4 (12) 
Acropora nasuta  641 ± 139 (11) 4.6 ±1.3 (12) 
Acropora tenuis  620 ± 30 (10) 4.3 ± 1.1 (13) 
Montipora digitata  489 ± 55 (12) 6.4 ± 1.4 (12) 

5129 



 

 Supplementary information for Chapter 3–Suspended sediments limit coral 5130 
sperm availability 5131 

Table S 3.1. Grain and organic properties of the sediments. 5132 

Sediment type: Type 1 Type 2 
Collection location 21.642°S, 114.924°E 18.832°S, 147.633°E 

Electron micrograph of bulk surficial 
sediment (screened to <500 (µm) : 

  

Grain size1 (µm) 10.41 10.36 
Median, mode (µm)  6.78, 6.32 7.69, 10.10 

Wentworth classification fine silt (4−7.8 µm) Fine to medium silt (7.8−15.6) 
TOC, TN (%) 0.26, 0.03 0.27, 0.03 

Geochemical parameters  Bulk sediments 
(%) 

Dissolved metals 
(mg L-1) 

Bulk sediments 
(%) 

Dissolved metals 
(mg L-1) 

Al 2.957 ± 1.584  0.143 ± 0.179  
As <0.004  0.004 ± 0.001  
Cd  <0.002  <0.002 
Cr 0.023 ± 0.028 <0.015 <0.005 <0.015 
Cu <0.002 <0.003 <0.006 <0.003 
Fe 4.457 ± 1.007  0.124 ± 0.143  
Mn 0.045 ± 0.009 0.004 <0.003 0.001 
Ni 0.013 ± 0.015 <0.005 <0.003 <0.005 
Pb <0.007 <0.015 <0.003 <0.015 
Se  <0.05  <0.05 
Ti 0.287 ± 0.078   <0.010 
V 0.008 ± 0.002  <0.003  

Zn 0.004 ± 0.003 <0.002 <0.005 <0.002 

5133 



 

 Supplementary information for Chapter 4 – What’s causing the flocs? Sediment 5134 
characteristics influence the fertilisation success of the corals Acropora tenuis 5135 
and Acropora millepora 5136 

Table S 4.1 Concentration–response thresholds for suspended sediment impacts on coral fertilisation of 5137 
Acropora tenuis. EC10 and EC50 values reported are derived from nonlinear regression models. 5138 

Sediment type Month, Year Sperm 
concentration 

EC10                 

(mg L-1) 
EC10                 

(mg L-1) 
EC50   
(mg L-1) 

EC50       
(mg L-1) 

Slope 

   Best-fit 95% CI Best-fit 95% CI  
Inshore GBR 1 Oct, 2015 104 sperm mL-

1 
2.5 1.5–3.6 5.8 4.5–7.1 -2.6* 

Inshore GBR 1 Oct, 2015 105 sperm mL-

1 
54 35–76 125 105–

148 
-2.6* 

Inshore GBR 2 Oct, 2016 104 sperm mL-

1 
47 39–54 75 70–80 -4.7 

Inshore WA 
(siliciclastic) 

Oct, 2015 104 sperm mL-

1 
40 12–112 205 112–

364 
-1.3* 

Inshore WA 
(siliciclastic) 

Oct, 2015 105 sperm mL-

1 
80 26–191 414 251–

651 
-1.3* 

Offshore GBR 
(carbonate) 

Nov, 2015 104 sperm mL-

1 
214 NA >800** NA NA 

Offshore GBR 
(carbonate) 

Nov, 2015 105 sperm mL-

1 
>820** NA >820** NA NA 

Bentonite Clay Oct, 2016 104 sperm mL-

1 
4.6 3.7–6.2 6.9 6.5–7.5 -5.3 

*Shared parameter between experiments of the same sediment type. 5139 
**Greater than the range of concentrations tested 5140 
 5141 
 5142 



 

 5143 

Fig. S 4.1 The percent of NTU-derived SSC intervals exceeding the Inshore WA sediment fertilisation threshold 5144 
at Onslow and Burrup Peninsula, WA before and during dredging operations. 5145 

5146 



 

 Supplementary information for Chapter 5–Mucous secretion and cilia beating 5147 
defend developing coral larvae from suspended sediments  5148 

 5149 

 5150 

Fig. S 5.1 Survivorship, cocoon formation and settlement of 12-h-old embryos after 12-h exposure to 5151 
siliciclastic sediment. Survivorship, cocoon formation and settlement of a) Acropora millepora and b) 5152 
Acropora tenuis embryos. Settlement was assessed after the ciliated larvae emerged from the cocoon and 5153 
had developed until competency. No settlement data were presented for A. tenuis because of insufficient 5154 
rates in the control. 5155 



 

 5156 

Fig. S 5.2 The duration of NTU-derived suspended sediment concentrations remaining above 35 mg L-1 at two 5157 
water quality monitoring sites ~300 m from a major capital dredging program (~7.6 M m3 of sediment 5158 
dredged over 530 d at Barrow Island. a) Site 1 was located 300 m north and b) Site 2 located 300 m south. 5159 
Dredging operations were suspended for 12 d from 20 to 31 March 2011 for the coral spawning 5160 
environmental window and for a few days associated with the close proximity of cyclones Bianca, Dianne and 5161 
Carlos. 5162 
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 5173 
Fig. S 5.3 Microscopic examination of the Acropora tenuis eggs after 3-h sediment exposure.  5174 
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 5186 
Table S 5.1 Sites and dates of coral collections. 5187 

Collection sites Latitude/Longitude Location Species collected Dates 
Magnetic 

Island 
(19°10’13 S, 
146°51’53 E) 

Central, 
inshore 

Acropora tenuis 21 October 2013 
6 October 2014 

Trunk Reef (18°22’53 S, 
146°47’43 E) 

Central, mid-
shelf 

Acropora tenuis, 
Acropora millepora 

14–17 November 2013, 
3 November 2014, 
10 December 2014, 19–
21 November 2015 

Davies Reef (18°49’12 S, 
147°39’21 E), 
(18°48’48 S, 
147°39’26 E) 

Central, mid-
shelf 

Acropora tenuis, 
Acropora 
millepora, 
Pocillopora acuta 

12 February 2014 (P. 
acuta only), 10 December 
2014, 19–21 November 
2015 

Esk Reef (18°46’25 S, 
146°31’07 E) 

Central, mid-
shelf 

Acropora tenuis, 
Acropora millepora 

26–27 October 2015 

5188 



 

Table S 5.2 Summary table of experiments with a >10% decline in response compared to the control. 5189 

Experiment EC10 ± 95% CI 
 (mg L-1) 

EC20 ± 95% CI  
(mg L-1) 

EC50 ± 95% CI (mg 
L-1) P-value 

Ability of A. millepora to 
metamorphose after 
embryos exposed to 
siliciclastic SS (Fig 2a) 

NLR: N/A NLR: N/A  NLR: N/A  N/A 

 GLM: 0.87 (0.10–246)*,** GLM: 7.0 (0.10–476)* GLM: N/A 0.204 
Cocoon formation of A. 
millepora after embryos 
exposed to siliciclastic SS 
(Fig 2c) 

NLR: 35 (20 –55)  NLR: 57 (38–81) 
 

NLR: 134 (104 –
173) 
 

N/A 

 GLM: 40 (28–57) GLM: 59 (44–80) GLM: 129 (103–
162) <0.001 

Ability of A. tenuis to 
metamorphose after 
larvae exposed to 
siliciclastic SS (Fig 4b)  

NLR: 300 (1–N/A)* NLR: 431 (1–N/A) NLR: N/A N/A 

 GLM: 9.6 (1.0–163)*,** GLM: 83 (9.0–764)* GLM: N/A 0.085 
Ability of A. tenuis to 
metamorphose after 
larvae exposed to 
carbonate SS (Fig 4b) 

NLR: N/A NLR: N/A NLR: N/A N/A 

 GLM: 8.3 (0.2–298)*,** GLM: 69 (6–793)* GLM: N/A 0.134 

*Denotes when ECx value occurs within 95% CI of the control. ** Denotes an effect size within the minimum detection 5190 
limit. N/A Denotes when a model could not be fitted, or the ECx value occurs outside of the range of the concentrations 5191 
tested. 5192 
  5193 



 

 Supplementary information for Chapter 6–Settlement patterns of corals on 5194 
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Table S 6.1 Summary of pairwise comparisons at each interaction from a negative binomial to assess 5196 
differences in settlement choice among surface orientations and treatment scenarios (Experiment 4). 5197 

None   Very Low   
Surface Z ratio p value Surface Z ratio p value 
Upper-side – Upper-slope 2.612 0.0682 Upper-side – Upper-slope 2.905 0.0302 
Upper-side – Vertical-side 6.858 <.0001 Upper-side – Vertical-side 5.692 <.0001 
Upper-side – Under-slope 5.712 <.0001 Upper-side – Under-slope 4.503 0.0001 
Upper-side – Under-side 4.589 <.0001 Upper-side – Under-side 3.387 0.0063 
Upper-slope – Vertical-side 4.636 <.0001 Upper-slope – Vertical-side 3.053 0.0192 
Upper-slope – Under-slope 3.279 0.0092 Upper-slope – Under-slope 1.693 0.4384 
Upper-slope – Under-side 2.054 0.2404 Upper-slope – Under-side 0.501 0.9873 
Vertical-side – Under-slope -1.542 0.5351 Vertical-side – Under-slope -1.418 0.6157 
Vertical-side – Under-side -2.763 0.0454 Vertical-side – Under-side -2.58 0.0741 
Under-slope – Under-side -1.272 0.7085 Under-slope – Under-side -1.198 0.7526 
Low   Medium   
Surface Z ratio p value Surface Z ratio p value 
Upper-side – Upper-slope 3.052 0.0193 Upper-side – Upper-slope 3.619 0.0027 
Upper-side – Vertical-side 5.617 <.0001 Upper-side – Vertical-side 5.831 <.0001 
Upper-side – Under-slope 3.675 0.0022 Upper-side – Under-slope 1.931 0.3008 
Upper-side – Under-side 3.052 0.0193 Upper-side – Under-side -0.91 0.8934 
Upper-slope – Vertical-side 2.788 0.0423 Upper-slope – Vertical-side 2.694 0.0549 
Upper-slope – Under-slope 0.648 0.967 Upper-slope – Under-slope -1.744 0.4067 
Upper-slope – Under-side 0 1 Upper-slope – Under-side -4.476 0.0001 
Vertical-side – Under-slope -2.164 0.1934 Vertical-side – Under-slope -4.242 0.0002 
Vertical-side – Under-side -2.788 0.0423 Vertical-side – Under-side -6.542 <.0001 
Under-slope – Under-side -0.648 0.967 Under-slope – Under-side -2.826 0.038 
High     Very High   
Surface Z ratio p value Surface Z ratio p value 
Upper-side – Upper-slope 4.291 0.0002 Upper-side – Upper-slope -3.491 0.0044 
Upper-side – Vertical-side 5.545 <.0001 Upper-side – Vertical-side -3.133 0.0149 
Upper-side – Under-slope 0.075 1 Upper-side – Under-slope -4.685 <.0001 
Upper-side – Under-side -1.352 0.6584 Upper-side – Under-side -5.026 <.0001 
Upper-slope – Vertical-side 1.64 0.4716 Upper-slope – Vertical-side 1.071 0.8216 
Upper-slope – Under-slope -4.222 0.0002 Upper-slope – Under-slope -4.263 0.0002 
Upper-slope – Under-side -5.505 <.0001 Upper-slope – Under-side -5.576 <.0001 
Vertical-side – Under-slope -5.485 <.0001 Vertical-side – Under-slope -5.16 <.0001 
Vertical-side – Under-side -6.608 <.0001 Vertical-side – Under-side -6.392 <.0001 
Under-slope – Under-side -1.427 0.6101 Under-slope – Under-side -1.437 0.6034 

 5198 
 5199 
 5200 



 

 5201 
Fig. S 6.1 Light spectra used in light experiments recorded just before the midday light intensity maximum. 5202 
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