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1 Introduction
1.1

The importance of corals

Corals are critical components of the coral reef ecosystem contributing to primary production, nutrient recycling,
and providing a habitat and a food source for a myriad of marine species. In addition to ecosystem services
associated with fishing and recreational use including tourism, corals are very significant because of their ability
to form habitats with high levels of associated biodiversity. Scleractinian reef-building corals form mutualistic
symbioses with microscopic algae often referred to as zooxanthellae. These microalgae reside within the coral
endodermal cells where photosynthetically fixed carbon products such as sugars are translocated from the algae
to the host coral which provides it with additional energy for respiration and growth. Although the coral is an
animal and can obtain energy from the capture and consumption of living and dead organic material, the
symbiotic algae provide the coral with orders of magnitude more energy than would otherwise be available from
heterotrophic feeding alone. Because of this, corals can be considered as primary producers along with aquatic
plants such as algae and seagrasses. As such, the quantity and quality of the light is fundamentally important for
coral physiology and ecology, limiting reef building corals to the photic zone of tropical and subtropical seas
primarily between 30° north and south of the equator. Forming the symbiosis enhances deposition of the calcium
carbonate skeleton, resulting in rapid growth and generating complex structures with a variety of morphologies.
The varied size and shape of corals, coupled to the many colours from the pigments of the symbiotic algae and
host, produce the bright, vivid and aesthetically pleasing sometimes near connected mosaics which can typify
many shallow water reef-environments (Figure 1).

Figure 1. Shallow water (2 m depth) images of a coral reef crest showing connected mosaics of brightly coloured
encrusting, branching, arborescent [tree-like] columnar, laminar [plate-like], foliaceous [forming a whorl] and massive
coral growth forms and coralline and calcareous green algae (Halimeda spp.). Images taken in April 2010, at Ashmore
Reef, which is one of the most species rich reefs in WA (see Figure 2).
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The three-dimensional structure of coral reefs provides habitat and shelter for many other marine animals and
plants. It is estimated that there are approximately 830,000 species of multi-cellular plants and animals on coral
reefs worldwide, constituting approximately a third of all named marine species (Fisher et al. 2015). Most of this
extraordinary diversity is not found with the corals themselves – there are in fact fewer than 1,000 species of
hard corals that build reefs (Cairns 1999, cited in Knowlton et al. 2010) − but with the myriad of smaller organism
that take advantage of their framework building capability. It is this ability to habitat form that makes
scleractinian corals a focus for conservation and management.
Corals are clearly important and are also likely vulnerable to changes in water quality. The WAMSI DSN Theme 4
research program was undertaken to better understand the sensitivities of WA corals to dredging-related
pressures so that we are able to better predict and manage the impacts of dredging on coral reef habitats.

1.2

The importance of corals in north west Western Australia

Western Australia’s reefs span 12,500 km of coastline and nearly 22° of latitude from 13° 30′ S to 35° 08′ S with
a phenomenal diversity of habitats and with coral communities living in widely contrasting environments (Veron
& Marsh 1988). Reef habitats range from oligotrophic clear-water shelf-edge and platform oceanic atolls distantly
located from the mainland, to reefs heavily influenced by coastal processes such as tidally driven sediment
resuspension. The reefs are exposed to significant wave energy generated by seasonal cyclones and/or storms,
and most reef areas are also influenced by the poleward flowing Leeuwin Current. This narrow (<200 km) south
flowing boundary current brings warm, low nutrient equatorial water to higher latitudes, moderating winter
temperature minima, and assisting the transport of coral larvae down the WA coast from tropical to temperate
environments.
The north to south contiguous gradient of reef habitats down the WA coast is one of four such gradients in the
world. As with the other gradients there is no replacement of species, but rather coral species attenuate along
the coast from ~250 species in the Timor sea and Kimberley coastal areas to about 10 in the temperate southwest
(Veron 1995)(Figure 2). There are also well-known cross shelf, inshore to offshore gradients in coral communities
that involve differences in species composition and a substantial level of species replacement. Such gradients are
found between low latitude inshore reefs of the Kimberley coast close to the mainland and the oceanic shelf
edge reefs and atolls of the Timor Sea (Richards et al. 2014). They are also found within the Pilbara Region from
the mid-shelf reefs around Barrow/Montebello Islands to the inshore reefs of the Dampier Archipelago.
Ningaloo Reef is one of the few tropical coral reefs in the world that has formed adjacent to a mainland coast
and its existence is due primarily to the Leeuwin Current and lack of significant seasonal riverine discharges of
freshwater and sediments. This proximity to shore makes Ningaloo Reef an important and iconic tourism
destination for both local and international visitors.

2
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Figure 2. Location map showing the gradient in number of hard coral species over 22° of latitude. The inner dendrogram
depicts the sampling sites grouped according to similarity (based on presence/absence data), with values showing percentage
similarity. The analyses show the clear delineation between tropical reefs (red) and temperate non-reef communities (blue)
usually onshore, or around islands and rocky outcrops (see Project 4.5). The north to south latitude gradient of reef habitats
spanning 12,500 km of coastline and nearly 22° of latitude is one of four such contiguous gradients in the world.

1.3

State of knowledge relevant to dredging Prediction, Management and Monitoring

Dredging and associated activities such as dredge material placement (dredge spoil disposal, Figure 3A) release
sediments into the water column elevating the suspended sediment concentrations (SSCs), which can have a
range of effects on underlying coral communities. Nevertheless, coral communities routinely experience
elevated turbidity associated with storms and natural resuspension events and by terrestrial runoff (Figure 3B).
Most of our present day understanding of the effects of sediments on corals comes from many laboratory and
field based manipulative studies, primarily concerned with terrestrial sediment run off, in a body of literature
generated mostly over the last 30 years.
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Figure 3. (A) Stylized representations of current and wave-induced turbidity generation in the shallow, reef environment (see
text for explanation), and (B) plume generation by a trailing suction hopper dredge, the most commonly used of the hydraulic
dredges for soft sediments. Turbidity is generated at the drag-head and at the surface if sediment-laden water inside the
hopper is allowed to discharge (overflow). This can occur from the ship's sides but more recently through a vertical shaft
inside the hopper, exiting below water level.

High turbidity and sediment deposition are well-known hazards to corals and the physiological responses quite
well described. The algal symbionts can accommodate high turbidity (and associated low light) by improving their
light harvesting capabilities through changes in photosynthetic and accessory pigment concentrations. Some
corals can also switch from autotrophy to heterotrophy during high turbidity events to compensate for the lack
of light. Ingestion of settled sediments has been observed in many studies, and corals are capable of assimilating
and obtaining nutritional benefits from the associated organic matter. However, corals typically keep their
surfaces clean of sediments using a range of active energy requiring processes, such as muco-ciliary transport, in
conjunction with more passive sediment removal processes associated with gravitational forces. This allows
corals to shift and ultimately shed sediments from their edges. Passive sediment shifting capability is species
specific and skeletal morphology specific. Despite these adaptations, and depending on the intensity, duration
and frequency of the disturbance, turbidity events can still nevertheless pose significant physiological challenges
and corals may undergo a temporary energy deficit. It is known that they use lipids as energy stores, and
mobilising stores can temporarily buffer them from relatively short periods of low light that occur naturally, and
they can regain energy during clement periods when turbidity is lower.
Although high turbidity and sediment deposition are well recognized hazards to corals, for risk assessment,
impact prediction, and management purposes simply knowing that it is a hazard is insufficient. What is needed
is a clear understanding of the risks associated with the hazards of elevated turbidity, or sediment deposition
and this requires: a much more detailed understanding of the likely cause-effect pathways and how they are
interrelated, an understanding of the intensity and duration of the disturbance (pressures) over different time
periods, and, for impact prediction, establishing relationships between physical factors and physiological
responses.
Clearly linked to this is how the pressure parameters and biological responses attenuate with increasing distance
from dredging, which is essential for managing dredging using zonation schemes (EPA 2016). These areas are
where there is least confidence and are the focus of the integrated research program as outlined below.

4
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2 Research Program
2.1

Research Priorities

The Theme 4 research program was designed to improve capacity to predict and manage the impact of dredging
by addressing four key knowledge gaps (Table 1).
Table 1. Key knowledge and information gaps addressed in Theme 4.
Cause effect pathways

What are the likely cause effect pathways whereby sediments released into the
water column by dredging activities can effect corals

Pressure1 field characterization

What are the likely hazard exposure profiles for corals over different periods of
time and different distances from dredging

Pressure response relationships

How do corals respond to likely hazard exposure profiles and what potential
bioindicators might be suitable for development

Guideline development

How to derive and implement water quality and biological thresholds for
dredging projects near to coral reefs

1A ‘pressure’ is a physical, chemical or even biological change that has the potential to cause environmental change, and in the context of
dredging activities may refer to elevated SSCs, light reduction and or sediment deposition.

Results were obtained from in situ field-based studies of water quality and coral health which included numerous
observations of the response of corals to dredging activities. Results were also obtained from manipulative
experiments conducted in aquaria (ex situ), using the advanced facilities of the AIMS National Sea Simulator
(SeaSim, Townsville, Queensland) using coral taxa and water quality conditions that are relevant to dredging
programs in the Pilbara in NW WA.
One of the advantages of the controlled conditions of the laboratory based (aquarium) studies is that
manipulative experiments can be conducted and variables can be isolated, allowing further examination of
cause-effect pathways (see below). Both in situ and ex situ approaches have different strengths and weaknesses,
and conclusions drawn from a combination of the two have a greater weight of evidence and should be
considered the most robust.

2.2

Research Projects

The Theme 4 research program was designed to improve capacity to predict and manage the impact of dredging
was delivered through 9 different projects which included a further 5 sub-projects (Table 2)
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Table 2. Nine individual projects that addressed key knowledge and information gaps in Theme 4.

Project

Description

4.1

Reviewed the existing literature relating to the effects of dredging pressures on corals

4.2

Characterized water quality from dredging programs conducted in WA
4.2.1 Temporal patterns
4.2.2 Spatial patterns

4.3

Examined the utility of a turbidity model to assess the size of sediment deposition zones around
dredging activities

4.4

Re-developed a field-deployable, standalone sensor for measuring sediment deposition

4.5

Identified which coral taxa relevant to WA should be used for laboratory experiments in Project 4.6

4.6

Involved a series of 8 laboratory based studies that examined cause-effect pathways and contributed
towards establishing dose response relationships
4.6.1 Light and SSC interactions
4.6.2 Effects of low light exposure on corals and coralline algae
4.6.3 Effects of elevated turbidity
4.6.4 Effects of sediment deposition on corals and smothering
4.6.5 Effects of coral bleaching on sediment rejection

4.7

Involved a demographic modelling study which examined recovery trajectories for impacted coral
communities in NW WA

4.8

Evaluated mucus production in corals as a bioindicator of sediment exposure

4.9

Integrated findings of laboratory and field based studies and developed guidelines for impact
prediction and management.
4.9.1 Patterns of mortality in corals during a capital dredging project
4.9.2 Developing dose–response relationships and thresholds based on in situ field data
4.9.3 Deriving guideline values for dredging around reef

2.2.1

Review (Project 4.1)

Theme 4 started with a comprehensive review and analysis of the environmental issues associated with
sediments and dredging (Project 4.1). The results of the review largely determined the direction of the
subsequent analyses, informing and guiding the subsequent laboratory and field-based studies. The review
included a conceptual model developed using the US Environmental Protection Agency (USEPA) causal/diagnosis
decision information system framework (CADDIS) to identify the likely proximal stressors and potential
(biologically plausible) cause-effect pathways whereby suspended sediments could affect corals. This was
followed by an analysis of the water quality conditions that actually do occur during large-scale dredging
programs, using information supplied to the Dredging Science Node by several Industry partners (Theme 1.). This
study included an initial analysis of the temporal and spatial patterns in water quality (SSCs and light attenuation),
an assessment of the intensity and duration of dredging related turbidity events, and an analysis of water column
and seabed sediment particle size distributions. In the final part of the review all available laboratory and field
based studies of the effects of sediments on corals were examined, the experimental conditions used were
closely scrutinized, and their utility for impact prediction purposes assessed.

2.2.2

Pressure parameters (SSCs, light attenuation, Projects 4.2.1 and 4.2.2)

Following the review, a comprehensive analysis was conducted of the water quality conditions that occurred
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during three capital dredging programs (Burrup Peninsula 1, Barrow Island 2, and Cape Lambert B 3) including an
analysis of temporal patterns i.e. daily and seasonal cycles in the data. The study also examined spatial patterns
in water quality, from hundreds of metres to tens of kilometres away from the excavation activity. Information
from the study was used to guide the exposure studies in Project 4.6.

2.2.3

Pressure parameters (sediment deposition, Project 4.3 and Project 4.4)

Project 4.3 and Project 4.4 were primarily associated with ways to quantify sediment deposition, one of the key
pressure parameters. Project 4.3 explored a novel technique for identifying when elevated deposition levels may
be occurring by predicting turbidity based on an understanding of wind-driven waves and tides. The underlying
principle is that if turbidity (hence SSCs) are much higher than predicted based on the water column
hydrodynamics, then the elevated SSCs are likely to have been caused by dredging. The SSCs are likely to have
been created in a low energy water column, and this is likely to result in higher levels of sediment deposition (as
sediments rapidly fall back out of suspension). The technique was assessed at two different locations with
different hydrodynamic settings: a turbid coastal environment at Hay Point (North Queensland) and an offshore
clear water environment on the eastern side of Barrow Island (Western Australia).
Project 4.4 Involved the re-design, calibration and testing of an earlier version of a sediment ‘deposition sensor’
where deposition measurements were made on a flat, glass plate at a single point. The sensors were deployed
during the Barrow Island dredging project but inspection of the data showed sediments shifted off the sensor
before a deposition rate could be measured. The project involved re-design of the sensor head to increase the
number of measuring points and to increase topographic complexity so that it resembled a rugose surface similar
to a coral. The sensor was tested in the laboratory with different sediment types, deposition rates and under
different flow conditions, and also deployed in the turbid inshore reef zone of the Great Barrier Reef.

2.2.4

Ex situ laboratory-based studies (Project 4.5 and Project 4.6.1–4.6.5)

Project 4.5 guided the choice of coral taxa for use in the laboratory experiments of Project 4.6. All hard coral
species lists from different taxonomic studies conducted in WA over the last 30 years were assembled and the
data sorted according to family, genus and species. Each was validated against the World Register of Marine
Species (WoRMS) to account for the many recent taxonomic revisions. From the database 10 coral species were
selected which represented different families, morphologies (i.e. branching, massive and foliose), and species
with a wide geographic distribution, and which were cultivable and with different known sediment clearance
capabilities. The species were: Acropora millepora Ehrenberg (1834), Montipora capricornis Veron (1995),
Montipora aequituberculata Bernard (1897), Porites lobata Dana (1846), Porites lutea Quoy and Gaimard (1833),
Pocillopora damicornis Linnaeus 1758, Pocillopora acuta Lamarck (1816), Turbinaria reniformis Bernard (1896),
Turbinaria mesenterina Lamarck (1816), Goniastrea retiformis Lamarck (1816). These species have broad
distributions including NW WA, the east coast of Australia (based on species lists from the Museum of Tropical
Queensland), much of the Indo-Pacific, and in some cases the central America and the Middle East regions (Figure
4).

•
•
•

1WA

Environmental Protection Authority Bulletin 1259, Ministerial Statement No. 757
Environmental Protection Authority Bulletin 1221, Ministerial Statement No. 800
3WA Environmental Protection Authority Bulletin 1357, Ministerial Statement No. 840
2WA
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Figure 4. Biogeographic distribution of the 10 coral species used in the laboratory based studies. The species are found on
both the east coast (central GBR) and west coast (Pilbara region) of WA as well as widely throughout the Indo-Pacific oceans
(Project 4.5).

Project 4.6 was comprised of eight individual laboratory-based experiments. Experiments on the effects of
elevated SSC, light reduction and sediment deposition were conducted over short term (acute) periods (i.e.
several days) or longer term (chronic) periods (i.e. several weeks). A range of sublethal and lethal endpoints were
used, including changes in the photochemical efficiency and chlorophyll and accessory pigment content of the
endosymbiotic dinoflagellates, changes in coral colour, changes in lipid content and lipid class, and changes in
coral growth and mortality.
Since these studies were laboratory based where experimental conditions could be finely controlled and
manipulated, the pressures parameters were delivered individually and/or in combination to allow testing and
identification of cause-effects pathways and deriving dose response relationships. The exposure scenarios were
based on the hazard characterization in Project 4.2. The experiments followed a logical sequence with treatment
levels usually based on previous experimental results. Studies were separated into those associated with SSCs
and light attenuation (Projects 4.6.1–4.6.3) and sediment deposition (Project 4.6.4). A fifth study, Project 4.6.5,
examined the effects bleaching of corals (from thermal stress) on their subsequent sediment clearance capability.

8
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Figure 5 A-H. Field collection of corals for the laboratory based experiments in the National Sea Simulator (SeaSim, Australian
Institute of Marine Science (AIMS) Townsville). Corals were collected, fragmented into explants and after a recovery period
exposed to combinations of elevated SSCs, reduced light or sediment smothering, alone and in combination in 115 L or 1,500
L tanks. Tanks received a continuous supply of running seawater and sediments delivered from concentrated stock tanks
through pivoting solenoid valves controlled through a programmable logic controller. Images courtesy of Christian Miller.
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2.2.5

Demographic modelling (Project 4.7)

The study of populations (demography) is a fundamental aspect of ecology and demographic modelling is a useful
tool for predicting the dynamics of populations based on observed rates of birth, death, and recruitment.
Relatively little is known of the demographic processes affecting populations of corals in north-western Australia,
and Project 4.7 involved surveys of ~730 colonies of Acropora millepora, Turbinaria mesenterina and massive
Porites spp. populations in the Dampier Archipelago (pilbara coast of Western Australia) which were assessed
and then reassessed approximately a year later. Measurements were made of survival, growth, partial mortality
and fission of different size classes and the population size-frequency distribution data used to construct matrix
population models.

2.2.6

Mucous sheet formation as a bioindicator of coral stress (Project 4.8)

Colonies of massive Porites spp. corals (Porites lutea and P. lobata) occasionally produce thick mucous sheets
that partially or completely envelope the colony’s surface. Once formed the sheet becomes fouled with debris
and sediment but eventually is shed (or ‘sloughed’) leaving the colony free of fouling material. In Project 4.8, the
association between mucous sheet formation by Porites spp. and water quality was examined and mucous sheet
production evaluated as a potential bioindicator of dredging related pressure. The study involved the
examination of hundreds of photographs of Porites colonies taken at regular (~14 d) intervals during the baseline
(pre-dredging) phase and the 1.5 year dredging phase of the Barrow Island project. To compliment these fieldbased observations, laboratory (aquarium) based exposure studies were also conducted involving exposure of
Porites spp. explants to very fine sediment concentrations.

2.2.7

Threshold development (Projects 4.9.1–4.9.4)

Project 4.9 was associated with guideline development and was composed of 3 sub projects. In Project 4.9.1 and
4.9.2 a detailed ‘forensic’ analysis of images of hundreds of corals which were photographed at regular intervals
throughout the 1.5 year long Barrow Island capital dredging project. The time series of photographs were
analysed to describe the patterns of mortality and the susceptibility of the different families and especially
morphologies to dredging activity. Project 4.9.3 then linked the patterns of mortality to the water quality,
deriving dose–response relationships and thresholds for the environmental management based on the in situ
field data. Project 4.9.4.integrated the results of both the field and laboratory based studies (Project 4.6) into a
weight-of-evidence approach to explore the strength of various cause-effect pathways and derived thresholds,
and can be considered a summation of the collective Theme learnings.

3

Synthesis of Findings

The findings of the studies described above, the current state of knowledge and the implications for predicting
and managing the impacts of dredging according to the EPA’s Technical Guidance for assessing marine dredging
proposals (EPA, 2016), are summarised below with respect to the key knowledge and information gaps identified
in Table 1. A key outcome of these findings is the identification of a number of potential indicators relevant to
dredging related pressure on coral communities and to coral health itself.

3.1

Cause-effect pathways

The initial review (Project 4.1), which preceded and largely guided the subsequent laboratory and field-based
studies and analyses, included an analysis of candidate cause-effect pathways using the causal/diagnosis decision
information system framework (CADDIS). The conclusions were that for corals in particular, the 3 primary cause
effect pathways are:
• light attenuation (LA) affecting symbionts photosynthesis and hence reduce autotrophy;
• high suspended sediments concentrations (SSCs) affecting feeding and cleaning processes and hence
reduce heterotrophy;
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• sediment deposition (SD) resulting in covering of the corals’ surfaces which reduces light availability and
restricts solute exchange (smothering)
The primary conclusion from the CADDIS model is that different cause-effect pathways could act either alone or
most likely in combination (Figure 6) and that the most relevant parameter(s) may change according to dredging
activities, sea-state, distance from the dredge etc. Homer’s sea-god Proteus was known for his ability to
transform, i.e. to change shape and form. The ‘protean’ nature of suspended sediments makes it very difficult to
identify which is the most relevant or important pressure parameter(s) at any given time, to identify the relevant
cause-effect pathway(s) and, importantly, to establish dose-response relationships. This has important
implications because establishing a relationship between the correct physical factors and subsequent
physiological responses is key to the risk assessment process.

Figure 6. Primary cause effect pathways for the effects of dredging activities are represented in these images and in ternary
(triangular) diagrams where corals are represented as black circles. (A) Under a scenario of a buoyant plume coral may be
affected by light attenuation in the water column only (and the circles are located in the bottom left hand corner of the
triangle). (B) Corals may also be affected by light attenuation and elevated SSCs (as the plume descends and has come into
contact with the colony, (C) Colonies may also be affected by light attenuation elevated SSCs and sediment covering and, (D)
only sediment deposition and light attenuation (because of the shading by the sediment layer.

3.1.1

Sediment smothering cause-effect pathway

In Project 4.9.1, images of corals during a large scale dredging program (Barrow Island) were studied to identify
likely causes of mortality and identify cause-effect pathways. A consistent and repeated observation was that
branching species and some hemispherical species were remarkably adept at shifting sediments. They were
rarely observed with sediment on their surfaces whilst flatter morphologies were frequently observed
smothered. The different sediment rejection capabilities is best seen when different morphologies are located
close i.e. over-lying or under-lying each other (Figure 7 B, C).

Dredging Science Node | Theme 4 | Synthesis Report

11

Defining thresholds and indicators of coral response to dredging-related pressures

Figure 7. Sediment smothering (see arrows) of corals during a dredging project near Barrow Island (Pilbara coast of
Western Australia), showing sediment build up on flat, encrusting and foliose growth and also the tops of Porites
spp. with bumpy morphologies but typically no build up on the underlying or overlying tabulate Acropora spp. The
more sieve-like, branching species are highly adept at self-cleaning and shifting sediments, while other morphologies
− especially those with local depressions (minima) on their surfaces − are much less capable, resulting in sediments
smothering the coral surfaces over time. Numbers represent the distance from dredging activities (km), and days
since the start of dredging on 20 May 2010.

The time-sequence of photographs from the field also allowed tracking of the fate of individual colonies and
showed that once smothering has occurred, it could lead to bleaching (loss of algal symbionts) and focal and
multifocal lesion formation (pathological discontinuities of tissue) and coral tissue mortality (Figure 8).
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Figure 8. Time sequence of a single massive Porites colony from a site 1 km away from the dredging during the Barrow Island
project from day 1 (20 May 2010) until the end of the dredging at day 534 (4 Nov 2011). The images show a build-up of
sediment on low points (depressions) on the surface (day 130). Shortly after Tropical Cyclone Bianca (23−30 January 2011)
accumulated sediment has been re-suspended from the surface leaving discoloured (bleached) areas of unhealthy but
nevertheless living tissue, see arrow, day 263). More sediment accumulates in the now bleached depressions (days 305 &
331) and the colony responds by producing a mucous sheet (see arrow, day 331). After sediment accumulates again (day 342)
and re-suspends, more extensive areas of bleached tissue in the depressions are evident (day 363). These bleached areas
regained their pigmentation relatively quickly (day 377) and after producing another mucous sheet (see arrow, day 425) the
colony has begun to re-grow tissue over the central lesion formed by the sediment deposition (see arrow, day 534). Numbers
represent the distance from dredging activities (km), and days since the start of dredging on 20 May 2010.
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Smothering in a few mms of fine sediment will reduce all light availability and the bleaching could have been due
solely to loss of light based on the time course described in the laboratory based experiment of Project 4.6.2 (see
below); however, it could also have been due to loss of solute exchange or perhaps the combination of both.
Further analysis of the images and time-course suggested the presence of dips, depressions and concave areas
on the colony (i.e. local minima) was very important in sediment rejecting ability. Presumably active mechanisms
used by corals for sediment shifting (principally mucociliary-transport) are significantly slower when moving
sediments up hill, and sediment then begins to pool. Once this occurs further deposition can result in a build-up
of sediment in the areas producing the ‘snow covered’ images in Figure 7 and Figure 8.
The laboratory based experiments of Project 4.6.4 supported this, showing that Montipora capricornis which has
a flatter morphology, was capable of removing all sediment up to 20 mg cm–2 d–1 leaving only slight residual
deposits typically less than a few % of the surface area. The massive (dome shaped) morphologies could do the
same up to 40 mg cm–2 d–1 and the branching species A. millepora managed to clear most sediment at a rate of
up to 235 mg cm–2 d–1. Long term smothering of M. capricornis also resulted in tissue bleaching matching the
field based observations.
Overall, the laboratory and field-based studies provided a consistent, coherent story and simplified the
identification of cause-effect pathways suggesting that for some but not all morphologies, sediment smothering
is a key pressure parameter and important for impact prediction (see Figure 9).

Figure 9. Major growth forms of scleractinian corals arranged on a spectrum from least sensitive to deposition (branching
species) to most sensitive (encrusting forms). Surface sediment removal in corals is by active process (mucociliary-transport)
working in conjunction with passive principally gravitational forces. Both macro- and micro-scale morphology plays a role,
and a key determinant of whether sediment pooling (smothering) in addition to the rate of deposition is whether the
morphology permits an uninterrupted downhill path for sediment to be ultimately shed from the colony surface.

3.1.2

Suspended sediment/light attenuation (heterotroph/autotrophy) cause-effect pathway

For the branching species the most likely cause-effect-pathway is associated with elevated suspended sediments,
the associated light reduction (attenuation) and a possible interaction between the two. In the initial review of
Project 4.1, it was suggested that, based on close analysis of the experimental conditions used in some of the
published studies and taking into account the realistic hazard profiles from dredging projects, that some corals
seem capable of tolerating quite high SSCs, as long as the sediment is kept in suspension and the corals receive
enough light. That is, corals are exposed to suspended sediments but are neither smothered nor light-deprived.
This was confirmed in Project 4.6.1, where corals were exposed to high SSCs but also under high light levels
showing that branching species can survive exceptionally high suspended sediment concentrations (i.e. 100 mg
L−1 for 28 d – which is ∼3× higher than levels measured at a distance of ~0.5 km from a capital dredging program),
as long as they were sufficiently illuminated.
This also simplifies identification of cause effect pathways and the implications are that although the primary
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concern with dredging is the release of sediments to the water column, it is the light attenuating properties of
the sediment that is a more important parameter for impact prediction than the SSCs per se when dealing with
smothering-resistant morphologies. This is an important finding, because it means that any attempts to manage
dredging activities using measures related to SSC or turbidity must ensure that the influence of the elevated
sediments on the light climate of the receiving environment, including at different depths, is considered.

3.2

Pressure field characterization
3.2.1

Suspended sediments (temporal patterns)

In the near-field environment (~100s of metres from an operating dredge) sediments released into the water
column and moving out of the immediate dredging area were primarily silt-sized (4–62 µm, Project 4.1). These
silt/clay sized particles profoundly affected the water cloudiness (turbidity), as anticipated; however, a significant
and characteristic feature was that even close to dredging activities turbidity events were often very ephemeral.
Close to dredging activities, orders of magnitude changes in turbidity can occur rapidly associated with changes
in dredging activity and sometimes tidal cycles (Figure 10), but over periods from hours to weeks, elevated
turbidity is usually interspersed with periods of otherwise very good water quality as shown below.

Figure 10. Turbidity (as nephelometric turbidity units, NTU) and instantaneous photosynthetically active radiation (PAR,
µmol·photons m-2·s-1, primary y-axis) and water depth (m, secondary y-axis) at a site close to a dredging project on the reefs
around Barrow Island. Black bars represent night time periods and arrows represent periods of day time darkness. The data
shows that all benthic light is temporarily attenuated when plumes of elevated turbidity pass over the site on an incoming
tide.

This variability has implications for interpreting information collected from water quality monitoring programs
and for the setting of management guidelines (see Section 4). To characterize this temporal variability, and
capture both acute and chronic scales, turbidity was calculated over multiple time periods from 1 h running mean
interval to a 30 d running mean intervals. Then the 95th percentile values (P95) was determined for each running
mean period, as well as the P80, P90 and P100 for turbidity (NTU, Figure 11, Project 4.2.1).

Dredging Science Node | Theme 4 | Synthesis Report

15

Defining thresholds and indicators of coral response to dredging-related pressures

Figure 11. Changes in turbidity and light before and during a major capital dredging program. (A) Mean instantaneous NTU
(every 10 min) and (B) mean daily light integrals (DLI, mol m−2) across the 3 sites closest to the dredging during the Barrow
Island project. Figures on the right hand side show estimated percentiles over different running mean periods.

At sites close to dredging (500 m away) the data shows turbidity increasing by sometimes >10× across a range of
different time scales compared to pre-dredging baseline conditions. Using a different type of analysis that allows
an assessment of the intensity (I), duration (D) and frequency (F) of turbidity events, sites close to dredging
experienced an increase the intensity of 10−fold, duration by 5−fold, and frequency of 3−fold respectively.
In very general terms, nephelometry-derived SSCs over very short term periods (hours and less) can reach levels
of hundreds of mg L-1 but over days to weeks the worst case scenarios averaged tens of mg L-1 and over a period
of a month averaged <10 mg L-1 (Figure 11). These generalizations are made across three separate capital
dredging projects but are nevertheless specific to those projects and the type of dredging activity,
hydrometeorology and especially distance to the activities (see Projects 4.2.1 and 4.2.2).
With such highly variable data, median values or longer term averaging periods can hide significant events which
could have ecological consequences (Project 9.2.3). This needs to be carefully considered and addressed in
developing thresholds or guidelines for impact prediction purposes (Section 4).
Some other temporal cycles were also identified in the light (and turbidity data) from the 3 projects, including
semi-diurnal ones associated with tides, diurnal cycles associated with daily sea breezes, and fortnightly cycles
associated with spring-neap cycles (Project 4.2.2). The cycles are site and location specific, and understanding
these cycles is especially important during the monitoring (dredging) phase of projects where dredging
proponents are recording and tracking water quality and light levels with respect to trigger or threshold values
that prompt management actions.

3.2.2

Benthic light (temporal patterns)

Suspended sediments cause the scattering and attenuation of light and this can occur rapidly through the water
column during dredging, sometimes extinguishing all light, even in the shallow, tropical reef environment (see
Figure 6 (showing a coral photographed during the day but in darkness from elevated turbidity), Figure 10, Figure
11, and Figure 12).
For the analysis of temporal patterns, benthic light was calculated as the sum of the per second quantum flux
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measurements over 24 h and expressed as a daily light integral (hereafter DLI, mol photons m-2 d-1). Days in
complete darkness could occur for up to a week at time at sites close to dredging and subjected to very turbid
plumes. This is considerably longer than can occur in pre-dredging baseline conditions (1–2 days) and usually
associated with storms. However, a more common feature was parts of days in darkness (Figure 10) or more
generally very low light ‘caliginous’ or twilight periods which sometimes occurred over extended periods (i.e.
weeks).
Similar to the turbidity analysis, to characterize the variability and capture both acute and chronic scales, DLIs
were calculated over multiple time periods (from 1 h to 30 d running mean intervals), and the 50th percentile
values (P50) as well P20, P5, P1 and P0 were determined (Figure 11).
In addition to changes in light quantity, changes in light quality underneath plumes was also noted. Hyperspectral data was analyzed in Project 4.1 and these are some of the first measurements of their kind for dredging
in reef environments. The data showed that different wavelengths of light are preferentially attenuated and
there was loss of useful light (red and blue light) and a shift of the underwater spectrum to less photosynthetically
useable yellow-green light.
Figure 12 shows that at 5 m depth benthic light levels at solar noon have been reduced from ∼900 µmol·photons
m-2·s-1 to only 56 µmol·photons m-2·s-1 in a plume of 15 mg L-1. The remaining light has also lost most of the
photosynthetically useable blue and red wavelength and was composed of mostly green and yellow light which
is poorly absorbed by the corals’ algal photosymbionts. It follows that light which is frequently monitored during
dredging projects, may be present but not in a very useable form for primary production. The implications of this
spectral change was not evaluated during the laboratory based studies and forms the focus of ongoing and future
work into coral sensitivity to light limitation.

Figure 12. Effects of suspended sediment on light quantity and quality based on empirical data collected during the Cape
Lambert dredging project showing simulated down welling irradiance spectra at 5 depth with varying SSCs from 0.5–30 mg
L−1 and associated PAR as μmol photons m−2 s−1. The incident down welling irradiance spectrum for all figures is typical of a
clear sky at tropical noon, with an initial (underwater, 0 m depth) PAR value of ~1530 μmol photons m−2 s−1).

3.2.3

Sediment deposition (temporal patterns)

One of the points of emphasis in Project 4.1 was that there are no instruments capable of routinely measuring
actual sediment deposition at the required scales (mg cm2 day-1). In the absence of suitable instrumentation,
sediment deposition has frequently been estimated using sediment traps which are small cylindrical tubes that
collect settling sediment. There are many known problems associated with these devices. They suffer from
resuspension limitation and deposition bias, and can grossly overestimate sediment deposition, particularly in
energetic environments which are characteristic of reefs.
Two different approaches were tested in an attempt to understand temporal and spatial patterns of sediment
deposition. The turbidity modelling approach (the underlying principle of which is described in Section 2.2.3)
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showed some promise using data from Hay Point (Queensland), but overall could not accurately predict turbidity
during the Barrow Island dredging project in WA. This is probably because there were only occasional turbidity
events to train the model during the model fit period (see Project 4.3).
A second approach involved the re-design of a sediment deposition sensor to represent sediment deposition on
a coral (see Figure 13) and which was tested in the laboratory and showed that under high SSCs and high flow
conditions traps recorded >10× higher deposition rates than the sensor. This finding provides empirical evidence
to support previous suggestions that traps are more likely to record information on suspended-sediment
dynamics in the water column than to provide any useful data on sediment deposition per se (i.e. they provide a
pseudo-sedimentation rate).

Figure 13. Schematic diagram of the newly designed
sediment deposition sensor with a settlement plate that
resembles the topography of a coral surface. Sediment
depositing on the sensor head plate falls through the
apertures allowing optical measurement of sediment
accumulation from those apertures that sit over an
underlying fibre optic bundle. The sensor measures
backscatter every 10 min, and changes in these readings
provide an assessment of sedimentation rate. Periodic
wiping occurs every few hours by movement of the
sensor head backwards and forwards a few times which
moves sediment of the sensors (Project 3.4).

Deployment of the sensor in situ provided many new insights into temporal patterns of sediment deposition near
a coral reef. When wind speeds and SSCs were low, sediment deposition rates averaged 8 mg cm-2 d-1, whilst
during a very unusual (extreme) high wind event, sediment deposition rates increased to a maximum of ~50 mg
cm-2 d-1 (Project 4.4). Given the environmental setting of the deployment (in the inner shelf, coastal, turbid zone
of the central Great Barrier Reef within a natural bay), these numbers could be considered close to the higher
end of sedimentation that corals can experience naturally during storms or high wind events.
The sensor detected distinct sub-daily patterns of deposition Figure 14. When measurable, deposition occurred
at a relatively constant rate, or in previously undescribed pulses. These pulses were characterized by short term
(4–6 h) periods of ‘enhanced’ deposition which began a few hours after low tide, peaking at the mid-tide phase
in either a diurnal (once a day), or semi-diurnal (twice a day) pattern. The transition between the 2 patterns
occurred during the progression from neap tides to spring tides suggesting tidal modulation of sediment
deposition.
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Figure 14. Temporal analysis of nephelometrically derived suspended sediment concentration (SSC) (mg L-1), sea level (m)
and sediment accumulation rate (mg cm-2) measured using the newly re-designed deposition sensor (Figure 13) during a
natural turbidity event in the inshore turbid reef zone of the Great Barrier Reef. Numbers in the brown boxes refer to the
average sedimentation rate per day (mg cm-2 d-1) derived from the 1 h readings (Project 4.4).

The data showed that in general terms, SSCs and sedimentation were closely related – in so far as periods of
elevated sediment deposition occurred during periods of elevated turbidity– however on a finer, sub-daily
timescale, the relationship between SSCs and sedimentation was uncoupled. Deposition only occurred during
periods of high turbidity, which is intuitive, but also in a low energy water column associated with slack water
and decreasing wind speeds and waves from loss of the sea breeze at night time (see grey bars).
The newly configured deposition sensor is currently being tested in maintenance dredging projects on Australia’s
east coast.

3.2.4

Spatial patterns of pressure parameters

There was very clear evidence of a relationship between turbidity and distance from dredging using data from 3
different capital dredging projects (see Project 4.2.2, Figure 15). The in situ instruments used in the Barrow Island
project included the original sediment deposition sensors before the modification described above. Although
they could not provide information on a deposition rate for corals, the sensors did provide information that
detectable amounts of sediment settling was occurring. The sensor output was therefore averaged over a day
and normalized to a scale of 0–1 to produce a unitless sediment deposition index (SDI). The spatial analysis, based
on the 95th percentile of the 60 d running mean SDI, also shows very strong evidence of a localized zone of
high deposition.
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Figure 15. Distance decay relationships during the dredging and pre-dredging (baseline) phases of the Barrow Island, Burrup
Peninsula and Cape Lambert B dredging project based on the 95th percentile value of turbidity (NTU) values.

Although these spatial patterns are intuitive, with favorable conditions for corals improving with increasing
distance from the dredging activity, these analyses provide clear support for the use of spatially-based zonation
schemes to manage dredging projects in WA as described in (EPA 2016).
The SDI data also supports the analysis of seabed sediment grab samples collected after several dredging projects
which show clear increases in clay (<2 μm) and silt fractions (2–60 μm) compared to samples collected before
dredging, which in turn are consistent with the predominantly clay and silt particle size distributions (PSDs)
measured in the water column during dredging (both discussed in Project 4.1).
When analysed with appropriate statistical metrics across multiple time periods (from hours to a month) and
summarized across a broad range of percentile values and with respect to distance from the dredging, the water
quality data has provided a matrix of hazard profiles for several capital dredging projects (see Project 4.2.1 and
4.2.2). This matrix was used to design environmentally realistic and relevant exposure scenarios in the laboratory
studies and then used in conjunction with the field based studies for developing water quality thresholds for
management (see below).

3.3

Quantifying how corals respond to likely hazard exposure profiles
3.3.1

Coral health responses

Project 4.6.3 involved examining the effects of five different suspended sediment treatments using branching
corals (Acropora millepora, Pocillopora damicornis), a foliose coral (Turbinaria reniformis) and massive species
(Porites spp.). The 5 different suspended sediment treatments ranged from 2–100 mg L-1 SSC, with corresponding
DLIs ranging from 10–0 mol photons m2 to reflect realized light conditions at ~5-6 m depth (based on the light
attenuation study, Figure 12). All sediments were kept in suspension in this study which ran for 6 weeks. In the
first few turbidity treatments algal density and/or pigment concentration increased suggesting corals were photo
acclimating to the lower light. At ≥30 mg L-1 (with a very low light level of 0.2 DLI mol photons m2) many corals
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began bleaching (i.e. losing their algal symbionts). Lipid concentrations and lipid ratios were also low, suggesting
these corals were consuming their storage lipids to survive. These physiological effects contributed to low growth
at ≥10 mg L-1.
No corals suffered partial or full colony mortality over the experimental duration and the most sensitive species
were the branching species P. damicornis > A. millepora followed by the massive Porites spp. The turbid water
specialist coral T. reniformis (foliose morphology) was most tolerant. This interactive experiment showed clear
sub lethal physiological effects of the high turbidity treatment (30 mg L-1 and 0.2 DLI, 100 mg L-1 and 0 DLI) but
surprisingly no mortality occurred, and the study showed that corals still grew and the symbiosis remained intact
at 10 mg L-1 with a DLI of 2.3 mol photons threshold m-2 d–1.
The bleaching observed in this experiment was further examined in the laboratory with two branching coral
species and crustose coralline algae (CCA) by manipulating light levels alone. In darkness the corals began to
uniformly pale after 4−5 d, and in all low light treatments (≤0.1 mol photons m–2 d–1) were pale by 7−10 d and
bone-white by 20 d. Discolouration was also observed in the crustose coralline algae (CCA) at treatments ≤0.1
mol photons m–2 d–1. The discolouration in the corals was caused by the symbiosis dissociating (coral bleaching)
and some partial mortality was observed in juvenile and adult Pocillopora acuta corals, but Acropora millepora
showed no signs of tissue loss regardless of light intensity (Project 4.6.1). Based on the results of the experiments
the bleaching in the turbidity exposures (Project 4.6.2) was interpreted as being due to the light reduction and a
possible interaction with elevated SSCs.
The final part of the investigation involved how coral bleaching caused by periods of elevated water
temperatures (marine heatwaves) affected the self-cleaning, sediment shedding ability of corals. Although these
results are not directly related to threshold development the study was conducted because many recent
dredging projects have happened to coincide with bleaching events in recent years. The study showed that
sediment accumulated 3−4 fold more on corals which have been previously bleached by exposing them to
elevated seawater temperature (31°C for 3 weeks). Repeated deposition events also resulted in a ~3 fold increase
in the amount of sediment remaining on the corals, regardless of bleaching status (Project 4.6.5). The study made
several recommendations on how to identify the start and end of bleaching events, how to assess the severity
of the event, and suggested that adaptive management practices should be developed to reduce the impacts of
future dredging projects that follow or coincide with elevated sea surface temperatures and coral bleaching
events.

3.3.2

Mucus as a bioindicator

Mucous sheet formation in Porites spp. has considerable potential as a bioindicator of exposure to sediments in
future dredging programs. The % coverage of the surface of the colonies by mucus sheets and the number of
sheets produced in the Porites spp. was highly correlated to distance from dredging during the Barrow Island
dredging and primarily found <1.5 km from the dredging activity (Figure 16). Sheet formation could also be
experimentally induced in the laboratory where repeated sediment deposition events of 10 and 20 mg cm−2 d−1
induced mucous sheet formation in small explants of Porites spp. (Figure 16).
Mucous sheet formation and subsequent sloughing appears to be an additional mechanism used by massive
Porites spp. to clear their surfaces when sediment loads become too high. Functionally it can be likened to a
human sternutation or sneeze i.e. it is a sublethal response to an irritation (Project 4.6.8). Massive Porites spp.
are fundamentally important and often dominant reef-building species in the Indo-Pacific. This ability to
episodically re set or ‘clear’ their surfaces of settled material could be one of the reasons they are capable of
thriving over a range of environments including the nearshore, more turbid coastal waters.
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Figure 16. (A) Mucous sheet formation in a colony of Porites spp. during the Barrow Island dredging project. (B) The
relationship between mucous sheet prevalence (%) and distance from dredging activities during the Barrow Island
dredging project. (C) Mucous sheet formation experimentally induced in the laboratory in small explants of Porites spp,
exposed to fine sediments. Sheet formation and sloughing appears to be an additional mechanism used by massive Porites
spp. to clear their surfaces when sediment loads become too high. As a sublethal response it appears functionally
equivalent to a human sternutation or ‘sneeze’ (Project 4.8).

3.3.3

Sediment deposition as a bioindicator

In addition to mucus sheet prevalence the presence of sediment accumulation on corals (Figure 7, Figure 8) could
also be considered a bioindicator for dredging programs. As with mucus sheet formation, there was a very clear
relationship between distance from dredging and the presence of sediment on the corals’ surfaces (Error!
Reference source not found.A). False positives (Type I errors) are a significant issue for bioindicators during
monitoring programs, but sediment smothering and mucous sheet formation during the baseline (pre-dredging
phase), and at the distantly located reference sites was exceptionally low (<0.5% prevalence). Sediment
smothering and mucous sheets are both easily identifiable by SCUBA divers, or by using diver-less technologies
such as remotely operated vehicles. Sampling could be conducted by roving diver techniques, where divers swim
freely throughout a site recording information. The % of the surface covered by sediment sheets or mucus is also
easy to quantify (from ex- or in-situ observations) using a categorical scale (i.e. where 1 = 0%, 2 = 1−5%, 3 =
5−35%, 4 = 35−65%, 5 = 65−95%, 6 = 95−99, and 7 =100% coverage). Both sediment smothering and mucous
sheet prevalence could provide near real time information that corals have been exposed to suspended
sediments, without the need for sampling and subsequent laboratory-based analyses.

3.4

Demography

Demographic models allowed assessment of the relative susceptibility of populations to different scenarios,
including different types of disturbance. The types of disturbance investigated in this study (Project 4.7) included:
(1) size dependent mortality of the largest colonies; (2) severe reductions in recruitment; and (3) chronic
reductions in recruitment. The simulations showed differing rates of recovery for different species depending on
the -history traits. The broadcast spawning A. millepora populations showed the most rapid recovery from
mortality of adult colonies, and was most affected by failure or sustained depression of recruitment. In contrast,
there was a greater reliance on survival of large size classes in the Turbinaria and Porites spp. The greater
dependence on recruitment in the Acropora life history means these populations have the capacity to recovery
quickly from disturbances when recruitment is highest, but very slowly when recruitment is lowest. Consequently
Acropora corals typically have the greatest uncertainty in recovery projections following severe disturbances.
The study has provided, for the first time, a quantitative and mechanistic framework for assessing the likelihood
of population recovery from impacts and associated timeframes. Different modelling conditions, including worst
and best case scenarios, gave multiple different recovery timelines from a single dredging-related impact
(Project 4.7). However, in reality, there will usually be a range of impacts affecting individual corals, coral cover,
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and rates of recruitment, which will have cumulative effects (or even act synergistically) to produce greater
impacts than simulated with consequently longer recovery times. The modelling approach can accommodate
these additional environmental disturbances, such as cyclones or bleaching events, by applying the model to
surviving populations. The quality and reliability of inferences made using the demographic models will be
improved by using several years of pre-impact recruitment data to natural substrata. Future proponents should
therefore consider collecting baseline recruitment data over several years to provide reliable average pre-impact
baseline conditions

4 Threshold development
4.1

Pressure/response data

Water quality and coral health data collected over the 530 d capital dredging project at Barrow Island provided
a truly unique opportunity to determine the in situ fate of a variety of coral species and morphologies at different
distances from the dredging activities (200 m to 30 km away). This industry data made it possible to relate the
response of the underlying corals to the various pressure metrics (SSCs, light reduction, sediment deposition)
and compare them to the response thresholds derived through the laboratory experiments (Project 4.6). A coral
bleaching event caused by a marine heatwave occurred half-way through the dredging, also providing an
opportunity to investigate cumulative impacts and an interaction between coral bleaching and dredging.
Over the dredging period 28,900 observations of 953 coral colonies were made and mortality events (≥ 5% partial
mortality on individual corals) were observed on 11,206 occasions (i.e. 40%). Modelling showed that sedimentrelated metrics appeared to be more closely related to mortality in massive, primarily Porites spp., while light
metrics were more strongly associated with mortality in branching colonies (Acropora spp. and Pocilloporidae,
Project 4.9.1). This result was supported by the laboratory studies in Project 4.6 showing the far superior
sediment shifting abilities of the branching species.
Sedimentation was identified as a key pathway causing mortality of corals during dredging, particularly for
massive corals (Fisher et al. In prep, Jones et al. In prep), yet remains problematic as it is difficult to measure in
the field. While new methodology has been developed for measuring ecologically relevant deposition in situ
(Whinney et al. 2017), this method has no existing historical data that can be used to derive thresholds. Until
thresholds for reliable in situ deposition measurements have been established, in the interim turbidity may be
used, as this can be correlated with a sediment deposition and semi-qualitative estimates of deposition (using
the SAS techniques) − when averaged over longer rather that shorter time periods.
Distance decay relationships suggest that sediment related impacts on corals occur relatively near to dredging
activities. While changes to turbidity can occur at relatively large distances from dredging activity (>20-28 km),
sediment related coral health exposure metrics (mucus sheet production and sediment smothering of Porites
spp.) dissipated rapidly, with effects limited to less than 3-4 km (Jones et al. In prep) (Figure 17) and distances of
exceedance of the 14 d running mean turbidity thresholds indicative of probable mortality effects on coral
(permissive thresholds) in the order of only 500 m from dredging (see Figure 17).
Branching corals appear to be quite sensitive to light limitation during dredging, and exposure to low light causes
bleaching and partial mortality. While impacts on benthic light levels can be influenced at distances very far from
dredging activities (>20 or even >35 km from dredging, Figure 17), reduction of light to below levels that can
cause sub-lethal stresses on corals occur much closer, with laboratory based thresholds for coral discoloration
(EC10, (Bessell-Browne et al. 2017)) exceeded at Barrow Island at around ~3.5 km (Figure 17). Light levels low
enough to cause elevated mortality of corals occurred at distances of only 0.2-0.8 km from dredging activity
(Figure 17).
Using the water quality and coral health measurements at Barrow Island a set of thresholds based on the
probability of non-zero coral mortality were derived in Project 4.9.2 whilst accounting for environmental
uncertainty and natural mortality at control locations. The thresholds were framed within the context of
probabilities of generating false alarms or failing to detect environmental impacts i.e. Type 1 and Type 2 errors.
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The terms permissive threshold (with only a 5% probability of yielding false alarms), and strict threshold (with
only a 5% probability of failing to detect significant environmental impacts) were coined. Strict thresholds focus
on maximizing statistical power to detect potential impact (at the possible expense of higher false alarm rates)
and indicate that mortality of corals is possible. Permissive thresholds focus on minimising false alarms and
indicate that mortality of corals is probable. From a theoretical perspective, these approaches are appropriate
because of the capacity to formally account for the uncertainty associated with the (always) imperfect ability for
metrics of environmental stress to predict environmental impact. Distances at which these probable and possible
coral mortality thresholds were exceeded at Barrow Island are shown in Figure 17 (Probable – b, c, d & Possible
– j, I, n). Also included for comparison are distances of exceedance of various thresholds derived through the ex
situ laboratory based studies in Project 4.6, showing the daily light integrals (mol quanta m2 d-1) where sublethal
and lethal effects can occur (Figure 17 a, e, l & m).
The distance decay relationships between water quality and distance from dredging (Figure 17) lend considerable
support to the use of zonation schemes to manage dredging projects such as used by the EPA (EPA 2016), and
this is further supported by distances of exceedances for various thresholds based on coral health data in situ
and from laboratory studies. That is, although turbid plumes can extend a considerable distance from the dredge
source (defining a zone of influence, ZoI), effects on the underlying communities are much closer (within the
Zones of High and Moderate Impact, ZoHI and ZoMI respectively (EPA 2016)).

Figure 17. Aggregate distance decay plot for a range of sedimentation and light related water quality and coral health
metrics for the first 203 days of dredging during the Barrow Island project. All response variables examined were rescaled
to between 0 and 1 and fitted using logistic regression with log10 distance from dredging activity as the. Three zones of
impact are defined based on the multiple lines of evidence provided, including: a Zone of High Impact (ZoHI) that
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encompasses all estimated distances likely to result in elevated coral mortality (orange shaded area); a Zone of Moderate
Impact (ZoMI) that encompasses all estimated distances likely to lead to sub-lethal impacts on coral communities and
possible non-zero coral mortality (green shaded area); and a Zone of Influence (ZoI) in which only elevations to water
quality metrics occur with no danger to coral (blue shaded area). Coloured lines at the base of the plot indicate estimated
distances of effect from one of four sources: 1) estimated distances of 10 % effect (ED10, from the maximum to the
minimum predicted value at the furthest distance based on the fitted logistic curve, akin to an EC10 or LD10 in
ecotoxicology)for the observed data from the first 203 days of dredging at Barrow Island (j, k, o, p, q); 2) estimate upper
bound distances where the probability of non-zero Porites massive or Acropora/Pocilloporidae branching mortality is
unlikely (upper bound ED50, equivalent to a ‘no effect distance’, f & g); 3) distances of exceedance of field based Probable
(b, c & d) and Possible (h, I & n) threshold values (from Fisher et al. 2018); and 4) distances of exceedance of laboratory
based threshold values (from Bessell-Browne 2017d, a, e, l & m).

4.2

Defining ZoHI, ZoMI and ZoI

The EPA defines the ZoHI as the area where impacts on benthic communities (in this case corals) or habitats are
predicted to be irreversible within five years. We suggest that the ZoHI (orange shaded area, Figure 17) be
determined as those areas that encompasses distances of exceedance of experimentally derived light based
thresholds for increases in the probability of mortality of laboratory based corals (EC10, Project 4.6.3, Figure 17 e), previously calculated thresholds corresponding to a high probability of observing non-zero coral mortality
(see Permissive thresholds in Project 4.9.3, Figure 17 – b, c, & d) and estimated ‘no effect distances’ for massive
Porites and branching Acropora/Pocilloporidae (Project 4.9.3, Figure 17 – f & g).
The ZoHI is followed by a ZoMI which the EPA defines as the area within which predicted impacts on benthic
organisms (corals) are recoverable within a period of five years following completion of dredging activity. We
suggest that the ZoMI be determined as the area that encompasses the region immediately outside the ZoHI up
to distances where sub-lethal impact thresholds (EC10 coral bleaching, Figure 17 – m; ED10 for accumulated
sediment and mucus occurrence on Porites, Figure 17 – j & k), or thresholds indicative of only possible coral
mortality (strict thresholds, Project 4.9.2, Figure 17 – h, i & n) are no longer exceeded (green shaded area, Figure
17).
Beyond the ZoMI there is the ZoI, where changes to water quality may occur, but not to an extent that constitutes
a hazard to the underlying coral communities (blue shaded area, Figure 17).

4.3

Deriving suitable guidelines values for determining ZOHI and ZOMI boundaries

Characterising water quality hazards for impact prediction purposes (at the EIA stage) and management during
dredging is a complex issue and there are a myriad of ways water quality measurements can be summarised into
metrics of dredging related pressure. It is impossible to experimentally examine all combinations of stressors, as
well as different intensities and durations. Thus the most valuable source of information for deriving thresholds
are the water quality and coral health data from Barrow Island, for which the complete hazard profiles resulting
in coral mortality are known. The most robust approach for managing the impacts of future dredging projects
near coral reefs is to ensure that water quality conditions remain within safe bounds across the complete Barrow
Island hazard profile in the context of both cumulative probabilities of exposure, as well as running mean values
across different multiple temporal scales.
While direct empirical data are available for hazard profiles associated with light reduction (shown in Figure 17),
hazard profiles for sedimentation cannot be used. This is because of the issues associated with measuring
ecologically relevant sediment deposition levels in the field (discussed previously in Section 3.2.3). In the interim,
we suggest SSC measurements are used as a means of defining spatial effects for sediment deposition based on
analyses discussed at length in Project 4.9.3. Essentially, on a short term basis (hours and days), turbidity is not a
good proxy for deposition depending on the local hydro meteorological conditions (as shown in Figure 14).
However, over longer term periods (weeks to months) the relationship becomes stronger as areas routinely
exposed to elevated SSCs have a higher probability of deposition events occurring.
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Project 4.9.3 examined several different approaches for threshold development and how they can be
implemented and be useful for impact prediction and management.
The overarching consideration was that the impacts of dredging on water quality are temporally complex, with
changes to water quality occurring across both acute scales (changes to the extremes) and chronic scales
(changes to long term conditions, Project 4.2). Therefore, dredging proponents should be provided with a means
of calculating, in absolute terms (see below), the immediate and accumulated pressure over multiple different
physiologically relevant time scales – from days (acute effects) to weeks (longer) periods.
Other considerations were that:
• since turbidity and the daily light integrals can be highly skewed, and since short periods of high SSCs or
low light are ecologically significant, summary statistics should use averages as opposed to median
values (as the importance of these events can be concealed in median values and especially over longer
term averaging periods);
• since natural turbidity and deposition disturbance regimes are inherent features of coral reef
ecosystems, and can confer the same metabolic and physiological costs to corals as anthropogenic
regimes, guidelines should be based on absolute values i.e. 𝒙𝒙 mg L-1 and not relative to reference sites
i.e. 𝒙𝒙 mg L-1 over a reference site value of 𝐲𝐲 mg L-1;

• to enable calculation of cumulative pressures, 𝒙𝒙 mg L-1 (or mol quanta m2 d-1) over a period 𝐲𝐲 days
should be used, as opposed to the practice of calculating days exceeding a certain (threshold) value i.e.
number of days >𝒙𝒙 mg L-1 (or <𝑥𝑥 mol quanta m2 d-1). The latter calculation does not allow determination
of how far the SSCs (or light) exceeded the threshold, hence does not allow calculation of the real
pressure;

• guidelines should have time explicitly integrated into the analysis i.e. 𝒙𝒙 mg L-1 (or mol quanta m2 d-1)
over a period 𝐲𝐲 days, as opposed to loosely defined i.e. >𝒙𝒙 mg L-1 >20% of the time. The reason is that
the outcome may be different if a guideline is exceeded in consecutive days as opposed to being
interspersed with periods of otherwise good water quality; and
• since corals can potentially recover and/or regain energy during clement periods (see Section 1.3),
cumulative pressures could also decrease over time.
All these conditions are satisfied using running means analysis calculated daily across the complete 1−28 d
running mean hazard profiles based on SSCs or daily light integral values. Figure 18 show the ‘exposure profiles’
or ‘cumulative probability distributions’ for SSC/NTU and daily light integral showing the clear relationships with
distance from dredging activities described previously.
The delineation between probably harmful profiles (<1.9 km, upper distance for potentially harmful effects,
orange area Figure 17) and safe profiles (> 1.9 km) can be seen as the colour difference between the very near
(black and red sites) and the more distant (blue and green) sites (Figure 18). There is an area of overlap between
some more distant blue and green and some of the very near red sites, and this overlap relates to the uncertainty
associated with deriving thresholds where the probability density function of pressure metrics overlap between
impact and non-impact locations (Project 4.9.3). For SSCs, by fitting non-linear quantile regressions to the lower
bounds of all sites <1.9 km (unsafe, red-black sites) and upper bounds of all sites >1.9 km (safe, blue-green sites)
it is possible to obtain corresponding possible mortality effects (dashed black lines) and probable mortality
effects (solid black lines) thresholds across the full hazard profile for both the cumulative probability distribution,
as well as across all durations of running means (Figure 18, Table 3). The thresholds provided in Table 3 are the
suggested guidelines for defining the boundaries between the ZOHI, ZOMI and ZOI.
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Figure 18. Exposure profiles (cumulative probability distributions) for SSCs (mg L-1) based on conversion of SSC=1.8 × NTU)
and DLI (mol quanta m-2 d-1) for the first 203 days of dredging project at Barrow Island, across 17 sites of varying distances to
the dredging activity (shown on the colour bar). The interface between acceptable (blue and green, will not cause mortality
of corals) versus harmful hazard profiles (black and red, potentially causing coral mortality) can be used to infer the conditions
(across the entire hazard profiles) known to be harmful to corals.
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Table 3. Derived possible and probable coral mortality thresholds across the complete hazard profiles for cumulative
probability (A) and running mean durations (B) for managing dredging activities near coral reefs. Possible mortality effects
(aka strict) thresholds are interpolated from the lower bounds of all sites <1.9 km (unsafe, ‘red-black’ sites) and probable
mortality effects (aka permissive) thresholds are interpolated from the upper bounds of all sites >1.9 km (safe, ‘blue-green’
sites) from the dredging (see smooth dark black lines, Figure 18). Interpolations at the upper and lower bounds were achieved
via non-linear 0.9 and 0.1 quantile regressions. SSC units are mg L-1 and DLI units are mol quanta m2 d-1.

Thresholds type

Cumulative probability (% days)

Running mean (days)

4.4

90%
80%
70%
60%
50%
40%
30%
20%
10%
1d
3d
7d
10 d
14 d
17 d
21 d
28 d
30 d

Possible effects (strict)
>SSC
<DLI
1.3
7.4
1.9
6.3
2.3
5.5
2.8
4.9
3.2
4.4
3.7
3.8
4.2
3.2
5.0
2.6
6.3
1.7
27.9
0.4
19.4
1.1
14.7
1.8
13.1
2.2
11.7
2.5
11.0
2.7
10.2
2.9
9.3
3.1
9.1
3.1

Probable effects (permissive)
>SSC
<DLI
1.3
6.6
2.1
5.4
2.8
4.6
3.4
4.0
4.1
3.4
4.8
2.8
5.6
2.3
6.9
1.7
9.1
1.0
58.3
0.1
35.7
0.3
24.5
0.6
20.9
0.9
18.0
1.1
16.5
1.3
15.0
1.5
13.2
1.8
12.8
1.9

Implementing the guideline values

At the EIA stage, during impact prediction phase, both cumulative and running mean strict (dashed lines) and
permissive (continuous lines) can be used to interrogate the coupled sediment transport and hydrodynamic
models that predict sediment transport and fate, to estimate whether effects on corals are possible and/or
probable respectively. If the predicted (modelled) hazard profiles cross the lines at any stage this would be used
to categorize a site (ZoHI and ZoMI or ZoI). If the relationship between the sediment types and particle size and
light attenuation properties are known (see WAMSI DSN Theme 3), then the DLI data can also be used in
combination with the SSC data for impact prediction and site classification according to the zoning scheme.
During dredging programs, the 1−28 d running mean SSCs or DLI values can be plotted on top of the guideline
values as see in Figure 19, and updated daily, giving dredging proponents information on whether effects are
possible or probable at both short term (days) and longer term (weeks) intervals. In this case event B suggests
that the site is in the ZoHI, as the calculated 1-28 day hazard profile at day 5 (solid red line) exceeds the Probable
mortality threshold profile (solid black line, Figure 19).
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Figure 19. (A) Nephelometrically derived SSCs
(mg L-1) at a water quality monitoring site
~200 m from dredging during the Barrow
Island dredging project. (B) shows the 1-28 d
running mean values calculated for day 5 of
each or the turbidity events starting on day
166 (1 Nov 2010) and day 349 (3 May 2011)
respectively (shown by the coloured bands).
The solid and dashed black lines show the
derived Possible and Probable effect
thresholds across the 1-28 d hazard profile
(See Figure 18 and Table 3).

From an operational perspective, and depending on the zone and also the risk aversion of the proponent and/or
the regulator, crossing the possible or probable profiles (at any point), could result in managementconsiderations (such as changing dredging modes or production rates etc, moving dredges, to stopping all
dredging).
We suggest a management aim would be to be compliant to the zone at the 7, 14 and 28 day time frames even
though the thresholds may be crossed intermittently between these times. We also suggest that special emphasis
is placed on the 14 d running mean time period since calculated running means across 1−60 day time scales for
the Barrow Island data set and found that a 14-day running mean showed the strongest relationships with the
probability of non-zero coral mortality for both turbidity and light stress (Project 4.9.2). Having a comparatively
short time component associated with a threshold i.e. a running mean over weeks as opposed to months, means
that if all dredging activities were reduced or to cease entirely, the running mean values would respond (i.e.
improve) relatively quickly.
Focusing on a 14 d time-frame allows dredging proponents enough time to plan and enact adaptive management
activities if required (such as moving dredges, changing dredging modes or production rates etc); Natural events
such as storms can be reliably predicted out to around 7 d by the Australian Bureau of Meteorology Next
Generation Forecast and Warning System, and natural turbidity generating events such as storms or weather
fronts that are likely to significantly affect SSC or DLI are thus more foreseeable; Similarly, if there are natural
cyclical periods associated with turbidity and light availability (such as with the 14 d spring-neap cycles),
proponents can factor natural hydrodynamics into forward planning and decision-making purposes.
Running means analyses are intuitive and computationally simple, and the approach can be used with other
organisms (seagrasses, filter feeders, fish etc); however, there are some caveats associated with the thresholds
and guidelines developed here for corals. Elevated turbidity is used as a proxy for sediment deposition. Once the
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relationship between turbidity and sediment deposition has been established for a site, or deposition reliably
measured, similar types of analyses can be conducted for estimates of deposition (mg cm-2 day-1).
The thresholds for corals are empirically tied to the Barrow Island project, a clear water high diversity shallow
water coral reef ecosystem, and the laboratory-based experiments in turn were based on the pressures
characterized during the Barrow Island project (Project 4.2). Although the approach of turbidity and light hazard
profiling and using running means analyses during the dredging phase is suitable to equivalent environments,
the absolute levels may not be applicable to more marginal reef sites such as turbid reef zones and also for much
deeper reefs. Studies are currently underway for deriving thresholds for turbid water coral communities.
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