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EXECUTIVE SUMMARY 

Dredging to create and maintain navigable shipping channels and allow safe ship access is a 

necessary component of most ports and coastal infrastructure developments. Dredging 

activities generate suspended sediment that could impact upon nearby marine communities 

i.e. it is a potential hazard. Well recognised cause-effect pathways include suspended 

sediment interfering with filtering and feeding mechanisms, increased turbidity (water 

cloudiness) changing light quantity and quality and increased sediment deposition causing 

smothering. 

How the hazard translates into risk was investigated in this study for dredging in inshore coastal 

areas near reefs in Cleveland Bay (inshore central, Great Barrier Reef), where turbidity 

regimes and light levels are very different from what is considered a ótypicalô reef setting. Data 

analysed include (1) a time series of benthic light and turbidity levels at five sites supplied by 

the Port of Townsville Limited, (2) a time series of multispectral irradiance and turbidity on a 

fringing reef and (3) a study involving 90 vertical turbidity and multispectral light depth profiles 

collected mostly behind a working trailing suction hopper dredge. This information was used 

to re-create environmentally realistic exposure scenarios in an advanced aquarium system at 

the Australian Institute of Marine Science and the physiological responses of corals and 

sponges examined over an extended, 28 d period. 

From the time series data, the 10-minute turbidity and light readings were reduced to daily 

mean values (producing daily light integrals (DLI) in units of mol quanta m2 for light) and 

percentile (P) values from P0-P100 calculated for running mean periods from 1ï42 d. This 

largely encompasses the length of a typical maintenance dredging program. A characteristic 

feature of the data was that it was highly skewed, indicating water quality was very good for 

most of the year (hence supporting reefs), but sometimes subjected to multiple short-term 

periods of poor water quality resulting in a divergence of mean and median values. Overall 

upper percentiles of turbidity (P95 etc) and lower percentiles of light (P5) were the best 

descriptors of the data, showing a very clear gradient across the Bay. The water quality time 

series included six dredging campaigns and at some of the bays dredging may increase the 

turbidity by 0.6-0.7 times the mean expected values, but these are between two and five times 

lower than the effects of natural events caused by wind or waves. 

The deployment of the multispectral light logger occurred over a brief (7 d) natural turbidity 

event and also periods of low turbidity, both of which were interspersed with cloudy and cloud-

free days. During cloudy and low turbidity days, the benthic light levels were reduced without 

changing the underwater light spectrum. During turbid days benthic light levels were reduced 

and the spectrum changed, with relatively greater loss of more photosynthetically usable blue 

light. A simple ratio of blue (l455 nm) to green (l555 nm) wavelengths could identify these 

different periods of light reduction (i.e. cloud versus turbidity). 

The vertical turbidity profiling identified complex 3-dimensional profiles of the plumes showing 

surface, mid-water and bottom maxima, as well as well mixed homogenous SSC profiles. 

Overall, the most common profile was as an increase in SSC with depth, with measurements 

at the surface 3.5 ³ less than the seabed behind the dredge and 10 ³ lower at the dredge 

material placement area. Vertical light profiles in low turbidity óblue waterô outside the Bay 

showed the well-known exponential decrease in light quantity with depth, the rapid attenuation 
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of red light in the first few metres, and furthest penetration of green and blue light. In low 

turbidity water inside the Bay, and beside a fringing reef, there was a similar loss of red light 

but also much more pronounced attenuation of the blue wavelengths with depth, shifting the 

spectral profile to green. This pattern is consistent with the attenuation caused by 

chromophoric (coloured) dissolved organic matter (CDOM). Under elevated SSCs behind the 

dredge, both the quantity of light and the spectral profile shifted strongly to the green-yellow 

(550ï600 nm) range, with a maximum peak at 575 nm. The spectral shift could be due to 

absorption by the suspended sediment particles, but it is also likely to be due to the increased 

scattering of light by the suspended sediments which increases the probability of being 

absorbed by CDOM. The spectral shift is significant as it means a loss of the quality as well as 

quantity of light. This spectral shift needed to be replicated as close as practicable in laboratory 

experiments in order to properly evaluate pressure-response relationships.  

Using the wavelength specific light attenuation coefficients for downwelling light under different 

turbidity levels and using a turbidity to SSC conversion factor from samples collected behind 

the dredge, an empirical spectral solar irradiance model was constructed for Cleveland Bay. 

This model was used to produce nomograms for light quantity and colour spectrum at different 

depths, in different SSCs and in its full form the model could also accommodate different solar 

zenith angles from the solar declination cycle. The model outputs were used in conjunction 

with the analysis of the long-term water quality to define likely pressure-fields generated by 

dredging. The conditions (SSC, light quality and quantity) were then replicated in the AIMS 

SeaSimulator in a fully automated, computer-controlled dosing system with custom made light 

emitting diode (LED) lights that could replicate the spectral shifts. Sublethal responses of 3 

adult corals (Acropora millepora, Pocillopora verrucose, Montipora aequituberculata) juvenile 

corals (A. millepora) and an encrusting sponge species, Cliona orientalis were then examined 

over a one month exposure period to 5 treatments levels: SSCs ranging from 2.3 to 15.7 mg 

L-1 of Cleveland Bay sediment (with a modal size of 25 µm) and predominantly green-yellow 

light (peaking at 550 nm) of 5.7ï0.06 mol quanta m-2 d-1. 

All corals and sponges survived the exposures with no whole colony or partial mortality, but 

clear physiological responses were measured including changes in pigmentation, lipid 

concentrations, the ratio of structural to storage lipids and density of symbiotic dinoflagellates. 

All coral species showed changes in lipid ratios at 2.2 mol quanta m-2 d-1 (and 0.85 mol quanta 

m-2 d-1 for the sponge) consistent with mobilizing lipid reserves under sub-optimal light. The 

branching pocilloporid Pocillopora verrucosa was the most sensitive, showing bleaching (the 

dissociation of symbiosis) at <1 mol quanta m-2 d-1(for 30 d), which is a more consequential 

physiological response. When these physiological responses were mapped back onto the light 

data around Cleveland Bay the analyses showed corals and sponges occasionally naturally 

experience light limitation even in shallow (<5 m) depths. This is consistent with known depth 

distributions and zonation patterns in turbid zone reef communities i.e. that they are shallow-

water mesophotic reef systems. 

The study included the first empirical measurements of elevated sediment accumulation rates 

caused by maintenance dredging using newly re-designed deposition sensors. Accumulation 

rates were highly elevated at a distance of a few hundred metres from a working Trailing 

Suction Hopper Dredge (TSHD) but there was a strong gradient of decreasing accumulation 

rates with increasing distance and no effects detectable after a few hundred metres. Given the 

novelty of the instrumentation, the results are preliminary, but provide evidence to support the 
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idea that (1) high SSCs produced by dredging in a low energy water column is conducive to 

rapid settling and enhanced deposition (2) the effects are quite localized.  

The light-based monitoring conducted here with the multispectral PAR sensors, supported by 

the hyperspectral vertical profiling offers many more advantages for inshore water quality 

monitoring than turbidity measurements. The report concludes with management implications 

section and suggestions for how to use the results in monitoring and in risk-response reactive 

management cascades to guide capital and maintenance dredging in inshore coral reef 

communities.  
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1.0 INTRODUCTION 

Dredging in the marine environment to create and maintain navigable shipping channels and 

allow safe ship access is a necessary component of most ports and coastal infrastructure 

developments (Foster et al. 2010). Dredging involves the removal of sediment and/or rock from 

the seabed (McCook et al. 2015) and the excavation, and often the subsequent disposal at 

sea in dredge material placements sites, can generate suspended sediment that can impact 

upon nearby epibenthic marine communities i.e. it is a potential hazard (Rogers 1990, Foster 

et al. 2010, Erftemeijer et al. 2012, Jones et al. 2016). Well recognised cause-effect pathways 

include suspended sediment interfering with filtering and feeding mechanisms, increased 

turbidity (water cloudiness) changing light quantity and quality (for benthic primary producers), 

and increased sediment deposition causing smothering (Jones et al. 2016). 

Predicting the environmental consequences before a dredging program is an important part of 

the environmental impact assessment (EIA) stage and predicated upon establishing a 

relationship between these dredging pressures (light reduction, suspended sediment, 

sediment deposition etc) and biological responses in underlying communities i.e. developing 

thresholds. In Australia, this information is used in zonation schemes to predict where effects 

may occur, translating the hazard of dredging to a risk, and typically on a spatial basis 

(GBRMPA 2012b, EPA 2016). If dredging is permitted then the thresholds are also used in 

monitoring programs, where they can inform proponents of conditions that are approaching or 

exceeding levels where mortality can occur and take corrective action if needed according to 

the zonation plan i.e. to use reactive management (Oliver 1995). 

Recently a detailed suite of laboratory experiments has been conducted to address these 

issues describing how suspended sediments and depositing and deposited sediments affect 

adult corals and sponges and the early life-history stages of corals from gametes to newly 

settled corals (Pineda et al. 2015, Ricardo et al. 2015, Pineda et al. 2016a, Pineda et al. 2016b, 

Ricardo et al. 2016a, Ricardo et al. 2016b, Bessell-Browne et al. 2017b, Bessell-Browne et al. 

2017c, Bessell-Browne et al. 2017d, Duckworth et al. 2017, Pineda et al. 2017a, Pineda et al. 

2017b, Pineda et al. 2017c, Ricardo et al. 2017, Ricardo et al. 2018). One of the most 

interesting findings was the significance of the light attenuating properties of the suspended 

sediments as opposed to the suspended sediment per se. Corals form obligate, mutualistic 

association with photosynthetic endosymbiotic dinoflagellates (family Symbiodiniaceae 

(LaJeunesse et al. 2018) and many sponges host dense and diverse microbial symbionts 

including photosynthetic symbionts (Wilkinson 1983, 1987, Erwin & Thacker 2008). These 

symbiont populations are intimately linked to the health, fitness and nutrition of the coral and 

sponge hosts. 

The laboratory-based experiments also provided an indication of the tolerance level to light 

reduction, and the first steps towards defining thresholds/guideline values for light availability 

for use in dredging programs near reefs. Light was quantified as a daily light integral (DLI), or 

the sum of the per second quantum flux measurements over the day. Corals held for extended 

periods in low light showed a series of physiological changes including photoadaptation 

involving increasing the pigment concentrations of the algal symbionts. They exhibited 

changes in lipid levels and ratios of storage to structural lipids. Under very low light levels they 

eventually lost their symbionts and discoloured (bleached), a well know sublethal stress 

response of corals (Jones 1997). Overall, most species could tolerate a light reduction to ~2.3 
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mol quanta m-2 d-1 (in combination with a SSC of 10 mg L-1) over a 42-d period, although lower 

growth rates were observed in Pocillopora damicornis and Porites spp. at that light/SSC 

combination. The photosynthetic sponges were slightly less sensitive, showing loss of the 

photosymbionts at lower light levels and albeit over a shorter (28 d) period at DLIs of <~1 mol 

quanta m-2 d-1 (Pineda et al. 2016a, Pineda et al. 2017a). 

How these light levels relate to conditions that can occur during dredging near reefs (the risk) 

was addressed for corals using the water quality information during a large-scale capital 

dredging project in Western Australia (Fisher et al. 2018a). This project yielded an immense 

amount of water quality data allowing quantitative analyses of temporal and spatial patterns in 

water quality (Fisher et al. 2015, Jones et al. 2015a). Although clearly measurable changes in 

suspended sediment and reductions in benthic light levels were detected >20 km away from 

the dredging, reduction of light levels to levels where effects on corals became possible (~1ï2 

mol photons m-2 d-1 only) only occurred <1 km from the dredging (Fisher et al. 2018a, Jones 

et al. 2019). 

Sediment deposition is one of the key cause effect pathways that can result in mortality to 

corals during dredging program (Bak 1978, Jones et al. 2015b, Jones et al. 2016). It is 

especially significant during dredging because high suspended sediment concentrations are 

usually generated in a low energy water column where the hydrodynamics are insufficient to 

keep the sediments in suspension (Jones et al. 2016). The rapid settling of the sediments can 

overwhelm the coralsô self-cleaning capabilities leading to smothering and sub-lethal and lethal 

effects (Jones et al. 2019). 

Sediment deposition estimates on reefs have traditionally been made with sediment traps, but 

as has been discussed previously, traps provide at best a ópseudo-sedimentation rateô and can 

significantly overestimate deposition rates because of deposition bias and resuspension 

limitation (Thomas & Ridd 2004, Storlazzi et al. 2011, Browne et al. 2012, Whinney et al. 2017). 

Sediment deposition sensors based on an optical backscatter technique have been designed 

(Ridd et al. 2001), and subsequently refined and tested around reefs leading to a better 

understanding of absolute sediment accumulation rates as per mg cm-2 day-1 under different 

hydrometeorological conditions (Whinney et al. 2017). Measurements of sediment 

accumulation rates have not yet been made during active dredging (at least in absolute terms), 

thus the hazard field associated with sedimentation occurring during dredging has not been 

characterised. 

The laboratory experiments and field observations described above for effects of light and 

elevated SSCs were conducted with corals collected from an offshore, óclear waterô (low 

turbidity) environment. However, many capital and maintenance dredging campaigns occur in 

inshore coastal areas near reefs where turbidity regimes are profoundly different and where 

light availability may be a much more significant limiting factor even under natural, backgound 

conditions (Anthony & Connolly 2004, Anthony et al. 2004). The significance of light for the 

physiology and ecology of corals cannot be overemphasised (Dustan 1982, Wyman et al. 

1987, Falkowski et al. 1990, Lesser et al. 2009). Light availability and the exponential decrease 

in light with depth determines bathymetric zonation patterns, driving changes in species 

composition and abundance (Goreau & Wells 1967, Sheppard 1982, Veron 2000, Lesser et 

al. 2009). Light availability has been suggested as the likely critical limiting factor determining 
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the latitudinal and depth limits of staghorn corals (Muir et al. 2015), although this has been 

contested (Madin et al. 2016, Muir et al. 2016).  

Reefs typically occur in shallow water (30 m) but a focus of recent reef research has been on 

so called mesophotic coral reef ecosystems which has extended the coral depth distribution 

from 30 m to 150 m (Lesser et al. 2009). Mesophotic zones have been further defined as an 

upper and lower mesophotic zone, transitioning at ~60 m (Bongaerts et al. 2010, Slattery et al. 

2011, Loya et al. 2016). However, these divisions are defined by depth, generally assuming 

clear water environments, which are only one end of the range of habitats over which reef 

formations occur. Morgan et al. (2016) recognised this in their study of the nearshore turbid-

zone reef communities of the central Great Barrier Reef (GBR) by describing them as óshallow 

water mesophotic reefsô, based on a highly compressed zonation pattern and suggestion that 

this was caused from light limitation from high turbidity. 

 

1.1 Objectives 

In this study, a combination of field and laboratory studies were conducted to estimate a set of 

thresholds for dredging near inshore, coastal, turbid-zone shallow-water mesophotic coral 

communities based on light and suspended sediment concentrations. We investigate natural 

spatial and temporal changes in turbidity and underwater light quantity using a 3-year dataset 

in a turbid-zone reef environment describing what the reefs may naturally experience.  

Statistical models were developed to explore the natural drivers of turbidity, and to assess the 

relative influence of these natural drivers compared to that of dredging. A series of vertically-

resolved down-welling planar irradiance light profiles were collected in plumes generated by a 

working dredge and wavelength specific light attenuation coefficients were developed to 

mathematically describe the quality and quantity of the underwater light field and how it 

changes with sun-angle, water depth and suspended sediment concentration. This information 

formed the basis of an empirical spectral solar irradiance model for shallow-water mesophotic 

reefs in the inner GBR turbid reef communities that can predict light quality and quantity for a 

given set of conditions (sun angle, depth, SSCs). The derived spectral solar irradiance model 

was used to guide laboratory-based exposure studies where the tolerance of adult corals and 

sponges to environmentally relevant light quality and quantity and suspended sediment 

concentrations were determined. Experiments were also conducted with recently settled 

juvenile corals to examine how light quality and quantity affects early post settlement survival. 

Although the primary focus of the study was on light reduction and elevated SSCs, sediment 

deposition sensors were also deployed at increasing distances away from a working dredge. 

These provided some of the first measurement of likely sediment accumulation rates 

associated with dredging and first order approximation of the areal effects of enhanced 

sediment accumulation. 
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2.0 SITE DESCRIPTION 

2.1 Cleveland Bay 

Fieldwork was conducted in Cleveland Bay and on the reefs around Magnetic Island, in the 

inner central Great Barrier Reef (GBR), coastal central reef bioregion (GBRMPA 2012a) and 

the Townsville/Whitsunday management area (Figure 1). The oceanographic and sedimentary 

setting of Cleveland Bay has been described by Larcombe et al. (1995) and the turbid-zone 

reef communities have been the subject of many studies associated with understanding 

sedimentary processes, transport and fate, and the effects of watershed development on reef 

growth in ómarginalô (cf Perry and Larcombe (2003)) environments (Carter et al. 1993, 

Larcombe et al. 1995, Lou & Ridd 1996, Larcombe & Woolfe 1999, Orpin et al. 1999, Larcombe 

et al. 2001, Anthony et al. 2004, Orpin et al. 2004, Browne et al. 2010, Lambrechts et al. 2010, 

Bainbridge et al. 2012, Browne 2012, Browne et al. 2012, Orpin & Ridd 2012, Perry et al. 2012, 

Browne et al. 2013, Macdonald et al. 2013, Delandmeter et al. 2015, Whinney et al. 2017). 

Briefly, Cleveland Bay is a shallow (reaching 15 m at its seaward edge) northward-facing 

embayment of around 325 km2 located off the coastal city of Townsville in Northern 

Queensland (Figure 1). Tides are dominantly semidiurnal with a strong diurnal inequality and 

a range up of ~4 m (Lou & Ridd 1996, Browne et al. 2010, 2013). The Bay is landlocked around 

its southern and eastern sides by the mainland and bordered by Magnetic Island (see below) 

on its north western margin (Figure 1).  

A prominent feature of the Bay is the north easterly sea breeze which develops in the afternoon 

reaching 15ï25 km/h throughout the year. Nevertheless, the summer and winter seasons are 

quite different. In the winter (MayïOctober) dry season, the Bay is influenced from SE trade 

winds which produce a northward longshore current and wind-waves which are refracted 

around Cape Cleveland into the Bay (Patterson 1994, Wolanski 1994, Larcombe et al. 1995, 

Anthony et al. 2004). In the summer (NovemberïApril) wet season, the Bay is primarily affected 

by monsoonal troughs and cyclones which can occur over relatively short periods bringing high 

intensity rainfall and resulting in coastal run-off principally through the Ross River and Alligator 

Creek (Figure 1). Cyclones play a major part in shaping the movement and location of 

sediments. 
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Figure 1: Location map showing Cleveland Bay off the coastal city of Townsville, in the inner central 
Great Barrier Reef (Australia) displaying (A) the location of the five water quality monitoring sites: (1) 
Florence Bay (-19.121722°, 146.883111°), (2) Geoffrey Bay (-19.155120°, 146.868340°, (3) Picnic Bay (-

19.186560°, 146.838840°), (4) Virago Shoal (-19.213180° 146.792370°), (5) Meadow 19 (-
19.226853°,146.949383°), the vertical profile sites (white circles) and the location of the coral collection 

sites near the Palm Islands (inset Figure), the Cleveland Bay weather station (-19.140556°146.889537°) and 
the location of the multispectral light logger deployment in Florence Bay (19.121917°, 146.883167°, beside 
the long term water quality monitoring site). (B) Close up of Platypus channel and the harbour entrance 
showing the channel markers numbered P1ïP16 and the location of the sediment deposition monitoring 
sites (white circles) located 100 m, 200 m, 400 m and 800 m from the channel. (C) Aerial photograph of 

Cleveland Bay on 9 Sept 2013 during a natural period of elevated wind speeds (>35ï40 kph) which exceed 
the 95th percentile of winds over 2012ï2013 (images courtesy of POTL). The turbidity event is natural, and 

not caused by dredging activities. 
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The Bay contains a ~4 m thick layer of muddy sands and sandy muds of mixed siliciclasticï

carbonate sediments with a terrigenous component of mainly quartzose, overlying Pleistocene 

clay (Maxwell & Swinchatt 1970, Belperio & Searle 1988, Carter et al. 1993). It is naturally very 

turbid (see Figure 1 C and D) and the conclusions from several studies is that locally generated 

wave induced bottom shear stress is the most significant long-term contributor to bed 

resuspension and elevated SSCs (Larcombe et al. 1995, Orpin et al. 1999, Anthony et al. 2004, 

Orpin et al. 2004, Orpin & Ridd 2012). Tidal currents alone are not considered capable of 

resuspending sediment, although Orpin et al. (1999) suggest they may augment resuspension 

when occurring with high energy waves. Based on a hydrodynamic analysis of a 22-year data 

set Orpin et al. (1999) estimated that resuspension of bottom sediment by waves occurs in 

shallow area (5 m depth) of Cleveland Bay on 220 days per year, or 110 and 40 days per year 

for depths of 10 m and 15 m (see Table 2 in Orpin et al. (1999)). Cleveland Bay connects to 

Halifax Bay through the shallow West Channel which separates Magnetic Island from the 

mainland. The channel has a maximum depth of 4 m and resuspended sediments are 

transported from the southern sections of the bay northwards through the West Channel as 

turbid water (Lou & Ridd 1996, Lambrechts et al. 2010) (Figure 1). 

 

2.2 Magnetic Island 

Magnetic Island is a granitic continental high island with a surface area of 52 km2, located 8 

km from the mainland and at the western end of the bay (Figure 1). On the SE margin of the 

island there are a series of bays with well-developed fringing reefs (Florence Bay, Arthur Bay, 

Geoffrey Bay, Nelly Bay and Picnic Bay) and on the southern section a large detached reef, 

Cockle Bay (Hopley 1982). Two other reefs involved in this study lie between Magnetic Island 

and the mainland and include Middle Reef, a linear patch reef system off Cockle Bay, and 

Virago shoal, a shoal system off Rowes Bay (Figure 1). 

The Cleveland Bay reefs are composed of hard and soft corals and algae (Bull 1982, Mapstone 

et al. 1992, Kaly et al. 1994) overlying accumulations of non-biogenic sediments (Hopley 

1982). Some of the fringing reef sites have clear reef flats transitioning to reef slopes which 

have gentle gradients extending hundreds of metres to 4ï8 m below LAT. The coral 

assemblages have been quite well characterised with species tending to be most numerous 

(and the assemblage most diverse) on the reef slopes, where coral cover is also higher 

(Mapstone et al. 1992, Kaly et al. 1994). 

The most recent surveys include those of Middle Reef (Browne et al. 2010) and another turbid 

zone communities the Paluma Shoals Reef Complex (Morgan et al. 2016) (Figure 1) located 

50 km north of Townsville in a similar environmental setting. Both studies describe similar 

depth related preferences and characteristic benthic and geomorphological zones seen on 

clear water reefs, but compressed or truncated because of the shallow depths and presumably 

low light availability. Morgan et al. (2016) describe the depth distribution of common coral 

genera, and coral growth morphotype, with water depth (m below lowest astronomical tide). 

The Acropora spp. were found to occupy a normally-distributed range between 0.5ï2.5 m 

below LAT and together with Montipora spp. dominate the shallow water assemblages. Deeper 

reefal areas are inhabited by massive Porites spp. (1.5ï4 m LAT) and large stands of foliose 

Turbinaria spp. (1.5ï3.5 m LAT, respectively). The sub-massive (hemispherical) colonies (e.g. 
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Lobophyllia spp., Galaxea spp., Goniopora spp.) and encrusting Montipora spp. have the 

deepest depth ranges (> 4ï7 m LAT), albeit in very low relative abundances. 

 

2.3 Dredging in Cleveland Bay 

Annual or biannual maintenance dredging is needed of two connected shipping channels 

(Platypus and the Sea Channel) to allow safe passage of cargo ships to the mainland Port of 

Townsville (Figure 1). Maintenance dredging volumes vary from 250,000ï650,000 m3 of 

material per year and occurs over about a ~4ï5 week period usually commencing in the second 

half of the year. The majority of the dredging is currently conducted by an 85 m long ocean-

going trailing arm suction hopper dredge (TSHD) which has two trailing arm suction heads 

which are lowered and dragged along the seafloor dredging the seabed either side of the 

vessel (Figure 2 AïC). The dredge has a central 2,900 m3 hopper. The current dredge (TSHD 

Brisbane) is fitted with a number of design features to minimise production of turbid waters 

(e.g. central column weir anti-turbidity valve and below keel discharge). As such the sediment 

in the hopper is concentrated and overflow is discharged below keel during maintenance 

dredging. Turbidity generation is associated with disturbance of the seabed by the drag head 

and by propeller wash. The second source of turbidity is at the 3.7 ³ 3.7 km dredge material 

placement area located in the bay itself, where sediments and excess water are ultimately 

disposed (Figure 1) (Figure 2 D). 

An analysis of 5 years of data from the dredge logs (June 2012 to August 2017), for 

maintenance dredging only, shows 1,744 loads of sediment were taken to the dredge material 

placement area. Of the total loads 46% were from the Platypus Channel, 33% from the Outer 

Harbour area, 15% was from the Inner Harbour, and 6% was dredged from the Sea Channel 

adjacent to Magnetic Island (Figure 1 A, B). 

In the Platypus and Sea channels filling the hopper (including positioning and lowering and 

raising the trailing arm and dredging) took ~ 40 mins, and the transit time to or from the dredge 

material placement area took 48 and 34 mins respectively. Discharging sediments at the 

placement area took on average 15 minutes involving the dredge moving slowly in an arc whilst 

a series of valves were opened allowing for gravitational settling of sediments from the hopper 

through a central weir and the keel, discharging material 5 m below the water line (Figure 2 

D). 
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3.0 METHODOLOGY 

3.1 Field studies 

3.1.1 Turbidity and light time series 

From September 2014 to August 2017, underwater measurements of turbidity and light levels 

were measured at 10-minute intervals at five sites within Cleveland Bay using submersible 

instruments mounted to a stainless-steel frame deployed at depth of 3ï6 m. Turbidity was 

measured by optical scatter techniques using a WET Labs ECO-NTU sensor (WET labs, 

Philomath, Oregon US) giving readings in Nephelometric Turbidity Units (NTU). Underwater 

light was measured as photosynthetically active radiation (PAR, 400ï700 nm) using LI-COR 

Li-192 underwater quantum sensors (LICOR, Lincoln, Nebraska, US) giving light quanta 

readings in µmol quanta m-2 s-1. Each logger had a cleaning mechanism to maintain the surface 

of the sensors free of bio-fouling and were retrieved at ~monthly intervals for cleaning and 

replaced yearly with calibrated sensors (for further information on instrument calibration and 

QA/QC see GBRMPA (2013)). 

To compliment the in situ measurements, surface measurements of PAR and wind direction 

(scalar averaged), wind speed (10 min average prior and maximum wind gust) were obtained 

from instruments mounted on a channel marker buoy (nominally 10 m above sea level) situated 

1.9 km south of Florence Bay (Figure 1, see Cleveland Bay Weather station ((AIMS 2016)). All 

data was plotted and inspected for data anomalies and in some cases quarantined according 

to procedures described in Jones et al. (2015a). Due to occasional logger failure and 

interference by megafauna (turtles) there were some gaps in the data and interpolation was 

used. Where NTU were available and observed PAR were not, PAR was interpolated from a 

combination of depth, NTU, surface PAR and month of the year, from a fitted generalised 

additive model using the gam function from the mgcv package (Wood 2006). GAM models 

were fitted individually using the available data at each site. Daily light integrals (DLIs) were 

calculated as the sum of interpolated per second PAR values throughout the day. While 

predicting PAR from NTU is feasible at the hourly level because of the strong dependence of 

benthic PAR on surface PAR and turbidity, it is more complex to make such predictions the 

other way around as it is not possible to predict turbidity at night time based on light levels. For 

periods where light data were available but NTU was missing, we interpolated mean NTU at 

the daily level based on a fitted generalised additive model including DLI, mean depth and 

mean surface PAR. Long term time series of NTU and DLI were used to calculated running 

daily means across a range of time scales (1 d through to 30 d) and were summarised as 

quantile and cumulative probability plots.  

Dredge log data was supplied by the Port of Townsville Ltd for the period encompassing the 

long-term monitoring data and included six maintenance dredging campaigns. Dredging 

pressure was estimated from the total wet weight (tons), summed hourly as well as per day. 

The bulk of the dredging activity over the period for which logs were supplied occurred along 

the Platypus channel (Figure 1). We performed a full-subsets generalised additive model 

(GAM) regression analysis to build an optimal model for predicting NTU across the five sites 

in Cleveland Bay, fitting all possible combinations of variables up to a maximum of three. We 

followed the methods described in Fisher et al. (2018b) using a GAM model fitted using the 

package mgcv (Wood 2006) with a random effect of site specified using the óbs=reô formulation. 
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The response variable was raw NTU fitted using a tweedie distribution with a log link function, 

which is suitable for highly skewed continuous data that includes zero. Variables included in 

the candidate model set were: tidal range (depth.diff, maximum difference in observed daily 

depth), mean daily wave height (i.1_waves, obtained from Wave Watch 3 and representing 

large scale ocean waves1, running daily 7 day mean wind vectors (u, i.7_wind.u; v, i.7_wind.v)2, 

Madden-Julian Oscillation (MJO) amplitude and phase3, the month of the year (for a smooth 

seasonal trend, month.val), seasons (Season, winter (MayïOctober) or summer (Novemberï

April) and the moon phase (illum, obtained using the function lunar.illumination.mean from 

package lunar (Lazaridis 2014)). Smooth-smooth interactions were allowed, with the 

correlation among predictors increased to 0.7 to explore a wide range of potential models, and 

the ókô argument restricted to 4, to ensure relatively simple mono-tonic relationships. In deriving 

the optimal environmental model, only data that did not include the dredging periods were 

used. This was done so that the model could be used to examine the residual fit with respect 

to dredging status. By accounting for the non-dredging related factors deriving turbidity allows 

a clearer examination of the evidence for dredging related impacts on turbidity. 

Using the best fit predictive model of turbidity, we calculated residual values (observedïfitted), 

and compared these broadly between dredge and non-dredge periods, as well as the 

relationship with dredging pressure (calculated as the daily sum of the total wet weight 

dredged). Using the identified best model for predicting turbidity as a basis, we examined the 

relative effect size that dredging pressure has on turbidity at each site, compared to the 

naturally occurring environmental drivers. Effect sizes were calculated from fitted Bayesian 

models, using the identified best model for predicting turbidity, but using a Bayesian model fit 

individually to each site using the stan_gamm4 function from the rstanarm (Goodrich et al. 

2018) package in R. As a tweedie distribution is not yet available, we instead modelled the 

response on a natural log transformed scale using a gaussian distribution. Effect sizes were 

calculated from a regular predicted grid of all the predictors as the difference between the 

maximum and minimum values obtained for that predictor, when all other predictors were 

averaged. The effect size of dredging was calculated as the maximum difference across the 

observed dredge pressure range, during the dredge period only. Effect sizes were 

standardised against the mean predicted turbidity, to account for the large differences in overall 

mean turbidity among sites. 

3.1.2 Turbidity and light (spectrum) time series 

Over a 16 d period (29 May 2017 to 13 June 2017) underwater measurements of PAR, turbidity 

and depth (m) were also measured at 15 minute intervals (averaging for 10 s) using sensors 

attached to a seabed mounted stainless steel instrument platform placed on the seabed at 8 

m depth at the base of the reef slope in Florence Bay (Figure 1). Instruments included a 

vertically mounted IMOïMS8 eight wavelength (425, 455, 485, 515, 555, 615, 660 and 695 

nm) multispectral irradiance sensor and a horizontally-mounted IMOïNTU turbidity sensor, 

both connected to an IMOïDL3 data logger with built-in depth and temperature sensors (In 

Situ Marine Optics, Perth, Western Australia), (Figure 2 G). The MS8 and NTU loggers both 

 

1 Accessed from http://oos.soest.hawaii.edu/erddap/griddap/NWW3_Global_Best.html), 
2 Accessed from https://apps.aims.gov.au/metadata/view/82422310-5a9d-11dc-8d3c-00008a07204e, . 
3 Accessed from http://www.bom.gov.au/climate/mjo/ 
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have built-in accelerometer sensors (to detect tilt), and both have copper-based wiper 

mechanisms which regularly (every 15 mins) sweep over the sensors preventing biofouling. 

3.1.3 Vertical water quality profiling 

Over a 4 d period (12ï15 September 2016), and during a period of routine maintenance 

dredging, 94 light and turbidity vertical profiles were measured through the water column in 

Cleveland Bay using a USSIMO multispectral radiometer (In Situ Marine Optics, Perth, 

Australia) and IMO-NTU turbidity sensor (Figure 2 E, F). The USSIMO incorporates a Carl 

Zeiss UV/VIS miniature monolithic spectrometer module as the internal light recording device 

providing irradiance measurement values at nanometer spectral spacing (Antoine et al. 217). 

The instruments were mounted vertically on an aluminium frame, with the radiometer 

orientated upwards and turbidity sensor downwards (Figure 2 E, F). The frame was designed 

to sit vertically in the water column using polystyrene floats and designed to be slightly 

negatively buoyant using lead weights. Sampling involved holding the instrument frame at 0.5 

m depth in plumes created by the dredging activities, and simultaneously collecting a water 

sample using a NiskinÊ bottle (General Oceanics, Miami, Florida, US). The instrument frame 

would then be allowed to drift away from the boat and slowly sink (free-fall) at a rate of 0.5 m/s 

through the plume recording light and turbidity until it reached the seabed. Profiles were 

conducted in the shipping channel and swing basin in water depths of up to up to 12 m, in 

shallower water either side of the channel (depths up to 4ï8 m) in the dredge material 

placement area (n=12 sites, depths up to ~11ï13 m) and outside of Cleveland Bay (n=3 sites, 

depths of (16ï21 m) (Figure 2 F). Triplicate water samples were drawn from the Niskin bottle 

and subsequently filtered onto Whatman 47 mm GF/F filters (nominal pore size 0.7 mm), and 

100 mL of distilled water used to rinse the container, filter funnel and filter pads of salts. Filters 

were then dried overnight in a 65°C oven and weighed with a precision balance (capable of 

weighing to 0.0001 g) and used to generate the relationship between suspended sediment 

concentration (SSC) and turbidity NTU. 

3.1.4 Sediment deposition measurements 

In August 2017, two sediment deposition sensors (Figure 2 J) were deployed on the seabed 

100 m (-19.226083° 146.843500°) away from the edge of the Platypus channel near marker 

beacon P11 at a depth of 5ï8 m (Figure 1 B). Single deposition sensors were also placed on 

a transect line running at right angles from the shipping channel at distance of 200 m 

(19.225639° 146.842889°), 400 m (-19.224528° 146.841111), and 800 m (-19.222806° 

146.837889°) (Figure 1 B). The distances were based on previous observations of 

maintenance dredging plumes and designed to cover what was perceived, visually, as a 

gradient from highly to weakly turbid surface water. 

The deposition sensor measuring principal, design and calibration and deposition rate 

calculations have been described in Ridd et al. (2001), Thomas et al. (2003) and most recently 

in Whinney et al. (2017). Briefly, the instrument uses infrared optical backscatters techniques 

to estimate the mass of sediment per unit area that deposits on the sensor surface every 10ï

20 minutes. After 1 h the surface is wiped clean and the process repeated and deposition rates 

calculated based on laboratory calibration of the instrument in a 3 m settling tube (Whinney et 

al. 2017). Additional instruments were deployed alongside the sensors including a 

nephelometer measuring turbidity by means of optical backscatter, a pressure sensor for 
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estimating wave activity, and a tilt current meter for estimating current speed. For instrument 

descriptions and calibration details see Macdonald et al. (2013), Marchant et al. (2014), 

Whinney et al. (2017) 

All data went through a quality assurance process involving an algorithm to remove occasional 

data spikes. This algorithm compares each reading to the average of the readings directly 

before and after it, and if the reading is greater than twice the average it is replaced by the 

average. Fouling of sensors was examined by looking for drift in values over the deployment 

period and from observations of the condition of the sensors at the time of retrieval. Data that 

have been affected by fouling were removed. 

3.1.5 Empirical spectral solar irradiance model 

For each vertical profile the irradiance just-below surface incident irradiance Ed (0-, ɚ) and the 

light attenuation coefficient Kd (ɚ) were determined using the Beer-Lambert law. These data 

were used to calculate the wavelength specific light attenuation coefficients for downwelling 

irradiance, Kd (l), using the relationship, 

%ʇȟÚ %ʇȟπ  ÅØÐ +ͅÄ ʇȟÚ       Equation 1 
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Figure 2: (A, B, C) Images of an 85 m long ocean-going trailing arm suction dredge (TSHD) working in 
Platypus channel, (D) disposing of sediment at the dredge material placement area (E, F) a USSIMO 

multispectral radiometer which was placed in plumes generated by dredging (or through dredge material 
disposal) and allowed to slowly sink, recording underwater irradiance at wavelengths between 400 and 
700 nm. The information was used to determine wavelength specific light attenuation coefficients which 
were incorporated into an empirical spectral solar irradiance model that could predict light quality and 

quantity at depth knowing the SSC, sun angle (zenith) and water depth. (G) Two upward facing IMOïMS8 
eight wavelength multispectral irradiance sensors and sideways facing IMOïNTU turbidity sensors and 

(H) a sediment deposition sensor. 
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Figure 3: (A) Schematic diagram of the automated, PLC controlled sediment dosing system. At the AIMS 

SeaSim, corals and sponges were held in 10 ³ 1,200 L containers receiving a continuous flow of filtered 
seawater with episodic injections of pulses of suspended sediments from a stock tank via a ósediment 
delivery loopô. SSC concentrations were monitored continuously in the óturbidity sensing loopô for each 
tank, providing feedback to the PLC system which maintained the SSCs at the desired levels. Light was 
provided by a custom-made LED light above each tank which was also connected to the PLC and which 
varied the light intensity and spectrum according to the SSC (see text for further details). Each light was 

composed of 840 individual LEDs across 28 colours, assembled in four chips with a total power of 1.3 
kW. The spectral output of the lights could be adjusted to deliver light of a different spectral composition 
to match the light quantity and quality corals and sponges would experience in situ in a dredging plume 

or natural resuspension event. 
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Where: E (l,z) is the spectral downwelling irradiance at depth z, and E (l,0) is the spectral 

downwelling irradiance just below the oceanôs surface. The accelerometer in the USSIMO was 

used to assess if the instrument was vertical and stable and the first 0.2 m of all deployments 

was discarded prior to calculating Kd. 

 

3.2 Laboratory-based coral and sponge exposure studies 

Experiments were conducted using adult corals and sponges examining the effect suspended 

sediments and changes in light quantity and quality (spectrum), and with recently settled 

juvenile corals examining the effects of light quantity and quality (spectrum) on growth and 

survivorship. Both set of experiments were conducted in the same computer controlled 

experimental set-up as shown in Figure 3. 

3.2.1 Experimental setup 

All experiments were conducted in 10 ³ 1,200 L fibreglass tanks with 0.04 µm filtered flow-

through seawater (FSW) in an environmentally controlled room within the SeaSim (Figure 3). 

Water flow into the tanks was standardised to 2,500 mL min-1 to ensure approximately three 

complete turnovers per day, and water temperature was maintained at 25 ± 1.5ęC in all tanks 

over the course of the experiment. A recirculating Iwaki MX-400 pump (Iwaki Co., Ltd., Japan) 

at 45 Hz was used to generate upwelling circulation in the tank, as well as supplying the 

turbidity sensing loop (Figure 3). In addition, an underwater Hydrowizard submersible pump 

(Panta Rhei, Germany) was set to oscillate from 20% to 35% power in ówaveô mode providing 

realistic in-tank flow ranging from 4 to 10 cm sec-1 as described in (Pineda et al. 2017a). To 

prevent sediment deposition, one re-suspension event was carried out daily by increasing the 

in-tank flow rate for one min using the Hydrowizard pump. During the experiments, corals and 

sponges were placed on a fibre reinforced plastic grating (80% open) at a depth of 90 cm and 

exposed to 5 different turbidity treatments each with an associated light intensity (Figure 3) for 

28 d. 

Sediments used in the study were collected from Middle Reef (19Á11ô39.4ò S, 146Á48ô49.5ò E), 

screened to 2 mm and ground with a rod mill grinder to ~38 µm with a modal size of 25 µm, 

measured using laser diffraction techniques (Mastersizer 2000, Malvern instruments Ltd, UK). 

Sediments were thus predominately silt-sized. Total organic content of the sediment was 0.25 

± 0.09 % (w/w) analysed with a Shimadzu TOC-5000 carbon analyser (Shimadzu Corporation, 

Kyoto, Japan). 

To maintain suspended sediment concentrations (SSCs), each tank was equipped with a 

Turbimax CUS31 nephelometer (Endress and Hauser, Germany) held in the turbidity sensing 

loop (Figure 3), providing feedback to a programmable logic controller (PLC) system. 

Nephelometers were calibrated with Formazin and set to measure Formazin Nephelometric 

Units (FNU), with water samples taken throughout the experiment (n=12) to relate FNU to 

SSCs (mg L-1). The relationship of FNU to SSC was determined by filtering water samples (250 

mL) through pre-weighed 0.4 µm polycarbonate filters, which were then rinsed with deionised 

water, dried at 60°C for 24 h and re-weighed. 
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All nephelometers, solenoid valves and lights were connected to the PLC (Figure 3), which 

recorded FNU levels and controlled the opening of the solenoid valves to inject sediment into 

the tanks and maintain the SSCs at the desired level. The sediment was pre-blended into a 

500 L stock suspension batch, recirculating at high velocity (>3 m s-1) in the loop supplying 

sediment to all experimental replicates through individual solenoid valves. 

A custom-made light fitting based on Light Emitting Diode (LED) technology was fitted above 

each tank capable of simulating the full solar visible light. Each light was composed of 840 

individual LEDs across 28 colours, assembled in four chips with a total power of 1.3 kW (Figure 

3). The lighting system was fully integrated with the PLC system and each light was controlled 

by 19 independent channels. A PAR Quantum sensor (Skye, UK) was positioned on the grid 

floor next to the corals and sponges and connected to the PLC. This allowed the PLC to control 

light intensity based on an experimental depth (5 m) and suspended sediment concentration 

(see below). 

The PLC was programmed to manipulate, in real time, the quantity of light and the spectrum 

of light (quality) according to the turbidity (for a given depth), by adjusting the ratio between 

the 19 channels for each light. For each tank and for a given SSC, the quantity and quality of 

light was based on the light profiling field study (Section 4.1.3) and the subsequent empirical 

spectral solar irradiance model that was developed (see below for more details on choice of 

the spectral profiles). The PLC also mimicked daylight variation, following a sinusoidal ramping 

up from sunrise at 06.00 h until noon and ramping down to sunset at 18.00 h. 

3.2.2 Adult sponges and corals 

Experiments were conducted with two species of branching coral: Acropora millepora 

(Ehrenberg, 1834), Pocillopora verrucosa (Ellis & Solander, 1786), a foliose coral species, 

Montipora aequituberculata (Bernard, 1897) and an encrusting sponge species, Cliona 

orientalis (Thiele, 1900). Corals and sponges were collected from approximately 5 m depth 

from the Palm Island group (Figure 1 inset). Fragments from five colonies of each of the coral 

species and two individual of C. orientalis were collected using a mallet and chisel. Colonies 

were transported to the National Sea Simulator (SeaSim) at the Australian Institute of Marine 

Science (AIMS), Townsville, Queensland, where partial colonies were fragmented into smaller 

clones (~5ï10 cm length for corals and ~20ï50 cm2 surface area for sponges) and glued onto 

circular aragonite discs for support. Fragments were left to acclimate for six weeks in 1,200 L 

holding tanks with flow-through seawater at 25°C and 36 PSU salinity. Animals were fed daily 

using enriched Artemia spp. (targeted concentration in tanks of 0.5 nauplii mL-1) and a mix of 

microscopic algae (2,000 cells mL-1). During the acclimation period, specimens were held 

under a 12-h light:dark cycle of ascending and decreasing light levels and over the course of 

the day resulting in a daily light integrals (DLI) of ~6 mol photons mī2 d-1. 

The SSCs treatments were chosen nominally 2.5, 5, 7.5, 10 and 15 mg L-1 and each SSC had 

its own light quantity and quality (see Table 4). Each treatment consisted of two replicate tanks, 

with a total of 10 replicates for each coral species and 8 replicates for C. orientalis. After the 

28-d experiment, samples were snap frozen in liquid nitrogen and stored at -80°C for 

subsequent analyses of zooxanthellae density, and pigments and lipid concentrations. 

All species were photographed on 0, 7, 14, 21 and 28 using a high-resolution digital camera 

(Nikon D810). Changes in colour were assessed using the software, ImageJ (Version 1.52a) 
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(Schneider et al. 2012) employing the histogram function to acquire mean pixel intensity on a 

black and white scale as previously described (Bessell-Browne et al. 2017c, Bessell-Browne 

et al. 2017d). 

Coral tissue was removed by air blasting in 30 mL of 0.5 µm filtered seawater. The resulting 

óblastateô (tissue slurry) was homogenised for 60 s, the exact volume recorded, and aliquots 

taken for symbiotic dinoflagellate density (1 mL, fixed in 10% buffered formalin), pigments (1 

mL) and lipid (10 mL) analyses. Aliquots for lipids and dinoflagellate density were temporarily 

stored at -20°C, whereas aliquots for pigments were stored at -80°C until further processing. 

The surface area of corals was determined using the wax-dip method (Stimson & Kinzie 1991). 

To determine symbiotic dinoflagellate density, a volume of 0.4 mm3 from each aliquot was 

counted six times using a Neubauer haemocytometer containing 8 µL of homogenised 

solution. For C. orientalis, a previous incubation in 1 M NaOH for one hour allowed for the 

digestion of the sponge tissue (Zamoum & Furla 2012).  

To determine pigment concentrations, algal pellets from the coral blastate were resuspended 

in 1 mL pre-chilled 95% ethanol and sonicated on ice for 10 s at 40% amplitude, followed by a 

centrifugation step at 10,000 rpm for 5 min. After recovering the supernatant (~700 µL), the 

samples were re-extracted with an additional 700 µL ethanol, followed by a 30 min incubation 

on ice in the dark and 5 min centrifugation at 10,000 rpm. Both extractions were combined and 

analysed on a Power Wave Microplate Scanning Spectrophotometer (BIO-TEK® Instruments, 

Inc., Vermont USA) as previously described (Pineda et al. 2016b), and standardise to estimate 

coral surface area (cm2) or number of photosymbiont cells per replicate. Pigments from 

samples incorporating pinacoderm and mesohyl regions from C. orientalis were similarly 

extracted and analysed following procedures described in Pineda et al. (2016) and 

standardised to sponge wet weight. 

For lipid analyses, total lipids and lipid classes were determined by extracting freeze-dried 

samples following the air-spraying method of Conlan et al. (2017b). 

Treatment effects were examined using Gamma mixed models, with tank as a random factor. 

If appropriate, multiple comparisons were undertaken using the Dunnetôs test to identify 

significant differences from the control (e.g. 5.7 DLI and 2.5 mg L-1). Analyses were carried out 

in R using the glmer function of the lem4 package (Bates et al. 2015) and the glht function of 

the multcomp package (Hothorn et al. 2008). Thresholds were derived for the adult corals and 

sponge for all species and variables which showed a strong consistent change as a function 

of decreasing light levels. As values for measured variables differed markedly among species, 

values were first scaled within each species to between 0 and 1. We then used a custom 

function fit.assy based on the nls package in R to fit seven different non-linear functions to the 

scaled data, and generated model averaged predicted values based on AICc weight values 

for each successfully fit model. EC50 or EC10 values were estimated from the model averaged 

predicted values based on the lowest to highest predicted scaled value. 

3.2.3 Juvenile corals  

Before experiments commenced, a light meter connected to a diving pulse amplitude 

modulating (PAM) fluorometer (Walz) calibrated to a LI-COR (LI-250A) quantum light meter 

was used to measure light intensities in crevices at Middle Reef (-19.196050, 146.813950) at 



Jones, et al 

20 

3ï5 m depth. These values were used to determine the environmentally realistic range of light 

intensities that recruits are likely to occur in situ. 

Gravid adult colonies of A. millepora were collected from 8 m depth from an inshore reef of the 

Palm Island group (Falcon Island: -18.765833°, 146.532500°) (Figure 1 B) and transported to 

the AIMS SeaSim. On the night of spawning, egg-sperm bundles from all colonies were 

collected, cross fertilised, then washed free of sperm and transferred into 500 L þow-through 

ýberglass tanks to undergo further embryogenesis and larval development (see (Ricardo et al. 

2017) for detailed methodologies). 

After 7ï9 days the larvae were competent to undergo settlement and were induced to settle 

on multiple 6-cm diameter PVC discs that had previously been óconditionedô by incubating them 

in outdoor aquaria for ~3 months in the presence of Porolithon onkodes (a crustose coralline 

algae (CCA) well known to induce settlement for Acropora coral larvae (Heyward & Negri 

1999). The discs were 20ï40% covered in CCA at the start of the experiment (see (Ricardo et 

al. 2017) for detailed methodology). 

Experiments were conducted using in the PLC-controlled tank system detailed in Section 3.2.1, 

using 2-replicate 50 L tanks placed in each of 9 large tanks underneath the customised LED 

lights (where the 1,200 L volume of the tanks acted as a temperature-controlled water-bath). 

The experiment was designed to examine the effects of changes in light quantity (5 levels) and 

quality (broad and shifted spectrums that would be associated with suspended sediment 

concentrations equivalent to 0.5 and 9.1 mg L-1). As with experiments with the adult coral and 

sponges, the empirical spectral solar irradiance was used to predict the light quantity and 

quality (spectrum). 

Five light intensities were selected to cover the range of environmentally realistic values, but 

also more extreme combinations were used to improve the model fit and assess the strength 

of the response. Light intensities were ramped over the course of the day with peak midday 

PAR levels approximately <1, 10, 30, 100, 300 µmol photons m-2 s-1, which equated to DLIs of 

<0.1, 0.3, 0.9, 3, 9 mol photons m-2 d-1. Only one tank was used for the ónear darkness (i.e. 

<0.1 DLI) light intensity for both spectra, as it was not possible to control the spectral pattern 

at these very low light levels.  

Three discs each with ~10 settled larvae (recruits) were placed in each of the 50 L tanks. The 

recruits were infected with symbionts of clade C1 which were introduced into the large tanks 

(to a final concentration of 1ï2 ³ 104 cells L-1) on days 6 and 12 day after settlement. A small 

proportion of raw water (unfiltered) seawater was mixed with the FSW for heterotrophic feeding 

(Conlan et al. 2017a), and the total mix pumped into each tank at ~0.75 L min-1. The discs 

were transferred to new 50 L tanks every 4 d to reduce algal growth and each disc was also 

lightly wiped with a soft paintbrush to control algae growth. While these measures were used 

to manage extreme algae growth, they could not entirely remove it. The discs were imaged at 

settlement and after the 6ïweek exposure to determine survivorship. Horizontal growth was 

determined from the images taken after the light exposure.  

Changes in the photo-physiology of the corals were measured with pulse amplitude modulating 

fluorometry (Imaging PAM, Maxi, Walz) using dark-adapted yields and rapid light curves. For 

all rapid light curves, the relative electron transport rate (rETR) was calculated using (PAR ³ 

ūPSII) and all rETR data were fit to a standard MarquardtïLevenberg regression algorithm 
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(Ralph & Gademann 2005)). The parameters Ŭ (initial slope), Ek (the minimum saturating 

irradiance), rETRmax (the maximum relative electron transport rate) and Em (intensities that 

correspond to the rETRmax) were derived from the model.  
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4.0 RESULTS AND INTERPRETATION 

4.1 Field studies 

4.1.1 Turbidity and light time series 

Mean daily turbidity levels at the long-term monitoring sites ranged over 2 orders of magnitude 

from <0.5 to >50 NTU, with the more seaward sites facing the open ocean (Florence and 

Geoffrey Bay) averaging ~2 NTU, slightly lower than at Picnic Bay (2.2 NTU), and >3 ³ lower 

than at the Virago Shoal and Meadow 19 sites (6ï7 NTU, Table 1, Figure 4). 

 

Table 1: Site level summary statistics of the 5 water quality monitoring sites (Figure 1) showing (1) the 
mean daily average values and range (minimum to maximum) of turbidity (NTU), daily light integral (mol 

quanta m-2 d-1) and temperature ( C̄) divided into year (Y), winter (W, MayïOctober) and summer (S, 

NovemberïApril) over the ~3 year monitoring program, (2) average depth (m) and minimum and maximum 

(i.e. range) and (3) the minimum and maximum of the 10 minute readings for NTU, light (mmol quanta m-2 

s-1) and temperature ( C̄). 

  NTU Daily Light Integral Temperature ( C̄) Depth (m) 

   
Daily 

min-max 
10 min. 

min-max 
1 

Daily 
Max1 

10 min. 
Max2 

 
Daily 

min-max 
10 min. 

min-max 
 (minïmax) 
Range (m)  

F
lo

re
n

c
e
 

B
a
y
 

Y 1.9 0.1ï13.0 

0.5ï29.8 

10.7 26.4 

1,342 

26.7 20.6ï31.5 
20.0ï32.1 

(12.1 C̄) 
3.2 (1.2ï5.2) 
Range (4.1) 

S 2.0 0.2ï9.9 11.3 26.4 29.1 25.2ï31.5 

W 1.8 0.1ï13.0 10.1 22.4 24.2 20.6ï27.6 

G
e
o

ff
re

y
 

B
a
y
 

Y 1.9 0.6ï15.5 

0.5ï44.5 

10.2 24.1 

1,253 

26.8 20.2ï31.8 
19.8ï32.3 

(12.5 C̄) 
4.0 (2.0ï6.1) 
Range (4.1) 

S 1.6 0.6ï15.5 11.8 24.1 29.3 25.4ï31.8 

W 2.1 0.6ï11.3 8.8 19.4 24.3 20.2ï27.8 

P
ic

n
ic

 
B

a
y
 

Y 2.2 0.1ï24.1 

0.5ï46.3 

4.9 14.1 

654 

26.8 20.0ï32.0 
19.3ï32.8 

(13.5 C̄) 

3.6 (1.7ï5.7) 
Range (4.1) 

S 1.8 0.1ï17.9 5.7 14.1 29.4 25.0ï32.0 

W 2.5 0.6ï24.1 4.2 10.6 24.2 20.0ï28.1 

V
ir

a
g

o
 

S
h

o
a

l Y 6.9 0.5ï44.9 

0.5ï97.5 

4.3 19.0 

917 

26.9 19.5ï32.5 
19.1ï33.1 

(14 C̄) 
3.9 (2.0ï6.1) 
Range (4.1) 

S 7.2 1.0ï44.9 3.9 19.0 29.4 24.7ï32.5 

W 6.5 0.5ï41.7 4.7 16.6 24.5 19.5ï29.6 

M
e

a
d

o
w

 
1
9
 

Y 6.2 0.0ï56.8 

0.5ï127 

3.7 19.0 

909 

26.6 20.2ï32.0 
19.7ï32.5 

(12.8 C̄) 
5.8 (3.9ï8.0) 
Range (4.1) 

S 5.6 0.0ï42.5 4.1 19.0 29.1 24.9ï32.0 

W 6.8 1.3ï56.8 3.3 7.8 24.1 20.2ï28.1 

1 mol quanta m-2 d-1 
2 mmol quanta m-2 s-1 

 

 

PAR levels (expressed as a daily light integral) ranged from 0 to >26.4 with average DLIs of 

10ï11 mol quanta m-2 at Florence and Geoffrey Bay which was >2 ³ more than at Picnic Bay 

(5 mol quanta m-2 d-1) and 2.5³ more than at Virago shoal and Cleveland Bay (3ï4 mol quanta 

m-2 d-1, Table 1, Figure 4). Average daily mean water temperatures were very similar across 

the sites, averaging 24C  ̄in the winter and 29 C̄ in the summer months, and 26ï27 C̄ over the 

study period (Table 1). Despite the similarity, the minimum and maximum temperature range 

(from the 10-minute readings) were very different, with Virago Shoal spanning a 14 C̄ 

temperature change as opposed to 12 C̄ at Florence Bay (Table 1). 



Risk assessing dredging activities 

23 

Figure 5 shows exceedance curves for the five sites, displaying the proportion of average daily 

values (NTU and DLIs) above or below given levels for both winter and summer periods. 

Across most of the turbidity profile the analysis shows the similarity of the Florence, Geoffrey 

and Picnic Bay sites, with P50 values of 1.4, 1.5 and 1.3 NTU respectively. However, where the 

sites differ is the occasional periods of high turbidity where at Picnic Bay (during the winter 

time) the P95 value was 9.1 NTU, as opposed to 5.6 and 5.8 NTU at Florence and Geoffrey 

Bay. This difference resulted in slightly different mean NTUs: 1.9 NTU at Florence and Geoffrey 

Bay as opposed to 2.2 NTU at Picnic Bay.  

Light and seasonality was also examined using the cumulative probability plots, showing that 

whilst there are clear seasonal differences in light levels, with a median value of ~2 mol quanta 

m-2 d-1 more at the offshore sites in summer than winter, similar differences were not seen at 

the more turbid Virago Shoal and Meadow 19 sites. 
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Figure 4: Time series plots showing average daily turbidity (NTU) and daily light integrals (mol quanta m-2 

d-1) measured at the 5 long-term water quality monitoring sites (Figure 1) at mean depths of 3.2ï5.8 m. 
Grey vertical bars represent periods of annual maintenance dredging in the Sea channel and 

predominantly the Platypus channel. Yellow boxes indicate cyclone Marcia (16 Feb 2015ï21 Feb 2015), 
Nathan (9 Mar 2015ï27 March 2017 and Debbie (22 March 2017ï1 April 2017). Blue vertical dashed lines 

separate seasons. 
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