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Abstract
Corals can potentially provide years or possibly centuries of information on trace
element concentrations and reef health. However, coral bio-monitoring studies have
been limited by a lack of understanding of coral calcification mechanisms. In
addition almost all studies have been performed in impacted environments on a small
number of different species. This study aimed to broaden the applicability of coral
bio-monitoring showing that, Favids (Goniastrea aspera and Platygyra sinensis),
may be used to monitor reef health and trace element concentrations in near pristine,
fringing reef environments.

During the initial analysis it was confirmed that Goniastrea aspera and Platygyra
sinensis contained readily datable annual density bands despite the small seasonal
differences in SST and the stressful conditions experienced in Darwin Harbour.
Goniastra aspera and P. sinensis corals responded to environmental stressors,
showing reduced tissue layer thickness, extension and calcification rates at the most
freshwater and sediment affected sites. These analyses included the first study of
tissue layer thickness measurements in Favid corals.

Favids from all zones in Darwin Harbour and Heron Island also showed clear
declines in calcification rate over the study period (1994-2003), possibly due to
ocean acidification. This decline is in agreement with a decline attributed to ocean
acidification on the northern – GBR. Favids were also found to be well adapted to
the harsh fringing reef environment of Darwin Harbour in contrast to Porites spp.,
which were almost completely absent from Darwin Harbour intertidal reefs.

Using distribution coefficients calculated from elemental analyses of Favids and
seawater it was concluded that copper, manganese and lead are taken up by corals
without significant bio-regulation and are most likely aragonite bound, whilst
aluminium is discriminated against and zinc is possibly bioaccumulated. Coral trace
element concentrations were also found to agree with seawater and sediment
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concentrations indicating the presence of low level metal pollution in the slightly
impacted, Darwin city and wharf foreshore areas. However, the majority of Darwin
Harbour was found to be near pristine, with little change occurring over the last
~100years.

This study has shown that G. aspera and P. sinensis corals are useful bio-monitors of
environmental health, and may also provide reliable trace element records provided
that trace element uptake and incorporation is understood for the specific trace
elements analysed.
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1 Introduction
1.1 Statement of Research
The aim of this study was to investigate the potential of using various records
contained in massive Favid corals in Darwin Harbour as bio-monitors of the marine
environment. This aim was addressed by applying laser ablation inductively coupled
plasma mass spectrometry (LA-ICPMS) to the analysis of trace elements in the
skeletons of Favids in this turbid estuary and investigating the effect of low-light and
high suspended particulate matter on growth and trace element uptake by Favid
corals.

1.2 Why Coral Biomonitors?
Corals, like other biomonitoring species, are able to provide quantitative information
on the concentration of trace elements in their environment. Their skeletons contain
trace elements in proportion to their ‘bio-available’ concentrations in surrounding
seawater (Apte & Batley 1995; Buffle et al 1984; Rainbow 1995; Rainbow &
Phillips 1993). Bio-available trace elements are those that are in forms readily taken
up by organisms, due mainly to their small size and ability to cross biological
membranes. The bio-available fraction of trace elements in the environment is also
responsible for toxicity to organisms and is of most interest to environmental
management (Apte & Batley 1995; Buffle et al 1984). Ideally, bio-monitoring using
corals has the advantage of directly providing bio-available element concentrations.
Certain massive corals are also readily datable, containing annual bands which may
contain historical records spanning hundreds of years of growth. Since aragonite is
stable, remaining relatively unchanged for thousands of years, older parts of coral
skeletons (or fossil corals) can provide an indication of past growth rates and ‘baseline’ trace element concentrations to compare with more recent conditions (Cobb et
al 2003; Thompson et al 2003). Many researchers have used corals in this way to
gauge the extent of human impacts on the marine environment from, for example,
global warming, pollution, flood events and run-off from agriculture (Al-Rousan et
al 2007; Cooper et al 2008; Denton & Burdon-Jones 1986a; Druffel 1997; Leclercq
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et al 2000; Lough & Barnes 2000; McCulloch et al 2003a; Peng et al 2002; Scott
1990; Sinclair 2005).
While studies of coral geochemistry have yielded large amounts of environmental
information, recent studies by Sinclair and Risk (2006) have revealed anomalies that
suggest there may be some biological control over uptake and incorporation of trace
elements. These ‘vital’ effects associated with trace element incorporation are not
well understood and there are currently no studies investigating the role of particulate
trace metals ingested by corals on skeletal composition.

1.3 Why particulates?
Particulate materials suspended in the water column often contain large organic
molecules which are sources of nutrition for filter-feeding organisms including
bivalves and coral polyps (Anthony 2000; Rainbow 1995; Rainbow & Phillips 1993;
Ruppert & Barnes 1994; Veron 2000). While all corals are capable of feeding on
particulates, in most reef environments heterotrophic feeding provides only a small
fraction of energy requirements and the bulk of energy needs are met by algal
photosynthesis within the coral host (Barnes & Chalker 1990; Barnes & Taylor 1973;
Goreau 1959; Johnston 1980; Kawaguti & Sakumoto 1948). Under low-light
conditions, however, particle feeding may become a significant source of energy
(Anthony 2000; Anthony & Fabricius 2000). These particulates are also a potential
source of trace elements to filter feeders, since toxic metal ions are able to bind to
particulate materials. In general when trace elements are bound to particulates they
become non-toxic due to the large size of particulate materials relative to transport
channels in biological cell membranes. However, once ingested by coral polyps it is
possible that these trace elements are incorporated into the tissue and skeleton. Thus,
coral bio-monitoring studies in environments with limited light conditions need to
consider the level of trace elements bound to organic particulates available to corals
as coral skeletons from these environments may contain significant concentrations of
trace elements from particulate sources.
Three published studies of particulates in coral skeletons all investigated discreet
particulates trapped within the skeleton. All three studies suggest that these
2

particulates are a potential proxy for sediment flux to the ocean (Barnard et al 1974;
Davies 1992; Mertz-Kraus et al 2009). However, there have been no studies of
uptake and incorporation of metals into the aragonite structure from ingested
particulates, even though this is acknowledged as a potential pathway for trace
element incorporation (Fallon et al 2002; Howard & Brown 1984; 1987; Sinclair
1999). The lack of studies of particulate trace element incorporation may be due to
the generally low levels of particulate trace elements available to most corals due to
high light availability and low particulate metals in typical reef environments.
However, there have been studies of corals from near-shore environments affected
by pollution and sediment run-off, including Porites corals growing near coastal
mining operations on Misima Island in Papua New Guinea (Fallon et al 2002), and
on Marinduque Island, in the Phillippines (David 2003). Neither of these studies
investigated particulates to determine either the trace element or organic component
of particulates in seawater, even though both studies acknowledge that sediment
transport may have affected skeletal trace element concentrations of the corals. Thus,
while most reef environments may not contain significant levels of particulate trace
elements, some of the environments most affected by human impacts are likely to
contain significant levels. Greater understanding of particulate trace element
incorporation in corals from such environments is necessary to assess their potential
for bio-monitoring.

1.4 Why Favids?
Favid corals are suitable bio-monitoring species to investigate trace element uptake
and incorporation into aragonite as they are abundant on intertidal reef flats, thriving
where many other species do not grow. Favids are also known to be effective
heterotrophs when light is limited and particulate nutrients are available (Anthony &
Fabricius 2000). Thus, in environments where dissolved metal concentrations are
low and particulate metal concentrations are high, analyses of Favid corals may shed
some light on the role of particulate metals in skeletal trace element concentrations.
Favids, commonly referred to as ‘brain corals’, have large, often meandroid polyps
and include genera such as Goniastrea, Platygyra, Favia, Diploria and Monastrea.
Several studies have examined the growth and geochemical characteristics of Favid
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coral skeletons due to the abundance and availability of this species in various study
locations, (Benninger & Dodge 1986; Leder et al 1991; Scoffin et al 1997;
Shimamura et al 2008; Sholkovitz & Shen 1995). The majority of studies of Favid
geochemistry have used dissolution analysis techniques, which are prone to
contamination by non aragonite bound particulate materials (Munksgaard et al 2004;
Sinclair 1999). In addition there are no studies reporting skeletal concentrations for
discrete annual bands in Favid corals. There is also limited information on growth
characteristics of Favids, with no studies of tissue layer thickness and few reports of
skeletal density and luminescence (Highsmith 1979; Nyberg 2002; Weber & White
1977).
Favid corals, especially Goniastrea spp., have been shown to be very effective
heterotrophs compared to other corals (Anthony & Fabricius 2000). This is of
specific interest to this study due to the turbid condition of the study site, Darwin
Harbour. High levels of suspended particulate matter (SPM) provide nutrients while
simultaneously lowering light availability. While all corals are oligotrophic in nonturbid environments, Anthony and Fabricius (2000) have shown that under low light
conditions Favids are more efficient at heterotrophic feeding. Goniastrea retiformis
doubled its rate of heterotrophic feeding under shaded conditions, whilst particle
feeding by Porites cylindrica grown under the same conditions contributed less than
10% to the energy budget (Anthony & Fabricius 2000). It is, therefore, likely that
Goniastrea spp in Darwin Harbour gain a significant proportion of their energy
requirements through heterotrophic feeding. This makes Favids such as, Goniastrea
spp potentially ideal for investigation of trace element incorporation into aragonite
from ingested particulates in seawater, providing that trace elements and nutrients are
both bound to these particulates.

1.5 Why Laser ablation?
Laser ablation ICPMS is a relatively rapid technique for analysis of multiple trace
elements in coral skeletons, being able to produce trace element profiles with high
spatial resolution equivalent to daily growth intervals. The high resolution of laser
instruments can also be used to analyse specific structural elements and has been
used to enhance the understanding of calcification processes (Sinclair 2005; Sinclair
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& Risk 2006). It is also the ability of the laser to target specific structural features
that makes it an ideal technique for analysis of Favids such as Goniastrea spp. and
Platygyra spp. Favids have large polyps divided by relatively thick wall-structures
(~1mm wide). It is, therefore, possible to selectively scan the laser along wall
elements avoiding voids, which may contain trapped contaminants. Analysis of a
single structural element also has the advantage of reducing some of the potential
variability in analysis due to sampling across different skeletal elements that may be
formed at different times (Cohen et al 2004; Cohen & Thorrold 2007)

1.6 Why Darwin Harbour
Darwin Harbour is a macrotidal environment in the wet tropics of northern Australia.
Like many marine and, especially coastal environments, it is facing increasing
development pressure from human activities. For Darwin Harbour, these include
major infrastructure developments, including expansions to onshore gas projects and
the East Arm Port industrial precinct, the Stuart Highway upgrade, the recently
completed wharf entertainment and convention centre development and a future $1.8
billion to be spent on capital works (NT Government website 2010). The expanding
population (presently around 100,000) of the Greater Darwin area has led to a
significant increase in land clearing. The future population of the area has been
projected to be as high as 1,000,000 by the year 2100 (ABS 2008). In light of these
developments, and a high level of public concern regarding the balance between
development and conservation of Darwin Harbour, there is an increasing need to
establish a long-term monitoring program to support sustainable environmental
management of the harbour’s ecosystem. There is thus a need to assess water quality
and pollutant loads on an on-going basis in Darwin Harbour.
Hard corals are also relatively common in sub tidal and reef flat habitats in the
Darwin Harbour area, with 123 species recorded by Wolstenholme et al. (1997). In
that study coral specimens were collected and identified at 10 sites within the Charles
Point to Lee Point confines of Darwin Harbour. For example, at Channel Island,
located approximately 15 km inside Darwin Harbour, a relatively diverse and
abundant coral community exists despite environmental conditions that are generally
regarded as unconducive to coral growth (Veron 1986; Wolstenholme et al 1997).
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These conditions include seasonally low salinity (<25 in the wet season), high
turbidity (up to 80 NTU at spring tides), high daily average water temperature (up to
32°C in November - December) and lengthy sub aerial exposure (up to 4 hrs/day for
several consecutive days during spring tides, where tidal ranges are approximately 0
– 8 m) (Munksgaard et al., 2003 unpublished data). At other coral localities in the
middle and outer harbour, environmental conditions are less extreme. In the Darwin
Harbour area several massive coral species have been recorded, including members
of the families Faviidae, Mussidae, and Poritidae with colonies of 0.5 – 1 m in
diameter common and some colonies reaching 4 m in diameter, although Poritidae
are generally rare within the Harbour and are restricted to growing sub-tidally
(Wolstenholme et al 1997). The length of environmental records contained in such
specimens may extend from several decades to centuries depending on growth rates
and colony size. Whilst there is a relatively diverse and abundant coral community,
to date only one previous study of metal concentrations in bulk coral samples (soft
tissue and skeletal rims) from Darwin Harbour has been carried out (Esslemont
1997; Esslemont 1999). However, elemental and isotopic data for individual datable
coral growth bands have not been previously published for any Favid species, nor
any corals from Northern Australia.

1.7 Research objectives
•

To develop a method for trace element analysis in Favid skeletons.

•

To assess the feasibility of laser ablation inductively coupled mass
spectrometry to conduct this analysis on coral skeletons which may contain
trapped particulate material

•

To investigate the affect of potentially stressful environmental conditions on
calcification and density banding of Favid corals

•

To investigate the role of particulate and dissolved metals on skeletal
concentrations

•

To assess Favids as bio-monitors of trace elements

•

To assess the potential affect of heterotrophy on coral bio-monitoring of trace
elements.

•

To assess the potential for using Favids as bio-monitors of environmental
stress
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1.8 Summary of research presented
1.8.1

Part 1: Essay on coral growth and calcification

Chapter 2 is a literature review asking the questions “How does coral skeleton grow,
what is the role of suspended particulate matter in seawater on the uptake and
incorporation of trace elements in coral skeletons and what does this imply about the
‘bio-available’ concentration of metals in coral skeletons?” This chapter reviews
calcification biology and trace element incorporation theories, identifying gaps in the
current knowledge and investigating the role of suspended particulate matter as a
source of trace elements.
1.8.2

Part 2: Method Development

Chapter 3 and 4 of this thesis describe the analytical methods used to perform the
research contained in this thesis and the development and evaluation of a LA-ICPMS
method to analyse Mg, Al, Mn, Sr, Rb, U, Ba, Cu, Zn and Pb in Favid coral
aragonite.

Summary of chapters
Chapter 3 describes the routine methodology used to produce coral, seawater
and sediment data. This includes information on sampling, dating, equipment
used, analyses of samples by dissolution and laser ablation ICPMS and data
processing.
Chapter 4 evaluates the sensitivity, precision, reproducibility and accuracy of
the LA-ICPMS analytical method and its application for use on Favid corals
affected by particulate inclusions in turbid environments.

1.8.3

Part 3: Growth, Calcification and Trace Element Incorporation

Chapters 5 and 6 describe the mechanisms of coral growth and the biological,
environmental, physical and inorganic factors that affect skeletal growth and trace
element uptake and incorporation into coral skeleton.
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Summary of chapters
Chapter 5 assesses the effects of relatively high turbidity and sea surface
temperatures on density banding and calcification of Favids, and the implications
of potentially increased stress on the incorporation of trace elements into
aragonite.
Chapter 6 compares coral skeletal trace element concentrations to sediment and
seawater concentrations and calculates partition coefficients to assess the uptake
and incorporation mechanisms of selected metals (Al, Mn, Cu, Zn and Pb) into
coralline aragonite. These metals were chosen as there is historical data available
on the seawater and sediment concentrations of these metals from previous
Darwin Harbour surveys to coral records can be compared. This chapter also
discusses the implication of incorporation of trace elements from particulate as
well as dissolved sources and assesses the suitability of corals as recorders of
‘bio-available’ concentrations.

1.8.4

Part 4: Case Study: Favids as Biomonitors in a Turbid Macrotidal Estuary,
Darwin Harbour, North Australia

Chapters 7 and 8 discuss the suitability of Favids to detect spatial and temporal
trends in trace element concentrations and environmental stressors in Darwin
Harbour.

Summary of chapters
Chapter 7 discusses the suitability of Favids; Goniastrea aspera and Platygyra
sinensis as bio-monitors of seawater Al, Mn, Cu, Zn and Pb concentrations in a
near pristine Harbour. This chapter further assesses the ability of these partially
heterotrophic Favids of detecting spatial and temporal changes in trace element
concentrations in near pristine seawater against a background of high suspended
particulate matter.
Chapter 8 validates the use of growth characteristics of Favids; Goniastrea
aspera and Platygyra sinesis to detect spatial and temporal trends in
environmental stressors, including ocean acidification in Darwin Harbour.
Growth characteristics assessed included luminescence analysis, skeletal density,
extension and calcification rates and tissue layer thickness.
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2 Coral structure and calcification
2.1 Introduction
Despite extensive study, the mechanisms of coral calcification, which provides the
structural foundation for tropical coral reefs, are still not well understood (Allemand
& Bénazet-Tambutté 1996; Allemand & Grillo 1992; Allemand et al 1998; Barnes
1985; Barnes & Chalker 1990; Barnes & Taylor 1973; Barnes et al 1995; Clode &
Marshall 2003; Cuif et al 2003; Cuif & Dauphin 2005; Goreau 1977; Holcomb et al
2009; McConnaughey 1989; McConnaughey & Whelan 1997; Nothdurft & Webb
2007; Tambutte´ et al 2007). Understanding the mechanism of coral calcification is
also important for understanding how corals incorporate materials from the
surrounding seawater into their skeletons and hence record changes in their
surrounding environment. For over half a century there has been two conflicting
proposed mechanisms, both with supporting evidence and areas of weakness.
Physicochemical calcification was originally proposed by Bryan and Hill (1941),
whilst studies by Goreau (1956-1959) suggested the presence of extracellular organic
material. The main difference between the physicochemical calcification mechanism,
and calcification mediated by an organic matrix, is the suggested origin of organic
material found in the skeleton. Proponents of organic matrix calcification suggest
this material is the remnants of the organic matrix which controls calcification, whilst
supporters of physicochemical calcification suggest this organic material is due to
remnants of the tissue layer left in the skeleton as the tissue uplifts (see reviews in
Johnston, 1980 and Wainwright, 1963).
Many recent biochemical and morphological studies have provided greater detail
about the fine-scale structure of the coral skeleton and the movement of trace
elements and molecules between seawater, tissues and skeleton (Cuif et al 2003; Cuif
& Dauphin 2005; Gagnon et al 2007; Helman et al 2008; Holcomb et al 2009;
Marubini et al 2008; McConnaughey & Whelan 1997; Meibom et al 2008; Nothdurft
& Webb 2007; Sinclair & Risk 2006; Tambutte´ et al 2007). These studies have led
to modifications to the two original proposed calcification mechanisms. This chapter
reviews the recent biochemical and morphological information and the historical
debate on calcification before presenting the two most recently proposed
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mechanisms of calcification. Understanding calcification is the key to understanding
how trace elements are incorporated into aragonite and, thus, the usefulness of corals
as bio-monitors of trace elements in seawater.

2.2 Coral structure and morphology
Scleractinia are corals with a non-living hard calcium carbonate skeleton and a living
outer tissue layer. The tissue layer is made up of multitudes of polyps which reside in
pits in the skeleton called corallites. Coral polyps have a simple structure (Figure
2.1a) comprised of a central mouth surrounded by feeding tentacles. Tentacles
contain nematocysts for incapacitating small prey (zooplankton), which are
transferred to the stomach cavity where particulate foods are digested via the polyp
mouth. The single-celled photosynthetic, symbiotic algae, zooxanthellae, are found
in the endodermis, and are in much greater numbers in the free body wall than in the
calicoblastic body wall (Ruppert & Barnes 1994; Veron 2000; Woods 1983) (Figure
2.1b).
The polyp is attached to the skeleton by a central basal plate and to other polyps by
thin layers of tissue, called coenosarcs. The polyp is protected by the walls and base
of the corallite, called the theca. When the polyp grows upwards and divides into
two, each new polyp secretes a new corallite, and as the coral grows upward and
outwards, the coral tissue lifts itself up and lays down new skeleton. The ectodermis
of the calicoblastic body wall is responsible for secretion of calcium carbonate via
specialized cells called calicoblasts (Ruppert & Barnes 1994; Veron 1986). Whilst
the presence of a ‘gap’ between the calicoblasts and the skeleton is the subject of
some contention, it is this ‘gap’ that is suggested as the seawater-filled calcifying
space (Barnes 1970; Constantz 1986; McConnaughey 1989) (Figure 2.1b).
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a)

b)

Figure 2.1: a) The coral polyp (NOAA 2006) b) Diagrammatic enlargement of box in a) showing
the relationship between tissues and skeleton. Calcifying space is highlighted in blue. (modified
from Barnes and Chalker, 1990)
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2.3 Macro-structure of the coral skeleton
The basic structure of a coral colony is a collection of calcium carbonate tubes,
strengthened by radial ‘fins’ (septa). The septa are joined at a central column
(columella) and bisected by horizontal plates (dissepiments) which are laid down
periodically when the tissue uplifts. The theca, in which the corallite resides, is the
outer most layer of the calcium carbonate tube and the theca of different corals may
be either fused or joined by a calcium carbonate scaffolding (exothecal
dissepiments). Small horizontal features (synapticulae) may also join the radial septa
(Ruppert & Barnes 1994; Woods 1983) (Figure 2.2).

Figure 2.2: Macrostructure of the skeleton (modified from Woods, 1983)
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Presence of synapticulae and paliform lobes on septa and appearance of septa (insert
or exsert, smooth or dentate, solid or porous) are used in identification of species,
especially Porites spp. (Veron et al 1977; Woods 1983).

2.4 Micro-structure of the coral skeleton
The microscale structure (100 – 1000μm) of coral skeletons was originally studied by
light microscopy, which indicated the existence of two distinct structures in
petrographic thin-sections: fibrous crystals and distinct dark central areas. Clusters of
these fibrous crystals (Figure 2.3 A) can be observed radiating outwards from these
dark centres which are now termed the centers of calcification and are thought to
play a role in initiating fibre growth (Lowenstam & Weiner 1989; Wells 1956).

Figure 2.3: Micro-structure of the skeleton (Modified from Nothdurft and Webb, 2007)

Early observations of calcium carbonate fibers by Bryan and Hill (1941) determined
that they (Figure 2.3 A) are arranged into secondary structures termed trabeculae or
sclerodermites (Figure 2.3 B and C), and that these structures were strikingly similar
to inorganic crystal spherulites. These observations became the basis of the first
physicochemical (inorganic) calcification mechanism (see later discussion). More
recent studies of microstructure using scanning electron microscopy and atomic force
microscopy, for example, have also established the existence of an additional type of
secondary microscale structure, the thickening deposits (Figure 2.3 D, E and F).
Thickening deposits include fibronormal layers, where fibers form a layer aligned
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perpendicular to the axis of growth, and bundles, where fibers may be perpendicular
or at oblique angles to the growth axis and occur in discrete bundles (Nothdurft &
Webb 2007). The presence of the three secondary microscale structures (trabeculae,
thickening fibronormal layers and thickening bundles) has been found to vary
between species. For example, whilst Acroporid corals have all three secondary
structures, neither Porites nor Favid, corals have thickening bundles (Holcomb et al
2009; Nothdurft & Webb 2007).
In addition to fibres, nanoscale (<50μm) studies of centers of calcification have
observed the presence of nano-crystals, which are described as very fine, or granular
(Clode & Marshall 2003; Cohen et al 2001; Constantz 1986; Wainwright 1963)
(Figure 2.7 in Section 2.7.5 below). Many studies have also determined that centres
of calcification (CC) are compositionally different to calcium carbonate fibres,
having elevated Mg, Sr, S, Ba, and N (Cuif et al 2003; Gagnon et al 2007; Meibom
et al 2004; Meibom et al 2007; Meibom et al 2006) and lower concentrations of
δ13C, δ18O, and δ11B (Adkins et al 2003; Blamart et al 2007; Meibom et al 2006;
Rollion-Bard et al 2003). It is also possible that CC contain higher concentrations of
organic material (Allison et al 2001; Allison & Tudhope 1992; Cuif & Dauphin
2005) which may indicate some biological involvement in the creation of CC. It has
been suggested that since fibres radiate outward from the CC, corals may be able to
biologically control initial precipitation of CC which may then be followed by either
inorganic fibre growth or organic matrix controlled fibre growth, depending on the
proposed calcification mechanism (Cuif & Dauphin 2005; Holcomb et al 2009).
The presence of organic material and the different composition of CC supports the
idea proposed by Hayes and Goreau (1977) and Constantz (1986) that corals initiate
calcification by provision of organic seed nuclei or other necessary materials to
‘kick-start’ the process. Biochemical studies suggest that zooxanthellae may be
responsible for provision of these organic substances and are hence responsible for
light-enhanced calcification (Lewis & Smith 1971; Pearse & Muscatine 1971;
Wainwright 1963).
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2.5 Biochemical studies of calcification
2.5.1

Light vs dark calcification

It has long been established that calcification occurring in the light is enhanced
compared to calcification in the dark (Barnes 1985; Goreau 1959; Goreau & Goreau
1959; Kawaguti & Sakumoto 1948; Krishnaveni et al 1989). Metabolic studies of
this phenomenon have established three key processes; firstly that zooxanthellae
enhance light calcification, secondly that light and dark calcification have different
metabolic pathways and thirdly that light calcification is enzyme controlled and
requires energy (ie adenosine tri-phosphate ATP) (Chalker & Taylor 1975; Goreau
1959; Goreau & Goreau 1959; Marshall 1996; Pearse & Muscatine 1971).
Studies of coral metabolism have shown that inhibitors of oxidative phosphorylation
(production of ATP) also inhibit light calcification, whilst having no effect on dark
calcification (Chalker & Taylor 1975; Krishnaveni et al 1989). This result indicates
that light and dark calcification follow different metabolic pathways, and that light
calcification requires energy (ATP) and is enzyme regulated. Additionally, studies of
zooxanthelate corals whose zooxanthellae have been removed have calcification
rates similar to rates of dark calcification (Goreau 1959; Goreau & Goreau 1959;
Kawaguti & Sakumoto 1948), further supporting the idea that zooxanthellae enhance
calcification in the light.
The exact manner of the enhancement of light calcification by zooxanthellae is still
unclear. Three hypotheses are:
•

Removal by the zooxanthellae of wastes such as PO43-, SO42-, NO3-, which
inhibit crystal growth (Simkiss 1964),

•

coupling of calcification to photosynthesis by the zooxanthellae to utilise H+
and CO2 produced during calcification (Goreau 1959; McConnaughey 1989)
and

•

provision by the zooxanthellae of low molecular weight organic molecules
(including glucose, glycerol and alanine) to the coral either for metabolism or
for inclusion in the skeleton (as part of the centres of calcification or organic
matrix) (Pearse and Muscatine, 1971., Wainwright, 1963., Lewis and Smith,
1971)
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Simkiss (1964) proposed a mechanism by which zooxanthellae may enhance
calcification by removal of crystal poisons PO43-, SO42-, NO3-. This idea is based on
observations that calcification rates in corals with zooxanthellae removed are lower
than night-time rates in the same corals with zooxanthellae present (Goreau 1959). If
this theory is correct removal of these inhibitors would allow more efficient
nucleation and crystal growth even at night when photosynthesis is not occurring.
The second possible mechanism for calcification enhancement is the coupling of
photosynthesis to calcification in order to remove protons (equations 1-4) which
-

would otherwise react with carbonate (CO3 ) required for calcification and cause the
coelenteron to become acidic (McConnaughey & Whelan 1997). Instead protons
react with HCO3- , thus neutralizing the protons and producing carbon dioxide for
photosynthesis.
HCO3- + Ca2+ → CaCO3 + H+
H+ + HCO3- → CO2 + H2O
CO2 + H2O → CH2O + O2
2HCO3- + Ca2+ → CH2O + CaCO3 + O2

[calcification]
[generation of CO2]
[photosynthesis]
[overall]

(1)
(2)
(3)
(4)

Pearse and Muscatine (1971) agree that both removal of crystal poisons and
neutralization of protons are viable explanations for the enhancement of calcification
in the light but suggest that provision of low molecular weight organic molecules
may better explain calcification observed in Acropora spp. The tips of these
branching corals have been found to have much higher calcification rates relative to
further down the branch. This is apparently at odds with the observed zooxanthellae
densities, which are much lower in the almost white tips of Acropora, compared to
the base of branches. Pearse and Muscatine (1971) propose that provision of low
molecular weight organic molecules by zooxanthellae may be translocated to the tips
where calcification is higher, thus enhancing calcification. These researchers
observed the translocation of organic molecules (including lipids, glycerol and
glucose) to the tips of branches using labeled carbon isotopes. This also suggested,
that translocation of organic molecules is more likely than maintenance of strong
concentration gradients of either protons or crystal poisons from the tip to the base of
branches. In addition translocation of organic molecules, including glycerol, glucose
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and alanine had been observed previously (Barnes & Taylor 1973; Chalker & Taylor
1975; Lewis & Smith 1971; Wainwright 1963).
The role of zooxanthellae in enhancing calcification has yet to be confirmed, it may
be one of the mechanisms proposed here or possibly a combination of all three. In
either case researchers agree that zooxanthellae enhance calcification in the light and
that without zooxanthellae coral reefs would not exist in their current massive form
as they would not be able to build the reef structure fast enough to withstand the
natural forces of physical and biological erosion (Barnes 1985; Chalker & Taylor
1975; Goreau 1959; Goreau & Goreau 1959; Houlbrèque et al 2003; Pearse &
Muscatine 1971).

2.5.2

The calcification space

Proponents of physicochemical calcification suggest that there is a seawater-filled
extracellular ‘calcifying space’ between the lower tissue layer (the calicoblastic
ectoderm) and the skeleton (Barnes 1970; Constantz 1986; McConnaughey 1989).
The ‘seawater as calcifying fluid’ idea is also supported by the recent observations of
the sequestering of seawater into the calcification space using confocal microscopy
and fluorescent probes (Braun & Erez 2004). These authors observed movement of
membrane impermeable Calcien from the coelenteron to the calcifying space,
lending weight to the idea that seawater exchange may occur via fluid channels. The
presence of the calcifying space is, however, disputed by two studies. Clode and
Marshall (2002) and Tambutte et al (2007) examined freeze-fractured specimens,
where tissue layers appeared to be flush with the skeleton apart from a possible
nanometer scale gap. Holcomb et al (2009) suggest that this small space may be
adequate for use in precipitation of aragonite crystals while Barnes and Chalker
(1990) point out that calcification does occur in enclosed extracellular pockets by
other organisms including the calcifying algae, Halimeda.
In addition, the transport of seawater directly to the calcifying surface via fluid
channels has been suggested as the only mechanism that fully explains the
indiscriminate uptake of many elements, dyes and small particles by corals from their
surrounding seawater (Buddemeier et al 1981; Davies 1992; Goreau 1977;

17

McConnaughey 1989; Sinclair & Risk 2006). It is thought that once bound into the
aragonite structure, metal ions are strongly held and unable to remobilize back into
the calcifying fluid, thus creating a gradient. The removal of carbonate from the
coelenteric fluid to form CaCO3 also creates a gradient which, in this case, causes
CO2 to diffuse from the coelenteric fluid into the calcifying fluid (see Figure 2.4)
(McConnaughey 1989; Sinclair & Risk 2006).

Figure 2.4: Calcification in the calcification space, modified from McConnaughey and Whelan
(1997)

2.6 Mechanisms of calcification: The historical debate
For over 40 years there have been two schools of thought on coral calcification. The
two mechanisms disagree on how calcium carbonate crystals grow; in a coralcontrolled organic matrix, or inorganically in a pocket of extracellular seawater.
Proponents of organic matrix calcification argue that corals must have control over
crystal shape and morphology in order to maintain the skeletal structures which are
unique to each species. Supporters of physicochemical calcification suggest,
however, that since aragonite crystals bear striking similarity to crystals precipitated
inorganically, it would be unlikely for these crystals to form within an organic matrix
(Barnes 1970; Constantz 1986; Hayes & Goreau 1977; Sinclair 1999).
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2.6.1

Organic matrix calcification

The mechanism of organic matrix calcification is thought to be biologically
controlled by a matrix of organic material secreted by the coral. This theory is
supported by the presence of organic residues extracted from coral skeletons (Ingalls
et al 2003; Johnston 1980; Wainwright 1963; Young 1971). The protein phases of
these residues are associated with a glucidic component rich in galactose, mannose
and amino sugars (Allemand et al 1998; Clode & Marshall 2003; Cuif et al 1999;
Dauphin 2001; Goreau 1959; Johnston 1980). It has been suggested that this
mechanism may work through interactions between glycoprotein macromolecules
and calcium carbonate ions (Cuif et al 1999). However there is no mechanism yet
proposed that explains the extraction of Ca and trace elements from seawater by an
extracellular organic matrix, nor how aragonite crystals come to resemble inorganic
spherulites.

2.6.2

Physicochemical calcification

Physicochemical calcification was originally suggested by Bryan and Hill (1941) due
to the strikingly similar appearance of coral fibres to chemically produced fibrous
spherulites. Aragonite crystals are elongated along the c-axis, ~20μm in length and
have a similar appearance to inorganic crystals precipitated from supersaturated
solutions (Barnes 1970; Constantz 1986; Johnston 1980; Lowenstam & Weiner
1989; Nothdurft et al 2007). It has also been shown that distribution coefficients of
metal to calcium ratios between aragonite and seawater are close to unity for several
trace metals indicating aragonite has precipitated directly out of seawater (Shen &
Boyle 1988). Shen and Boyle (1988) calculated distribution coefficients (DMe)
between aragonite and seawater using the formula below:
DMe =

[Me]aragonite /[Ca ]aragonite
[Me]seawater /[Ca ]seawater

1

Where Me is metal of interest.

These researchers calculated a coefficient of unity for Cd and also found that the
measured abundance of 10 different metals in coral skeletons, from their own and
literature studies, were similar to concentrations of these metals in seawater,
predicted by coefficients of unity. That is, Shen and Boyle (1988) proposed that
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many metals with ionic radii in the range 0.90-1.48 Å (rCa2+ = 1.12 Å) are
incorporated into the aragonite lattice directly from seawater and thus the ratios of
these metals to calcium in seawater are equivalent to their ratios to calcium in
aragonite; ([Me]/[Ca])seawater = ([Me]/[Ca])aragonite = 1. This would suggest a nonbiologically controlled ‘physicochemical precipitation’ mechanism directly from
seawater.
While physicochemical calcification explains crystal shape and presence of trace
elements and particles in the skeleton, there are only weak explanations for the
presence of organic material in the skeleton and the species-unique macro-skeletal
structures. Proponents of this mechanism suggest that organic material may be
remnants of the tissue layer that have been left behind, ‘pinched off’ in the skeleton
periodically when the tissue layer uplifts (Barnes 1970), and that shape of the polyp
tissue itself, competition between adjacent crystal fans and provision of seed nuclei
dictates the shape of the aragonite crystals and thus dictate the macro-structure
(Barnes 1970; Constantz 1986; Lowenstam & Weiner 1989; McConnaughey 1989).

2.7 Mechanisms of calcification: Recent modifications
Neither physicochemical calcification nor organic matrix calcification fully explains
coral growth, and the calcifying surface in corals is less accessible for study than in
molluscs, for example. Thus the scientific community has remained divided as to
which proposed mechanism is more plausible as both are well supported by
evidence. However, with advances in physiological and biochemical information
available on the micro and nano – structures of the skeleton, two new mechanisms
have been proposed. These mechanisms are the ‘bio-mineral model of calcification’,
a modification of the organic matrix calcification mechanism proposed by Cuif and
Dauphin (2005) and ‘biologically initiated physicochemical calcification’ proposed
by Holcomb et al (2009). The Bio-mineral model incorporates some aspects of
physicochemical calcification, whilst bio-initiated physicochemical calcification is
essentially a more detailed physicochemical calcification mechanism in which corals
control calcification by varying the composition of the calcifying fluid
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2.7.1

Bio-mineral calcification: physicochemical calcification mediated by an
organic matrix

Cuif and Dauphin (2005) proposed that precipitation of crystals of aragonite occurs
out of a pocket of modified seawater into an organic matrix secreted by the coral,
which is responsible for mediating and controlling the process. The pocket of
seawater is essentially the calcifying fluid, which has a high pH and is Ca-enriched
by Ca-pumping enzymes (Figure 2.5). The mechanism proposed by Cuif and
Dauphin (2005) occurs in a stepwise manner to form a ‘bio-mineral’:
1. organic matrix is secreted by the coral into the extracellular space.
2. aragonite crystals begin precipitating into organic matrix, filling the
extracellular space, once filled
3. a Mg-rich layer is secreted to ‘stop’ precipitation and
4. the lower edge of the tissue layer (basal polyp ectoderm) uplifts.
5. then the process repeats itself .
Steps 1-4 are shown in Figure 2.5.

4

3

Mg
2

1

Figure 2.5 Bio-mineral calcification model (modified from Sinclair & Risk 2006) 1-4 are steps in
biomineral calcification
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This detailed mechanism is supported by both physiological and biochemical
evidence including electron micrographs, which appear to show aragonite
crystals embedded in the organic matrix (Clode & Marshall 2003; Cuif &
Dauphin 2005). In addition XANES mapping of skeletal slices shows that CC
have high levels of sulfated polysaccharides relative to fibres and fibres appear to
have a layered growth pattern when etched (Figures 2.6 and 2.7). Cuif and
Dauphin (2005) suggest that the sulfated polysaccharides present are part of
organic phases in the skeleton, although they were not able to perform a
quantitative analysis due to the heterogeneous nature of the samples. These
researchers have also shown, using electrophoresis, that coral skeleton contains
organic sulfur. Other researchers suggest, however, that SO4 substitution for CO3
is the primary source of skeletal sulfur (Milliman 1974; Pingitore et al 1995;
Takano et al 1980).

Figure 2.6: XANES map showing sulphated polysaccharides as yellow areas, which are more
intense in the centres of calcification (CC) and also occur between fibres (yellow arrows).
Modified from Cuif and Dauphin 2005.
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Figure 2.7: a) scanning electron micrograph of aragonite crystals embedded in an organic
matrix, b) schematic diagram of growth of centres of calcification (CC) and fibres (F), c)
electron micrograph of a slice perpendicular to the direction of growth showing several adjacent
centres of calcification surrounded by concentric fibre growth. Modified from Cuif and
Dauphin 2005.

This mechanism does explain the presence of organic material in the skeleton and the
incorporation of trace elements. It also provides an explanation for areas of higher
magnesium concentration in the skeleton (Meibom et al 2004). The presence of
organic matrix material may also explain the ‘vital effects’ observed in skeletal trace
element profiles. The weak point in this mechanism is the same as the weakness
suggested by (Barnes 1970; Sinclair 1999) for organic matrix calcification, in that the
growth of aragonite crystals would presumably be restricted and controlled by the
organic matrix and thus would be unlikely to appear similar in shape to inorganically
precipitated crystals.

2.7.2

Bio-initiated physicochemical calcification

Holcombe et al (2009) grew biogenic, (synthetic aragonite) crystals in seawater.
These researchers demonstrated that the two types of nano-crystals observed in
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coralline aragonite, granules and fibres, will form at different pH levels. Fibrous
crystal growth, for example, occurs at pHs ranging from 8.3 - 8.9 whilst granular
crystals form in seawater with higher pH values (8.9 - 9.6). In this study solutions
were cycled through these pH states by periodic pumping of NaCO3 and when
synthetic aragonites were observed, microscopic techniques identified alternating
bands of granular and fibrous crystals. These synthetic aragonites were compared to
coral aragonites using several microscopic techniques including light microscopy,
scanning electron microscopy and atomic force microscopy and many similarities
were observed. Granular regions in coral and synthetic aragonite both stained
brighter than adjacent fibrous regions when treated with acridine stain, and granular
regions in synthetic aragonites had higher Mg/Ca and Ba/Ca ratios and were enriched
in isotopes δ13C and δ18O in a similar way to granular regions in coral aragonites.
These compositional differences are most likely due to rate of crystal growth and pH
of the calcifying fluid. It has been suggested that faster growing regions of coral
skeleton, such as the CC, may be enriched in lighter isotopes due to diffusion
kinetics (Gaetani & Cohen 2006; Holcomb et al 2009; Meibom et al 2006; RollionBard et al 2003). The variations in Mg/Ca observed by Meibom et al (2004) may
thus be caused by changes in growth rate (Tsukamoto & Tsukamoto 1996). Other
researchers have, suggested that pH variations during calcification are responsible for
Mg/Ca bands in CaCO3 skeletons of foraminifera (Eggins et al 2004). In corals,
changes in growth rates may be linked to changes in pH. It is thus possible that
cycling of pH and saturation states explains both the Mg variability and the
enrichment of granular regions with lighter isotopes.
In coral aragonite these alternating bands of fibrous and granular growth have been
observed and considered to be ‘daily growth bands’(Barnes & Lough 1989).
Holcombe et al (2009) suggest it is possible that corals manipulate the pH /saturation
state of the calcifying fluid over the light/dark cycle, resulting in alternating bands of
fibrous and granular crystals and the creation of daily bands.
The calcification mechanism proposed by Holcombe et al (2009) proposes that
granular crystals initiate calcification, since granular crystals are found in the CC,
and fibrous growth radiates outward from these centers in both synthetic and coral
aragonite (Figure 2.8). Formation of granular crystals requires a higher pH than
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growth of fibrous crystals. Thus to begin calcification corals would need to pump in
higher pH solution to the calcifying fluid. This would initiate nucleation and begin
granular crystal growth and formation of the granular centre (CC). Once some of the
carbonate is removed from the calcifying fluid for the formation of the CC, the pH
will have lowered slightly leading to a switch to fibrous crystal growth. The coral can
then repeat the process for following layers of growth.

Figure 2.8: Scanning electron micrograph of A) a synthetic aragonite granule and B) coral
aragonite (Porites lutea) showing fibrous (f) and granular (g) crystals. (Modified from Holcomb
et al 2009)

Holcombe et al (2009) further suggest that corals are able to control their macro
structure by manipulating the composition of discreet regions of the calcifying fluid.
In Diploria labrinthiformis granular bands are thickest at the apexes of vertical
skeletal elements (eg theca walls) and bands become thinner laterally (Figure 2.9).
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1. nucleation

2. fibre growth

Figure 2.9: a) scanning electron micrograph of microbands (arrows) in Diploria labrinthiformis,
showing centres of calcification (C) and fibrous growth (f), note the fibrous growth farthest from
the centres is continuous. b) Model of growth in Diploria spp. by Holcombe et al 2009. This
schematic shows the cycling of saturation state from high saturation ‘nucleation phase’, where
new granular crystals form at centres of calcification to the moderate saturation ‘fibrous growth
phase’. In this model, during the nucleation phase, the calcifying fluid is highest at the centres of
calcification, while the saturation state becomes more moderate further away from the centres,
where fibrous growth occurs.

These researchers suggest that the calcifying fluid may not be homogenous, but
instead have regions (near the apex of skeletal elements) where high pH fluid is
introduced more regularly causing more rapid granular crystal growth at the apex. It
is suggested that the calcifying fluid has a lower pH moving down the sides of the
skeletal element and this results in almost continuous fibrous growth at the lateral
sides of the skeletal element. Thus by controlling the pH and the localized areas of
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higher pH, corals may control the type of nano-crystal that grows and the rate and
direction of growth and thus have some control over the macrostructure of the
skeleton.

2.8 Coral growth processes: formation of the macrostructure of the
skeleton
The macrostructure of coral skeletons, especially Porites has been extensively
studied (Barnes & Devereux 1988; Barnes & Lough 1989; 1993; Barnes et al 1995;
Buddemeier 1974; Buddemeier et al 1974; Carricart-Ganivet et al 2000; DávalosDehullu et al 2008; Lough & Barnes 1992; Scoffin et al 1992; Taylor et al 1995).
These studies on Porites spp. and Montastrea spp. determined that there are usually
13 dissepiments (horizontal structures that seal off the older parts of the skeleton
from the living tissue) in an annual density band. The periodicity of these
dissepiments indicates a lunar influence on coral growth since there are 13 lunar
months in a year and coral tissue has been observed to uplift its lower margin on ~30
day cycles (Barnes & Lough 1993). The spacing of dissepiments is thus
approximately equal to a monthly growth cycle. The Townsville Model of growth
developed by Barnes & Lough (1993) and based on studies of Porites, determined
that as the coral extends vertical skeletal elements, the tissue layer becomes deeper.
Then ~1 month later a new dissepiment is formed and the lower margin of the tissue
layer moves abruptly upwards before the dissepiment seals off the new growth from
the skeleton below (Figure 2.10).
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Figure 2.10: Schematic Model of Growth of Porites a) Skeletal elements after dissepiment
formation, b) thickening deposits are laid down, c) new dissepiment forms after ~30 days
causing tissue uplift , d) thickening continues. (Figure adapted from Barnes & Lough 1993).

The annual density bands observed in coral skeletons are thus the result of two
different growth processes, extension, which occurs at the growing tips of vertical
skeletal elements and thickening which occurs throughout the tissue layer. In Porites
the coral tissue resides over approximately 5 months of growth, thus an event
occurring in June 2003 would affect the composition of thickening deposits laid
down on skeleton extended between June 2003 and March 2003. Thus acute
chemical events will be smoothed over several previous months of growth. Whilst it
is possible for micro-analysis to target 1/12 of an annual band, the targeted portion
may represent several months of compositional information.

2.9 Trace element uptake processes
Coral polyps may take up trace elements in four different ways (Figure 2.11); 1)
active or 2) passive transport across the oral epithelium, ie energetic pumping of ions
versus passive diffusion, or through ingestion of either 3) seawater or 4) particulate
matter.
Coral polyp feeding is a known mode of uptake for particulate metals into coral
tissue and it is a potential mechanism of incorporation of trace elements into the
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skeleton (Fallon et al 2002; Howard & Brown 1984; 1987). In turbid environments
the metals adsorbed on to particulate material in the water column may be a large
source of trace elements to the coral tissues. This would result in the coral skeleton
including phases which are not biologically available to non filter feeding organisms.
Thus, skeletal concentrations obtained from efficient particle feeders in turbid
environments may over-estimate the levels of trace elements which are toxic to nonparticle feeders, including fish (Morillo et al 2005; Rainbow & Phillips 1993;
Smolders et al 2002). Bioavailable trace elements are those that are able to affect
organisms. Small chemical species are bioavailable as they can penetrate biological
membranes, such as the gills of fish (Metian et al 2008; Rainbow 1995; Rainbow &
Phillips 1993; Walsh et al 1995).
Whilst there have been no studies of trace element transport from coral tissue to coral
skeleton, it is possible that trace elements which are taken up by tissues may be
transported to storage areas, including gametes. Gametes, zooxanthellae and tissues
have all been found to have elevated metal concentrations relative to the skeleton and
may be responsible for either trace element uptake or storage (Esslemont 1999;
Esslemont 2000a; Reichelt-Brushett & McOrist 2003).
Since zooxathellae have been demonstrated to have higher metal concentrations than
coral tissues, it has been proposed that zooxanthellae may also be responsible for
metal uptake into coral tissues and that variations in numbers of zooxanthellae may
moderate the amount of metal in coral tissues (Reichelt-Brushett & Harrison 1999).
If this is accurate, expulsion of zooxathellae during bleaching events may purge
metals from the coral tissues and potentially influence the metal concentration
incorporated into the skeleton. Reichelt-Brushett & Harrison suggest that
zooxathellae density may, therefore, also influence the uptake of metals. However, it
is also possible that these metals may be useful for photosynthetic processes and that
the coral host provides these metals to the zooxanthellae, rather than zooxanthellae
providing these metals to the host coral. If zooxanthellae do provide trace elements
to corals, it is likely that they are passed by zooxanthellae into the coelenteron by
either active or passive transport across the oral epithelium (see Figure 2.11)
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Calcifying
Space

Figure 2.11: Pathways for transport of ions from seawater into coral tissue and skeleton. 1)
direct adsorbtion to exposed skeletal surfaces, 2) passive diffusion into the coelenteron, 3)
ingestion of seawater, 4) ingestion of particulates in seawater, 5) active transport across coral
membranes into the coelenteron, 6) fluid transport to the calcifying space, 7) active transport to
the organic matrix, 8) passive diffusion to the calcifying space, 9) active transport to the
calcifying space or to the skeleton

Trace elements that have been taken up into the coelenteron can then be passed to the
calcifying fluid in one of four different ways; 1) fluid transport from the coelenteron
and into the skeleton via the calcifying space, 2) active or 3) diffusive transport to the
skeleton or 4) via inclusion in organic material found in the skeleton. There is also an
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uptake pathway for particulate or dissolved metal directly into the skeleton from
seawater when the tissue layer is damaged and skeleton is exposed to seawater.
Figure 2.11, modified from Sinclair (1999), shows a diagrammatic summary of trace
element uptake and transport to the skeleton.
The trace element composition of the skeleton is thus a combination of ions and
small particulates pumped through fluid channels into the calcifying space, active
and passively transported ions and molecules, as well as trace elements potentially
bound to organic material.

Role of particulates
Greater understanding of the role of particulate bound trace elements and
heterotrophic feeding habits is necessary for correct interpretation of the coral record
of these materials with respect to bioavailability.
Barnard et al (1974) observed that particulates could enter the skeleton through
damaged tissue surfaces; wounds or scars in the tissue. In this mechanism the
particulate material adsorbed to exposed skeleton and when the tissue healed, new
skeleton was laid down over the impurities, trapping them. This mode of uptake has
also been described for iron adsorption to exposed skeletal surfaces (Brown et al
1991; Sinclair 1999). It has also been noted that corals growing in waters with
greater sediment flux often have higher levels of particulates in their skeletons
(Cortes & Risk 1985; Scott 1990). This may explain the off-white (dirty) appearance
of coral skeletons from the river-influenced site, Channel Island, in this study due to
incorporation of clay associated minerals in run-off (see Figure 4.3, Chapter 4).
Davies (1992) confirmed the uptake of particulate materials into coral skeletons
whose tissues were scarred experimentally, but also proposed a mechanism of uptake
through intact tissues. The TiO2 particulates which were applied to coral surfaces to
simulate sedimentation were observed in both tissues and skeletons using SEM.
However, during the SEM scanning many particles were observed in the aragonite
other than TiO2. Davies (1992) proposed that since other sediment particulates were
excluded from the experiment and the corals were chosen for their healthy
undamaged tissue layers, the only mechanism for uptake of these particles into
recently accreted skeleton was via intact tissues. This idea was supported by the long
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residence time of TiO2 particles in coral tissues (~82days) which suggested to Davies
that corals may ingest particulates and then not expend energy to excrete them
immediately, instead actively leaving the particles behind in the skeleton when the
tissue uplifts. A similar process was observed in a coelenterate, Palythoa which
deposited particles into structural units such as mesenteries (Trench 1971).
Another potential explanation for the presence of particulate material in aragonite is
the adsorbing of colloidal particles onto aragonite crystals in the calcifying fluid. If
small particulate material, such as clay, are present in the calcifying space due to
pumping of unmodified seawater through fluid channels (McConnaughey 1989;
Sinclair & Risk 2006) it is possible that these particles may adsorb onto the aragonite
crystals and precipitate with them into the skeletal matrix. These particulates would
then be almost impossible to avoid during analysis, being trapped within the crystal
structure. Particulate inclusions which enter the skeleton through this mechanism
must be small enough (<0.1 μm, eg colloidal particulates) to pass through fluid
channels between the coelenteric fluid and the calcifying fluid (Braun & Erez 2004;
McConnaughey 1989).

2.10 Conclusion
Much is still unknown about the mechanisms of coral calcification, although recent
biochemical and morphological studies have provided greater insight and allowed
modification and improvement of previously proposed mechanisms of calcification.
Holcomb et al (2009) provide a convincing argument for physicochemical
calcification by demonstrating that synthetic aragonite crystals, with almost identical
structure to the coral aragonite crystals, may be grown by manipulating the calcifying
environment. On the other hand, the presence of organic material in coral skeletons
and the SEM photographs presented by Cuif and Dauphin (2005) showing aragonite
crystals embedded in an organic matrix are equally convincing. Based on these two
mechanisms and their supporting evidence it is possible that corals may actively or
passively include trace elements in either aragonitic or organic phases of the
skeleton. This has implications for trace-element bio-monitoring with corals since
trace elements which are actively included may appear in higher concentration
relative to other trace elements. Furthermore if the inclusion of these bioregulated
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trace elements does not occur at a uniform rate, their concentration in aragonite
would not be proportional to the surrounding seawater. Corals could not thus be used
as bio-monitors of these actively included trace elements. It is also possible that bioregulated trace elements are included exclusively in the organic phases of the
skeleton. If this is found to be true, avoiding analysis of these organic phases may be
necessary. Nonetheless the majority of research published indicates that skeletal
concentration of many trace elements provides quantitative information about the
concentrations of these elements in seawater (David 2003; Fallon et al 2002; Lewis
et al 2007; McCulloch et al 2003a; Ramos et al 2004; Shen & Boyle 1987; Shen &
Boyle 1988; Shen et al 1987; Shen et al 1991; Sinclair et al 1998; Wyndham et al
2004).
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3 General methodology and environmental setting
3.1 Environmental Setting: Darwin Harbour
Darwin Harbour is a large, macro-tidal estuary in the wet tropics of Northern
Australia. It is relatively shallow with silt and clay dominated sediments and is
fringed by one of the largest stands of mangroves in Northern Australia (Woodroffe
et al., 1988). The Harbour is in a near pristine state owing to its relatively large size
and small population base (Dames and Moore, 1985). However development is
accelerating in the Darwin Harbour catchment, with several major infrastructure
projects currently in progress. This, combined with the expanding human population
of the greater Darwin area, has led to a significant increase in land clearing. A cost
effective long-term monitoring program is vital to support the sustainable
environmental management of the Harbour’s ecosystem.

3.1.1

Physical description

Darwin harbour is a shallow estuary formed by the flooding of the continental shelf
during the Pleistocene, (2.6 million to 11, 700 thousand years ago). The harbour has
three arms, Middle Arm, which receives water from the Blackmore River; East Arm,
which receives water from the Elizabeth River; and West Arm which receives
freshwater from smaller creeks (Skinner et al 2009; Woodroffe et al 1988). The
estuary mouth is defined by a line joining Lee and Charles points and its depth
gradually decreases from mouth to shore, starting with a depth of 20-30 m at the
mouth of the main channel to only 5-10 m in the middle reaches of the arms. Major
rivers and extensive terrestrial run-off have contributed to sedimentary infill of the
plateau and the formation of numerous embayments, islands, and mangrove tidal
flats (Ferns 1995; Padovan 1997; Wolstenholme et al 1997). The harbour has a
volume of 2.46 x 109 m3 at mean sea-level and covers an area of 1000 km2 at mean
high tide (Dames & Moore 1985).
The harbour receives terrestrial run-off during the wet season, especially into the
Middle and East arms of the Harbour where the Elizabeth and Blackmore rivers
enter. Up to 80% of annual rainfall (1,700 mm) falls between December and March
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leading to a salinity of 30 ppt in the wet season, compared with 35 ppt in the dry
season (BOM 2008; Munksgaard 2004; Skinner et al 2009).

3.1.2

Current uses and inputs

Darwin Harbour is closely associated with the city of Darwin (pop. 66,291) and the
city of Palmerston (pop. 23,614) (ABS, 2006). There are multiple uses of the
catchment area (approx 2000 km2) as summarised in Table 3.1. These widely varying
uses of the Harbour, ranging from enjoying coastal reserves to reclaiming land for
development are often in conflict with each other, thus careful management of the
Harbour is essential.
Table 3.1. Some common uses of Darwin Harbour and its catchment
Recreational

Commercial

Conservation

Boating

Shipping

Casuarina Coastal Reserve

Fishing

Aquaculture

East Point Aquatic Life Reserve

Sailing

Residential developments

Channel Island Corals Reserve

Swimming

Land reclamation

Doctors Gully Aquatic Life Reserve

Bird watching

Horticulture

Hunting

Agriculture

Source: (Padovan, 1997)

In addition to the many diverse uses by the local population, Darwin Harbour
receives various natural and anthropogenic inputs including untreated sewage and
river discharge from the Elizabeth and Blackmore Rivers. These rivers drain
catchments that are currently undergoing development (eg. land clearing for
horticulture and agriculture). Refer to Table 3.2 for a summary of terrestrial inputs to
the harbour.
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Table 3.2. Inputs to Darwin Harbour
Input

Source of input

Treated sewage

Ludmilla, Berrimah and Palmerston treatment plants

Untreated sewage

Larrakeyah plant (maceration and disinfection only)

Stormwater run-off

Residential and light industrial

River discharge

Elizabeth and Blackmore rivers

Trace element

Urban and industrial run-off, land-clearing, shipping and

pollution

port operations

Source: (Padovan 1997; Water Monitoring Branch 2005)

3.1.3

Climate

Darwin Harbour, 12°27’S, 130°50’E, has a tropical climate with distinct wet and dry
seasons. Darwin averages 8.5 hours of sunshine a day, with an annual rainfall of
1,714 mm falling on an average of 111 rain days (over 0.2 mm). Average climate
data (1941-2004) can be found in Table 3.3. (Bureau of Meteorology, 2004)
The dry season occurs from May to September with low afternoon relative humidity
(less than 50%). There is usually no rain from June to September and the coolest
months are June and July. Average daily maximum temperature in the dry season is
~31°C. Daily minimum temperatures can reach as low as 15°C but average ~ 21°C.
The wet season occurs from October to April with highest monthly rainfall occurring
in January (423mm on average). Afternoon relative humidity is high in the wet
season (>70%) and high intensity storms are common. November is the hottest
month, averaging 33.2°C, but the daily maximum for the wet season is an average of
approximately 32°C. Daily minimums average approximately 25°C.
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Table 3.3. Climate Averages (Darwin Airport) (1941 – 2008).
Jan

Feb Mar Apr May Jun

Jul

Aug

Sep

Oct

Nov

Dec

Ann.

31.8

31.4

31.9

32.7

32.0

30.6

30.5

31.3

32.5

33.1

33.2

32.5

31.9

24.8

24.7

24.5

24.0

22.1

20.0

19.3

20.5

23.1

25.0

25.3

25.3

23.2

423.3 361.1 319.3

98.9

26.5

2.0

1.4

5.7

15.4

70.7 141.8 247.9

1713.9

21.1

9.1

2.3

0.6

0.5

0.6

2.3

6.6

111.3

Mean daily
temperature
max (°C)
Mean daily
temperature
min (°C)
Mean total
rainfall
(mm)
Mean No of
rain days

20.3

19.3

12.1

16.5

Source: Bureau of Meteorology (2008)

3.1.4

Hydrology

Tides in Darwin Harbour are semi-diurnal, with average spring tides ranging from 18 m. The minimum and maximum tidal range for 2006 was 0.01 m and 8.01 m,
respectively (Bureau of Meteorology 2008). Strong tidal currents ranging from 0.251.4 m/s have been recorded at Darwin Wharf, ranging up to 2 m/s in the main
channel (Byrne 1987; Semeniuk 1984). The high tidal currents allow the growth of
patchy fringing reefs on the extensive inter-tidal reef flats, despite the high turbidity
and large amount of sediment transported back and forth by tidal flows in the
Harbour. The fringing reefs of the harbour are also affected by low spring tides.
Lows of less than 1 m occur regularly, causing a high proportion of the reefs to be
fully exposed for 2-3 hrs. These low spring exposures occur during the day in the wet
season and during the night in the dry season. See Table 1.4 for details.
The tidal characteristics in Darwin Harbour result in considerable heat and light
stress on organisms inhabiting the inter-tidal zone (Collins 1994; Ferns 1995).
Collins (1994) suggests that this summer exposure may cause species of the intertidal zone to have a lower vertical distribution than that found on the Great Barrier
Reef (GBR).
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Table 3.4 Tidal planes of Darwin
Tidal Planes

metres

HAT (highest astronomical tide)

8.0

mhws (mean high water springs)

6.9

mhwn (mean high water neaps)

5.1

msl (mean sea level)

4.1

mlwn (mean low water neaps)

3.2

mlws (mean low water springs)

1.4

LAT (lowest astronomical tide)

0.01

Seasonal occurrence of daytime mlws

Wet (Summer)

Average time <1 m lows occur (day)

1:40 pm

Average time <1 m lows (night)

1:20 am

Source: Australian National Tide Tables 2008

Darwin Harbour is widely described as a large seasonal estuary because of the
intense terrestrial run-off and freshwater discharge from major rivers (Elizabeth and
Blackmore) during the wet season, (Ferns 1995; Hooper 1987; Michie 1987;
Semeniuk 1984). Wet season run-off from these rivers, creeks and streams,
combined with wind and wave resuspension and strong tidal currents contribute to
the high levels of suspended solids. Suspended solids are mostly in colloidal form,
and wet season visibility can be less than 1 m (Michie 1987; Wrigley et al 1990).
The low light penetration and tidal currents, necessary to prevent sediment
smothering, are the major factors governing the depth of coral beds (<10m), and the
biodiversity of inter-tidal reefs in the region. Both diversity and reef depth increase
moving through the middle harbour out to the ocean (Collins 1994; Wolstenholme et
al 1997).

3.2 Study sites and sampling design
Twenty-six dome-shaped colonies of massive Favids were collected from four zones
in Darwin Harbour in February 2003 and February 2004 (Figure 3.3). In addition, six
Favids were collected from Heron Island on the GBR (23°S) by Dr Neils
Munksgaard (June 2003) (Figure 3.3). Four Porites samples, collected by the
Australian Institute of Marine Science (AIMS), were also used for comparison.
These consist of two Porites spp. coral cores, collected in August 1986, from
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Nightcliff Reef in Darwin Harbour (12°S), and from Port Essington, NT (11°S), a
Porites lobata colony from Rocky Island Reef GBR (13°S) and a Porites lobata
colony from Misima Island Reef, Papua New Guinea (PNG) (11°S) (Figure 3.2).
PE
MI
DH

RI

HI

Figure 3.1: Map of Australia showing relative locations of sample sites DH = Darwin Harbour;
PE = Port Essington, MI = Misima Island (Papua New Guinea), RI = Rocky Island and HI =
Heron Island (GBR)

Of the Favid colonies collected 25 of the 26 from Darwin Harbour and 4 of the 6
from Heron Island were used for growth and trace element analysis. These Favid
samples came from fringing reefs and rocky outcrops which were exposed at extreme
low tide (0 – 30 cm above lowest astronomical tide). Of the colonies collected, 16
were P. sinensis and 13 were G. aspera. There were also three P. sinensis samples
rejected, one from Darwin Harbour and two from Heron Island (not included in
Table 3.5). These samples were rejected due to ambiguous annual density banding
and/or internal bio-erosion. This bio-erosion and ambiguous banding is possibly due
to growing in a stressful reef environment and often made dating samples difficult
(see discussion in Chapter 4).
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Table 3.5: Details of coral samples

Zone in Darwin Harbour

Middle Arm

CBD

Inner Harbour

Outer Harbour

Reef

North Australia
GBR#
PNG^
Total

G. aspera

P. sinensis

Porites spp.

Middle arm

1

1

0

Channel Island

3

3

0

Pumphouse

0

1

0

Lameroo Beach

1

1

0

Weed Reef

1

2

0

South Shell Island

1

2

0

Emery Point

2

0

0

Nightcliff

1

2

1

Lee Point Reef

1

2

0

11

14

1

Total in DH

Other Locations

No & species of corals analysed

Reef

No & species of corals analysed
G. aspera

P. sinensis

Porites spp.

Port Essington

0

0

1

Heron Island

2

2

0

Rocky Island

0

0

1

Misima

0

0

1

13

16

4

# GBR = Great Barrier Reef
^ PNG = Papua New Guinea

Colonies ranged in size from 10 – 30cm, with an average height of 19 cm (See table
in Appendix A), due to permit restrictions on size by the Northern Territory
Government - Department of Primary Industry, Fisheries and Mines.
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3.2.1

Darwin Harbour

Four zones in Darwin Harbour; Outer and Inner Harbour, the city zone (CBD) and
Middle Arm were chosen to investigate the effect of the salinity and turbidity
gradients on coral growth and skeletal trace element concentrations. The salinity
gradient ranges from least saline in the inner-most section of the Harbour, Middle
Arm (MA) where the Blackmore river enters the Harbour, to most saline in the Outer
Harbour (OH), whilst Inner Harbour (IH) has moderate freshwater influence, and
CBD was chosen to investigate possible trace element pollution (Figure 3.3). The
turbidity gradient is the inverse of the salinity gradient with highest turbidity in the
arms and lowest turbidity in the Outer Harbour (NT Government unpublished data;
Padovan 2001; Padovan 1997).

OH

CBD
IH

Elizabeth
River

MA

Blackmore
River

Figure 3.2: Darwin Harbour showing zones (OH – Outer Harbour, IH – Inner Harbour, CBD –
Central Business District, MA – Middle Arm) Catchment area shaded gray.
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3.2.2

Heron Island

In order to compare Favids from turbid Darwin Harbour with Favids from the
relatively clear waters of the GBR, six colonies were collected from Heron Island ,
four of these were P. sinensis and two were G. aspera (Table 3.5). Two of the P.
sinensis corals were later rejected sue to ambiguous banding. The Heron Island
Favids were collected in June 2003 and were treated in the same way as the Darwin
Harbour samples.

Figure 3.3: Heron Island a) offshore location, b) Heron Island Reef (modified from Werner et al
(2008))
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3.2.3

Rocky Island, Great Barrier Reef, Misima Island, Papua New Guinea and
Port Essington, Northern Territory

The Porites cores and colonies from Port Essington, NT, Rocky Island, (GBR) and
Misima Island, (Papua New Guinea) had previously been sliced and X-rayed (by
AIMS) and only required dating by densitometry. Two of these were long cores
collected in 1986 from massive bommies at Port Essington, Northern Territory
(11°13’S, 132°08’E) and Nightcliff Reef, Darwin Harbour (12°27’S, 130°50’E). The
other two Porites samples were from Rocky Island Reef, GBR (12°53’S, 143°33’E)
and from Misima Island, Papua New Guinea (10°36’S, 152°48’E) (Figure 3.4). See
Lough et al (1999) for details of these Porites corals.

a

b

c

Figure 3.4: Porites sample sites Rocky and Misima Islands. a) overview of region, b) Rocky
Island, c) Misima Island showing mine site and waste dumps
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Port
Essington

Cobourg
Peninsula

Figure 3.5: Port Essington sample site on the Cobourg peninsula (Australian Natural Resources
Atlas 2009)

These four Porites samples were included to compare different sedimentation,
freshwater and trace element impacts on corals from similar climates with similar sea
surface temperatures (SST). Misima Island, Rocky Island and Port Essington and
Nightcliff Reef are all located between 10-13°S in the Wet/Dry tropics and have
similar SSTs
Port Essington generally has tides between 2 – 2.5 metres and its reefs are relatively
protected from the high currents experienced in the open ocean. Port Essington reefs
also experience low turbidity due to the small tidal range and low discharge from
creeks and estuaries of the Cobourg Peninsular (Cobourg Peninsula Sanctuary and
Marine Park Board 2007). There is little urban run-off affecting corals at this site due
to low population, although the area does receive tourists, is used for commercial
fishing and aquaculture and contains several small aboriginal communities (Cobourg
Peninsula Sanctuary and Marine Park Board 2007). Rocky Island reef on the GBR
also has low urban impacts due to low populations on the Cape York peninsular.
Rocky Island reef experiences small amounts of freshwater discharge from the
nearby Lockhart River but has relatively low turbidity (Furnas 2003; Lough et al
1999). Misima Island reef is, however, affected by terrestrial and urban impacts due
to open-cut gold mining. Misima reef receives high levels of monsoonal rainfall and
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is reported to have experienced increased sedimentation after mine construction
(Barnes & Lough 1999; Done & Turak 1994). Sedimentation was reported to have
reduced coral tissue layer thicknesses and increased skeletal zinc concentration to
approximately 40 times that measured pre-mining (Barnes & Lough 1999; Fallon et
al 2002).

3.3 Cleaning Procedures
Two cleaning procedures were used to ensure glass and plasticware was free of
contaminant trace elements before undertaking analyses of the coral samples.
3.3.1

Method 1 cleaning procedure

Plasticware and glassware was rinsed briefly with reverse osmosis (RO) water prior
to soaking in 1-2% Decon 90® for minimum 3 hrs, followed by thorough rinsing
with high purity (HP) water and soaking in 5-10% HNO3, for minimum 6 hrs. All
plasticware and glassware was then thoroughly rinsed with HP water and dried
(covered) in a 60˚C oven.

3.3.2

Method 2 cleaning procedure

Plasticware and glassware was rinsed with HP water prior to soaking in 5-10%
HNO3 for a minimum of 6 hrs, followed by thorough rinsing with HP water and
further soaking in 5-10% HCl. All glass and plasticware was then rinsed and dried as
per Method 1.

3.4 Coral sample preparation and sclerochronology
The growth parameters of skeletal density, annual extension and calcification rate
were determined for each colony using methods described previously (Barnes &
Lough 1989; Chalker & Barnes 1990; Lough & Barnes 1990a; b).
After collection, coral colonies from Darwin Harbour and Heron Island were soaked
in distilled water for at least 3 weeks and tissues removed as described in
Munksgaard et al (2004). Two or three slices (~7mm thick) were then cut from
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approximately the middle of each colony extending from the surface to the centre
using a large diamond blade saw lubricated with freshwater. Porites samples
collected by AIMS were processed at AIMS and included air-drying of fresh or
halved samples for several weeks before slicing (Barnes & Lough 1989; 1992).
Some colonies that were unable to be sliced whole due to unavailability of the
diamond blade saw were cored in the laboratory at AIMS. The in-lab coring
technique used was novel and required attachment of the core tube, normally used
with pneumatic powered underwater drills, to a standard electric drill (Figure 3.6).
The core tube was attached to the drill using an adapter. Each coral specimen was
placed in a tub and submerged in water. A single central core was then taken through
a hole in a wooden guide. The wooden guide was held tight against the coral to
prevent slippage at the start of coring and also prevent the coral from shifting. Coral
cores were then sliced into ~7mm thick core slices on the core slicing saw at AIMS.

Figure 3.6: In-lab-coring of a P. sinensis sample. Coral was mounted in plaster of paris and
cored in a tub of water. Note the growth hiatus visible on the core sample (arrow)

Slices were dried for 12 h at 60°C and X-radiographed using Kodak lanex regular,
double-sided emulsion (100 mA, 0.032 s, 45 kV, 150 FFD; Rochester, NY, USA).
Positive prints of the X-ray images revealed the annual density banding patterns and
were then used to identify tracks on each slice along which to measure density. The
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tracks were positioned where the annual density banding pattern was clear and where
there was least interruption and distortion of the pattern by bioerosion, cracks and
growth hiatuses. Density was measured along each track at 0.25mm intervals using a
gamma densitometer with a 4-mm diameter gamma-ray beam (Chalker & Barnes
1990; Lough & Barnes 1990b). The X-ray images were also used to date the annual
growth bands based on the assumption that high density bands are deposited in
summer (Lough & Barnes 1990a).
The coral high density bands also span two calendar years of austral summer with the
low density bands forming in winter. In this study, the coral year was dated as the
year of the January. For example corals collected in August 2003, will have an outer
band representing 2003, even though the high density band will have begun forming
in September 2002. Thus the 2003 density band will span growth from the beginning
of the wet season (September 2002) to the end of the dry season (August 2003).
The annual bands of the coral slices used in this study (from both Darwin Harbour
and Heron Island) in most cases represented a common 10 year growth period, 19942003. Dating required examination of both X-ray images and density traces. In many
cases dating by X-ray images was easier due to the ability to observe the whole coral
slice rather than just a narrow track perpendicular to the growth direction.
All coral slices dated in the study were assigned a subjective confidence-level based
on a scale of 0-3 where 0 was very high confidence and 3 was low confidence that all
annual bands had been correctly identified and dated (Table 3.3). If a coral had a
confidence level of 3 by both X-ray analysis and densitometry, indicating ambiguous
banding, it was rejected from further analysis (Bunge, 2003). Three Platygyra
sinensis corals were rejected from analysis in this study, two from Heron Island and
one from Channel Island reef, (Middle Arm zone).
Porites corals were generally easier to date than Favids and X-ray images generally
have better confidence ratings than densitometer traces as it is possible to view the
entire slice to resolve the bands, whilst density tracks can only follow one linear
path, along which the growth direction may vary (Barnes & Lough 1992; Bunge
2003) (Table 3.6).
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Table 3.6: Earliest year datable and dating confidence using X-ray positives or densitometry (Dprofile) dating methods
Earliest Yr datable

Dating confidence

Zone/Site

X-ray

D-profile

X-ray

D-profile

Middle arm

1982

1982

1.94

1.81

East Arm

1989

1991

2.33

2.67

CBD

1989

1990

1.83

2.67

Mid Harbour

1979

1987

1.30

2.30

Outer Harbour

1981

1985

1.42

2.42

Heron Island

1980

1980

2.00

3.00

Nightcliff core (Porites)

1778

1778

1.75

2.00

Port Essington (Porites)

1914

1920

0.50

1.00

Rocky Island (Porites)

1977

1977

0.50

1.00

Misima (Porites)

1978

1978

0.50

1.00

Once each growth band was dated, it was possible to calculate
•

Average annual skeletal density as the average density between adjacent
annual density minima (g /cm3);

•

Average annual extension rate as the linear distance between adjacent annual
density minima (cm /yr); and

•

Average annual calcification rate – the product of annual extension and
annual average density (g /cm2 /yr)

The three annual variables were then averaged for each track for the period 19942003 which was common to almost all of the 26 colonies.

3.4.1

Tissue layer thickness analysis

Skeletal slices were not bleached and thus a dark band of coral tissue remained
around the outside of slices. The thickness of this dark band was the depth to which
skeleton was occupied by tissue at the time the colony was collected (tissue
thickness, mm) (Barnes & Lough 1992). Effective tissue thickness was also
determined by dividing tissue thickness by average annual extension to provide a
measure of the time (in months) that skeleton was covered by tissue (Taylor et al
1993) (see discussion in Chapter 5).
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3.4.2

Luminescence analysis

Luminescent banding was observed in two ways: 1) qualitatively, by observing coral
slices under UV light in a dark-room; and 2) quantitatively, on a custom built
luminometer at AIMS. Both of these methods have been previously described
(Barnes & Taylor 2005; Barnes et al 2003; Lough et al 2002). On the densitometer/
luminometer, luminescence was measured at intervals of 0.25mm along the density
track. At each interval a 2 mm diameter spot on the surface of the coral skeleton was
illuminated with ultra-violet light at 390 nm and luminescent emissions at 490 nm
were recorded. Light at 490 nm was then shone on the same spot and its reflection
recorded. Luminescent emissions from a spot were then standardised by dividing by
the reflectivity of that same spot (Barnes et al 2003).

3.5 Trace element analysis methods for coral samples
3.5.1

Dissolution analysis of coral

Acid-dissolution of samples followed by elemental analysis was termed ‘dissolution
analysis’ in this thesis. Dissolution analysis involved dissolving coral samples in acid
before analysis using the inductively coupled plasma - mass spectrometer (ICP-MS)
(Perkin Elmer Elan 6000). Dissolution analysis was performed to verify results
obtained via Laser Ablation (Eximer; New-Wave) -ICP-MS (LA-ICPMS). In order
to adequately compare the two methods adjacent segments (spanning the same
growth years) were analysed.
Analysis involved cutting small samples from individual growth bands, crushing and
homogenising the sample, dissolution in nitric acid and analysing the bulk sample on
the ICP-MS. The smallest samples were dissolved whole.

3.5.2

Laser ablation analysis of coral

Blocks of coral (3cm long x 2cm wide, elongated along the direction of growth)
spanning 2-5 years of growth were cut from the initial coral slices using a Dremel
rotary drill fitted with an aluminium oxide cutting disc. Blocks were cleaned by
ultrasonication three times for 10 – 15mins with thorough rinsing between
sonications and dried at 60°C for 48 hrs. Dried blocks were then mounted in carbon
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doped epoxy resin (epirez) and polished using SiC paper (grit 220 to 4000). Coral
years were then marked onto the block surface using a diamond point marking pencil
by tracing the banding pattern observed on X-ray images. (Figure 3.7)

2003
2002

2001
2000

Figure 3.7: Photograph of coral section embedded in dark resin showing bands marked for
analysis using a diamond point marking pencil and an example of laser tracks. Green tracks are
on odd years while red tracks are on even years

Coral blocks were analysed using LA-ICP-MS. Two instruments were used in this
study: a 193 nm laser (Eximer; New-Wave) coupled to an ICP-MS (Agilent 7500)
located at Macquarie University (Sydney), and a 213 nm laser (Nd:YAG, 5th
harmonic; New-Wave) coupled to an ICP-MS (Perkin Elmer Elan 6000) located at
Charles Darwin University (Darwin). The main operating parameters are shown in
Table 3.7. Both instruments were operated in accordance with manufacturers
specifications.
Spot and linescan analyses involved scanning a laser beam of up 110 μm diameter
along the corallite wall structures, in the direction of growth. Several methods of
laser ablation and ICPMS analysis have been developed and published by researchers
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at the Research School of Earth Sciences at the Australian National University (e.g.
Sinclair et al (1998)). Most previous laser ablation analysis methods have, however,
been developed for Porites sp. where individual corallites are quite small (<1mm
across). These methods include scanning a 600μm wide rectangular laser beam over
Porites corallites to obtain an average composition of all skeletal structures. This
method is unsuited to the Favids used in this study (e.g. Goniastrea sp. and
Platygyra sp.), which have corallites ranging in size from 5-10mm across. Since
these Favid species have massive walls (commonly 0.5-2.0 mm thick) dividing
individual corallites, the laser method used in this study scans along these structures
and is termed wall-structure laser ablation (WS-LA). This method is, therefore,
different to laser methods used on Porites spp. and has the advantage of avoiding
some fine-scale compositional heterogeneity related to the presence of non-aragonite
phases, e.g. organic material and non-skeletal particle inclusions)

Table 3.7 Main instrument operating parameters

Instrument

213 nm/ELAN 6000
(Charles Darwin University)

Analysis type

Spot and linescan

Spot size [µm]

110

Pulse energy at sample [mJ]

1.9–2.3

Energy density at sample [J
cm−2]

25–30

Pulse frequency [Hz]

5

Linescan speed [µms−1]

10–20

Ablation cell He flow [L
min−1]
ICP-MS nebulizer Ar flow [L
min−1]

0.3–0.4
1.00–1.05

ICP-MS RF power [W]

1120

ICP-MS dwell times [ms]

25Mg, 43Ca, 86Sr, 137Ba, 238U=40; 55Mn=100; 27Al,
63Cu, 65Zn, 85Rb, 139La, 208Pb=200

ICP-MS replication time [s]
Total analysis time
(blank/sample) [s]
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1.58
Spot: 47/111, Linescan: 32/442

The 193 nm laser was used only during initial analysis, and only for spot analyses
using the data processing software Glitter ™ (Macquarie Research Ltd 2000) It was
during these early analyses that 12 analytes were chosen to achieve short replicate
ICP-MS scan times (for enhanced spatial resolution) while still maintaining dwell
times sufficiently long to ensure good counting precision. Both the 193nm and
213nm instruments were optimized for maximum sensitivity by adjusting He and Ar
flows, plasma power, and lens settings during ablation of standard materials. Oxide
formation was monitored by the ThO+/Th+ ratio and was typically <0.5%. Refer to
(Munksgaard et al 2004) for operating parameters and other details of the 193 LAICPMS system.
The 213 nm LA-ICP-MS system was used for spot analyses and linescans and data
reduction was carried out using both Glitter ™ and manual processing using
Microsoft Excel™ and Access™. The Glitter ™ program carries out gas blank
correction, internal standardization (using 43Ca+ and CaO = 56 wt-% in the coral
sample), and calibration against selected standards. Blank and sample quantification
windows are user-selectable.
Due to the heterogeneous nature of coral samples, the start of the quantification
window was set as soon as a relatively stable ratio of analyte to 43Ca+ signal was
obtained (approximately 10 s after commencing ablation). All analytical spectra were
inspected for obvious evidence of non-carbonate inclusions and voids (evident by a
substantial reduction in 43Ca+ signal). On the few occasions these were encountered,
samples were re-analyzed in an adjacent spot or linescan. To remove surface
contamination each linescan was first ablated (pass 1) to provide a clean surface for
the second analytical pass.
Polished fragments of the certified reference silicate glasses (NIST 610 and 612;
National Institute of Standards and Technology, Gaithersburg, MD) were used as the
main calibration standards using the concentration values of Norman et al (1996).
Despite the different matrices, the NIST glasses have been used as calibration
standards for the analysis of carbonates in several recent studies (e.g. Fallon et al
2002). In this study, a synthetic calcium carbonate pellet standard (MACS-1),
developed for LA-ICP-MS (courtesy Steve Wilson, US Geological Survey, Denver,
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CO), was used to investigate matrix effects. A typical analytical run consisted of up
to 15 spot or four linescan analyses bracketed by two NIST glass analyses before and
after the samples. An example of tracks analysed is shown in Figure 3.7.
The beam size used for both spot and linescan anlaysis was 110μm. Laser travel used
a moveable sample stage with a stationary laser. Sample travel rate chosen for
linescan tracks was 30μm/s which resulted in laser tracks of ~8.6mm in length where
each replicate analysis of 12 analytes required approximately 1.59s and a linescan
consisted of 180 sample replicates (ICP-MS analysis with laser scanning) and 20
blank replicates (ICP-MS analysis with no laser ablation). Since annual density
bands in corals from Darwin Harbour were on average 10mm wide, often one year of
growth was covered by a single track. At this scanning speed each data point in a
linescan was ~5μm distance along the coral slice.

3.5.3

Laser ablation analysis: data processing

To observe the seasonal and annual profiles of Darwin Harbour corals, the counts/per
second raw data were converted to concentration relative to Ca. The software
package currently in use by the CDU laser ablation instrument, Glitter ™, performs
this conversion, producing an average concentration for each pass over a chosen
track (in this case ~ one year). This information is useful for long-term monitoring
programs, but does not show intra-annual (e.g. seasonal) differences or peaks due to
environmental events.
To obtain detailed (intra-annual) profile data, manual conversion of raw ICPMS data
(counts per second) to concentration was performed using a series of calculation
steps:
To streamline data processing, the raw ICPMS data were first imported into a
Microsoft Access™ database. Conversion to concentration was then performed using
a series of queries (17 stepwise data manipulations were required). Data was
converted for all passes of each track so that both the initial cleaning pass and the
analytical pass were converted and compared. The final database query produces
over 280,000 rows of concentration information for each of 10 elements for 35 corals
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spanning approximately 20 years of growth. The database is able to filter by pass,
track, year, individual coral, site and species, which enables patterns to be observed
and sites/corals/species/years to be compared with ease. The query tree is illustrated
in Figure 3.6 (Details of all queries and database structure can be found in Appendix
B).

Raw
Counts

Ratio to Ca
Counts

Blank
Corrected

Standards
Ca Ratio

Samples
Ca Ratio

Calculate DL
from Blanks

Calculate
factor
Calculate Sample
Concentration

Sample Concentration
Filtered for DL

Figure 3.8: Structure of queries used in Access database to convert data from counts per second
to concentration data

Manual Conversion steps:
1. Transposed raw data to a layout for use in an Access relational database with
an Excel macro
2. Imported data to an Access table
3. Created queries to:
a. Calculate the average of standard and sample for each pass on a laser
track and their respective blanks (each pass on a track has a 30
replicate blank reading before laser analysis begins)
b. Adjust for blank counts and convert values to ratios relative to
calcium
c. Convert counts/second to concentration using a conversion factor
based on the formula
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Concentration
of MSAMPLE

(raw counts of Ca(std) – blk)
=

(raw counts of M(std) – blk)

x

average counts
of M in coral

x

Factor
(M)

Where M is analyte metal and Factor(M) is:

Ca conc in coral
Factor (M) =

Ca conc in std

x

Conc of M in std

d. Where annual averages were required, an additional filter step was
included to remove outliers that were above or below 3 standard
deviations from the mean calculated for each coral. Filtering was
required for the annual averages due to the heterogenous nature of
coral samples, where any large spikes in a single year of growth
would bias the average for that year. When examining concentration
profiles this data filtration step was not included to allow visualization
of all peaks and troughs in the concentration profile. (Data filtering is
further discussed in Chapter 3)
4. Data were then exported to a template Excel file and signal-smoothed using a
running median/running average of 9 replicates (Munksgaard et al 2004)
5. ICP-MS replicate numbers were then converted to distance into coral (from
surface) or date from collection and plotted against metal concentrations for
all years of growth analysed for each coral. Conversion to date was a three
step process:
a. Firstly, distance between replicates was converted to days and
fractions thereof. This was performed by dividing number of days in a
year (365/366) by number of replicates for that year. For example,
analysis of a year 2000 (leap year) growth band, in which two tracks
were used totaling 170 replicates in track 1 and 107 replicates in track
2, would have 366/277 = 1.32days per replicate.
b. Secondly, since a coral year was taken as the beginning of the wetseason/summer to the end of the dry season and coral samples are
analysed from oldest to youngest; the band labeled year 2000 would
start at 01/09/1999, (operationally taken as beginning of the wet
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season). To determine subsequent dates, number of days between
replicates (1.32) was added to each replicate till the last replicate
(277th) ended at 31/08/2000 (or 366 days later).
c. Conversion to distance into coral involved the addition of the distance
between replicates (4.78μm) to each replicate from the oldest replicate
to the youngest.
6. Calcium data was also plotted as counts/second to ensure data integrity, since
a substantial fall in Ca counts will increase other analytes apparent abundance
due to the use of Ca as the internal standard. Where this occurred it was
generally related to analysis of non-carbonate inclusions or mounting
materials. Thus, where Ca counts decreased significantly and suddenly, data
for all elements were excluded from further analysis. This exclusion was rare
and resulted in very little data loss, usually equivalent to a distance of several
μm only.

3.6 Seawater and sediment sample collection, preparation and analysis
3.6.1

Water collection

Seawater and river water in the vicinity of Darwin Harbour were sampled via a
continuous flow sampling method with or without in-line filtration. A peristaltic
pump and tubing were used to deliver water into a sample bottle from the desired
depth. Sample bottles were seawater dedicated polypropylene bottles (250ml
Nalgene®). These were prepared by Method 2 cleaning procedure in a class 100
clean room. They were stored filled with 0.1% HCl and double-bagged in PP ziplock bags until required.
When pumping samples, the shallowest samples were taken first and the deepest
samples last, to avoid water mixing. Pump, tubing, and filter were all rinsed in situ,
by flushing apparatus for five minutes prior to first sample and two minutes between
subsequent samples.
As part of the quality control procedure, selected filtered and unfiltered samples were
spiked; this involved the addition of a known concentration of metals into a duplicate
sample.
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3.6.1.1

In-line pump

A peristaltic action in-line pump (Cole Palmer® 7533-50) operated in the field by a
12V battery was used for sampling. Pump tubing (Nalgene® polyurethane) for field
sampling was soaked in 5% HCl for a maximum time of 30 minutes before thorough
flushing and attachment to pump. Pump and tubing where then sealed in
polypropylene (PP) ziplock bags until required.
A control sample was taken to test contamination from sampling apparatus. An acid
washed 25 L LDPE carboy was filled with high purity water and two filtered and two
unfiltered samples were taken from it following the sampling procedure above.

3.6.1.2

In situ filtration

Gelman® ground water filter capsules (0.45μm) were used for in situ in-line
filtration. Capsules were attached to tubing when desired depth was reached and
flushed for five minutes prior to sample collection. Filter capsules were cleaned by
wetting through with HP water and allowing them to soak in 5% HCl (Aristar grade)
for one hour before thorough flushing with HP water. Capsules were allowed to drain
(covered with plastic wrap) in a class 100 laminar-flow hood overnight, before being
sealed in ziplock plastic bags and stored at 4˚C until required.

3.6.2

Seawater preparation and analysis

All laboratory handling of samples was carried out in a class-100 laminar flow
cabinet in a Clean Room. Both filtered and unfiltered samples were acidified to
pH<2 with concentrated nitric acid (Suprapur, Merck.) upon return to the laboratory.
Filtered samples were left acidified at room temperature for a minimum of 24 h
before processing. Unfiltered samples were heated in the sampling bottle in an oven
at 60°C for 48 h before processing by the same procedure as used for filtered
samples.
For analysis of Al and Mn in seawater, a dilution analysis method was used. Dilution
of saline samples to a ratio of 1:15 in high purity water significantly reduces matrix
effects thus enabling analysis. NASS-5 reference seawater was used in blanks and
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standards, and all samples were salinity matched to the salinity of diluted NASS-5,
(salinity of NASS-5 diluted 1/15 = 2.03) and analysed by ICPMS.
Removal of the salt matrix and pre-concentration of metals (Cu, Zn, Pb) was carried
out by an off-line ammonium pyrrolidine dithiocarbamate (APDC) solvent extraction
Hg exchange back-extraction procedure as described by Batterham and Parry (1996)
and Batterham et al. (1997).
An Elan 6000 ICPMS (Perkin Elmer) was used for analysis of Cu, Zn and Pb
concentrations in the aqueous Hg back-extraction solutions derived from water
samples and Al, Ba and Mn in diluted seawater samples. The instrument operating
conditions used for metal analysis of seawater samples have been reported by
Batterham et al. (1997) and Munksgaard et al.(1998).
Data on standard reference materials, typical sampling blank levels and detection
limits for seawater analysis are shown in Table 3.8.
Salinity and pH data were measured in situ using calibrated YSI 3800 and Hydrolab
Surveyor 4 water quality loggers simultaneously with water sampling.
Table 3.8: Heavy metal concentrations in NRCa Standard Reference Materials and sampling
blanks
Al

Mn

Cu

Zn

Pb

Ba

ng/l

ng/l

ng/l

ng/l

ng/l

μg/l

Certified
value

3100 ± 300^

3900±300^

592±55^

381±57^

9.8±3.6^

13.40±0.6^

Average
result n=3

18500±1600

3900±700

616±65

408±114

9.8±6.8

13.36±0.2

Typical sampling blank

1730

920

90.2

127

6.83

0.060

Typical detection limitb

5000

500

22.6

2.98

1.68

0.500

Reference
Material*

a National Research Council Canada. b 3 x S.D. on process blank. * SLRS-3 used for aluminium and
manganese (dilution analysis) and CASS-4 used for copper, zinc and lead (solvent extraction analysis)
^ ±2 S.D. 95% confidence level, n is No of samples.
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3.6.3

Historical seawater data

Unfiltered surface seawater samples were collected by the NT Government from
2001 to 2005 at various locations throughout Darwin Harbour. These samples were
collected, prepared and analysed using the methods outlined above. Analyses were
carried out using the same instruments and equipment at Charles Darwin University
as were used in this study. Data from these samples have been combined with data
collected from this study and averaged according to their zones in the Harbour.
Permission to use this data was granted by the Northern Territory Government (Julia
Fortune,- personal communication).

3.6.4

Sediment collection and preparation

In this study sediments were collected during 2003/04 from some of the same sites
used for coral collection. Sediment was scraped from coral and rock surfaces using a
15 ml tube (Sarstedt®), the tube was tapped several times to allow moist sediment to
slide into the tube and the scrapings repeated until >3ml of sediment was collected.
Duplicate samples were collected where possible.
Tubes of sediment were emptied into labeled screw-top sample jars and dried at 60°C
for 48hrs. Sediment was then homogenised with an automated agate mortar and
pestle (Retsch) and digested.

3.6.5

Sediment digestion and analysis

Two digestion procedures were used to solubilize sediment samples, both are
described in Munksgaard & Parry (2002a). The first procedure was a pseudo-total
analysis of most heavy metals for chemically and physically mature sediments (Ure
1996), such as those found in northern Australia (Alloway 1995). In this procedure
approximately 0.5 g of sample was digested in 1mL conc. nitric acid (AR grade,
69%) + 4 mL conc. perchloric acid (AR grade, 70%) in an open tube block digester
at 180°C for 6-8 hours. The second digest procedure was a 1N HCl digest used to
provide an approximation of the maximum bioavailable fraction of metals in
sediment, as recommended by ANZECC (2000). In this procedure approximately 0.5
g of sample was digested in 5mL 1M HCl (AR grade) and samples placed in an
environmental shaker at 30°C for 1hr at 150rpm.
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Quantitative analyses of the concentrations of Al, Mn, Cu, Zn and Pb in both digest
types were carried out using a Perkin Elmer ELAN 6000 inductively coupled plasma
mass spectrometer (ICP-MS) .Further details of the operating parameters can be
found in Munksgaard et al (1998). Data on digest blank levels and reporting limits
for sediment analysis are shown in Table 3.9. Whilst other elements were analysed in
sediment collected in this study only Al, Mn, Cu, Zn and Pb were included in data
analysis for comparison with previous historical Darwin Harbour-wide surveys of
sediment and seawater concentrations.
Munksgaard & Parry (2002) demonstrated that the recovery of Al, Mn, Cu, Zn and
Pb is near complete in certified reference materials: NRC MESS-2 and NIST
Estuarine Sediment. Table 3.9 shows the metal recoveries.
Table 3.9: Metal concentrations determined for standard reference materials and digest blanks

Reference
Material*

Al
mg kg-1

Mn
mg kg-1

Cu
mg kg-1

Zn
mg kg-1

Pb
mg kg-1

Certified total

62500±2000#

365±21#

39.3±2.0#

172±16#

21.9±1.2#

HNO,+HClO,
digest (n= 3)

46600±1900#

302±27#

37.7±1.8#

161±6.1#

22.2±1.5#

HCI digest
(n = 3)

N.D.

317±13#

31.7±4.6#

170±4.2#

17.5±2.7#

28
2.1

0.10
0.06

0.24
0.03

0.26
0.05

0.08
<0.01

10
2.1

0.08
0.01

0.07
0.03

0.07
0.01

0.03
0.01

Typical sampling blank
HNO3 + HCIO4 digest
HCI digest
Typical reporting limita
HNO3 + HCIO4 digest
HCI digest

* Reference material for Al was Estuarine sediment (National Institute of Standards and Technology)
and for other metals it was Mess-2 (National Research Council Canada)
a 3 x S.D. on process blank.
# ±2 S.D. 95% confidence level
S.D. = Standard Deviation, N.D. = Not Detected, n is No of samples.
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3.6.6

Historical sediment data

Sediment samples were collected in two extensive Darwin Harbour-wide surveys,
firstly in 1993 by the NT Government (Fortune 2006) and secondly in 1998 by B.
Woods (Hons Thesis – CDU). These samples were collected by van-veen grab
sampler then prepared and analysed using the methods outlined above. Data from
these historic samples have been combined with samples collected in this study to
provide a Harbour wide dataset spanning the years (1994 - 2003).

3.7 Statistical analysis
Coral growth characteristics and trace element concentrations were averaged
annually for the period common to most corals, 1994-2003. Distributions of the data
were examined, and comparisons between data sets analysed using ANOVA, while
long-term trends were tested for correlation with time using linear regression. All
statistical analyses were performed with SPSS Inc. SPSS 16
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4 Development and validation of a biomonitoring method
for turbid coastal environments: laser-ablation ICP-MS
of Favid corals
4.1 Introduction
Environmental bio-monitoring using the annually banded skeletons of scleractinian
corals can provide potentially centuries of historical data on climate, river run-off
and pollution (Dodge & Gilbert 1984; Fallon et al 2002; Gagan et al 1998; Hanna &
Muir 1990; Isdale et al 1998; Lough & Barnes 1997; 2000; McCulloch et al 1998;
Scott 1990; Shen & Boyle 1987; Shen & Boyle 1988). Much of the environmental
information in coral skeletons is obtained from trace element concentration ratios,
therefore robust and reliable methods of obtaining these are necessary.
In Australia most work on the chemical composition of coral skeletons has been
carried out on Great Barrier Reef (GBR) corals. This work includes tracing Burdekin
river flood plumes flowing out to the reef using Mn, Ba, Y and Rare Earth Element
profiles (Alibert et al 2003; McCulloch et al 2003a; McCulloch et al 2003b;
Sholkovitz & Shen 1995; Wyndham et al 2004). In other parts of the world corals
have been proven to detect contaminants from coastal mining operations. Fallon et al
(2002) were able to show that corals growing near a gold mine in Misima (Papua
New Guinea) had ~40 times the zinc level of controls, whilst in the Philippines
David (2003) detected elevated metal in corals growing near tailings from a copper
mine.
Most of the above mentioned studies have used corals of the genus Porites, eg
Porites lobata, Porites lutea and Porites mayeri, (collectively ‘Porites’ corals),
which are abundant, grow to form massive colonies, and have a relatively fast growth
habit compared to other hard corals (Highsmith 1979). For these reasons Porites
corals have been favoured by researchers on the GBR and most of the recent method
development, using laser ablation instruments, has been focused on this genus in
typical reef environments. Porites corals, however, are not available for study in all
reef environments, thus analytical method development to apply the concept of coral
bio-monitoring to other species would be beneficial to biomonitoring studies where
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Porites corals are rare. In addition, developing laser-ablation methodology for use on
corals in estuarine and near-shore environments, affected by seasonally high turbidity
and low salinity would also broaden the applicability of biomonitoring to extreme
environments, such as the fringing reefs of Darwin Harbour.
In Darwin Harbour and many other tropical near-shore environments affected by
freshwater, coral reefs are found in comparatively turbid water conditions, with low
coastal topography, high tidal range and seasonally high rainfall. The coral species
composition of Darwin Harbour reflects an adaptation to these conditions being
dominated by two Favid species; Goniastrea aspera and Platygyra sinensis
(Wolstenholme et al 1997). These corals are able to grow despite extreme conditions
including sea surface temperatures above 32°C, high turbidity (up to 80 NTU), and
occasional low salinities (<25) (Dames & Moore 1985; Munksgaard 2004; Padovan
2001; Padovan 1997; Wilson et al 2004). Whilst Favids appear to thrive in these
environments Porites are rare in the intertidal zone (Guinea, personal observation,
Wolstenholme et al 1997). The robustness of Favids makes them potentially ideal for
biomonitoring in harsh environments.
Coral biomonitoring studies have used Favids in the past, however all but one of
these studies have used acid dissolution and subsequent instrumental detection as
their analysis method. These studies include; the detection of heavy metals in
skeletons of Favids from Heron Island (St. John 1974), and the reconstruction of lead
chronologies in the Western North Atlantic, Pacific and Indian Oceans using
Diploria strigosa (Shen and Boyle, 1987), and in the Virgin Islands using
Montastrea annularis (Dodge & Gilbert 1984). More recent studies have detected
significantly elevated levels of metals in both Porites and Favids growing in a
polluted compared to an unpolluted environment in the Red-sea (Hanna and Muir
1990), the observation of chronic pollution recorded in skeletons of Platygyra
sinensis from Hong Kong (Scott 1990), the detection of Cu, Zn and Ba peaks
corresponding to channel dredging in Townsville Harbour (Esslemont 2000b) and
the finding of generally low concentrations of Cu, Pb, Cd, Ni and Cr in skeletons of
Goniastrea aspera from Darwin Harbour, which were also similar to levels of these
metals in G. aspera from Heron Island (Esslemont 1999). To date Runnalls &
Coleman (2003), are the only researchers to apply laser-ablation to a Favid coral
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(Montastrea annularis), despite its established use on Porites corals (David 2003;
Fallon et al 1999; Fallon et al 2002; McCulloch et al 2003a; Sinclair et al 1998;
Wyndham et al 2004). This makes studies using Favids difficult to compare with
studies using Porites, especially when considering that the large pore-spaces in Favid
skeletons often contain trapped particulates. Metals attached to particles which are
trapped in pore spaces (detrital coatings) are not aragonite bound (Figure 4.1). Thus
analysis which includes these metals will not provide concentrations that represent
the dissolved metal concentration of ambient seawater. Thus trapped particulates
should be avoided in studies using corals as biomonitors of dissolved metal pollution.
Shen and Boyle (1987) employed rigorous cleaning procedures on finely crushed
skeleton, to remove these non-aragonite-bound particles before dissolution analysis.
Rigorous cleaning protocols make acid-dissolution of Favids a time consuming
method and one ill-suited to Favid corals growing in turbid environments.

Figure 4.1: Diagrammatic representation of a) laser beam ablating through a wall into a pore
space (skeletal void) and b) laser ablating a solid wall structure
(modified from Mertz-Kraus et al 2009)
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Previously developed laser ablation-ICPMS methods used for Porites can not be
applied to Favids because of the substantially larger corallites (5-10mm across) in
Favids relative to Porites corals (<1mm across). Laser-ablation methods developed
for Porites have often used a relatively large beam size (500-600μm wide) which is
able to analyse almost an entire Porites corallite (Alibert et al 2003; Fallon et al
1999; Fallon et al 2002; Sinclair et al 1998; Wyndham et al 2004). The large beam
size has the benefit of analysing various skeletal structures to provide average
composition of each corallite scanned, but is unsuited to the Favids used in this study
(e.g. Goniastrea sp. and Platygyra sp.), and also to many other coral species which
have larger corallites due to the analysis of voids and associated detrital coatings.
Since these Favid species have massive walls (commonly 0.5-2.0 mm thick) dividing
individual corallites, a laser method has been developed in this study to scan along
these wall structures (Figure 4.1). The method, termed wall-structure laser ablation
(WS-LA), is therefore different to laser methods used on Porites corals. WS-LA has
the advantage of avoiding some fine-scale compositional heterogeneity related to the
presence of non-aragonite phases (e.g. organic material) in skeletal voids and the
possible difference between different skeletal features such as dissepiments, theca
and septa. This is significant considering that the high turbidity in Darwin Harbour
waters results in more particulate material being incorporated into skeletal pore
spaces and since there is evidence that different skeletal elements can have different
trace element compositions (Allison & Tudhope 1992; Cohen & Sohn 2004). A
method that minimises analysis of pore spaces and the contaminants in them is thus
necessary.
Coral samples are heterogenous in nature and variations in the compositional profile
can be great even over small (<1 mm) distances (Figure 4.2). This compositional
variation is inherent in all coral samples and is due to growth processes (Nothdurft &
Webb 2007; Sinclair 2005). Several researchers have looked at trace element profiles
in detail to gain understanding of these ‘vital effects’ and the Sr/Ca signal and the
implications for coral paleothermometry (Cohen et al 2001; Cohen & Sohn 2004;
Gagnon et al 2007; Hart et al 1997; Meibom et al 2006; Sinclair 2005). Cohen and
Sohn (2004) analysed trace element profiles and found a periodic pattern that
matched spacing of structural elements (synapticulae) to SST/tidal variations.
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Sinclair (2005) also found some similarity between the Ba/Ca profile and the spacing
of synapticulae, but suggests that this correlation (and also the one found by Cohen
and Sohn 2004) may be coincidental since only short sections of coral showed this
pattern. Researchers have also found that centres of calcification (structural elements
involved in coral calcification) have higher trace element concentrations relative to
surrounding skeleton (Gagnon et al 2007; Meibom et al 2006).
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Figure 4.2: Manganese profile representing 6 months of growth and approximately 6mm of
distance from July 1998 to February 1999

These studies are still in their infancy and in general small-scale (<1mm) trace
element fluctuations and their implications on coral elemental profiles are not well
understood. The lack of understanding of coral calcification and inclusion of trace
elements mean it is not yet possible to accurately understand the cause of each peak
in a coral profile and thus interpretation of coral profiles over short timescales
(weeks or months) is not yet possible (reviewed in Nothdurft and Webb 2007).
Signals in coral profiles may also be smoothed over many months of growth due to
corals monthly and seasonal growth cycles (Barnes & Lough 1989; 1993; Nothdurft
& Webb 2007). The tissue layer in Porites sp. resides over the skeleton for an
average of 5 months and since thickening of skeletal elements occurs throughout the
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tissue layer, events that cause compositional changes to the skeleton may be
‘smeared’ over a portion of skeleton (see discussion in Chapter 2). The apparent time
difference can be calculated by halving the tissue residence time (Barnes & Lough
1993):
apparent time diff. (months) = 0.5 x tissue residence time (months).
Where tissue residence time = 12 x (tissue layer thickness/average annual extension)
When this signal ‘smoothing’ by the coral itself is considered it is clear that
understanding of inter-annual variation requires understanding of how and where the
thickening deposits are laid down in the skeleton. Accurate targeting would be
required to ensure that only initial growth fibres (from extension phases of growth)
and thickening deposits that were secreted during the same time-frame (month/ week
etc) were analysed. This approach would have been possible using microscopy and
mapping techniques in conjunction with micro-analysis, but the time-consuming
nature of such analysis would have severely limited the number of samples that could
have been accurately analysed. This study has thus focused on annual averages to
observe long-term trends while avoiding the complications in interpreting
concentration profiles over shorter timescales. It was thus possible to use a method of
data processing to reduce noise and filter the signal, allowing general long-term
trends to be observed over the ~30 yrs of growth.
The two main objectives for the development of a LA-ICPMS method for Favids as
a bio-monitoring tool are:
•

To broaden the applicability of coral bio-monitoring to species that
grow successfully in naturally stressful environments, and

•

To develop an analytical method that avoids inclusion of trapped
particulates in coral skeletal voids.
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4.2 Results and Discussion
4.2.1

Accuracy of the laser ablation method

The accuracy and precision of the laser ablation method were investigated during the
initial phase of this study and have been published by Munksgaard et al (2004).
Briefly, ablation yield, that is, the amount of material ablated at different laser
energies, was tested on NIST glass standards and on a carbonate standard (MACS-1)
currently in development at the USGS. Ablation yield can affect the analytical
sensitivity of the LA-ICPMS instrument, since the more material ablated the greater
the sensitivity. Despite the different matrices of glass standards and carbonate
samples instrument sensitivity was similar for these two materials for most analytes
at high beam energies when isotope sensitivities were internally standardized against
Ca.
The exceptions were Mg and Al, whose sensitivity was greater in the carbonate
standard. For 25Mg+ this may be due to interference from 12C21H+ in the carbonate
matrix. In the case of Al it is possible that Al is unevenly distributed in the carbonate
matrix because Al2O3 grinding media was used to reduce the particle size in the
preparation of MACS-1 (Steve Wilson, USGS, personal communication in MertzKraus et al (2009)). Nonetheless Al and Mg results agreed within analytical
uncertainties when laser ablation and dissolution analysis of the same coral sample
was performed.
Accuracy of the laser ablation method was investigated by comparing laser-ablation
results to those obtained by acid-digesting a cm-scale bulk coral sample. When
results were compared, the most abundant elements (Mg, Mn, Ba and U) all agreed
within 6-20% , whilst the elements (Al, Cu, Rb, La, Pb and Zn) were higher in the
bulk solution sample (Table 4.1). It is likely that Mg, Mn, Ba and U gave similar
concentrations in the two methods as these elements would be of relatively low
concentration in non-carbonate particulates trapped in skeletal voids compared to
their abundance in wall-structures. In contrast, the differences observed between
concentrations of Al, Cu, Rb, La, Pb and Zn in LA-ICPMS and dissolution ICPMS
was most likely caused by the inclusion of detrital coatings, which are relatively rich
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in these elements, in the digested bulk samples (Mertz-Kraus et al 2009). Thus, for
analysis coral skeletons where particulate material is trapped in voids, analysis of
solid wall-structures by laser ablation – ICPMS can avoid the analysis of nonaragonite bound trace elements.
Aluminium may also be higher in solution analysis due to contamination. Coral
samples were sectioned from slices using an Al2O3 cutting disc which may have
caused some contamination despite cleaning by ultrasonication with high purity
water. In contrast the contamination of laser ablation samples is likely to be minor
since Al2O3 discs were only used to cut the vertical edges of sample blocks. These
blocks were then ultrasonicated and embedded in resin and laser ablation tracks were
selected from the middle of sample blocks. In addition laser tracks analysed solid
wall structures that were pre-ablated to a depth of 20μm to provide a clean surface
for the 2nd analysis ablation track.
Solution analysis methods were also tested for accuracy against JCP-1 coral standard
produced by Japan Geological Survey, results were accurate to within analytical
uncertainties (Table 4.2).

70

Table 4.1: Average (±1σ) concentrations (mg kg−1) in reference carbonate and coral (modified
from Munksgaard et al (2004))
G. aspera coral

MACS-1 carbonate
Recommended
LA-ICP-MS line

A

Corallite wall
LA-ICP-MS line

Bulk solution
ICP-MS

Mg

28.0 ± 1.1

10

992

1320

Al

312 ± 49

110 ± 16

0.339

1.78

Mn

126 ± 2

118 ± 12

0.624

0.721

Cu

122 ± 5

124 ± 5

0.211

0.323

Zn

118 ± 2

123 ± 16

0.162

0.747

0.027

<0.433 C

B

Rb

0.098 ± 0.039

—

Sr

249 ± 1

219 ± 20

7740

6070

Ba

130 ± 1

114 ± 8

11.9

10.9

La

126 ± 1

126 ± 12

0.006

0.009

Pb

115 ± 1

121 ± 11

0.015

0.048

1.91

2.02

U
A Steve

0.006 ± 0.001

—

B

Wilson (USGS, personal communication).

B No value given.
C Below detection

limit.

Table 4.2: Elemental concentrations (mg kg−1) in Coral standard JCP-1 from solution analysis.
Solution ICP-MS

Certified A

Na

4360

4330

Mg

971

953

Al

48.7

40.6

Ca

382000

394000

Mn

1.00

0.620
C

0.440

Cu

<0.500

Zn

<2.00

C

Sr

7290

7790

Ba

10.5

8.37

1.44

A Okai
C Below

et al (2005)
detection limit.

To further validate the laser ablation method a small number of Porites samples were
included for comparison. This was necessary since there was only one laser ablation
study using Favid corals in the literature, Runnalls and Coleman (2003) analysed
whole samples of Montastraea annularis, which included organic material and
particulates in addition to aragonite from polluted and unpolluted corals in Barbados.
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The laser ablation method was tested on a Porites coral previously found to have
elevated zinc concentrations. The coral was collected in 1990 by the Australian
Institute of Marine Science from a reef off Misima Island in Papua New Guinea. This
reef received elevated metals in sediment run-off from Misima Gold mine. Fallon et
al (2002) found zinc levels 40 times higher after the mine opened than before. This
study analysed a slice adjacent to the one analysed by Fallon and colleagues, and
found that elemental concentrations were similar to those previously reported. Some
of these differences may also be due to differences in laser ablation spot sizes; the
Fallon study used a large rectangular laser beam 600 x 100μm whilst this study used
a circular beam of 110μm diameter. (Table 4.3).

Table 4.3: Elemental concentrations (mg/kg) in Misima coral samples analysed by Fallon et al
2002 compared to the values obtained in this study

4.2.2

Fallon et al 2002 LA-ICPMS

This Study LA-ICPMS

Pre-mining

Post-mining

Pre-mining

Post-mining

La

0.006

0.026

0.014

0.142

Mn

0.190

0.490

0.230

0.635

Zn

0.68

19.9

2.01

18.7

Pb

0.241

0.468

0.248

1.34

Detection limits and precision

The laser ablation systems used in this study (213nm at CDU and 193nm at
Macquarie University) both achieved detection limits in the low μg/kg for several
elements. Relative standard error values were also low ranging from 3-5% on a
typical analysis. Table 4.4 shows typical detection limits and relative standard errors.
In addition relative standard deviation of concentrations from linescans of
homogenous standards is approximately 4-8% (Table 4.5), which is substantially less
than the magnitude of variation observed across linescans of coral samples. This
variation is due to the heterogenous nature of coral samples rather than instrumental
noise.
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Table 4.4: Representative detection limit [DL] (mg kg−1) and relative standard error (%) [RSE]
(modified from Munksgaard et al 2004)
Sample

MACS-1

MACS-1

BTC11-13 Coral

193 nm Agilent 7500

213 nm Elan 6000

213 nm Elan 6000

Ablation time [s]

100

95

280

Energy per pulse [mJ]

0.5

2.3

2.3

Spot

Linescan

Linescan

LA-ICPMS system

Analysis type
DL

RSE

DL

RSE

DL

RSE

Mg

0.154

3.4

0.148

4.3

0.084

3.9

Al

—A

—A

0.054

3.9

0.007

3.1

Ca

3.83

3.2

15.7

3.2

7.23

3.2

Mn

0.028

3.2

0.027

3.8

0.011

3.1

Cu

0.016

3.5

0.026

5.1

0.003

3.2

Zn

0.032

4.9

0.18

8.6

0.03

3.0

Rb

—B

—B

—B

—B

0.001

3.4

Sr

0.119

3.1

0.081

3.9

0.079

3.0

Ba

0.022

3.1

0.018

3.3

0.003

3.0

0.005

3.6

0.001

4.3

La
Pb

0.006

3.3

0.017

3.6

0.009

5.5

U

—B

—B

—B

—B

0.001

3.1

A Steve Wilson (USGS, personal communication). B No value given.

Table 4.5: Relative standard deviation (%) [RSD] of linescan data* for homogeneous standards
and concentrations (mg kg−1) recorded in a coral sample (modified from Munksgaard et al 2004)
Sample

NIST 612

MACS-1

G. aspera BTC11-13

RSD

RSD

min.

max.

Mg

3.6

7.7

668

1340

Al

1.9

12.4

0.023

25.7

Mn

2.7

0.9

0.355

0.934

Cu

3.2

3.7

0.107

0.466
C

0.945

Zn

5.8

1.8

<0.030

Rb

4.1

—B

0.006

0.077

Sr

3.1

0.9

5380

8360

Ba

2.4

3.2

5.42

14.2

La

2

1.8

0.002

Pb

3.5

2.6

<0.009

U

4.7

—B

1.12

0.031
C

0.187
3.02

* Nine-point signal smoothing applied C Below detection limit.
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4.2.3

Heterogeneous nature of coral specimens

Coral samples were found to be heterogenous; the degree of variation along a
corallite wall in the direction of growth is comparable to variation observed in
profiles across a corallite wall or even around the rim of an individual corallite (For
detailed discussion see Munksgaard et al (2004)). This variation may be due to
analysis of non-carbonate inclusions, eg detrital coatings, or organic material.
Environmental signals may also be smoothed by growth processes becoming reduced
in amplitude and increased in width along a profile, since corals deposit thickening
layers over a portion of skeleton representing several months of linear extension.
Porites corals have tissue residence times of approximately 5 months on average,
leading to a smoothing of environmental signals over approximately 3 months
(approximately ½ the residence time). The Favids in this study, however, have tissue
residence times of ~11 months (see Chapter 5), which indicates that signals may be
smoothed over ~6 months of skeletal extension. Thus for these Favids, trace element
profiles which do not carefully account for this smoothing effect, may not provide
accurate information on time periods of less than 6 months.

Data filtering and noise removal.
Since this study focused on annual average data, several procedures were trialled to
smooth the signal and remove spikes due to noise. The final smoothing procedure
chosen was a running median of 9 replicates followed by a running average of 9
replicates (details in Munksgaard et al (2004)).
In addition, non-carbonate inclusions were avoided wherever possible by choosing
laser tracks where wall structures were solid and continuous and by using a
‘cleaning’ ablation track to remove detritus from the surface of coral samples. Often
during the analysis the laser beam would analyse a thin wall section that would
disintegrate and result in the ablation of voids below wall-structures. These voids
often have uncleaned surfaces and many contained particulate matter (Figure 4.1).
Where the laser was observed to ‘break-through’ a wall structure into a void, the
ablation track was aborted and a replacement analysed. It is however possible that
small laser ‘break-throughs’ were not observed and this may explain some of the
sudden increases/spikes in apparent metal concentrations observed. It may also be
possible that some of the spikes observed were due to larger ablation particles being
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analysed by the ICP-MS. Nonetheless, sudden increases were often coincident with
low internal standard counts thus leading to high analyte concentration.
A second possible explanation for spikes in the coral data is the presence of small
non-aragonite phases within the aragonite matrix. Crystals of titanium dioxide
(TiO2), an inert particulate material, were placed on undamaged coral surfaces by
Davies (1992). The crystals were found to have been incorporated into the skeletal
matrix of corals. Davies (1992) suggested that non-nutritional particulates such as
TiO2 may be excreted to the skeleton by coral tissues. Other researchers have found
crystals of brucite (MgOH2) incorporated in aragonite and suggested these mineral
phases may explain variability in Mg concentrations (Buster & Holmes 2006) (see
discussion in Chapter 2).
The presence of particulates and mineral phases in aragonite may also explain the
offwhite/brownish appearance of coral skeletons from more turbid sites compared to
less turbid ones (Figure 4.3). In addition a recent study concluded that the nonaragonitic phases in Porites corals from Crete were primarily sourced from
suspended particulate matter due to weathering of local rocks (Mertz-Kraus et al
2009).

Figure 4.3: Photograph comparing a coral slice from a turbid site (Channel Island Reef) on the
left to a slice from a less turbid site (Lee Point Reef) on the right. Both samples are P. sinensis.
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These particulates in coral skeletons may provide useful information about the
particulate component of seawater, since corals uptake particulate metal through
feeding and potentially incorporate these metals into aragonite. Although particulate
metals are generally considered to be not bio-available to organisms such as
macroalgae and fish for example, that do not feed on particulates, (Apte & Batley
1995; Buffle et al 1984; Rainbow 1995; Rainbow & Phillips 1993). If ingested
particulate metals are transferred to the skeleton by coral then particulate metals
should be considered bioavailable to corals (see discussion of uptake mechanisms in
Chapter 2). Incorporated particles may thus be responsible for the large, sudden
increases in metal concentrations or ‘spikes’ in coral data.
Spikes in metal concentrations of one or more orders of magnitudes greater than
surrounding areas of coral skeleton are more likely to be caused by analysis of
included particles than to sudden sharp increases in seawater concentration since
seawater concentration would not usually show large sudden variations in open
coastal and estuarine conditions. Spikes are also usually singular events that are not
observed in other corals from the same location. Futhermore this study has focused
on the potentially more reliable long term trends (annual and decadal), thus large
spikes in concentration can bias the annual averages obtained. To avoid this bias and
since it is likely that these ‘spikes’ are due to particulates and thus do not represent
aragonite bound (dissolved) metal concentrations, data filtration was performed.
Annual averages used in this study were calculated from concentration profile data
rather than using the averages provided by Glitter (TM) software (Macquarie
Research Ltd 2000). This was done to ensure no significant data was lost and that all
profiles were filtered in the same manner and did not contain large spikes (> 1
magnitude) which would bias annual averages.
The additional data filtration query was based on the Q-test and removed a replicate
if it was more than 3 standard deviations above (or below) the average for the whole
coral. This filtration was not necessary for all corals, was performed separately for
each element and each filtered profile was manually compared to an unfiltered
profile to minimise the loss of data. Figure 4.4 and 4.5 show an unfiltered compared
to a filtered lead profile, respectively, for a Platygyra sinensis sample from Nightcliff
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Reef. Wall Structure-LA has been used on this Favid sample but Figure 4.4 shows
two large spikes even though WS-LA avoids much of the contamination and despite
the added smoothing procedures.
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Figure 4.4: Elemental profile of lead in a Platygyra sinensis sample from Nightcliff Reef (19902003)
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Figure 4.5: Filtered elemental profile of lead in a Platygyra sinensis sample from Nightcliff Reef
(1990-2003)

Filtration was also performed on Porites samples from Nightcliff Reef. Figure 4.6
and 4.7 show an unfiltered and a filtered lead profile, respectively. Figure 4.6 clearly
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shows greater variability than Figure 4.7. The ‘spike’ removal procedure produces a
less noisy signal while still maintaining the overall trend/shape of the profile.
Nightcliff reef is a moderately turbid site, thus particulate matter trapped in Porites
pore spaces may have been included in the analysis, especially since WS-LA can not
be used on the Porites sample due to the relative sizes of Porites wall elements and
laser beam diameters.
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Figure 4.6: Elemental profile of lead in a Porites sp. sample from Nightcliff Reef selectively
analysed from 1900-1986.
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Figure 4.7: Filtered elemental profile of lead in a Porites sp. sample from Nightcliff Reef
selectively analysed from 1900-1986
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1995

4.2.4

Validation of database generated annual averages

Three G. aspera samples and three P. sinensis samples from Channel Island, the
most turbid site studied in Darwin Harbour were analysed. Averages produced by
Glitter ™ were compared to averages produced by the database for the same time
period. Corals from Channel Island were also compared to G. aspera and P. sinensis
samples from the least turbid site in Darwin Harbour, Lee Point Reef.

Glitter averages compared to database averages
The averages produced by the database were used in place of annual averages
calculated by the Glitter software program due to the ability to filter data in a more
controlled and effective way using the database. In Glitter, for example it was not
possible to average a year profile excluding a portion where calcium (internal
standard) counts decreased suddenly caused by analysis of non-carbonate inclusions.
Including these regions would have biased the annual average, for all trace elements
as trace element profiles are divided by Ca counts to account for ablation
fluctuations. A sudden decrease in Ca counts causes a dramatic increase in counts of
other trace elements. Thus while the averages produced from database filtered data
were found to be similar to the averages produced by Glitter, (Table 4.6)
occasionally the Glitter average for one annual track would be much greater, for
several elements, than the annual averages for other tracks from the same coral
(Table 4.6). It was therefore preferable to view the profiles in an unfiltered state and
apply a controlled filtration using the database to obtain un-biased annual averages.
When data from glitter are compared to database (filtered) annual averages (Table
4.6) it is clear that the database (DB) produced averages are similar to the Glitter
averages for elements which are not high in concentration in SPM (Mg, Sr, Ba, U)
(Bewers & Yeats 1978; Colbert & McManus 2005; Rose et al 2007). In contrast
glitter data are noticeably different from DB averages for metals which are in high
concentration in SPM. The effect is more pronounced in Channel Island (turbid)
samples than Lee Point samples. Channel Island samples were also noticeably
discoloured with a brownish tinge (Figure 4.3). In these ‘dirty’ samples the glitter
averages are higher than the DB averages, indicating that the glitter average may
include more ‘spikes’ or non-carbonate inclusions. This is especially true for Zn and
Al and is likely to be slightly biased. P. sinensis samples were also elevated, which is
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most likely due to the brittle nature of the P. sinensis samples. In these brittle
samples there was greater analysis of pore spaces, where the laser beam ‘broke
through’ the wall element into the pore space below. These ‘laser break-through’
events would introduce uncleaned surfaces as well as detrital coatings.
Nonetheless Glitter averages were comparable to database averages especially for
corals from the non-turbid site Lee Point. While at Channel Island only Al, Zn and
Pb (the most noisy signals) varied greatly between Glitter and Database processing.
It is likely that Glitter averages for non-turbid sites were accurate; however, database
averages were used for all samples for consistency.
Lee Point and Channel Island corals were expected to contain similar concentrations
of most metals, since neither of these sites has appreciable pollution sources. The
main difference between these two sites is the proximity of river plumes especially
the Blackmore River and the associated turbidity/particulates. Thus the metals that
are high in suspended particulate matter (SPM) (Al, Mn, Ba) could be expected to be
higher in concentration in Channel Island corals and lower in Lee Point corals. By
the same token, P. sinensis samples at Channel Island were expected to have higher
concentrations of these metals, and potentially also have higher Pb and Zn which are
high in surface contamination. This was expected due to the brittle nature of P.
sinensis samples.

Inter-site comparison
Skeletal composition of G. aspera at Channel Island were significantly greater than
concentrations at Lee Point for Zn (p=0.001) and for Al and Pb (p=0.05). While Mg
was significantly lower at Channel Island than at Lee Point (p=0.001) (Table 3.6).
Channel Island P. sinensis skeletons also had significantly greater Mn, Ba and U than
Lee Point P. sinensis corals (p=0.05). While Mg was again significantly lower in
Channel Island samples (p=0.001) (Table 3.6). The lower Mg concentration in both
species at Channel Island may be due to slight differences in salinity, which would
(on average) be lower at Channel Island due to the effects of monsoon flooding and
proximity to the Blackmore River. Riverine influence may also explain the elevated
concentration of Al, Mn, Ba and U in the Channel Island corals. Elevated Zn and Pb
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may also possibly be due to riverine influence, or to urban run-off which may be
introduced in run-off from nearby roads.

Inter-species comparison
The difference between skeletal compositions of the two species is greater at
Channel Island than Lee Point due to higher turbidity and thus more particulates
being trapped in voids and analysed in P. sinensis from Channel Island than Lee
Point.
There were several significant differences between the species; concentrations of Zn
in P. sinensis corals from Leepoint were greater than that of G. aspera (p=0.001), as
were Mn and Cu (p=0.05), while Ba concentration was significantly greater in G.
aspera skeletons, (p=0.001). In Channel Island corals, concentration of Mn and U
were significantly greater in P. sinensis samples (p=0.001), and Ba was again
significantly greater in G. aspera samples (p=0.001). It is possible that elevated Mn
and U are due to analysis of trapped sediment particles, and elevated Cu and Zn in P.
sinensis may be due to surface contamination (for eg in laser break-through events).

Table 4.6: Average concentration of Al, Mn, Cu, Pb and Zn in skeletons of G. aspera and P.
sinensis samples from Channel Island and Lee Point obtained from Glitter software package
compared to database processed
Concentration (mg/kg) ± 1SD
Al

Mn

Cu

Zn

Pb

Channel Island*
G. aspera

P. sinensis

Glitter

1.14 ± 1.4

0.862 ± 0.49

0.598 ± 0.64

1.90 ± 2.2

0.147± 0.20

0.802 ± 0.52

0.747 ± 0.16

0.367± 0.14

0.775± 0.28

0.109± 0.07

1.49± 2.6

1.58± 5.1

0.567± 0.62

2.50± 2.4

0.147± 0.14

DB

0.897± 0.47

1.02± 0.23

0.393± 0.13

0.896± 0.40

0.125± 0.08

Glitter

0.499± 0.72

0.731± 0.06

0.513± 0.38

0.607± 1.1

0.086± 0.09

DB

0.450± 0.11

0.718± 0.07

0.354± 0.08

0.517± 0.29

0.065± 0.03

0.360± 9.2

0.745± 0.32

0.554± 0.21

0.444± 1.8

0.051± 0.05

0.466± 0.50

0.735± 0.24

0.495± 0.14

0.552± 0.36

0.070± 0.05

DB
Glitter

Lee Point**
G. aspera

P. sinensis

Glitter
DB

* Time period is 1993 – 2003, N = 3 for both species. ** Time period is 1990 – 2003, No of samples
is 1 for both species
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Table 4.7: Average concentration of metals in skeletons of G. aspera and P. sinensis samples
from Channel Island and Lee Point obtained from Glitter software package compared to
database processed
Concentration (mg/kg) ± 1SD
Mg

Sr

Ba

U

Channel Island*
G. aspera

P. sinensis

Glitter

1110 ± 320

7265 ± 1500

11.9 ± 3.3

1.96 ± 0.27

DB

1097± 200

7323± 400

9.03± 0.46

1.88± 0.16

Glitter

1152± 170

8107± 360

7.89 ± 4.1

2.17± 0.14

DB

1177± 190

7822± 260

6.66± 1.2

1.99± 0.06

Glitter

1333± 100

7646± 300

12.7± 1.4

1.93± 0.12

1292± 80

7592± 180

8.95± 0.50

1.85± 0.09

Glitter

1390± 560

7338± 440

7.01± 6.7

1.65± 0.33

DB

1398± 170

7366± 510

6.35± 1.4

1.73± 0.15

Lee Point**
G. aspera

P. sinensis

DB

* Time period is 1993 – 2003, No of samples is 3 for both species.
** Time period is 1990 – 2003, No of samples is 1 for both species

4.2.5

Do Favid samples from two near-pristine environments have similar
skeletal concentrations?

To test the robustness and applicability of the wall-structure laser ablation method to
corals from turbid sites samples from Heron Island were compared to samples from
Lee Point. Heron Island is a low turbidity southern Great Barrier Reef (GBR) site
experiencing no or little terrestrial run-off, while Lee Point is an outer Darwin
Harbour site experiencing relatively low freshwater impact and thus salinities
approaching open ocean values. The turbidity at Lee Point is however, much higher
and levels of particulate metal would potentially also be higher at Lee Point than
Heron Island. Seawater at Lee Point and Heron Island are both near pristine and
these two sites have similar dissolved concentrations of Cu, Pb and Zn (Table 4.8).
Corals from these two sites were thus expected to potentially have similar metal
concentrations. This is based on the idea that many metals are incorporated into
aragonite in a passive manner directly from seawater. In the bio-mineral model of
calcification, metals are thought to be passively incorporated into calcium carbonate
crystals which form, and precipitate into, an organic matrix secreted by the coral
(Cuif & Dauphin 2005). Whilst in the bio-initiated physicochemical calcification
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mechanism this process occurs without the organic matrix. In both of these recently
proposed mechanisms, calcium carbonate and associated trace elements represent the
surrounding seawater, although the organic matrix in the biomineral model may
better explain observed discrepancies known as ‘vital effects’ (see discussion in
Chapter 2). Thus while it is possible that some metals are regulated by the coral, it is
thought that many metals are included passively into aragonite in a manner similar to
inorganic calcium carbonate precipitation. This is supported by the finding of
coefficients of unity between aragonite and seawater for many metals (Shen & Boyle
1988) .
If this physicochemical calcification mechanism is accurate or the organic matrix
does not regulate all trace elements, then the concentrations of non-regulated
elements precipitated into CaCO3 crystals in different locations with similar seawater
compositions should also be similar. Thus, since seawater at Heron Island and Lee
Point are similar for Cu, Pb and Zn, corals of the same species at these two sites
should have similar aragonite compositions of Cu, Pb and Zn and possibly other
trace elements. The major differences between Heron Island and Lee Point are sea
surface temperatures and concentrations of SPM. Therefore, it may be expected that
metals (Sr, Mg, U and Ba) whose skeletal incorporation is temperature dependent
(Colbert & McManus 2005; Gagnon et al 2007; Shen & Dunbar 1995) and metals
which are abundant in particulate matter (Al, Mn and Ba) (Bewers & Yeats 1978;
Rondeau et al 2005) may show different behavior at the two locations. However,
Table 4.9, shows that almost all elements analysed had similar concentrations in both
species at the two locations.

Table 4.8: Concentrations of dissolved metals (<0.45μm) in seawater from Heron Island and
Darwin Harbour (ng/L) no data for other elements?

Heron Island, GBR, Qld *
Darwin Harbour, Darwin, NT

#

Cu

Pb

Zn

150

<60

120

170 - 230

3 - 10

60 - 120

* Averages from Denton and Burdon Jones (1986b).,
#

Ranges from samples collected (1996 – 2004) ,this study and Munksgaard & Parry (2001)
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Table 4.9: Average concentration of metals (mg/kg) in Favids from LeePoint and Heron Island
reefs
Mg

Al

Mn

Cu

Zn

Rb

Sr

Ba

La

Pb

U

(n)

1290

0.45

0.718

0.354

0.517

0.041

7590

8.95

0.009

0.065

1.85

1

±0.11

±0.07

±0.08

±0.29

±0.00

±0.00

±0.03

0.766

0.189

0.412

0.738

0.032

0.010

0.106

±0.41

±0.07

±0.15

±0.41

±0.01

±0.00

±0.05

0.683

0.837

0.465

0.768

0.035

0.009

0.093

±0.50

±0.24

±0.15

±0.36

±0.01

±0.00

±0.05

0.505

0.177

0.289

0.698

0.044

±0.16

±0.08

±0.09

±0.28

±0.01

G. aspera
Lee Point.
SD
Heron Island
SD

±77

1160
±150

±18

7600
±200

±0.50

6.83
±1.3

±0.09

2.02

2

±0.09

P. sinensis

1260

Lee Point.
SD
Heron Island
SD

±170

1050
±140

7530
±510

7490
±250

7.12
±1.4

6.39
±1.1

0.008
±0.00

0.09

1.82
2.1

±0.03

±0.08

(n) = number of corals, SD = standard deviation, Data averaged for years 1990 – 2003 for both species from both sites

Both Heron Island and Lee Point are near- pristine areas and have low coral metal
concentrations compared to many other areas (David 2003; Fallon et al 2002;
Runnalls & Coleman 2003). All metal concentrations are similar at the two sites in
both species with the exception of Mn, which is 5 times higher at Lee Point, this
difference is significant (p=0.001). The similarity between these corals is notable
considering that Lee Point reef is a near shore site with potentially much greater
terrestrial impact than Heron Island. Manganese is possibly higher in Lee Point
corals due to the higher dissolved Mn in seawater in Darwin Harbour. Mn has been
shown to seasonally increase in summer due to increased reduction from suspended
particulate manganese oxides by both sunlight (photo-reduction) and biota (bioreduction) (Alibert et al 2003; Wyndham et al 2004). Since particulate Mn is likely
to be higher in Darwin Harbour than Heron Island, and since photo and bio-reduction
may also be greater in Darwin Harbour seawater due to its higher sea surface
temperature, there may be greater concentrations of dissolved Mn available for
uptake in Darwin Harbour.
Barium is also significantly higher in both of the species at Lee Point than Heron
Island, (p=0.001 for G. aspera and p=0.05 for P. sinensis) this difference is due to
introduction of dissolved and particulate Ba in river flows in Darwin Harbour.
Riverine particles, such as clays have been observed to release dissolved Ba during
estuarine mixing (Colbert & McManus 2005). Two significant differences which are
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2

±0.15
1

more difficult to explain include significantly elevated uranium in both species at
Heron Island (p= 0.001 for both species) and significantly elevated zinc (p=0.05) in
G. aspera at Heron Island compared to Lee Point corals. The uranium may possibly
be elevated at Heron Is. due to greater annual average salinity compared to nearshore Lee Point. There is however no credible way to explain the significantly
greater Zn in seawater at Heron Island, than in Darwin Harbour seawater. Although
this may be related to the apparent preferential uptake of zinc and its possible bioregulation by Favids (see discussion of uptake mechanisms in Chapter 6).
Nonetheless these results may indicate that average annual dissolved metal
concentrations in seawater at the two sites are similar for many of the elements in
Table 4.9 despite different SST and run-off impacts. Thus if the assumption that
these elements are not significantly biologically-controlled is accurate, then the WSLA method is effective on corals from both turbid and non-turbid locations. This is
useful since Favids grow in a wide variety of environments and may thus allow
widely varying environments to be compared using Favid bio-monitoring.

4.2.6

Do Porites samples from two near-pristine environments have similar
skeletal concentrations?

Since laser-ablation of Porites samples in this study is unable to effectively avoid
included detrital coatings, the laser ablation method was tested on two Porites
samples from environments with similar SST with low urban populations. Nightcliff
in Darwin Harbour is at ~12ºS latitude with relatively high turbidity being an
intertidal site, whilst Rocky Island reef, in the Far Northern GBR is located at ~13ºS
and is a sub-tidal reef. Both of these locations receive freshwater run-off; Nightcliff
Reef is a fringing reef within 1km of the Darwin Harbour shoreline, receiving
freshwater from Rapid Creek and storm water run-off from an urban environment,
while Rocky Island is less than 5km from shore, and receives some terrestrial run-off
as well as freshwater from the Lockhart River. Both of these locations also have
warm sea surface temperatures (SSTs), average annual SST in Darwin Harbour is
28.9º C, whilst for Rocky Island it is 26.7º C (AIMS data centre 2009; NOAA
Satellite and Information Service 2009) and both locations also have low human
impacts due to low human populations. Given that these two sites are considered
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near-pristine, with some riverine impacts, it is likely that many dissolved trace
elements will be in similar concentrations in the seawater at these two locations. It
follows that if aragonite reflects the dissolved seawater elemental composition the
skeletal concentrations of aragonite bound-elements should also be similar, provided
that no significant concentration due to particulates is included as aragonite-bound.
Table 4.10 shows that the two Porites contain similar concentrations of most trace
elements, with the exception of Ba and Mn, though Rocky Island coral concentration
is more similar to the composition of the Urban-Nightcliff Porites bands. Ba appears
to be lower in Rocky Island coral than in Nightcliff coral bands, and although this
difference is not significant it may be due to differences in riverine influences, since
Rocky Island is further offshore than Nightcliff Reef. Manganese may be slightly
higher in Rocky Island corals due to high Mn in sediments of far north Queensland
(Lewis et al 2007; Wyndham et al 2004).
Nightcliff –Urban coral bands have significantly elevated Zn compared to pre-urban
coral bands (p=0.05) and compared to Rocky Island coral (p=0.001). Nightcliff
Urban also had a slight elevation in Pb which was not significant. Zinc and Pb are
most likely slightly elevated due to greater urban impacts at Nightcliff reef in the
1980’s than in the 1880’s. Nonetheless the low concentration of Nightcliff urban
relative to pre-urban skeleton and Rocky Island skeleton is a good indication of the
low-level of pollution entering Darwin Harbour.
Nightcliff Pre-urban also has significantly lower Rb than both Rocky Island and
Nightcliff Urban. This may be due to increased land-clearing in Darwin Harbour
affecting the Nightcliff Urban coral, or to differences in terrestrial soil composition
between Darwin Harbour and Rocky Island, soil composition may also explain
significantly elevated Cu in Rocky Island skeleton compared to Nightcliff Urban
skeleton. Differences in soil composition are more likely than increased pollution at
Rocky Island since it is far from urban centers and is not affected by agriculture.
Rocky Island is thus near pristine like much of the GBR region (Furnas 2003;
Haynes & Johnson 2000).
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It is noteworthy that there is little difference between the compositions of coral bands
from Nightcliff pre-urban and Nightcliff urban, with slightly elevated levels of Mn,
Zn and Pb in the Urban bands (although this difference is only significant for Zn
(p=0.013). This clearly indicates the low level of environmental change that has
occurred in Darwin Harbour between 1880 and 1986. Darwin Harbour seawater is
considered to be near pristine at its current levels (Munksgaard & Parry 2001). It is
likely that Darwin Harbour seawater has not experienced dramatic change for over
100 years.

Table 4.10: Average concentration of metals (mg/kg) in a Porites spp. from Nightcliff Reef and a
Porites lutea from Rocky IsIand reef (n=1)

Rocky Island^
SD

Nightcliff Urbana
SD

Nightcliff
Pre-urbanb

Mg

Al

Mn

Cu

Zn

Rb

Sr

Ba

La

Pb

U

1171

2.36

0.639

0.411

1.32

0.041

7597

7.05

0.016

0.168

2.16

±0.03

±0.52

±0.12

±0.14

±0.02

±340

±0.00

±0.00

±0.07

1.54

0.534

0.396

1.46

0.049

7640

9.99

0.012

0.184

2.16

±0.42

±0.07

±0.02

±0.16

±0.00

±73

±0.19

±0.00

±0.03

1.78

0.438

0.364

0.830

0.032

7829

10.10

0.013

0.133

±0.38

±0.09

±0.09

±0.40

±0.01

±430

±0.56

±0.00

±0.06

±52

1060
±51

991
SD

±70

^ averaged for years 1988 – 1990

a

averaged for years 1980 – 1986

b

±2.0

±0.03

2.05
±0.24

averaged for years 1880 – 1890, SD = standard deviation,

n is No of samples.

Barium has been shown to be a useful tracer of terrestrial impacts, being linked to
flood events on the GBR and also in historic corals from Crete (Mertz-Kraus et al
2009). Thus the elevated barium concentrations in the Nightcliff coral in both time
periods, may be a result of greater riverine /sediment runoff impacts in Darwin
Harbour, although this difference was not found to be significant with the small
sample number used.
If Nightcliff and Rocky Island seawater composition is similar and close to the
concentration of open ocean values, then trace elements which are incorporated into
coral aragonite (not from included particulates) should be similar at these two
locations. This data shows that Porites corals growing in Rocky Island have similar
trace element compositions (Mg, Al, Cu, Zn, Sr, La, Pb, U) as that of Nightcliff
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Porites. Many of these trace elements, including Mg, Sr, La, Pb, U, are considered to
be primarily aragonite bound in coral skeletons. If this is accurate then the similarity
between the corals may be due to similar dissolved concentrations of these trace
elements in seawater at the two sites. This may suggest that the analysis and signal
processing of Porites coral samples may successfully exclude bias from particulate
inclusions, or that these detrital inclusions do not significantly affect the trace
element composition. These results also show that even small the amounts of urban
run-off occurring in Darwin Harbour may be detected. However, analysis of seawater
from Rocky Island should be completed to confirm the similarity of trace element
compositions of seawater at these two locations.

4.3 Conclusions
This chapter has shown the applicability of laser-ablation ICP-MS to Favid corals
Goniastrea aspera and Platygyra sinensis. Wall-structure-LA-ICPMS minimises the
inclusion of detrital coatings contained within pore spaces found in Favids.
Furthermore, LA-ICPMS of Favids has been shown to be of adequate accuracy and
precision for the use of Favids as bio-monitors
The LA-ICPMS data demonstrated the small scale (<1mm) heterogeneous nature of
Favid coral samples despite selective analysis of wall structures. Coral skeletons are
highly heterogeneous, with large variations in concentrations of trace elements over
short timescales in the direction of growth, as well as in transects along growth
bands. The cause of this fine-scale heterogeneity is still unclear and these variations
have been termed ‘vital effects’. Several researchers suggest that vital effects are
caused by coral growth processes, or possibly by analysis of an organic matrix
secreted by the coral. This uncertainty, teamed with the complicated way in which
corals grow (‘smoothing’ environmental signals) make analysis of short term trends
over weeks or months difficult. However coral skeletal profiles over annual and
longer timescales can provide useful information about their environment.
The annual averages used in this study were calculated using a database to ensure
that data was not biased by non-carbonate (detrital) inclusions. The annual averages
created by the database were similar to those provided by Glitter processing
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software, for most elements but database averages were preferable especially for
corals from more turbid locations, and specifically for aluminium, lead and zinc.
Since corals from more turbid locations generally had more non-carbonate spikes and
Al, Pb and Zn were more abundant in detrital inclusions. Database averages were
thus used throughout the study in place of Glitter averages.
Both Favids and Porites samples from turbid environments such as Darwin Harbour
are likely to contain trace elements in trapped particulate material in addition to
elements bound in skeletal aragonite. With appropriate use of data filtering ‘cleanedup’ trace element profiles from coral skeletal aragonite in both Favids and Porites
were found to have similar trace element compositions between high-turbidity sites
(e.g. Darwin Harbour) and low-turbidity sites (e.g. Heron Island and Rocky Island).
The applicability of the LA-ICPMS method to coral bio-monitoring is supported by
the similarity of coral compositions from Rocky Island Porites (GBR) and Nightcliff
Porites (Darwin Harbour). Since both of these corals inhabited environments with
low levels of urban pollution, composition of seawater at these sites can be assumed
to approach those of the open ocean. Thus, if coral compositions reflect seawater, the
skeletal concentrations of these two corals should be similar for several elements.
Rocky Island and Nightcliff Porites had similar compositions of Mg, Al, Cu, Zn, Rb,
Sr, La, Pb and U whilst concentration of Mn and Ba were slightly different between
the two locations possibly due to differences in terrestrial run-off and river flows.
The concentration of annual bands in the Nightcliff Porites coral before urbanisation
of the Darwin suburbs (1880-1890) was also found to be similar to the annual bands
post urbanisation (1980-1986). This result is in alignment with the general view that
Darwin Harbour is currently near-pristine and has experienced little pollution impact
from a small population (Darwin Harbour Advisory Committee 2009; Munksgaard &
Parry 2001; Munksgaard & Parry 2002b; Padovan 2001; Padovan 1997).
The similarity in trace element compositions in Favid corals from two near pristine
sites; Heron Island in the GBR and Lee Point in Darwin Harbour, also suggests that
WS-LA-ICPMS can be applied to coral bio-monitoring with Favids. Considering that
the main difference in trace element concentration between these two near pristine
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locations is turbidity, and WS-LA-ICPMS is relatively unaffected by non-carbonate
inclusions, it can provide reliable data on aragonite-bound trace elements in Favids.
The relative abundance of Favids in turbid environments such as Darwin Harbour
makes these corals promising candidates for use as long-term bio-monitors.
Thus when WS-LA-ICPMS is coupled to a data filtration and signal smoothing
procedures, reliable data can be obtained even from samples containing very high
levels of particulate material. This method is thus robust and applicable to a wide
range of environments from typical reef environments (such as Heron Island) to
turbid ones (Darwin Harbour).
In summary:
•

WS-LA-ICPMS is an accurate and precise method that expands the
applicability of laser ablation to a wider range of species growing in a wider
range of environments

•

Noise reduction and signal smoothing procedures further minimise the effect
of detrital inclusions on samples from turbid environments and allows the
comparison of samples from different turbidity regimes.
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5 Effect of multiple stressors on density banding and
growth characteristics of Favid corals Goniastrea aspera
and Platygyra sinensis
5.1 Introduction
Since the discovery of annual coral density bands (Knutsen et al 1972), researchers
have shown that density banding reflects the environmental conditions in which the
coral grew (Al-Rousan et al 2007; Cooper et al 2008; Denton & Burdon-Jones
1986a; Druffel 1997; Leclercq et al 2000; Lough & Barnes 2000; McCulloch et al
2003a; Peng et al 2002; Scott 1990; Sinclair 2005). The majority of these studies
have been performed on reefs experiencing low turbidity, little anthropogenic impact
and sea surface temperatures (SST) within the typical range of coral reefs. In these
‘typical’ reef environments stress to corals, such as restricted light availability due to
suspended particulates, low salinities, and high sediment fluxes due to river
discharges are relatively minor. However, with warming SSTs and expanding human
populations, stress to reefs is increasing. Many of the reef environments most likely
to be adversely affected by increasing stress are marginal environments where stress
is relatively high (Gischlera et al 2005; Guinotte et al 2003; Kleypas et al 1999b).
Marginal reefs occur in environments which are at the extreme limits for coral
growth due to extremes of temperature, sedimentation, light availability or water
flow (Celliers & Schleyer 2002; Kleypas et al 1999b). Studying marginal
environments is vital as they are the environments most at risk from increased stress.
Despite this, there are few studies of growth characteristics in corals from potentially
stressful marginal reef environments (Scoffin et al 1997; Scoffin et al 1992).
Fringing reef environments are often harsh environments for coral growth (Anthony
& Kerswell 2007; Collins 1994; Done & Turak 1994; Scoffin et al 1997; Scoffin et
al 1992). The fringing reefs of Darwin Harbour, for example, are potentially stressful
environments with relatively warm and very turbid waters, (annual average SST of
29C, and often reaching 32°C in the summer wet season, with turbidities of greater
than 80 nephelometric turbidity units (NTU)) (Munksgaard 2004). Darwin Harbour
also has a large tidal range (0 – 8m), which causes regular prolonged sub-aerial
exposures of the fringing reef-zone. Intertidal corals in Darwin Harbour have been
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observed to bleach at least twice annually during sub-aerial exposures which occur
for three consecutive days around midday in the wet season (personal observation –
Feb 2003). Fringing reefs in Darwin Harbour also receive high levels of freshwater
and sediment run-off during the Australian wet season monsoon (December to
April). The multiple stressors occurring on these and many fringing reef
environments include high turbidity/ limited light availability, freshwater and
sediment plumes and regular sub-aerial exposures. However, there are no studies of
the effect of these multiple stressors on the growth characteristics and density
banding of corals from the Favid family, which often dominate these environments.
Corals of the Favid family such as Goniastrea aspera and Platygyra sinensis are
robust and able to survive in seemingly highly atypical reef environments (Collins
1994; Ferns 1995; Scoffin et al 1997). These species seem to thrive, for example, on
the inter-tidal fringing reefs of Darwin Harbour and may be ideal for study of
extreme environments and the effect of multiple stressors on growth (Anthony &
Fabricius 2000; Collins 1994; Wolstenholme et al 1997). Despite this, there are only
five studies examining growth characteristics and growth form of these Favids
(Buddemeier et al 1974; Highsmith 1979; Scoffin et al 1997; Weber & White 1974;
Weber et al 1975).
The applicability of growth analyses, especially TLT, to these Favid corals is
significant since sampling of these species can be performed using low-tech
equipment (e.g. a hand corer), directly from shallow near-shore reefs without the
need for diving. This sampling method can thus be incorporated into environmental
monitoring programs in developing nations as it does not require extensive training
and is ideal where the research budget is limited.
To effectively use Favids as recorders of environmental change it is vital to
understand how environmental stressors affect growth and density banding of these
corals. In this thesis I have classified environmental stressors into two categories;
acute, being stress causing a bleaching response within a short time-frame (days),
and chronic, being stress that causes a decrease in tissue health and/or reduces
calcification and may occur over weeks, months, or years.
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Acute coral stress
Acute coral stress, as defined here, is due to sudden, dramatic changes in the
environment including unusually high (or low) water temperatures, sudden reduction
in light availability due to increased turbidity or sedimentation, sub-aerial exposure
at low tides or severe chemical changes in the environment, including increased
toxins or reduced salinity (Anthony & Kerswell 2007; Bhagooli & Hidaka 2004;
Glynn et al 1984; Hoegh-Guldberg & Smith 1989; McClanahan et al 2004; Nugues
& Roberts 2003). Acute stress may be detected in three ways: the presence of coral
bleaching, observation of areas of tissue death or ‘stress bands’ in the skeleton
(Hendy et al 2003; Hudson 1981) or by the presence of atoll-shaped coral colonies
(micro-atolls) (Scoffin et al 1997; Smithers & Woodroffe 2000; Stanley 2005).
Bleaching of coral tissues occurs when their symbiotic zooxanthellae are expelled
due to non-ideal conditions for zooxanthellae growth. Bleaching in intertidal corals is
most commonly caused by high temperature, high solar radiation, sub-aerial
exposure or sediment smothering of corallites (Anthony & Kerswell 2007; HoeghGuldberg & Smith 1989; Nugues & Roberts 2003; Scoffin et al 1997). Extreme cases
of bleaching can lead to tissue death and may cause a growth hiatus, or ‘stress band’
when coral tissue grows over dead areas leaving a gap in the skeleton (Hendy et al
2003; Hudson 1981; Scoffin et al 1997).
Stress bands and areas of die-off can be used to detect historical bleaching events. If
several colonies from the same reef record an area of die-off in the same annual band
it may be indicative of a large-scale bleaching event, such as the global bleaching
events that occurred in 1998 and 2002 (Hoegh-Guldberg 1999; Wilkinson 2004).
Studies of stress bands can thus provide insight into historical large-scale stress
events.
Atoll shaped colonies are also the result of acute stress caused by repeated low-tide
sub-aerial exposures. Repeated bleaching of coral apexes during these exposures
causes the death of the uppermost corallites close to the seawater/air interface. This
results in dome shaped colonies which have dead tops (micro-atolls) and growth
becomes predominantly lateral (Collins 1994; Scoffin et al 1997). Coral micro-atolls
form on reefs where coral colonies are growing close to sea-level and can be used to
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show historical changes in sea-level (Scoffin et al 1997; Stanley 2005). On turbid
fringing reefs, however, micro-atolls may also be a symptom of limited light
penetration.

Chronic stress
Chronic stress may be caused by low light or nutrient availability, non-optimal
temperature conditions for zooxanthellae, regular exposure to low salinity due to
freshwater plumes and repeated acute stress, e.g. acute stress which causes bleaching
but not mortality, may reduce health and thus rate of coral growth. Chronic stress is
often recorded as reduced thickness of the tissue layer, the outermost layer of the
skeleton where the living organism resides (Figure 4.1). Reduced rates of growth
controlled by the tissue layer may also be a result of chronic stress.
The thickness of the tissue layer rapidly decreases in unfavourable conditions and is
thus a good short-term indicator of chronic stress. Corals with unusually thin tissue
layers are likely to have experienced chronic stress in the previous month of growth.
Tissue layers under 2mm in thickness are indicative of corals under starvation
conditions (Barnes & Lough 1992). Willis et al (2000) found significantly reduced
tissue layer thickness (TLT) in corals suffering from bleaching (heat stress) and in
those that were artificially shaded. Barnes and Lough (1999) found reduced TLT at
Misima Island, Papua New Guinea a site experiencing increased sedimentation due
to a nearby gold mine. Measuring TLT is a relatively simple and non-destructive
technique requiring only a small sample of tissue and skeleton which can be obtained
using a hand coring device, it is a technique worth applying to Favid corals as a tool
for monitoring marginal reef environments. This chapter provides the first study of
TLT in Favids.
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Figure 5.1: The general structure of the polyp and underlying skeleton (Veron 2000)

The tissue layer is also responsible for the density banding pattern. As the coral
grows the calcium carbonate skeleton is laid down from the base of the tissue layer
(from specialized cells called the calicoblastic ectoderm), whilst thickening of the
skeleton occurs throughout the tissue layer (Barnes & Lough 1993). It is the amount
of thickening that causes the banding pattern. The alternating pairs of high and low
density bands formed in winter or summer are used to date corals. While there was
some debate about the timing of annual band formation (Klein et al 1993; Lough &
Barnes 1989; Rosenfeld et al 2003; Taylor et al 1993; Wellington & Glynn 1983) it
is now well established that in the majority of environments, including the Australian
tropics, high density bands are formed in the summer while less dense bands form in
winter (Lough & Barnes 1990a). That is, when the zooxanthellae are able to fix more
energy, in summer, there is a more dense band formed (Barnes & Lough 1992; 1999;
Willis et al 2000).
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Since the densities of winter and summer bands are dependent on differences in
temperature and seasonal differences, which are quite small in Darwin Harbour there
was a possibility that Darwin Harbour Favids would not be datable. The SST range
from wet season to dry season in Darwin Harbour is only 2.6°C, increasing from a
dry season average of 27.8°C to an average of 30.4°C in the wet season(AIMS data
centre 2009; NOAA Satellite and Information Service 2009). The effect of this small
seasonal SST difference on density band formation was investigated in Darwin
Harbour Favids, since small seasonal variations could potentially cause ambiguous
density banding and, therefore, difficulty in dating corals.
Since growth bands vary in density and band width relative to environmental
conditions such as temperature and light availability, skeletal density and band width
are used to measure coral performance. These parameters are averaged to provide
annual skeletal density (g/cm3/yr), and annual rate of linear extension (cm/yr) for a
particular colony. A third growth parameter, the average annual calcification rate
(g/cm2/yr) is the product of average annual density (AAD) and average annual
extension (AAE). Average annual calcification (AAC) is often the best measure of
the overall health of a coral and is a measure of the mass of calcium carbonate
skeleton laid down per year (Grigg 1997; Lough & Barnes 1997; 2000). An
extensive survey (Lough & Barnes 1997) of Porites corals on the GBR shows that
coral extension responds to both temperature and also to nutrient run-off (necessary
for heterotrophic feeding). Lowest AAE rates (~0.9cm/yr) were found at southern
GBR sites far offshore (away from nutrients), while highest extension (~1.7cm/yr)
occurred on near shore reefs in the far northern GBR (exposed to higher nutrient
loads from runoff and warmer SSTs). Average skeletal density increased with
increasing distance from shore and calcification was also found to increase with
increasing temperature. There are only a few studies of density and calcification of
Favids although two studies in the 1970’s (Buddemeier et al 1974; Weber & White
1977) found that extension rates of Favids is also temperature dependent and
affected by stress.
In addition to skeletal density, extension and calcification rates, luminescence
analysis may be used as a measure of freshwater stress (Carricart-Ganivet et al 2007;
Lough et al 2002). Corals subjected to freshwater run-off have been shown to
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contain luminescence which appears as bright yellow fluorescent lines against a
purple background and occurs in the high density bands formed in the wet season
(Isdale 1984). Corals in nearshore locations can have luminescent lines in every year
of growth, whilst corals further offshore may only show luminescence in extremely
wet or flood years (Lough et al 2002). Average annual luminescence can be used as a
measure of the average freshwater stress a coral experiences in its lifetime, while
luminescent patterns can be used to reconstruct records of past floods (Isdale et al
1998).
The exact cause of luminescence is still not well understood. It was orginally
proposed that exposure to freshwater may have caused the coral skeleton to
incorporate chemicals from terrestrial run-off including humic and fulvic acids (Boto
& Isdale 1985; Wild et al 2000). It was later found that luminescent bands have an
altered skeletal porosity, which was thought to enable UV light to be reflected as
luminescent lines (Barnes & Taylor 2001). It has since been recognised that porosity
may be the result of reduced calcification due to freshwater stress and that
luminescence may be caused by either skeletal changes in the structure and packing
of aragonite crystals or the incorporation of terrestrial chemicals, or a combination of
the two (Barnes & Taylor 2005).
This chapter aims to ascertain the suitability of Favid species as monitors of reef
health in extreme environments. The effect of multiple stressors on density banding
and growth characteristics of Favid corals from Darwin Harbour was assessed and
compared to the same species from Heron Island, Great Barrier Reef (GBR).
Comparative studies were also performed using a Porites sample from Darwin
Harbour (12°S), Port Essington (11°S) Northern Territory, Misima Island (11°S),
Papua New Guinea, and Rocky Island (13°S), GBR.
Annually-banded massive corals were analysed to determine:
•

Whether density bands of Favids in Darwin Harbour are readily datable

•

The average coral growth rates and tissue layer thicknesses of corals in
Darwin Harbour
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•

The effect of acute and chronic stressors on growth and density banding of
corals in Darwin Harbour and whether Favids can be used as monitors of reef
health, and

•

The similarities between growth rates of Darwin Harbour Favids; Goniastrea
aspera and Platygyra sinensis and the same species at Heron Island (GBR)
and between Darwin Harbour Porites and Porites growing at similar
latitudes.
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5.2 Results and Discussion
During the initial analysis of Favid corals (Goniastrea aspera and Platygyra
sinensis) it was necessary to assess whether the stressful conditions experienced on
Darwin Harbour fringing reefs affects the density banding pattern. The density bands
of Favids were thus examined to assess firstly, whether density bands were regular
and readily datable and secondly, whether acute or chronic stress was evident in
Darwin Harbour Favids.
To determine the effect of stress on Favids, coral samples from Darwin Harbour
were compared to studies of Favids in the literature and to the same species collected
from Heron Island, GBR. A Porites coral from Darwin Harbour was also compared
to several Porites samples from other locations, collected by the Australian Institute
of Marine Science. Figure 5.2 shows the two Favid species studied exposed during
low tide.

A

B

Figure 5.2: A. Goniastrea aspera before collection from Emery Point Reef; B. Platygyra sinensis
at Weed Reef, Darwin Harbour, note the film of sediment covering adjacent rocks at both sites
and the bleached apex of the taller P. sinensis specimen.
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5.2.1

Density banding in Favid skeletons

Favids collected in Darwin Harbour contained annual density bands which were
readily datable despite the small differences in SST between the wet (30.4°C) and
dry seasons (27.8°C) (NOAA Satellite and Information Service 2009). Resolving the
density banding pattern on X-rays of Favids was, however, found to be more difficult
than for Porites samples (compare Figures 5.3 and 5.4). This difficulty was due to
the thick wall structures of Favids, the sometimes ambiguous banding patterns and
the presence of borer holes.

The thick wall structures can be observed on X-rays of Favids as dark lines
perpendicular to the density banding pattern (Figure 5.3). These thick lines obscure
the pattern slightly making bands less visible on X-rays, although they do not appear
to hinder dating by densitometry.

There were also areas of ambiguous banding, visible on X-rays, caused by changes in
polyp growth direction. In these areas the density banding pattern was not clear on
X-rays and was also not readily detectable by densitometry. These areas were thus
avoided wherever possible.

Many of the Favids collected in Darwin Harbour had borers in the older parts of their
skeletons. This made selecting densitometer tracks difficult, since the borer holes
were often in the middle of the best direction of growth. Borer holes contained
sediment, shell and organic material and were avoided, both for dating (shell
fragments have different densities) and for elemental analysis (sediment has higher
metal content than coral skeleton) (Figure 5.3).

Thick wall structures, sometimes ambiguous banding patterns and borer holes often
made dating Darwin Harbour Favids more difficult than dating Porites samples.
However, the majority of dating difficulty occurred in the oldest 3-5 yrs of growth,
since this area was most affected by borers and since this early portion of the
skeleton also often had a different growth direction to later areas of skeleton,
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possibly due to the young colony being overturned/re-positioned by turbulent waters.
Excluding these ambiguous density bands ensured that 26 of the 29 colonies were
datable within acceptable confidence levels (see Table 3.6 in Chapter 3).

Growth
Hiatus

Densitometer
Track

Density
Bands

Borer
Holes
Borers

Ambiguous
banding

Figure 5.3: X-ray image of a Platygyra sinensis from Lee Point showing two growth hiatuses,
borer holes and areas of ambiguous banding. Density bands are more difficult to see on x-rays
of Favids compared to Porites, due to the thick skeletal wall elements running perpendicular to
the density bands.

Densitometer
track

Figure 5.4: X-ray image of a section of the Porites sp. core from Nightcliff Reef, note the fine
skeletal wall elements and the narrow density bands.
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5.2.2

Evidence of acute coral stress in an extreme environment

Acute coral stress was evident in Darwin Harbour by visual observations of coral
bleaching, the presence of stress bands in coral skeletons and the dominance of
micro-atoll shaped colonies in the inter-tidal zone. Figures 5.5 and 5.6 show coral
bleaching due to sub-aerial exposure and atoll shaped colonies exposed at low tide in
Darwin Harbour.

A

B

Figure 5.5: A. Platygyra sinensis in early stages of bleaching; B. P. sinensis with previously
bleached skeleton as indicated by an area of die-off, colonised by a sponge.

Figure 5.6: Bleaching evident at Nightcliff Reef, Darwin Harbour during an extreme low tide February 2003
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5.2.3

Acute stress: Coral bleaching and stress bands

Coral bleaching due to the loss of photosynthetic zooxanthellae has been observed to
occur regularly in Darwin Harbour (Ferns 1995; Wolstenholme et al 1997). The
potential causes of acute stress to Darwin Harbour corals includes; exposure to high
temperatures (often reaching above 32 °C) (NOAA Satellite and Information Service
2009), sub-aerial exposure at low tide, and exposure to freshwater run-off. Much of
the bleaching observed on Darwin Harbour fringing reefs is due to sub-aerial
exposure; however stress bands also indicates that Darwin Harbour corals were
affected by mass bleaching events in 1998 and 2002.

Stress bands
Eight stress bands were identified in the 25 Darwin Harbour Favids, three were dated
as in the 1998 density band and another three occurred in the 2002 density band
(Table 5.1), two other hiatuses were dated as 1994. The hiatuses in 1998 and 2002
are likely caused by heat stress from increased sea surface temperatures, which
caused mass world-wide coral bleaching (Wilkinson 1998; 2004). During November
1998 sea surface temperatures (SST) in Darwin Harbour reached 32.6°C with 8
consecutive days above 31.5°C, whilst in December 2002 SST reached 33.4°C and
included 6 consecutive days above 32.9°C (NOAA Satellite and Information Service
2009). These events are likely to have resulted in bleaching due to heat stress in
Darwin Harbour. The 1994 hiatuses are not related to mass bleaching events and may
be the response of a single colony to a localised stressor, for example, sediment
smothering.

Table 5.1: Years of observed growth hiatuses in Darwin Harbour Favids
Coral

Zone

Growth Hiatuses

LP03_3

Outer Harbour

1998/1994

NI03_1

Outer Harbour

1998

WR04_3

Mid Harbour

1998

PH04_1

Central Business District

1994

CI03_3

Middle Arm

2002

MA04_1

Middle Arm

2002

MA04_2

Middle Arm

2002
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Micro-atolls
In Darwin Harbour, micro-atolls are the dominant shape for corals larger than 20 cm
in height (Ferns 1995; Collins 1994; Personal Observation). During February/March
and October/November extreme low tides occur exposing corals to air and sunlight
for several hours on 3-4 consecutive days. These conditions cause bleaching which
leads to tissue death at the coral apex. Repeated bleaching occurs in subsequent years
and once the colony reaches approximately 20cm in height, exposure occurs for
longer duration, thus bleaching becomes more severe leading to tissue death and
formation of micro-atolls (Figure 5.7).

Figure 5.7: The beginning of micro-atoll formation; a G. aspera with a small growth hiatus to
which sediment has adhered .

Micro-atolls, coral bleaching and growth hiatuses are evidence of acute coral stress
occurring on Darwin Harbour fringing reefs (Figures 5.5 - 5.7).

104

5.2.4

Effect of acute stress on density banding in Favids

Acute stress affects density banding in two ways, 1) directly by causing growth
hiatuses or gaps in the skeleton and formation of atoll shaped colonies and 2)
indirectly by reducing the health of the tissue layer. Acute stress can affect the
banding pattern since energy may be redirected from ‘normal’ growth processes
(extending or thickening the skeleton) to healing damaged tissues. These healing
processes may use significant amounts of energy (Borell & Bischof 2008; Fanny &
Christine 2009), while bleached portions of the skeleton can only feed
heterotrophically until zooxanthellae are reintroduced. Thus, the effects of acute
stress may continue to affect the coral for longer than the acute stress event leading
to a chronic stress response. Chronic stress can be observed as reduced tissue layer
thicknesses, skeletal densities, extension and calcification rates.

5.2.5

Evidence of chronic stress: comparison of growth characteristics of Darwin
Harbour Favids to literature values

Average annual density, extension, and calcification rates were averaged for all G.
aspera and P. sinensis samples in Darwin Harbour and compared to previously
published values (Tables 5.2, 5.3 and Figure 5.8).

Extension rates
Reduced extension at lower sea surface temperatures (SST) due to lower
zooxanthellae activities has been observed in several species including Platgyra spp.
(Weber & White 1974) and corals from the Acropora, Porites and Favid families
(Buddemeier et al 1974; Harriott 1999; Lough & Barnes 2000; Stimson 1996) (Table
5.2). Thus Darwin Harbour, with relatively high SSTs, was expected to have much
higher extension rates than corals from cooler waters (eg Heron Island) (AIMS data
centre 2009; NOAA Satellite and Information Service 2009).
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Table 5.2: Average Annual extension rates of Platygyra spp., Goniastrea spp. and Porites spp.at
various locations with different sea surface temperatures (SST)
Locality

Latitude

Avg
SST(°C)

Species

AAE
cm/yr

n

Ref

Rabaul, New Guinea

4°S

29.3

Platygyra spp.

1.03

2

2

Koror, Palau

7°N

29.2

Platygyra spp.

0.91

4

2

Yap, Caroline Islands

11°N

29.2

Platygyra spp.

1.20

2

2

Darwin Harbour

12°S

28.9^

G. aspera

0.81

8

1

P. sinensis

0.97

8

1

Buka, Solomon Islands

5°S

28.6

Platygyra spp.

1.02

4

2

Port Moresby, Papua

9°S

28.4

Platygyra spp.

1.04

6

2

Tarawa Atoll

1°N

28.2

Platygyra spp.

0.77

1

2

Saipan, Mariana
Islands

15°N

28.2

Platygyra spp.

0.94

6

2

American Samoa

14°S

28.1

Platygyra spp.

0.78

1

2

0.68

10

3

0.64-0.83

3

4

P. lamellina

0.64-0.94

2

4

Marshall islands

10°N

28.0

G. retiformis

Viti Levu, Fiji

18°S

26.8

Platygyra spp.

0.83

9

2

Carter Reef, Australia

15°S

26.3

Platygyra spp.

0.63

1

2

Noumea, New
Caledonia

22°S

26.0

Platygyra spp.

0.7

8

2

Central GBR - TSV

19°S

26.0*

G. aspera

0.2-0.95

26

5

26.0*

P. sinensis

0.31-1.09

19

5

Mauritius

20°S

25.9

Platygyra spp.

0.70

1

2

Tonga

21°S

25.0

Platygyra spp.

0.63

1

2

24.5**

G. aspera

0.77

2

1

24.5**

P. sinensis

0.60

2

1

23.9

Platygyra spp.

0.49

5

2

Heron Island,
Australia

23°S

Moreton Bay

27.5°S

22.9#

G. australiensis

0.49-0.61

3

7

Solitary Islands

30°S

20.6

G. australiensis

0.29

3

6

1
2
3
4
5
6
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This study
Weber & White (1974)
Highsmith (1979)
Buddemeier et al (1974)
Babcock (1988)
Harriott (1999)

7
Roberts & Harriott (2003)
^
NOAA Satellite and Information service (2009)
*
Geoffrey Bay 1993-2003 (AIMS data centre 2009)
**
Heron Is 1995-2003 (AIMS data centre 2009)
#
Directorate of Oceanography & Meteorology (2008)
G. = Goniastrea, P. = Platygyra, n = No of samples

1.6

AAE (cm/yr)

1.2

R2 = 0.55

0.8
R2 = 0.64

0.4
0
20

22

24

26

28

30

SST (°C)
Platygyra sp.

Goniastrea sp.

Figure 5.8:Average Annual Extension (AAE) reported for Platygyra sp. and Goniastrea sp from
the literature and this study (see Table 4.6 for references) (Darwin Harbour samples are
highlighted in red and Heron Island samples in orange) versus annual average SST.

Coral extension rates in Darwin Harbour appear to follow the expected rates for the
warm climate of 12° S as can be observed in (Table 5.2). The comparison of
extension rates with average SST (Figure 5.8) shows that both G. aspera and P.
sinensis samples from Darwin Harbour (highlighted in red) are within the range in
the literature. Average annual extension in Darwin Harbour (SST 28.9° C) for G.
aspera was 0.81 cm/yr and for P. sinensis was 0.97 cm/yr, while average annual
extension for Goniastrea spp. samples from the Marshall Island (average SST 28° C)
was 0.72cm/yr (n=10) (Highsmith 1979) and was 1.03cm/yr (n=18) for Platygyra
spp. (SST 28.4-29.3° C) (Weber & White 1974). This suggests that Darwin Harbour
Favids have adapted to the stressors on the fringing reefs of the Harbour; high
turbidity and regular sub-aerial exposures for example.

Skeletal densities
There are few published reports of skeletal densities of Favids; however Highsmith
(1979) reported skeletal density (AAD) for Goniastrea retiformis and Porites lutea
from the Marshall Islands (10°N) of 1.70g/cm3/yr and 1.41g/cm3/yr, respectively
(Table 5.2). Skeletal density of G. aspera, and Porites sp. samples in Darwin
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Harbour were lower than these with 1.06g/cm3/yr for G. aspera while Porites sp. had
density of 1.29g/cm3/yr at Nightcliff (Table 5.3). The density of G. retiformis at
Eniwetok Atoll is higher; whilst the extension is lower than G. aspera in Darwin
Harbour, possibly due to species differences. Darwin Harbour Porites are clearly less
productive than those measured in the Marshall Islands, having lowered extension
and density.

Table 5.3: Average +/- s.d. of coral growth characteristics average annual extension (AAE),
average annual density (AAD) and average annual calcification (AAC) by site
Species

AAE
cm/yr

AAD
g/cm3/yr

AAC
g/cm2/yr

Darwin Harbour
(1993-2003)

G. aspera
P. sinensis

0.81 ±0.13
0.97 ±0.14

1.06 ±0.12
0.98 ±0.17

0.91 ±0.10
0.92 ±0.19

Heron Island
(1993-2003)

G. aspera
P. sinensis

0.77 ±0.17
0.60 ±0.10

1.13 ±0.10
1.15 ±0.16

0.86 ±0.13
0.68 ±0.02

Nightcliff
(1877-1986)

Porites sp

0.58 ±0.17

1.29 ±0.08

0.74 ±0.20

Port Essington
(1914-1986)

Porites sp

1.92 ±0.67

1.03 ±0.07

1.97 ±0.68

Rocky Island
(1978-1990)

P. lutea

1.09 ±0.28

1.27 ±0.06

1.38 ±0.37

Misima
(1978-1994)

P. lobata

0.92 ±0.33

1.28 ±0.09

1.19 ±0.50

G. retiformis*
P. sinensis ^
Porites lutea*

0.68
1.03
0.76

1.70
NA
1.41

1.16
NA
1.07

Marshall Islands

*Highsmith (1979), ^ Weber and White (1974), NA = not available

Calcification rates
When comparing calcification rates of Favids in Darwin Harbour there was again no
data for P. sinensis, although Highsmith (1979) reports higher calcification rates for
Goniastrea retiformis and Porites lutea at the Marshall Islands. Rates for the
Marshall Islands G. retiformis averaged 1.16 g/cm2/yr, slightly higher than the 0.91
g/cm2/yr average for G. aspera in Darwin Harbour. Whilst for Porites lutea the
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average calcification rate of 1.07 g/cm2/yr at the Marshal Islands is much greater
than the 0.74 g/cm2/yr averaged by the Darwin Harbour Porites sp. Again this may
indicate that Porites is under greater stress in Darwin Harbour, compared to
Eniwetok Atoll, while Goniastrea aspera is only slightly affected and has likely
adapted to Darwin Harbour conditions.
Whilst suspended particulate matter in Darwin Harbour waters may limit light
availability, it may also provide a food source for efficient heterotrophs such as
Goniastrea sp. Favids are known to be effective heterotrophs when light is limited
(Anthony 1999; Anthony 2000; Anthony & Fabricius 2000). It is thus likely that
Favids in Darwin Harbour are gaining some fraction of their energy from feeding on
particulate matter (Borell & Bischof 2008; Fanny & Christine 2009). This may
explain why extension rates appear not to be affected by the multiple stressors in
Darwin Harbour and calcification rates appear to be only slightly reduced compared
to rates reported in the literature, (Buddemeier et al 1974; Highsmith 1979). The
slight reduction may be due to heterotrophy being not as efficient at providing energy
for calcification as oligotrophy (Table 5.3) (Anthony 2000; Anthony & Fabricius
2000).
Linear extension rates for the Heron Island Favids (highlighted orange in Figure 5.8)
examined in this study also appear to be within the range previously reported. This
was not an unexpected result as Heron Island is a typical reef environment limited by
cooler SST and nutrient availability, but not by low light availability and is thus
comparable to primarily oligotrophic corals from cooler SSTs (Weber & White
1974).

5.2.6

Chronic stress: comparing growth rates of Favids in Darwin Harbour to
Heron Island

When comparing skeletal density, extension and calcification rates of G. aspera
samples from Darwin Harbour to those from Heron Island (Figure 5.9) it is clear that
there was little difference between the sites. This is an unexpected result since
generally skeletal extension and calcification rates are greater at warmer SSTs and
thus Darwin Harbour corals were expected to have much higher growth rates than
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Heron Island corals. There is no significant difference between skeletal density and
calcification rates at Darwin Harbour and Heron Island, only slightly greater
extension rates were significantly different between the two sites (p=0.015) (1-wayANOVA). This may suggest that Darwin Harbour G. aspera corals are slightly
limited by light availability, which results in growth being reduced to rates found in
southern GBR locations.
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Figure 5.9:Average Annual Extension (AAE), Average Annual Density (AAD) and Average
Annual calcification (AAC) in G. aspera at Darwin Harbour (DH) and Heron Island (HI) for the
years 1994 to 2003 (Error bars are ±1SD, n=11 for Darwin Harbour and n=2 for HI)

Platygyra sinensis corals, however, had higher extension and calcification rates and
lower skeletal densities in Darwin Harbour compared to Heron Island corals (Figure
5.10). The difference between extension and calcification rates in Heron Island and
Darwin Harbour corals was significant (p=0.001), whilst skeletal density was also
significantly higher at Heron Island than Darwin Harbour (p=0.011) (1-wayANOVA). This result was most likely due to the effect of cooler SST’s at Heron
Island on P. sinensis. Cooler temperatures, either due to greater distance from the
equator or greater depths in the ocean have been shown to encourage the thickening
of skeletal elements at the expense of extension rate (Buddemeier et al 1974;
Highsmith 1979). Thus at Heron Island, P. sinensis corals have more dense and
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narrower annual bands compared to corals from Darwin Harbour. P. sinensis corals
did not, therefore, appear to be greatly affected by chronic stress and may be better
adapted to Darwin Harbour fringing reefs than G. aspera.
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Figure 5.10:Average Annual Extension (AAE), Average Annual Density (AAD) and Average
Annual calcification (AAC) in P. sinensis at Darwin Harbour (DH) and Heron Island (HI) for
the years 1994 to 2003 (Error bars are ±1SD, n=14 for DH, n=2 for HI)

The possibility that P. sinensis is better adapted to Darwin Harbour than G. aspera is
supported by the greater abundance of P. sinensis compared to G. aspera on eight of
the nine locations where corals were collected in Darwin Harbour (personal
observation). P. sinensis may be a more effective heterotroph, or possibly P. sinensis
may be better able to recover from bleaching or sediment smothering. The meandroid
corallites of P. sinensis may, for example, allow mucous to more effectively slough
off settled sediment particles than occurs in the ceriod corallites of G. aspera.
Nonetheless, what is clear is that growth of these Favid species do not appear to be
greatly affected by chronic stress, which is most likely due to their ability to
effectively feed heterotrophically.
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5.2.7

Chronic stress: comparing growth rates of Porites in Darwin Harbour to
Porites from North Australian and Papua New Guinea

The Darwin Harbour Porites sp. sample from Nightcliff reef does, however, appear
to be stressed or inhibited when compared to corals growing at similar latitudes
(Figure 5.11).
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Figure 5.11:Average Annual Extension (AAE), Average Annual Density (AAD) and Average
Annual Calcification (AAC) in Porites sp. at Nightcliff reef (NI) (1877-1986), Port Essington
(PE) (1914-1986), Rocky Island (RI) (1978-1990) and Misima Island (MI) (1978-1994) (Error
bars are ±1SD, n=1)

Skeletal density of the Nightcliff coral was similar to both Rocky and Misima Island
corals and to skeletal densities of 1.32 g/cm3/yr published for far Northern GBR
corals (Lough & Barnes 1997). In contrast, extension rate of the Nightcliff coral was
much lower than all the other Porites samples analysed. This difference was
significant comparing the Nightcliff extension rate with that of Port Essington (p =
0.001) and Rocky Island (p=0.001). Calcification rate of Nightcliff Porites was also
significantly lower than all other corals analysed (p = 0.001), against Port Essington
and Rocky Island corals and (p=0.048) against the Misima coral. This statistical
analysis is based on comparing means of data through a 1-way-ANOVA from all
years of growth available for each coral. Measurements from more corals from each
location would be required to give greater confidence to this result. Nonetheless,
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Nightcliff Porites appears to be a highly stressed coral which generally has growth
characteristics most similar to Misima Island Porites, a coral which is thought to be
suffering from run-off and sedimentation stress (Barnes & Lough 1999). This
supports the idea that Nightcliff Porites may also be suffering from stress, most
likely due to reduced light caused by turbidity.
Both Rocky Island and Misima Island Porites had extension and calcification rates
lower than predicted by SST trends on the GBR of 1.55 cm/yr and 2.05 g/cm2/yr,
respectively. These corals are also most likely suffering from some stress. At Misima
Island, this may be related to sedimentation stress, whilst it is possible that
heterotrophic nutrition is limited at Rocky Island, due to limited terrestrial nutrients.
In contrast the Port Essington Porites appeared to be a coral with a very low level of
stress, having the opposite pattern of growth characteristics to the Nightcliff coral.
Port Essington extension rate of 1.92 cm/yr are above North GBR values (1.55cm/yr)
while calcification rates are similar to North GBR values being 1.97 g/cm2/yr for
Port Essington compared to 2.05 g/cm2/yr for GBR (Lough & Barnes 1997; 2000).
Thus the Port Essington coral may gain nutrients for heterotrophic feeding and be in
optimal temperatures for zooxanthellae, being near-shore, in warm ocean
temperatures without the negative effects of low-light/high turbidity due to run-off.
This combination may thus enable growth of a thick tissue layer and skeleton with
high extension and low density,
Analysis of growth characteristics, skeletal density, extension and calcification rates
in this study indicate that whilst Darwin Harbour fringing reefs may be a stressful
environment for some coral species, such as Porites sp, other corals like the Favids
analysed in this study (G. aspera and P. sinensis) have possibly adapted to these
conditions. In addition Borell & Bischof (2008) have suggested that heterotrophy
plays an important role in thermal resistance of corals, by limiting
photophysiological damage.
Whilst the idea that Porites are less resistant to chronic stress in Darwin Harbour
than the Favids is based on measurements of a single Porites coral, its density,
extension and calcification rates were consistent throughout the core sample, and
there are relatively few Porites corals growing in Darwin Harbour (Personal
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observation and Mick Guinea, Personal communication). It is also worth noting that
the AIMS survey conducted in August 1986 found only one massive Porites coral in
Darwin Harbour to core during several days of diving (Dr David Barnes, personal
communication, 2004).

5.2.8

Chronic stress: comparing tissue layer thickness of Favids in Darwin
Harbour to Heron Island

The thickness of the tissue layer is another useful indicator of coral health, since
thicker tissue layers are generally associated with healthier more well-nourished
corals (Barnes & Lough 1992). Studies on the GBR have shown that tissue layer
thickness (TLT) varies with water temperature, and also with proximity to shore
(Barnes & Lough 1992; 1999; Lough & Barnes 2000). Tissue layers are generally
thicker in Northern GBR reefs compared to southern ones and corals closer to
nutrient run-off have thicker TLT’s than corals growing far off-shore. TLT has also
been established as a measure of stress in corals, such as low light stress due to
sedimentation (Barnes & Lough 1999). To date, all of the studies using TLT as an
indicator of coral health have used Porites corals, and there are no published studies
of TLT in Favid corals. Tissue layer thickness measurements are a good short-term
indicator of coral health, being non-destructive and variable from month to month
and year to year. Application of TLT measurements from Favid corals in this study
indicates the potential for TLT measurements to be applied to other massive species.
Favids were collected in Darwin Harbour in 2003 and 2004 and as Figure 5.12 shows
TLT appears to be lower in both G. aspera and P. sinensis samples collected in 2003,
compared to 2004. Whilst this difference is not significant for either species, possibly
due to the small sample number and high variation between samples, the reduction
may be due to differences in rainfall. Both the 2003 and the 2004 collections
occurred in February, however, corals collected in 2003 would have experienced
greater rainfall/fresh water run-off than the corals collected in 2004. This is
significant since TLT is indicative of the previous ~1 month of growth. In February
2003, 560mm of rainfall was measured at Darwin Airport compared to a February
average of 320mm in 2004 (Figure 5.12) (Bureau of Meteorology). If the lower TLT
in 2003 was in response to a stressor, it is again G. aspera that responded more
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strongly to the stressor than P. sinensis, which may indicate that G. aspera is less
adapted to Darwin Harbour, or that this species may be a better indicator of
environmental stressors in Darwin Harbour.
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Figure 5.12: Average Tissue Layer Thickness of Faviidae samples from Darwin Harbour and
Heron Island. DH= Darwin Harbour, 03=2003, 04=2004, HI=Heron Island, G.a=Goniastrea
aspera, P.s=Platygyra sinensis. Error bars are ±1SD, number of samples indicated on bar.

The low TLT of G. aspera samples collected in 2003 appeared to be similar to TLT
of corals at Heron Island. This was not expected, since Heron Is has much cooler
annual average SST (24.5°C) than Darwin Harbour (28.9°C) (AIMS data centre
2009; NOAA Satellite and Information Service 2009) as well as lower sources of
heterotrophic nutrition. This indicates that stress in Darwin Harbour in 2003 reduced
tissue layer thicknesses of G. aspera by the same degree as the reduction caused by
cool SST and low food sources at Heron Is (<0.45μg/L chlorophyll) (De'ath et al
2008) compared to 0.5-2μg/L chlorophyll in Darwin Harbour (Darwin Harbour
Advisory Committee 2009). Since the TLTs of G. aspera in 2004 were greater than
the TLTs of those collected in 2003 the reduced TLT in Darwin Harbour in 2003
samples was most likely the result of a temporary increase in stress, ie due to rainfall,
run-off or increased temperature.
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Since there are no published values of ‘healthy’ TLTs in Favids, it is not known
whether Favids collected in 2004 have reduced TLT compared to average values.
However P. sinensis and G. aspera corals from 2004 had thicker tissue layers than
Heron Island corals and although the result was not significant (p=0.54 for G. aspera
and p=0.07 for P. sinensis), it was in agreement with published results for Porites,
showing greater sources of terrestrial nutrients and warmer SSTs encourage tissue
growth. This is due to increased zooxanthellae activity and increased heterotrophy
under these conditions (Lough & Barnes 2000).
Effective tissue layer thickness (ETLT) is a measure of how long the tissue layer
resides in the skeleton, being a ratio of TLT to average linear extension. An ETLT of
0.4, a typical value for GBR Porites (a fast growing species) (Barnes & Lough
1992), indicates that the tissue layer resides over 0.4 of the skeleton extended in 1
year of growth ie: (0.4 x 12months = 4.8 months). Thus for Porites on the GBR
the tissue typically resides over a section of skeleton for ~5 months before tissue
uplift moves tissue to a newly extended section of skeleton. Effective TLT of Favids
in Darwin Harbour was expected to be longer than Porites since Favids are generally
slower growing corals (Harriott 1999; Huston 1985; Watanabe et al 2003). However
effective TLT indicates that for Favids in Darwin Harbour tissue resides over the
skeleton for almost the entire year (~11 months) approximately twice as long as
Porites from the GBR (Figure 5.13).
G. aspera corals in Darwin Harbour had slightly higher ETLTs than P. sinensis
corals, especially in 2003. Since P. sinensis extend their skeletons more rapidly than
G. aspera, tissue spends less time on each section of skeleton secreted each year.
This may suggest that conditions in Darwin Harbour favour growth of P. sinensis
over G. aspera. The opposite trend was observed in Heron Island corals where G.
aspera corals had shorter tissue residence times than P. sinensis corals and G. aspera
had faster extension rates. Conditions at Heron Island may thus favour growth of G.
aspera over P. sinensis. Residence times of tissue over skeleton at Heron Island were
similar to Darwin Harbour residence times, also being almost the entire year. This
may indicate that Favids typically reside over the entire years extended skeleton,
although this can not be confirmed as there are no other reported ETLT values for
Favids.
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Figure 5.13: Effective Tissue Layer Thickness of Faviidae samples from Darwin Harbour and
Heron Island. DH=Darwin Harbour, 03=2003, 04=2004, HI=Heron Island, G.a=Goniastrea
aspera, P.s=Platygyra sinensis. Error bars are ±1SD, number of samples indicated on bar.

These long tissue residence times also have implications for trace element profiles.
Thickening of skeletal elements occurs throughout the tissue layer and environmental
signals in ambient seawater will be smoothed by thickening deposits over
approximately half the depth of the tissue layer (Barnes & Lough 1993). Thus Favids
in Darwin Harbour will smooth environmental signals over around 5 months of
extended skeleton. This might suggest that annual averages of trace element profiles
may be more useful than attempting to align sub-sections of annual profiles to
weekly or monthly events, since signals in these species may be highly distorted over
the annual profile.
Nonetheless, effective TLT does not appear to indicate any greater stress in Darwin
Harbour than Heron Island which may be due to the fact that both locations have a
limited food source. In Darwin Harbour this limitation is due to reduced light
availability for the photosynthetic algae. In Heron Island the limitation is due to lack
of suspended particulates and other nutrients found in terrestrial run-off as well as
limited photosynthesis due to cooler temperatures (Fallon et al 1999; Lough &
Barnes 2000; Rodolfo-Metalpa et al 2008; Weber & White 1974).
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5.2.9

Chronic stress: comparing tissue layer thickness of Porites in Darwin
Harbour to Porites from North Australian and Papua New Guinea

TLT measurements of Darwin Harbour Porites were in agreement with growth
characteristics, indicating a coral under chronic stress. TLT of Nightcliff coral
(3.5mm) was also lower than typical values measured on the Northern GBR (4.26.2mm) (Lough & Barnes 2000). The Nightcliff coral core, which was collected in
the dry season, had a TLT, which was less than half that of Port Essington Porites
(8.0 mm) (Figure 5.14). The Nightcliff coral also had a TLT lower than that of
Rocky Island Porites (4.7 mm), which was similar to the average TLT found for
Porites from Rocky Island in previous studies (4.2mm) (Lough & Barnes 2000).
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Figure 5.14: Tissue Layer Thickness of Porites samples from Nightcliff reef, Darwin Harbour;
Port Essington reef, NT; Rocky Island reef, GBR and Misima reef, PNG. n=1.

Only the Misima Island coral used in this study had a similar TLT to the Nightcliff
coral (3.8mm). This may be due to the fact that the Misima Island coral was from a
site impacted by sediment fluxes from mining activities (Barnes & Lough 1999). A
study of Porites at Misima Island found significantly reduced TLT in impacted
compared to control sites, thus the low value for Nightcliff Reef, may indicate stress
due to turbidity in Darwin Harbour. Since the Nightcliff Porites coral core was
collected during the dry season when SSTs are cooler and freshwater and sediment
run-off is limited, it is unlikely that high temperature or run-off events have affected
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the TLT. However, turbidity can still be high in the dry season, due to tidal
turbulence (Munksgaard 2004). Whilst these results could not be tested for
significance (n=1), reduced TLT of Nightcliff Porites was not unexpected in the nonideal environmental conditions of Darwin Harbour.
The TLT of Porites sample was again in contrast to the TLT measured in the Favid
samples, which do no appear to be highly stressed.
When observing ETLTs of Porites samples (Figure 5.15), it is clear that Nightcliff
Porites tissue resides over extended skeleton for approximately 2 months longer than
the other Porites samples analysed and the reported values of 5 months for GBR
corals (Barnes & Lough 1999; Lough & Barnes 2000). Port Essington, Rocky Island
and Misima Island corals also have an ETLT of approximately 5 months despite
Misima corals suffering sedimentation and despite the relatively thick (healthy) TLT
of the Port Essington coral. This shows that Nightcliff Porites was extending its
skeleton at a slower rate relative to tissue layer thickness of other Porites corals in
this study and to published TLTs for Porites on the GBR. While these results could
not be tested for significance Nightcliff Porites is the only coral of all four measured
with an ETLT of greater than 5 months despite Misima coral being subject to
sedimentation. Nightcliff Porites appears to have been a highly stressed coral, most
likely inhibited by a combination of fresh water run-off, sedimentation and low-light
due to turbidity.
Tissue layer thickness measurements of Porites and Favids in this study appear to
indicate that Darwin Harbour is a highly stressful environment for Porites and that
Favids are better adapted to these conditions. However, if stress were to increase
suddenly, due to events such as unusually high rainfall as occurred in the Harbour in
February 2003, there is the potential for TLTs of Favids (especially G. aspera) to be
affected. This further suggests that TLT may be a useful of measure of stress in
Favid corals.
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Figure 5.15: Effective Tissue Layer Thickness of Porites samples from Nightcliff reef, Darwin
Harbour, Port Essington reef, NT, Rocky Island reef, GBR and Misima reef, PNG. n=1.

5.2.10 Chronic stress: comparing luminescence of Favid skeletons in Darwin
Harbour to Heron Island

Darwin Harbour has greater sources of freshwater including rivers and urban run-off
compared to Heron Island which is an offshore coral reef with no major sources of
fresh water. Thus Darwin Harbour corals were expected to have greater average
annual luminescence (AAL) than Heron Island corals (Table 5.4). Figure 5.16 shows,
however, that Heron Island corals had higher luminescence than corals in Darwin
Harbour. It is possible that luminescent lines are not as distinct in Favids as they are
in Porites corals. When observing Favid coral slices under UV light the luminescent
bands were less distinct with less difference between background luminescence and
luminescent lines and the lines appear more diffuse than in Porites corals (Figure
5.17).
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Figure 5.16: Average Annual Luminescence (AAL) in G. aspera (G.a) and P. sinensis (P.s) att
Darwin Harbour (DH) and Heron Island (HI) for the years 1994 to 2003 (Error bars are ±1SD,
n=4 for MA and OH, n=2 for HI and HI highlighted in orange).

Figure 5.17: Photograph of coral slice under UV light. Arrows indicate the direction of
luminescent bands, which are difficult to differentiate from background luminescence

Roberts and Harriott (2003) did not detect luminescence in three colonies of
Goniastrea australiensis in the southern GBR and suggested the lack of
luminescence may be due to the large polyp size of Favid species as changes to
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skeletal porosity would be less detectable in large polyped species. Newer research
suggests that these porosity changes are the result of reduced calcification due to
freshwater stress and are not the cause of the bright lines associated with run-off
events (Barnes & Taylor 2005). The bright luminescent lines linked to run-off are
now thought to be caused by changes in the structure and packing of aragonite
crystals and/or from the inclusion of chemical species from terrestrial run-off (Barnes
& Taylor 2005). If luminescence is primarily due to the inclusion of terrestrial
chemicals such as fulvic and humic acids, then it is also possible that Darwin
Harbour near-shore corals receive these terrestrial chemicals even during the dryseason, due to small amounts of urban run-off, sewage discharge and resuspension of
bottom sediments. Thus the difference between wet and dry season conditions may
not be as great as is observed in off shore corals that do not receive significant
amounts of terrestrial chemicals during the dry season. This may result in diffuse
luminescent lines occurring in every year of growth. Nonetheless, the measured
luminescence showed a peak-trough pattern in Darwin Harbour Favids that is
somewhat similar in parts to the annual density pattern (Figure 5.18 highlighted
section) as well as to luminescence patterns observed in Porites corals.
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Figure 5.18: Example of a density and luminescence plot against distance into coral for a
Darwin Harbour Platygyra sinensis. The luminescence pattern does appear to align with the
density peak/trough pattern in highlighted parts of the scan.
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Since the Heron Island corals had higher average annual luminescence than Darwin
Harbour corals, it is possible that changes in structure and packing of crystals may
play a larger role than chemical inclusions since Heron Island is an offshore reef. In
addition Heron Island coral skeletons were significantly more dense than those of
Darwin Harbour. Heron Island corals may, therefore, have more closely packed
aragonite crystals with structures that enhance luminescence, despite low freshwater
run-off. Alternatively, luminescent chemicals may be incorporated from nonterrestrial sources at Heron Island, including marine humic acids. Favids from Heron
Island also contain green and black algal bands in the skeleton and it is possible that
these bands may contain luminescent chemicals (Engst et al 1997; Papageorgiou &
Govindjee. 2004; Salih et al 2000).
In addition, luminescence may be affected by reduced density and calcification rates
due to acute and chronic stress in G. aspera and P. sinensis corals from Darwin
Harbour. Thus, the luminescence response to freshwater in the near shore G. aspera
and P. sinensis corals maybe different to Porites corals, even though luminescence is
detected in other Favid species including Montastrea sp. (Moses & Swart 2006).
Table 5.4: Average +/- s.d. of Porites average annual luminescence (AAL) by site
Species

AAL

Middle Arm
(1994-2003)

G. aspera
P. sinensis

1.08 ±0.08
0.94 ±0.24

Outer Harbour
(1994-2003)

G. aspera
P. sinensis

1.05 ±0.04
0.99 ±0.13

Heron Island
(1994-2003)

G. aspera
P. sinensis

1.12 ±0.14
1.35 ±0.13

Nightcliff
(1877-1986)

Porites sp

1.08 ±0.10

Port Essington
(1914-1986)

Porites sp

0.82 ±0.13

Rocky Island
(1970-1990)

P. lutea

0.85 ±0.11

Misima
(1978-1994)

P. lobata

0.57 ±0.09
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5.2.11 Chronic stress: comparing luminescence of Porites skeletons from Darwin
Harbour to Porites skeletons from North Australia and Papua New Guinea

The Nightcliff Porites showed the expected higher luminescence than Port
Essington, Rocky and Misima Island corals. Since the Nightcliff coral had a
relatively low calcification rate, this suggests that reduced calcification caused by
increased stress does not affect luminescence in Porites. The Nightcliff Porites did,
however, have similar skeletal density to the Rocky and Misima Island corals, whilst
the Darwin Harbour Favids had reduced skeletal density compared to Heron Is. and
also compared to published values from the Marshall Islands (10°N). This may
indicate that stressed Favids may not record freshwater plumes as effectively as
Porites corals.

5.3 Conclusions
Despite the environmental stressors in Darwin Harbour; a combination of low-light
due to turbidity, reduced salinity during monsoonal rainfall periods, repeated
bleaching events, due to sub-aerial exposures, and the small difference between wet
and dry season SSTs, Favids in Darwin Harbour have readily datable annual growth
bands. This study has confirmed that growth analysis routinely performed on Porites
sp. and Montastrea sp. can be effectively applied to ‘brain corals’ Goniastrea aspera
and Platygyra sinensis. This study adds to the currently scarce information on growth
characteristics of these relatively abundant Favid corals and also provides the first
analysis of tissue layer thickness (TLT) as a measure of health in these Favid species.
Acute stress was detected on Darwin Harbour fringing reefs as evidenced by
widespread bleaching of coral apexes during sub-aerial exposures and the presence
of stress bands in 1998 and 2002, when SSTs were extremely high (>31.5°C) for 8
consecutive days in 1998 and >32.9°C for 6 consecutive days in 2002. The
dominance of atoll shaped colonies at all sites also confirms apical bleaching is
common on Darwin Harbour fringing reefs and may be related to high UV or high
temperature bleaching, low-tide exposure of the apical corallites or a combination of
these.
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Chronic stress causing a reduction in skeletal growth is also occurring in Darwin
Harbour. Possibly the main cause of chronic stress on these fringing reefs is high
turbidity due to algae and other suspended particles in the water column; a
combination of terrestrial run-off and sediment resuspension due to large tidal
movements.
Chronic stress was more evident in the Porites core sample from Darwin Harbour
than in the Favid samples. This Porites sample had a significantly lower extension
rate (0.58 cm/yr) compared to GBR site Rocky Island (13°S) (1.09cm/yr) (p=0.001),
to a Northern Territory coral from Port Essington (11°S) (1.92 cm/yr) (p=0.001) and
to published extension rates from Northern GBR sites (1.55 cm/yr) (p=0.05) (Lough
& Barnes 2000). Whilst skeletal density (1.29 g/cm3/yr) was relatively similar to
Rocky and Misima Island corals (1.27 – 1.28 g/cm3/yr) and published values (1.32
g/cm3/yr), calcification rate was also significantly reduced for this Darwin Harbour
Porites. Darwin Harbour Porites calcification rate of 0.74 g/cm2/yr was
approximately half that measured for Rocky Island (1.38 g/cm2/yr) (p=0.001) and
less than half the rate of the Port Essington Porites (1.97 g/cm2/yr) (p=0.001) and
Northern GBR Porites (2.05 g/cm2/yr) (p=0.05) (Lough & Barnes 2000). This
suggests that the Nightcliff Porites had greatly reduced growth rates most likely due
to high levels of stress.
Tissue layer thicknesses (TLT) measured for Porites in Darwin Harbour was also
relatively low, most likely caused by low light availability due to tidal resuspension
of sediments, rather than increased freshwater and sediment flux as the Nightcliff
core sample was collected in the dry season when run-off is quite low. The Nightcliff
Porites had a TLT of only 3.5mm, which was less than half that of the Port Essington
coral and was also lower than the 4.7mm measured for Porites from Rocky Island.
The Nightcliff Porites TLT was most similar to the 3.8mm thick TLT measured for a
coral from Misima Island in Papua New Guinea. The latter suffered from increased
sedimentation (low light) during construction of a coastal mining operation
The reduced growth indices for this Darwin Harbour Porites clearly suggest that this
coral was suffering from high levels of stress. This further suggests that chronic
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stress in Darwin Harbour is responsible for the lack of Porites corals growing on
intertidal fringing reefs and the relatively low numbers of Porites found sub-tidally.
Growth indices of Favid corals in Darwin Harbour indicated that some chronic stress
is occurring in Darwin Harbour. Average annual extension rates of Goniastrea
aspera and Platygyra sinensis presented here were similar to published values.
Average extension rates for P. sinensis in SSTs of 28.4-29.3°C was 1.03cm/yr
(n=18) (Weber & White 1974) compared to 0.97 cm/yr for Darwin Harbour (average
SST of 28.9°C) and G. aspera in Darwin Harbour had extension rates of 0.81 cm/yr
whilst Highsmith (1979) measured rates of 0.72cm/yr at SST of 28°C (n=10) (Table
5.4, Figure 5.17). Heron Island G. aspera and P. sinensis had slightly lower
extension rates than Darwin Harbour corals and measured values also agreed with
values reported by Weber and White (1974) in corals from cooler SSTs. This was not
an unexpected result as Heron Island is a typical reef environment where corals are
primarily oligotrophic, but limited by lower SST and nutrient availability (Barnes &
Lough 1992; De’ath et al 2008).
Darwin Harbour G. aspera did, however; have skeletal densities and calcification
rates similar to Southern GBR reef site Heron Island and appeared lower than
previously published values. Skeletal density of G. aspera averaged 1.06g/cm3/yr in
Darwin Harbour which was similar to the 1.13g/cm3/yr measured at Heron Island and
low compared to the 1.70g/cm3/yr reported for Goniastrea retiformis at Eniwetak
Atoll (Highsmith 1979). Calcification rate of G. aspera in Darwin Harbour averaged
0.91 g/cm2/yr compared to 0.86 g/cm2/yr for Heron Island and again slightly lower
than published values for Goniastrea retiformis (1.16 g/cm2/yr). The similarity
between G. aspera at Heron Island and Darwin Harbour suggests that stressors on G.
aspera in Darwin Harbour are inhibiting growth to a similar degree as the cooler SST
and low nutrients inhibit growth of corals in the outer, Southern GBR.
Though there are no published values for skeletal density and calcification rates of P.
sinensis for comparison, Darwin Harbour P. sinensis growth may also be slightly
reduced since density and calcification rates were similar to those measured for G.
aspera, density was 0.98g/cm3/yr, calcification was 0.92 g/cm2/yr for Darwin
Harbour P. sinensis. Although Darwin Harbour P. sinensis had higher growth rates
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than the same species at Heron Island, the latter had lower calcification (0.68
g/cm2/yr) and higher densities (1.15g/cm3/yr) than Darwin Harbour P. sinensis. This
more closely follows the predictions from the literature that corals in cooler SST’s
generally have lower calcification rates and higher densities than corals from warmer
waters (Buddemeier et al 1974).
Density and calcification rates of Darwin Harbour Favids may be slightly reduced
due mainly to low light availability, which is partially compensated for by
heterotrophic feeding on suspended particulates (Anthony & Fabricius 2000). To
further support this idea it has been observed by Borell & Bischof (2008) that
heterotrophy protects corals from heat stress due to bleaching.
Darwin Harbour Favids were expected to have much higher TLTs than Heron Island
corals due to the cooler SST and lower nutrients at Heron Island. This was not found
to be the case; TLTs of Darwin Harbour P. sinensis and G. aspera collected in 2004
were only slightly greater than in Heron Island corals. While TLTs measured in G.
aspera corals collected in 2003 were similar to those from Heron Island corals, these
Favids collected in 2003 were subject to greater rainfall (560mm) in the month prior
to collection than corals collected in 2004 (320mm). Thus the 2003 corals may have
suffered from increased stress associated with increased turbidity, freshwater or
sediment run-off. These TLT values suggest that some chronic stress is affecting
Favids in Darwin Harbour and that this may be detectable in TLT measurements
(especially for G. aspera). However, as there are no TLT values reported in the
literature, values measured from tissue layers of ‘healthy’ corals in warm, nutrientrich waters are needed for comparison.
Generally, Favid corals in Darwin Harbour appear to be adapted to the stressful
conditions with P. sinensis possibly having a greater adaptation than G. aspera. This
is supported by the observation that P. sinensis appeared to be more abundant than
G. aspera on 8 out of 9 sites sampled in Darwin Harbour (personal observation).
Luminescence of both species of Favid from Darwin Harbour showed lower AAL
than Heron Island corals. This was unexpected as Darwin Harbour corals are more
exposed to freshwater run-off than those from Heron Island. This result may be due
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to Favids not being as effective as Porites at producing luminescent bands as
suggested by Roberts and Harriot (2003). Luminescence is thought to be due to
either terrestrial chemicals in the skeleton, to aragonite crystal packing or a
combination of both. If luminescence were due to terrestrial chemicals, then Heron
Island should not have high luminescence unless luminescent chemicals may be
obtained from the ocean, for example from algae or marine humic acids. This idea is
supported by the presence of algal bands in skeletons of corals from Heron Island.
Another possible explanation for a lack of luminescence in Darwin Harbour corals
may be a lack of distinct definition between background skeletal luminescence (due
to skeletal porosities) and luminescent lines. If heterotrophy in corals is able to cause
the incorporation of luminescent chemicals into the skeleton, and since heterotrophy
most likely occurs all year in Darwin Harbour, there may be no great distinction
between the luminescent lines and background luminescence in near shore corals in
turbid environments. Porites coral from Darwin Harbour did, however, follow the
expected trend having greater AAL than in Porites from other locations further offshore. Anthony & Fabricius (2000) found that Porites was not as efficient at
heterotrophic feeding as Goniastrea retiformis. Thus it is possible that luminescence
does occur as expected in near shore Porites due to lower heterotrophic feeding.
Alternatively, if luminescence is due to crystal packing, Darwin Harbour Porites had
skeletal densities similar to corals on the GBR, whilst Darwin Harbour Favids had
lower densities compared to Heron Island (1.06g/cm3/yr compared to 1.13g/cm3/yr
for G. aspera, and 0.98g/cm3/yr compared to 1.15g/cm3/yr for P. sinensis) and
compared to literature values for G. retiformis from Eniwetok Atoll (1.16g/cm3/yr).
Of the three coral species analysed in Darwin Harbour, Porites sp. appears to be
suffering from chronic stress, while the Favids; G. aspera and P. sinensis may only
be suffering slightly from chronic stress. While this is more evident in G. aspera
corals, both Favids appear to be well adapted to their near-shore environment. It is
possible that the difference between the stress responses of Porites and Favids is due
to more efficient heterotrophic feeding by the Favid species.
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In summary Favids are able to detect acute and chronic stress and have applicability
as monitors of stress in marginal reef environments. Analyses of density bands and
tissue layers in Darwin Harbour corals shows:
•

Darwin Harbour Favids have readily datable annual density bands

•

Darwin Harbour is a highly stressful environment which Favids appear to
have adapted to.

•

New data on Favid coral growth rates and tissue layer thicknesses

•

Coral growth analyses, which have been most commonly applied to Porites
spp., can be applied to Favid corals

•

Acute stress results in atoll-shaped colonies due to low-tide exposures, and
stress bands due to bleaching events.

•

P. sinensis corals are least affected by chronic stress in Darwin Harbour
followed by G. aspera, and that Porites corals may be more affected by
chronic stress in Darwin Harbour

•

Luminescence may not be a useful measure of freshwater stress in near shore
Favids.
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6 Brain corals G. aspera and P. sinensis as potential
biomonitors in hot, turbid environments
6.1 Introduction
Ideal bioindicators are sensitive to physical and chemical changes in their
environment, are sedentary, well represented and easily sampled (Adams 1995;
Jackson et al 2000; Rainbow 1995; Rainbow & Phillips 1993; Thompson 1990).
However, bioindicators can only be useful as quantitative biomonitors, if they have a
quantifiable relationship with chemicals in their environment. Corals have been
heralded as the ideal proxy for marine environments, and described as the tropics
alternative to tree-rings and ice-cores (Gagan et al 1996; Gagan et al 2000; Lough &
Barnes 1996; McCulloch et al 2003a).
Many studies have shown that corals growing in polluted environments have
elevated metal concentrations compared to control sites and are thus able to detect
pollution (Al-Rousan et al 2007; Bastidas & Garcia 1999; David 2003; Dodge &
Gilbert 1984; Esslemont et al 2004; Hanna & Muir 1990; Ramos et al 2004; Scott
1990). The ability of corals to show a ‘before and after’ impact effect has also been
demonstrated with low trace element levels, showing a sharp increase after an event,
such as the construction of a coastal mining operation (Fallon et al 2002). This
enables comparison of background ‘base-line’ levels to impacted levels within the
same specimen, even years after the pollution event.
Whilst coral biomonitoring is becoming a widely accepted method, little is yet
known about the incorporation of trace elements during calcification. For over 40
years there have been 2 divergent theories on the mechanism of coral calcification,
both with evidence to support them (see discussion in chapter 2). The most recently
proposed mechanisms are: 1) the bio-mineral model of calcification (a modification
of organic matrix calcification mechanism) and 2) biologically initiated
physicochemical calcification (a modification of the physicochemical calcification
mechanism). In both of these mechanisms the coral initiates growth of calcium
carbonate crystals by manipulating the calcifying environment (and potentially by
provision of seed nuclei) to start nucleation of CaCO3. Centres of calcification are
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thought to be formed before fibres and have been observed to have higher organic
content relative to fibres (Allison 1996; Allison & Tudhope 1992; Johnston 1980),
thus it is speculated that deposition may be initiated by provision of small
organic/protein nucleation centres.
After formation of centres of calcification the two mechanisms diverge; proponents
of bio-initiated physicochemical calcification (BPC) suggest that corals control only
the composition of the calcifying fluid. Control of the calcifying fluid may initiate
calcification and allow the coral to control the rates of growth in both light and dark
calcification, and different rates in different skeletal structures eg branch tips. Under
the BPC mechanism aragonite crystals essentially precipitate inorganically with little
biological involvement. Supporters of the bio-mineral model of calcification (BMM),
on the other hand suggest that an organic matrix controls precipitation of aragonite
crystals, in addition to controlling the composition of the calcifying fluid, (see
chapter 2 for detailed discussion). Both mechanisms do however agree that trace
elements in aragonite are obtained from co-deposition with calcium carbonate from
seawater. This may include trace elements resuspended or re-dissolved from
sediment. The aragonitic phases of coral skeletons may contain trace elements
directly precipitated from seawater or via materials ingested and excreted to the
calcifying fluid. Whilst the organic residues within coral skeleton may also contain
trace elements biologically metabolised from feeding on particulate matter, for
example. It has also been suggested that ‘vital’ effects are possibly due to biological
inputs, due to growth rates or potentially from organic material in the centres of
calcification or the organic matrix (Johnston 1979; Nothdurft & Webb 2007; Sinclair
et al 1998). Thus the two mechanisms disagree on the amount of biological control
corals have over trace element uptake and incorporation.
Trace element incorporation into coral skeletons is a complicated process and whilst
useful information has been obtained from coral records in the past, the quantitative
nature of these ‘bio-available’ concentrations may be questionable. Greater
understanding of uptake and incorporation of trace elements and the role played by
particulate trace elements is necessary.
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Uptake and incorporation of trace element into coral skeleton is dependent on two
key factors:
1. that corals obtain trace elements from their surrounding environment and
2. the amount of biological control corals have over uptake and incorporation of
trace elements.
Evidence from studies in the literature suggest that corals are effective at recording
increases in trace element pollution due to human activities, including mining.
Studies by Shen and Boyle (1987-88) also suggest that many trace elements are taken
up by corals in proportion to their concentration in seawater. Shen and Boyle (1988)
calculated distribution coefficients using coral concentrations from several studies
and average open ocean concentration of the same trace elements using equation 1.

DMe =

[Me]seawater /[Ca ]seawater
[Me]aragonite /[Ca ]aragonite

1

Where Me is metal of interest.

A very small distribution coefficient (<<1) indicates a very small fraction of metal
(relative to calcium) is taken up from seawater (dissolved or particulate) while a
large coefficient (>>1) indicates preferential uptake of the metal relative to Ca
They found that for many elements (Ra, Ba, Nd, Sm, Sr, Cd, Co, Mg) the
concentration in coral suggested a diffusion coefficient of unity. That is, the trace
element to calcium ratio in coral skeleton was the same as the trace element to Ca
ratio in open ocean seawater. These authors proposed that many trace elements with
2+ cations and similar in atomic sizes to Ca, would readily replace Ca in the
aragonite matrix despite often different chemical speciation in seawater. In addition,
it is thought that rare earth elements (including Nd, Sm and La), which have a 3+
oxidation state may be included in the aragonite structure (Shaw & Wasserburg
1985; Shen & Boyle 1988; Sholkovitz & Shen 1995).
These authors also found diffusion coefficients of greater than unity for Pb (2.3) and
Zn (~11) and much less than unity for Mn (0.1). The small atomic size of Mn and
incompatibility with aragonite may explain why Mn is incorporated into aragonite in
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a lower ratio (relative to Ca) than it is found in seawater. Although a coefficient of
approximately unity was reported for manganese in Pavona clavus from the
Galapagos Islands (Linn et al 1990). The high partition coefficient for Zn suggests
that zinc may be preferentially taken up over calcium from seawater. This is unlikely
to occur through inorganic precipitation alone, possibly indicating biological
involvement.
Partition coefficients of unity or less than unity, suggest no significant biological
involvement as both of these cases can be explained by inorganic precipitation
kinetics. Thus there is evidence in the literature of trace element uptake and
incorporation which may be to some degree biologically controlled (Zn, Pb, Ba)
(Fallon et al 2002; Shen & Boyle 1988; Sinclair 2005) as well as evidence of trace
elements for which incorporation does not appear to be biologically controlled (Sr,
Ra, Cd, Co, Nd, Sm, La, U) (Dodge & Thomson 1974; Fallon et al 2002; Shen &
Boyle 1987; Shen & Boyle 1988; Shen et al 1987; Sholkovitz & Shen 1995;
Thompson & Livingstone 1970; Weber 1974).
To gain a greater understanding of uptake and incorporation of trace elements into
Favid coral skeletons, seawater concentration measured in Darwin Harbour both
recent and historical, are compared to coral concentration and partition coefficients
calculated. In addition skeletal concentration of three species; Goniastrea aspera,
Platygyra sinensis and Porites sp. are compared. If significant biological interactions
do occur it is likely that the concentration of biologically regulated trace elements in
these different species may be different, whilst non-bio-regulated (inorganically
precipitated) trace elements may be similar.
The objectives of this chapter are:
•

To investigate the ability of Favids to act as biomonitors of relatively low
levels of trace elements in a near pristine environment

•

To determine whether there are apparent differences in uptake and
incorporation between Porites and Favid corals and between species of
Favids, and

•

To investigate the uptake and incorporation of 5 trace elements (Al, Mn, Cu,
Zn and Pb) and draw conclusions about the degree of biological involvement.
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To complete these objectives three comparisons are made:
1. Comparison of an impacted and a non-impacted site in Darwin Harbour.
2. Comparison of trace element concentration of skeletons of two Favid species
and a Porites coral from the same site and
3. Comparison of seawater and coral concentration in Darwin Harbour and
calculation of Partition coefficients of 5 trace elements (Al, Mn, Cu Zn and
Pb)
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6.2 Results and Discussion
6.2.1

Do Favids detect pollution? - Impacted vs non-impacted zones

Concentrations of dissolved and particulate aluminium, zinc and lead are elevated in
the CBD area of Darwin Harbour (Figure 3.2 in Chapter 3), the human impacted
zone, compared to the average of all Darwin Harbour sites (Table 6.2). This is most
likely due to introduction of these metals from anthropogenic sources, including
urban run-off, historic spilled Pb/Zn ore and light industry (Munksgaard et al
unpublished data; Munksgaard & Parry 2001; Padovan 2001; Padovan 1997; Woods
1998).
The trace elements in seawater at CBD may be in dissolved or particulate form,
where dissolved metals are operationally defined as metals that may pass through a
0.45μm filter and particulate metal concentrations are metals retained on the filter.
The sources of particulate metal in the CBD zone may be riverine or anthropogenic
and include, run-off from nearby creeks and from urban and light industrial areas and
resuspended sediments, due to tidal current resuspension and disturbance by
shipping/boating activity.
Aluminium, copper, zinc and lead concentrations were found to be elevated at the
CBD site compared to the rest of Darwin Harbour. The elevated concentrations were
observed in skeletons of both G. aspera and P. sinensis as well as in sediment and
both dissolved and particulate forms in seawater (with the exception of dissolved
copper) (Table 6.1). It is also possible that metals (especially copper) are taken up
from resuspended sediments at CBD, since metals are clearly elevated in the
sediments of this impacted zone. Thus both species of the corals at CBD are able to
detect the elevated Al, Cu, Zn and Pb occuring in this zone. Elevated Mn is,
however, only detected by P. sinensis.
The two species show contrasting response to Mn, being slightly elevated in the
skeleton of P. sinensis but not elevated in G. aspera. Manganese is elevated in
particulate forms of metal in CBD seawater, whilst dissolved Mn is only slightly
elevated at CBD and sediment concentration is not elevated. The lack of a strong
response of these corals to elevated particulate manganese at CBD may indicate that
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corals primarily take up dissolved Manganese, not particulate, since dissolved Mn is
only slightly elevated at CBD.

Table 6.1: Concentrations of metals in corals (mg/kg dry wt), seawater (μg/l) and sediment
(mg/kg dry wt) in CBD zone of Darwin Harbour, compared to the concentration averaged from
non-impacted Darwin Harbour sites
Al
P s.

G a.
(mg/Kg)

Dissolved
[M] (μg/L)*

(mg/Kg)

Particulate

Sediment*

#

(mg/Kg)^

[M] (μg/L)

Darwin Harbour

0.539

4

0.706

4

16.4

7

103

19

―

CBD

1.25

1

0.968

2

105

6

224

10

―

Mn
Darwin Harbour
CBD

0.725

4

0.772

4

0.263

7

2.41

19

330

44

0.645

1

0.904

2

0.493

6

9.23

10

253

30

Cu
Darwin Harbour
CBD

0.334

4

0.375

4

0.257

7

0.116

19

6.00

44

0.477

1

0.469

2

0.304

6

0.191

10

11.4

30

7

0.252

19

25.0

44

6

0.789

10

41.6

30

Zn
Darwin Harbour
CBD

0.668
1.48

4

0.636

1

1.05

4

0.098

2

0.616
Pb

Darwin Harbour
CBD

0.072

4

0.108

4

0.007

7

0.064

19

14.7

44

0.246

1

0.209

2

0.019

6

0.149

10

32.5

30

(G a.) – G. aspera , (P s.) – P. sinensis coral data from Laser-ablation analyses averaged from 19932003, Dissolved – <0.45μm filtered seawater, Particulate – >0.45μm [M] – Metal concentration,
* – Averaged using dataset (1997-2001), #– Averaged using dataset (2001-2005) ^– Averaged using
dataset (1993-2004). Samples numbers shown in italics

In contrast, dissolved Al and Zn have much higher concentrations at CBD in both
sediment and seawater than in the rest of the Harbour and both species respond with
appreciably elevated levels of Zn and Al. This is significant for P. sinensis (p = 0.01
for Zn and p = 0.003 for Al).
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The difference between corals in Darwin Harbour and those from CBD was not
significant for all metals, which may be due to the small sample number at CBD,
(one G. aspera and 2 P. sinensis corals). Nontheless all three of the corals from CBD
had similar elemental profiles and all three showed elevated metal concentrations
(see Appendix C).
Coral Mn did not follow the trend in seawater and sediment Mn, which is consistent
with the findings of discrimination against Mn uptake by corals (Shen & Boyle
1988). Nonetheless all other trace elements which were elevated in seawater and
sediment of the CBD zone were also elevated in coral skeletons from the CBD zone
This shows the potential for Favids to be used to detect pollution even where
differences between impacted and non-impacted sites are relatively small.
These results suggest that Al, Cu, Zn and Pb may be taken up from dissolved or
particulate forms or from resuspended sediment, whilst Mn may be taken up mainly
from dissolved sources.

6.2.2

Evidence to support physicochemical calcification - Comparing Favid
samples to Porites samples in Darwin Harbour

Both Favids and Porites were sampled at Nightcliff reef in Darwin Harbour. The
laser ablation analysis of these coral samples included additional elements (Rb, Sr,
Ba, La, U) to those analysed in seawater and sediment samples (Al, Mn, Cu, Zn, Pb)
and Favids were analysed by wall structure laser ablation, while Porites samples
were analysed by whole corallite laser ablation. Despite the differences in ablation
technique all three species showed similar concentrations for most metals (Table
6.2).
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Table 6.2: Average concentration of metals (mg/kg) in Favids and Porites from Nightcliff reef

Goniastrea
aspera * (1)
SD

Platygyra
sinensis* (2)
SD

Porites sp.**
(1)
SD

Al

Mn

Cu

Zn

Rb

Sr

Ba

La

Pb

U

0.570

0.621

0.408

0.524

0.037

7810

6.70

0.010

0.092

1.93

±0.31

±0.19

±0.08

±0.21

±0.02

±440

±2.0

±0.00

±0.07

0.549

0.651

0.314

0.704

0.039

7380

5.62

0.008

0.115

±0.35

±0.31

±0.18

±0.41

±0.01

±410

±1.6

±0.00

±0.09

0.535

0.365

0.040

7650

9.73

0.012

0.188

±0.09

±0.08

±0.01

±410

±0.00

±0.05

1.75
±0.38

1.20
±0.39

±0.56

±0.19

1.82
±0.16

2.05
±0.23

* averaged for all years 1990 – 2003
** averaged for selected years 1880 – 1986
(1) - No of samples is 1, (2) - No of samples is 2, SD = Standard Deviation

Darwin Harbour Porites were similar to Favids for all metals excluding aluminium,
zinc, barium and lead. Aluminium, zinc and lead may have been higher in Porites
due to differences between WS-LA compared to whole corallite-LA since Al is
closely associated with particulate matter which may be trapped in skeletal pore
spaces while Pb and Zn are high in surface contamination. Surface contamination
may not be completely removed by the cleaning track on Porites corals since each
ablation is not on a solid wall structure and thus laser ‘break-through’ may open up
uncleaned skeletal surfaces. Aluminium is also thought to be incompatible with
aragonite due to the +3 charge and the small size of Al ions, and is thus most likely
included as discreet particulates (Shen & Boyle 1988). Barium, however may be
different between the three species due to differences in biological uptake between
the three species. Barium has also been found to be quite different from the same
genus growing in different locations and incorporation in Porites corals has been
shown to be associated with anomalous ‘spikes’ which resist cleaning procedures and
form a continuous horizon within the aragonite (Hart & Cohen 1996; Hart et al 1997;
Sinclair 2005). Sinclair (2005) found that the Ba ‘spikes’ were unrelated to run-off
flood events and were not correlated to growth effects due to coral spawning, nor to
potential barite inclusion following phytoplankton or algal bloom events. It has thus
been suggested that barium is affected by biological control and may play a
biological role in coral (Hart & Cohen 1996; Hart et al 1997; Sinclair 2005).
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The bio-regulation of Zn is also a possibility due to the finding by Shen and Boyle
(1988) of the preferential uptake of zinc over calcium from seawater, indicated by
distribution coefficient of 11. Thus in addition to precipitation with calcium from
seawater, Zn and Ba may be actively secreted to the skeleton by the coral polyp and
incorporated into either organic or aragonitic phases.
The similarity in metal concentration of several trace elements (Mn, Cu, Rb, Sr, La,
U) between the 3 species in Darwin Harbour may indicate a quantitative relationship
between these trace elements in coral aragonite and in seawater, without significant
biological control. Seawater at Nightcliff is near pristine and it is likely that all 3
species of corals have experienced similar concentrations of trace elements. There
are 3 possible explanations for the similarity in concentration between the 3 species:
1. that the majority of trace elements in Table 6.2 may be incorporated by these
3 species by direct precipitation from seawater via physicochemical
calcification,
2. that the coral polyp of these 3 species does not significantly alter the
concentration of Mn, Cu, Rb, Sr, La and U during incorporation into skeletal
organic material or biological secretion into skeletal aragonite, or
3. that there is no significant incorporation of these metals into skeletal organic
material or secretion of metals to aragonite by tissues of these 3 species.
That is, either these metals are not regulated by the corals, or they are not
significantly taken up into tissues, or organic residues in the skeleton of these three
species do not play a large role in trace element sequestering.
These results suggest that Al is incorporated as particulates that Ba and Zn may be
bio-regulated and that Mn, Cu, Rb, Sr, La, Pb and U are apparently not bio-regulated.
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6.2.3

Distribution coefficients of metal to calcium ratios in coral aragonite to
seawater

To gain a greater understanding of trace element uptake, distribution coefficients
between aragonite and seawater were calculated (using equation 1) for Al, Mn, Cu,
Zn and Pb. Distribution coefficients were calculated using dissolved metal in filtered
seawater (FSW), and particulate metal in seawater (SPM). These coefficients were
then compared to coefficients calculated for Al, Mn, Cu, Zn and Pb using filtered
seawater data and DGT (Diffusive Gradients in Thin films) data from Munksgaard
and Parry (unpublished data; 2001; 2002b). DGT is a technique for in situ
measurement of labile metal species (Zhang & Davison 1995). A DGT device
essentially mimics a biological cell, where metals must pass through a size exclusion
diffusion gel (similar to a cell membrane) before being strongly complexed to a
chelex resin. The metal ions flow through the diffusive gel at a constant rate over the
deployment time creating a concentration gradient, since the metals can not
dissociate once bound to the chelex resin. The amount of metal accumulated on the
resin is dependent on diffusion characteristics of the metals, the length of deployment
and the water temperature. DGT is akin to coral skeleton in that both provide timeintegrated concentrations of metals over the measurement period.
Table 6.3 shows the distribution coefficients calculated using equation 1 and the
seawater and DGT datasets.
The two species had similar distribution coefficients for all seawater and DGT data
sets compared although P. sinensis samples were generally slightly larger. This may
be caused by the slightly increased analysis of particulates in P. sinensis samples
compared to G. aspera (See discussion in Chapter 3). This is most noticeable for
lead, where the G. aspera coefficient is ~10 whilst P. sinensis is ~14 (Table 6.3). The
coefficients calculated from the FSW data-set in this study are also similar to
coefficients calculated from literature FSW data (Munksgaard and Parry, 2001).
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Table 6.3: Distribution coefficient Kd of metal to calcium ratios between seawater and aragonite
FSW

Particulate -SW

Literature* F SW

Literature** DGT

Kd(G)

Kd(P)

Kd(G)

Kd(P)

Kd(G)

Kd(P)

Kd(G)

Kd(P)

Al

0.030

0.039

0.006

0.007

---

---

---

---

Mn

2.83

3.01

0.312

0.333

---

---

1.02

1.09

Cu

1.34

1.50

2.78

3.12

1.22

1.38

3.66

4.11

Zn

6.69

6.37

2.75

2.62

5.21

4.96

1.95

1.86

Pb

9.50

14.2

1.18

1.76

8.66

12.9

3.92

5.86

Kd – Distribution Coefficient, (G) – G. aspera (P) – P. sinensis
F – filtered SW – seawater, --- = No Data Available
* – Calculated using data from Munksgaard and Parry (2001)
**– Calculated using data from Munksgaard and Parry (2002 & unpublished data)

While the copper coefficients calculated in this study are slightly above 1, the
literature coefficients are ~1, this is due to a small and essentially insignificant
difference in concentration of dissolved copper measured by Munksgaard and Parry
(2001) (0.281μg/L) compared to this study (0.257μg/L) (Table 6.4). This indicates
that copper coefficient is most likely close to unity since even these small
fluctuations in dissolved copper cause changes in the coefficient. Slight fluctuations
in copper are possibly due to resuspended sediments or variations in run-off.
All metals except aluminium have a distribution coefficient of greater than one for
dissolved metal in seawater and Cu, Zn and Pb have coefficients of greater than one
for metals in suspended particulate matter. This indicates that P. sinensis and G.
aspera maybe taking up both dissolved and particulate forms of Mn, Cu, Zn and Pb.
The manganese distribution coefficient between coral skeleton and SPM-Mn, is
approximately one third but the coefficient of the dissolved Mn is approximately
three. This indicates that if only dissolved Mn were taken up the Darwin Harbour
seawater would only supply 1/3 of the Mn (relative to Ca) of the concentration of Mn
in coral skeleton (relative to Ca).Thus in addition to dissolved Mn, particulate Mn is
also included possibly as oxides or in organic phases (Shen et al 1991). If however,
only particulate Mn were taken up only a fraction of particulate Mn would be
necessary to obtain skeletal concentrations (again approximately 1/3). A possible
explanation is the uptake of all available dissolved Mn and a fraction of the SPM-Mn
into the skeleton of these Favid corals. The uptake of primarily dissolved Mn and
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small amounts of particulate-Mn also support the finding of no general trend in coralMn across the Harbour, since dissolved Mn does not vary significantly with
proximity to riverine sources while particulate Mn does.

Table 6.4:Trace element concentrations in filtered seawater, particulate seawater, literature
seawater and literature DGT used to calculate distribution coefficients
FSW

Particulate -SW

Literature* F SW

Literature** DGT

(μg/L)

(μg/L)

(μg/L)

(μg/L)

Al

18.5

99.7

---

---

Mn

0.263

2.39

---

0.730

Cu

0.257

0.124

0.281

0.094

Zn

0.103

0.250

0.132

0.353

Pb

0.008

0.063

0.0086

0.019

F – filtered SW – seawater, Particulate-SW = unfiltered seawater – filtered seawater
--- = No Data Available
* – Munksgaard and Parry (2001)
** – Munksgaard and Parry (2002 & unpublished data)

Coral distribution coefficients were also calculated using DGT labile data for
seawater in Darwin Harbour (Table 6.3). The calculated DGT-labile coefficients for
Mn, Zn and Pb are all smaller than the dissolved metal calculated values. This was
unexpected, since DGT-labile concentrations are a measure of the fraction of the
dissolved seawater concentration that is potentially bio-available. Only copper had a
larger DGT coefficient indicating that much more than the DGT-estimated bioavailable fraction of copper is taken up by these Favid corals. The DGT coefficients
were instead smaller than the dissolved for Mn, Zn and Pb due to higher trace
element concentrations measured in seawater during the DGT experiment. The
higher concentration of DGT labile metal measured by Munksgaard and Parry (2002
& unpublished) compared to dissolved metal measured in this study is another
indication of the variability of trace element concentrations in Darwin Harbour (see
Table 6.4). Thus a range of distribution coefficients may more accurately describe
the uptake of metals from seawater.
Using values from this study as well as literature dissolved metal and DGT
coefficients a coefficient range was determined. The coefficient range for Mn and
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Cu, is approximately 1-3, and for zinc it is approximately 2-7 for both Favid species.
While the lead coefficient range is ~1-10 for G. aspera skeletons and approximately
2-14 for P. sinensis skeletons. Since there were no literature values for calculation of
coefficients for Al the coefficient range is taken as approximately 0.03-0.04 for both
species.
Using these ranges it is clear that aluminium is highly discriminated against, copper
and manganese have coefficients close to unity and zinc and lead have coefficients
greater than unity. This result indicates Al is not readily incorporated into aragonite,
copper and manganese may be taken up without significant biological control, while
Pb and Zn may be taken up preferentially relative to calcium, possibly due to
biological control.

6.2.4

Literature distribution coefficients

These distribution coefficients agree with the literature for Pb, Zn, Cu and Al but not
for manganese. Shen and Boyle (1988) calculated a distribution coefficient for
manganese (DMn = 0.1) which suggests that corals discriminate against incorporation
of Mn into aragonite. The manganese values calculated in this study show that corals
readily incorporate dissolved Mn but discriminate against incorporation of particulate
Mn. The distribution coefficient calculated for particulate-Mn (0.3) indicates
discrimination and is similar to the Shen and Boyle (1988) coefficient for dissolved
Mn, (0.1). The FSW coefficient for Mn in Darwin Harbour is, however, an order of
magnitude greater (~3). The high coefficient for dissolved manganese may indicate
that corals are also incorporating some particulate Mn introduced in plumes from the
Elizabeth and Blackmore Rivers in Darwin Harbour. The greater concentration of
particulate Mn available for uptake in Darwin Harbour than in the open-ocean
seawater, may explain the difference to the coefficients calculated by Shen and Boyle
(1988), which were taken from typical western North Atlantic or Sargasso sea
surface dissolved concentrations (Mn = 2.3-2.6 nM/ 0.126-0.143μg/L).
On the other hand, it is also possible that the Diploria sp studied by Shen and Boyle
(1988) may discriminate against uptake of manganese whilst Darwin Harbour corals
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do not. This is suppoted by reports of a coefficient of unity for Mn for the Favid
Pavona clavus (Linn et al 1990).

The coefficient for Pb calculated in this study (9.5-14.2) shows preferential uptake of
Pb and thus agrees with the Shen and Boyle (1988) coefficient for lead (DPb = 2.3).
The difference between the Shen and Boyle (1988) coefficient and that calculated in
this study is most likely due to the different analytical techniques used and different
coral species analysed. The large distribution coefficients calculated for lead in
Darwin Harbour are possibly also due to the uptake of some particulate-Pb in Darwin
Harbour. If Darwin Harbour corals incorporate even a small fraction of particulate Pb
the distribution coefficients would be dramatically affected as SPM often contains
high concentrations of metals including Pb (Bewers & Yeats 1978; Burban et al
1989; Millward & Moore 1982). In Darwin Harbour average unfiltered Pb
concentration is 0.277μg/L compared to average filtered Pb concentration of
0.009μg/L (Munksgaard & Parry 2001).

Shen and Boyle (1987) have shown that there is a thermodynamic basis for the
preferential uptake of Pb over calcium based on the relative solubilities of PbCO3
and aragonite in seawater (see Appendix 1 in Shen & Boyle, 1987 for details). These
researchers further demonstrated that clean spiked seawater, containing coral seed
crystals and kept at 60°C, also shows preferential uptake of Pb with a KD of 20-35.
While this value is greater than the KD of biogenic precipitation, Shen and Boyle
(1987) attribute this to the higher temperature and presence of seed crystals, and
suggest that the experiment supports the preferential uptake of Pb over Ca in coral
skeletons.

While there are no literature coefficients for Cu and Al, Aluminium appears to be
highly discriminated against and coefficients calculated are very much below 1.
Copper, on the other hand appears to have a coefficient close to unity (Table 6.3).
Literature suggests that metals which have 2+ cations and an ionic radius of between
0.90 and 1.48Å are compatible with aragonite (Shen & Boyle 1988). Thus copper is
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compatible being divalent and a suitable ionic size (0.87Å), while aluminium is
incompatible, having trivalent state and a small ionic radius (0.54Å) (Chemicool
Periodic Table 2010 -a; b).
Zinc coefficients are 6-7 for typical dissolved zinc concentrations in Darwin Harbour
seawater (Table 6.3). This coefficient indicates a dissolved-Zn concentration of
~0.688μg/L which is approximately twice the concentration of unfiltered or total zinc
in seawater. This indicates that corals take up twice the dissolved and particulate zinc
concentrations combined, relative to calcium, and appears erroneous. However, other
researchers have found high coefficients for zinc DZn = 11 (Shen & Boyle 1988). The
Shen and Boyle (1988) coefficient was calculated with a low Zn concentration of
0.004μg/L compared to the Darwin Harbour value of 0.098μg/L. This concentration
in Darwin Harbour is most likely due to the near-shore location and associated runoff. Corals in Darwin Harbour therefore have access to much larger dissolved Zn
concentration than in the open ocean. Since zinc is an essential element, it has been
suggested that corals have a system to ensure sufficient zinc is taken up due to its
low availability in open ocean waters (Ferrier-Pagès et al 2005; Hogstrand et al
1998). Ferrier-Pagès et al (2005) made this suggestion based on bioaccumulation of
zinc by in Stylophora pistillata . These researchers found that zinc uptake was linear
(passive) at high concentrations and carrier mediated (active) at low concentrations,
zinc uptake was also stimulated by light and addition of 10nM zinc increased
photosynthetic efficiency, suggesting that Zn may be linked to photosynthesis in
corals. This may also explain the apparent preferential uptake of zinc (relative to
calcium) by Favids in Darwin Harbour.
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6.2.5

Summary of uptake and incorporation

Aluminium
The small artition coefficient (0.03-0.04) indicates that Al is not incorporated into
aragonite in the same ratio to Ca that it is found dissolved in seawater. When the
small partition coefficient, size-incompatibility with aragonite and variable
distribution in coral skeleton (relative to other metals) are considered together, Al is
most likely included as particulate materials. The results show that where Al is
higher in seawater and SPM (at CBD) more Al is incorporated into coral skeletons,
which may be due to greater availability of Al rich particles at CBD. The uptake of
these particulates could occur through adsorption to exposed skeletal surfaces (where
tissue is damaged) (Barnard et al 1974), or from incorporation of small clay particles
(<0.1μm, eg colloidal particulates) that may be able to pass through fluid channels
into the calcifying space and adsorb to precipitated aragonite. Alternatively polyp
feeding may cause uptake of clay/organic particles which are potentially excreted
into the skeleton (Davies 1996). It is possible that corals actively reject Al due to the
low nutritional value of the main Al sources, clay particles and Fe/Mn oxyhydroxides
and excrete these particulates to the skeleton (Barnard et al 1974; Millward & Moore
1982; Pyatt et al 2003; Sholkovitz 1978). Incorporation of particulate/clay Al may
also explain the off-white/brownish appearance of coral slices from more turbid sites
(See image in Chapter 4 - Figure 4.3).

Copper and Manganese
Metals with a distribution coefficient of unity are thought to be inorganically
precipitated with Ca directly from seawater (Druffel 1997; Shen & Boyle 1987; Shen
& Boyle 1988; Sinclair 1999). They are therefore assumed to be aragonite bound and
incorporated without significant biological regulation. Copper and Mn both have
coefficients of between 1 and 3 with dissolved concentration, which indicates that
corals take up the entire dissolved concentration of these metals and possibly some of
the particulate metal, relative to calcium in seawater. For Cu and Mn this is most
likely due to large variations in the dissolved concentrations across the Harbour,
from 0.178 to 0.711μg/L for Mn and from 0.151 to 0.454μg/L for Cu. These large
ranges are due to seasonal influences on particulates flowing into the Harbour and
tidal resuspension of sediments. Manganese also undergoes bio or photo-reduction of
Mn-particulates, thus concentrations may vary seasonally and daily due to variations
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in solar radiation and microbial growth (Alibert et al 2003; Delaney et al 1993;
Lewis et al 2007; Wyndham et al 2004). In addition to variable dissolved
concentration in seawater, it is possible that some of the Cu and Mn in coral is from
feeding on particles, adsorption of particles to exposed skeletal surfaces in coral
scars, or direct incorporation of small (colloidal) particulates that may be present in
the calcifying fluid.
A coefficient of ~3 for Mn indicates a total Mn seawater concentration of
~0.746μg/L which is only slightly above the concentration of dissolved manganese
measured at Middle Arm (0.711μg/L), which is the most freshwater influenced site
studied in Darwin Harbour. Thus Mn in coral skeletons is predominantly derived
from dissolved Mn, with a small contribution from particulate Mn:
ie Total Mn (0.746) – Avg Dissolved Mn (0.263) = 0.482 μg/L and
0.482μg/L /Avg Particulate Mn (2.41) = 0.2 or approximately one fifth of the
particulate Mn. This fraction may even be smaller since some Harbour sites
experience greater dissolved Mn concentrations.
The coefficient of ~1.5 for Cu indicates a total Cu concentration of ~0.344μg/L,
which is slightly above the concentration of dissolved copper published by
Munksgaard et al (2001) of 0.281μg/L, and also within the range of dissolved copper
at all Darwin Harbour sites (0.151 – 0.454 μg/L). This coefficient is further evidence
that the majority of copper taken up by Darwin Harbour corals is likely to be in the
dissolved form.

Lead
Lead has a quite large coefficient (10-14), although similar to Mn the concentration
of dissolved Pb is much less than SPM-Pb and the coefficient for SPM-Pb is
approximately 10 times less than for Dissolved-Pb. Thus if even a small fraction of
SPM-Pb is incorporated into coral, the skeletal Pb concentration would be greatly
affected. The concentration in seawater indicated by coefficients of ~10-14 is
approximately 0.074μg/L, which is similar to unfiltered/total metal concentration of
Pb in Darwin Harbour seawater of 0.071μg/L. Thus Pb may be taken substantially
from particulates in addition to dissolved forms in Darwin Harbour.
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Manganese, copper and lead are also most likely, primarily aragonite bound. The
particulate Mn, Cu and Pb taken up by coral may also be incorporated within
aragonite if these metals are excreted into the calcifying fluid by the polyp, or if they
are incorporated within organic material in the skeleton. It is less likely that these
metals are trapped particulates since signals of these metals are fairly constant in
coral relative to other metals and concentrations in coral skeletons are similar to
concentrations found by researchers with corals from non-turbid locations (see
Chapter 7). That is, if these metals were significantly included as trapped particles
Darwin Harbour corals should have much higher skeletal concentration than the
published literature due to relatively high turbidity in Darwin Harbour. In addition
the lead coefficient calculated by Shen and Boyle (1988) was 2.3, and corals used in
the Shen and Boyle studies were rigorously cleaned including oxidative and
reductive cleaning of crushed skeleton. This suggests that Pb is aragonite bound.

Zinc
Zinc appears to be preferentially taken up by coral, having a coefficient of greater
than unity (2-7). Zinc is considered a ‘nutrient’ metal and is a cofactor in nearly 300
enzymes, including enzymes found in corals (Vallee and Auld 1990). Zinc is also
maintained at constant concentrations in tissues by various marine organisms
including snails, crabs and barnacles despite widely varying often up to incipient
lethal levels of zinc in surrounding seawater and sediments (reviewed in Neff
(2002)). Zinc has also been shown to be high in zooxanthellae and tissues compared
to skeletal material in corals (Esslemont et al 2000; Reichelt-Brushett & Harrison
1999). It is therefore possible that Zn levels in coral skeleton are affected by
biological processes and is present in the organic phases of the skeleton. If Zn is
indeed a nutrient metal for coral, preferential uptake may occur in order to ensure
sufficient Zn is acquired from seawater (where Zn is generally in low
concentrations).
If the distribution coefficient of Zn calculated by Shen and Boyle (1988) of 11 is
correct as was assumed by Fallon et al (2002) then the concentration measured in
Misima Island corals (1991-1994) of ~20ppm zinc equates to filtered seawater
concentrations of ~ 1.9μg/L around corals, which were ~0.5km from the mine site
waste dump and ~1.2 μg/L in seawater ~2km from the waste dump (Fallon et al
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2002). These values may be expected from a contaminated site; since they are only
an order of magnitude above dissolved Zn concentrations from Darwin Harbour,
which is considered to be near pristine.
Further evidence of the biological significance of zinc has been shown by the
competition of zinc with calcium for uptake via calcium channels in rainbow trout
gills (Alsop & Wood 1999; Hogstrand et al 1998). This competition may occur to
ensure sufficient levels of zinc are available for biological processes or be due to lack
of specificity of Ca channels. In either case it might be speculated that high levels of
zinc in coral tissues may cause zinc to be included in the organic matrix to take part
in biochemical processes or simply be excreted to this extracellular matrix to avoid
toxicity, as is done by mussels into byssal threads (Coomes & Keller 1981; Edward
et al 2008).

6.3 Conclusions
The similarity between trace element concentrations of the 3 species Porites sp, G.
aspera and P. sinensis in Darwin Harbour seems to support the hypothesis that most
of the metals analysed in this study (Mn, Cu, Rb, Sr, La, Pb, U) are not appreciably
regulated by the coral. The similarity in trace element concentration between the
species may also suggest that there is no appreciable concentration of these metals in
skeletal organic material.
The elements which did vary between the species include Al, Zn and Ba. This
variation may be explained by bio-regulation of Ba and Zn and inclusion of
aluminium in discreet particulate phases. The bioregulation of Ba is supported by the
findings of Sinclair (2005).
G. aspera and P. sinensis are both able to detect higher concentrations of metals in
seawater and sediment in the slightly impacted CBD zone in Darwin Harbour. Both
species in Darwin Harbour showed elevated skeletal Al, Cu, Zn and Pb in CBD
corals where sediment and seawater (both dissolved and particulate) and sediment Cu
were also elevated. Manganese concentration was slightly elevated in P. sinensis
skeleton but not in G. aspera despite slightly elevated dissolved Mn and elevated
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particulate Mn in CBD seawater. This is most likely due to uptake of Mn primarily
from dissolved forms.
Distribution coefficients were calculated between skeletal metal to calcium ratios and
dissolved and particulate metals, and DGT-labile metal to calcium ratios to
determine the most likely mode of uptake for Al, Mn, Cu, Pb and Zn. Copper and
manganese have distribution coefficients of close to unity with dissolved metal and
therefore are primarily taken up from dissolved seawater with a small contribution
from particulates. Lead is also primarily taken up from dissolved Pb in seawater with
a major contribution from SPM. Copper, Pb and Mn are also most likely primarily
aragonite bound in coral skeletons, since signals of these metals are relatively
constant in coral relative to other metals and concentrations in coral skeletons are
similar to concentrations found by researchers with corals from non-turbid locations.
The possibility that Pb is aragonite bound is further supported by findings of Shen
and Boyle (1988), who were unable to reduce lead concentration in crushed aragonite
with both oxidative and reductive cleaning procedures and thus concluded that lead
was primarily aragonite bound. In addition the large variations in dissolved and
particulate Pb concentration in Darwin Harbour may bias the distribution coefficients
calculated for Pb.
Aluminium is highly discriminated against by coral skeletons (DAl = 0.03) and is
highly variable in coral skeleton. This combined with the incompatibility of size and
charge of Al ions for substitution for Ca in aragonite, may indicate that Al is
primarily taken up passively through particulate matter. Particulate Al is in high
concentration in Darwin Harbour particulates especially Fe/Mn oxyhydroxides and
clay particles. These particles have low nutritional value for corals and may thus be
excreted to the skeleton as was observed for TiO particles (Davies 1992). The uptake
of particulate Al may also explain the off-white/brownish colour of coral slices from
more turbid sites in the Harbour.
Zinc appears to be actively taken up by corals with a distribution coefficient of ~6.
Considering the importance of Zn in biological processes and the evidence that Zn is
actively taken up at low concentrations by Stylophora pistillata and may be linked to
photosynthesis, Zn is most possibly biologically controlled. Uptake of Zn may
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therefore be active and Zn may be included in organic as well as aragonitic phases of
the skeleton.
This study has shown that G. aspera and P. sinensis corals have the potential to
provide information on metal concentrations in seawater. These Favid species, like
Porites, do have a quantitative relationship with concentration of trace metals in
seawater but this concentration may not represent the true bioavailable fraction of
metal.
In Darwin Harbour and other turbid environments the concentrations in Favid
skeletons will provide information on the dissolved concentration of Mn and Cu in
seawater (with small amounts of particulate metal) and on the total/unfiltered metal
concentrations of lead in seawater. Zinc concentrations in skeletons, however, will
over estimate the total (unfiltered) concentrations of zinc in seawater, whilst
aluminium in coral skeletons will not provide quantitative information. The
usefulness of coral bio-monitoring using these Favids will thus depend on
understanding the different modes of uptake and incorporation of each trace element
and the relative amounts of dissolved vs particulate trace elements available to corals
in the study site.

152

7 Temporal and spatial trends in metal concentrations in
coral in relation to seawater and sediment in Darwin
Harbour, North Australia
7.1 Introduction
Coral biomonitoring has been used to detect trends, including; increasing pollution
(Al-Rousan et al 2007; Denton & Burdon-Jones 1986a; Esslemont et al 2004;
Ferrier-Pagès et al 2005; Howard & Brown 1986; Scott 1990), increasing lead in the
oceans (Dodge & Gilbert 1984; Shen & Boyle 1987), variations in river plumes
(Alibert et al 2003; Bastidas & Garcia 1999; Lewis et al 2007; McCulloch et al
2003a; McCulloch et al 2003b; Sinclair 2005; Wyndham et al 2004) and changes in
sea surface temperature (Alibert & McCulloch 1997; Allison et al 2001; de Villiers et
al 1994; Gaetani & Cohen 2006; Gagan et al 1998; Marshall & McCulloch 2002;
McCulloch et al 1998). Using corals to detect these trends allows historical
information to be obtained even where there are no environmental records. Coral
records can therefore be used to determine historic, baseline conditions for
environmental management.
Much of the recent research has focused coral biomonitoring on highly impacted
environments, for example detecting mine pollution (David 2003; Fallon et al 2002),
or comparing corals from widely contrasting environments; such as comparison of
nearshore reefs in the plume of the Burdekin River to reefs in the outer GBR that are
generally unaffected by freshwater (Alibert et al 2003; Wyndham et al 2004). It is
thus useful to understand the limitation of corals as data archives, to understand
whether subtle differences in freshwater flows and pollution are detectable, or if river
plumes can be detected by corals living in a naturally turbid environment. Better
understanding of these limitations of coral biomonitoring may enable wider use of
coral biomonitors. This study tests the ability of coral biomonitoring to detect low
levels of pollution in a near pristine environment and compares coral records to
historical seawater and sediment data in Darwin Harbour.
Darwin Harbour is a shallow seasonal estuary receiving terrestrial run-off and
freshwater discharge from two rivers (Elizabeth and Blackmore) during the wet
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season (Ferns 1995; Hooper 1987; Michie 1987; Semeniuk 1984). Wet season runoff, riverine particulates, resuspension of fine/muddy sediments and strong tidal
currents contribute to the high levels of suspended particulate matter (SPM), which
are mostly in colloidal form (Michie 1987; Williams et al 2006; Wrigley et al 1990).
Low light penetration and high sediment fluxes are the main limiting factors on reef
growth in Darwin Harbour (Collins 1994; Wolstenholme et al 1997).
The shallow fringing reefs of Darwin Harbour are dominated by two Favids,
Goniastrea aspera and Platygyra sinensis, which appear to be well adapted to harsh
and stressful environments (Kenneth Anthony, personal communication). These
corals are able to grow in Darwin Harbour despite the extreme conditions (discussed
in Chapter 4). Generally Favids are able to survive in turbid environments due to
their large corallites and ability to remove sediment that settles on them via a
combination of mucous production and physical action (Fabricius & Wolanski 2000).
This makes them potentially ideal bio-monitors for near-shore, turbid environments
such as encountered with the macro-tidal Darwin Harbour system.
Darwin Harbour is currently in a near pristine state owing to its relatively large size
and small population base (Dames & Moore 1985) (city of Darwin pop. 73,754 and
the satellite city of Palmerston pop. 24,000 (ABS 2008)). The most substantial inputs
to the Harbour include untreated and secondary treated sewage (five outfalls) and
river discharge from catchments that are currently undergoing development and
increasing urbanisation (eg. land clearing for new suburbs (Weddell) and for
horticulture and agriculture) (Darwin Harbour Advisory Committee 2009; Padovan
2001; Padovan 1997; Skinner et al 2009). There is thus a need to develop and
maintain a robust and cost-effective long-term monitoring program for Darwin
Harbour. This chapter hypothesises that Favids are potentially ideal biomonitors,
able to detect low-level metal pollution in the hot, turbid, macrotidal environment of
Darwin Harbour.
The objectives of this chapter are:
•

To investigate the ability of Favids to detect temporal and spatial trends in
trace metal concentrations in Darwin Harbour.
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•

To determine whether salinity and turbidity gradients across Darwin Harbour
create measurable concentration gradients of metals in seawater and
sediments that are reflected in corals, and

•

To compare metal concentrations in skeletons of Favids to metal
concentrations in seawater and sediments.
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7.2 Results and Discussion
7.2.1

Metals in Darwin Harbour seawater and sediment

The few studies of trace metals in the north Australian environment have determined
the relatively pristine state of both seawater (Morrison and Delaney, 1996;
Munksgaard and Parry, 2001) and sediment (Munksgaard and Parry, 2002). In
addition a global pollution map produced by Halpern et al (2008), using a
mathematical model of pollution indices, predicts that north Australian and Antarctic
marine waters are the only marine environments with low to no human impacts due
to low human populations. Darwin Harbour, is also currently near pristine
(Munksgaard & Parry 2001; Munksgaard & Parry 2002a; b) despite growing
industrial development. This study confirms the low levels of dissolved and total
metal concentrations in seawater of Darwin Harbour reported by Munksgaard and
Parry (2001). While sediment was also found to be at background levels similar to
those found in areas with low impact from agriculture and industry (Hill, 1994;
Munksgaard and Parry, 2002) (Table 7.1)
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Table 7.1: Ranges of concentrations of metals in seawater and sediment from Darwin Harbour
compared to Literature studies
Filtered seawater (0.45μm)
Concentration*

Concentration in

(μg/L)

previous studies (μg/L)

Al

<5.00# – 39.5

---

Mn

0.172 – 2.04

---

Reference

----[1]

[2]

Munksgaard and Parry, 2001(c)

Cu

0.078 – 0.471

0.151 – 0.521

Zn

0.084 – 0.431

0.028[1] – 0.498[2]

Munksgaard and Parry, 2001(c)

Pb

0.004 – 0.028

0.002[1] – 0.021[2]

Munksgaard and Parry, 2001(c)

Unfiltered seawater
Concentration(a)

Concentration in

(μg/L)

literature (μg/L)

Al*

297 – 572

---

---

Mn

4.3 – 11.6

---

---

Cu

0.574 – 0.669

0.342[1] – 0.572[2]

Munksgaard and Parry, 2001(c)

Zn

1.02 – 1.48

0.492[1] – 1.59[2]

Munksgaard and Parry, 2001(c)

Pb

0.098 – 0.267

0.114[1] – 0.505[2]

Munksgaard and Parry, 2001(c)

Reference

Sediment (Whole unsieved)
Concentration(b)

Concentration in

(mg/Kg dry wt)

literature (mg/Kg dry wt)

Al*

15300 – 44300

21100[3] – 45500[4]

Doherty 2001

Mn

136 – 479

494[3] – 878[4]

Doherty 2001

191[1] – 335[2]

Munksgaard and Parry, 2002(d)

Reference

Cu

1.60 – 17.7

9.41[1] – 18.2[2]

Munksgaard and Parry, 2002(d)

Zn

8.28 – 68.4

36.3[1] – 60.3[2]

Munksgaard and Parry, 2002(d)

Pb

5.10 – 62.2

12.4[1] – 16.8[2]

Munksgaard and Parry, 2002(d)

*

Data only available from this study 2003 and 2004

#

Detection Limit

(a)

Data from this and NT Government studies 2001-2005

[1]

Outer Darwin Harbour

(b)

Data from this and NT Government studies 1993-2004

[2]

Inner Darwin Harbour

(c)

Data averaged from 1997, 1998 and 2000

[3]

Cleveland Bay - GBR

(d)

Data averaged from 1998 and 2000

[4]

Townsville - GBR
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7.2.2

Metal concentrations in Darwin Harbour corals

Since sediment and seawater are at near pristine metal concentrations in Darwin
Harbour (excluding CBD), coral was also expected to be low in metal
concentrations. This was found to be the case for all sites except corals growing in
the CBD zone, where coral concentrations were slightly elevated (see Figures 7.107.14 in Section 7.2.5).
Darwin Harbour corals were also found to be relatively comparable to other studies
in the literature, and the three species studied in Darwin Harbour (Porites sp.,
Goniastrea aspera and Platygyra sinensis) also had similar levels for most metals
(Tables 7.2 and 7.5, see also Chapter 6). The main difference between Porites and
Favid corals, and also between this study and literature studies, is due to differences
in analysis. The techniques used for analysis in the literature range from dissolution
of coral samples and analysis by atomic absorption spectrophotometry and anodic
stripping voltammetry (Dodge & Gilbert 1984; Esslemont 1999; Hanna & Muir
1990) to laser ablation ICP-MS (Alibert et al 2003; Bastidas & Garcia 1999; David
2003; Runnalls & Coleman 2003). Most of the difference between this study and
those in the literature may be attributed to differing degrees of discrimination against
trapped particulates of the various techniques. That is, the degree of analysis of
metals trapped as discreet particles in skeleton, rather than bound within aragonite.
Pore spaces in coral skeletons often contain some particulate matter, including clay
minerals high in Al, and Mn as well as other surface contamination containing lead
and zinc (Mertz-Kraus et al 2009; Shen & Boyle 1987; Sinclair 1999). Thus crushing
and dissolving coral samples may allow analysis of particulate and surface
contamination. This is especially important in corals growing in turbid environments
with high levels of suspended particulate matter. Wall-structure laser ablation
ICPMS (WS-LA-ICPMS) was therefore developed to analyse Favids in turbid
Darwin Harbour (See discussion in Chapter 3).
Of the studies reported in the literature only one by Runnalls and Coleman (2003)
has used laser ablation on a Favid, Montastrea annularis, from Barbados. Whilst the
Runnalls and Coleman (2003) study did not selectively analyse wall structures, as
was done in this study, their copper and lead results are similar to concentrations in
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Darwin Harbour Favids (Table 7.2). This may be possible if the Barbados
environment had lower turbidity than Darwin Harbour and therefore the M. annularis
skeleton contained less trapped particulates. In this case the difference in technique
would not affect the result for copper and lead. It should be noted, however, that Zn
in the Runnalls and Coleman (2003) Favid is much higher than the Zn concentration
in the Darwin Harbour Favids. This may be due to a number of factors, including,
biological effects, due to the possible bio-regulation of zinc by Favids (as concluded
in Chapter 6) or potentially caused by the more polluted nature of the environment
where the M. annularis was collected and thus greater dissolved and particulate zinc
available for uptake (Runnalls & Coleman 2003).
In this study copper and lead concentration in G. aspera skeletons are also similar to
levels reported by Esslemont (1999) who analysed the same species from Darwin
Harbour using dissolution techniques. Again zinc is much higher in the Esslemont
(1999) study and since species and location are the same, the difference may be
attributed to analysis of SPM or surface contamination of the corals being included in
the dissolution method.
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Table 7.2: Concentrations of metals in corals from Darwin Harbour compared to literature
values

Al

Species#

This studya
(avg)* (mg/Kg)

Range in
literature
(mg/Kg)

Reference

Porites spp.

1.75

11[1] – 23 [2]

Hanna & Muir, 1990b – Red sea

0.639

11[1] – 90[2]

0.535

0.075[3] – 0.36[4]

Alibert et al, 2003a – GBR

0.8[5] – 1.0[6]

David, 2003a – Philippines

Goniastrea
sp.^
Mn

Cu

Zn

Pb

Porites spp.

Goniastrea
sp.^

0.714

4.36[1] – 7.8[2]

Hanna & Muir, 1990b – Red sea

Porites spp.

0.365

0.7[1] – 3.1[2]

David, 2003a – Philippines

G. aspera

0.366

0.43[1]

Esslemont, 1999b – Darwin Harbour

M. annularis

----

0.4[2]

Runnalls & Coleman, 2003a – Barbados

Porites spp.

1.20

1.0[1]

David, 2003a – Philippines

G. aspera

0.729

3.27[1]

Esslemont, 1999b – Darwin Harbour

M. annularis

----

7.0[2]

Runnalls & Coleman, 2003a - Barbados

Porites spp.

0.188

0.031 – 0.142 [7]

Bastidas & Garcia, 1999a – Venezuala

G. aspera

0.093

0.07[1]

M. annularis

Ba

La

Hanna & Muir, 1990b – Red sea

----

Esslemont, 1999b – Darwin Harbour

0.09 – 0.40[2]

Dodge & Gilbert, 1984b – Virgin Islands

0.2[2]

Runnalls & Coleman, 2003 a - Barbados

Porites spp.

9.73

12[3] – 14[4]

Alibert et al, 2003a – GBR

G. aspera

7.82

-----

Porites spp.

0.012

0.0015[3] – 0.030[4]

G. aspera

0.011

-----

Wyndham et al, 2004a – GBR

[1]

unpolluted

[5]

low sediment

GBR

Great Barrier Reef

[2]

polluted

[6]

dredging

a

Laser Ablation - ICPMS

[3]

outer reef

[7]

high sediment

b

Dissolution - AAS

[4]

inner reef

-----

No Data

No Platygyra sp. studies available

^
*

G. aspera in this study and G. retiformis in Hanna & Muir (1990)
Average of 1994-2003 for G. aspera and selected data from 1880-1986 for Porites sp.
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The Darwin Harbour Porites samples in this study were also laser-ablated, but due to
the small size of the Porites wall structures, it was not possible to selectively scan
along wall elements (Figure 7.1). Thus it was not possible to avoid running the laser
beam over pore spaces in Porites samples and the results may therefore include some
particulate matter, despite cleaning of sectioned samples with high purity water and
ultra-sonication. Although this direct laser ablation method is not ideal for Porites
corals growing in highly turbid environments, it is the method used by many
researchers on corals from typical (non-turbid) reef environments. Thus the method
used on the Darwin Harbour Porites sample is comparable to the method used by
David, (2003); Alibert, (2003); Bastidas and Garcia, (1999) and Wyndham et al,
(2004) (Table 7.2).

Figure 7.1: G. aspera sample mounted in dark resin, showing examples of linescans along wall
structures (LS1-7, LS10, LS11-13 and LS14-16) as well as scans across walls (TR3 and TR5) and
Inset, around rim of individual corallite (TT1 and TT2).

Skeletal concentrations of Zn, Pb, Ba and La in the Darwin Harbour Porites are
similar to Porites reported in the literature for Zn, Pb, Ba and La (Table 7.2).
Manganese, however, is more similar to the Philippine Porites analysed by David
(2003), being higher in concentration than the GBR corals. This may be the result of
higher levels of SPM incorporation in Darwin Harbour corals and may also be the
case for Philippine corals. It has been established that SPM are relatively high in
concentration of certain metals including; iron, manganese and aluminium (Bewers
& Yeats 1978; Sholkovitz 1978). In contrast copper was much higher in the
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Philippine than the Darwin Harbour Porites coral which may be indicative of
increased pollution in Philippine waters (David 2003).
Unfortunately there are few studies of aluminium in corals and the only study
available for comparison used dissolution analysis methods (Hanna & Muir 1990).
The possible analysis of SPM by dissolution analysis of Red Sea corals may explain
the high level of aluminium published by Hanna and Muir (1990) compared to levels
found in Darwin Harbour Porites.
Whilst particles trapped in pore spaces are not in the fraction of chemical species
which are bioavailable to corals, these particles may have a use as an indicator of
metal concentrations in SPM. That is, if a coral is analysed by both WS-LA and by
dissolution or non-WS LA, the difference between the analyses may provide useful
information on unfiltered/ particulate bound metals taken up passively through
entrapment in the skeleton. A study of particles trapped as ‘coatings’ within pore
spaces of a Porites coral was recently performed by Mertz-Kraus et al (2009). These
researchers report that trapped sediment particulates reflect variations in rainfall
patterns and suspended particulates in seawater in the Eastern Mediterranean. Thus
study of trapped particles could provide information on rainfall/sediment fluxes to
the ocean or on metals which may be potentially bioavailable to filter-feeding
organisms, such as mussels and oysters, for which particles are a substantial source
of nutrition (Alsop & Wood 1999; Hogstrand et al 1998).
These results indicate that WS-LA is able to produce concentration information for
Favids that is similar to literature results for Cu and Pb and concentrations for Al,
Mn and Zn, which are lower than literature values, due mainly to differences in
analysis techniques. Thus concentration information produced by WS-LA does not
appear to be greatly affected by particulates. Porites-LA on Darwin Harbour coral
was also similar to literature values for all metals except Al, which was again due to
the contrast between LA and the dissolution method used by Hanna and Muir (1990).
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7.2.3

Spatial variation in metal concentrations across Darwin Harbour

During the wet season major rivers introduce over 160,000 ML of freshwater into the
lower arms of the Harbour (NT Gov unpubl). This creates gradients of salinity,
turbidity, dissolved oxygen and metal concentrations (Michie 1987). These seasonal
flows result in lowered salinity and increased turbidity in the inner Harbour, near the
mouths of the main freshwater sources, the Elizabeth and Blackmore Rivers (see
Figure 7.2). An example of this gradient occurring during the 2004 wet season is
shown in Table 7.3.

WR

CBD

SC

EA

WA

MA

SS

CI

Figure 7.2:Darwin Harbour aerial photo showing plumes from West Arm (WA), Middle Arm
(MA) and East Arm (EA), sample sites Channel Island (CI), South Shell Island (SS), CBD and
Weed Reef (WR) and the approx location of Sadgroves Creek (SC) (Darwin Harbour aerial
photos 2009)

Samples from zones closer to sources of freshwater show increasing turbidity, whilst
salinity, pH and dissolved oxygen decrease with proximity to freshwater (Table 7.3).
This gradient is strongest during the wet season when rivers are flowing and
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introducing freshwater and particulate matter to the Harbour. The freshwater and
suspended sediment gradient across Darwin Harbour not only affects
physicochemical parameters but also metal concentrations across the Harbour.

Table 7.3: Example of physicochemical conditions of Darwin Harbour seawater during the wet
season
pH

DO%

Salinity

Turbidity
(NTU)

Outer Harbour**

8.43

84.3

35.57

4.16

Mid Harbour*

8.31

84.6

30.2

21.8

East Arm*

8.24

83.4

29.3

24.6

Moving
closer to

Elizabeth River
Mouth*

7.93

68.9

26.4

22.8

river mouth

** Average of wet season parameters for outer Harbour (NT-Gov data 2001-2005)
* Sampled in wet season (22-23 Feb 2004)
DO= dissolved oxygen

In addition to riverine inputs there are small diffuse point source contaminants in
Darwin Harbour including the sediments of the wharf area in the CBD zone, which
contain historic spilled Pb/Zn ore and WWII rubble (Figure 7.3). The CBD zone also
receives run-off from urban/industrial streams, such as Sadgroves creek, which
drains an industrial suburb (labeled SC on Figure 7.2).

Figure 7.3: WWII rubble and other contaminants at the CBD sampling site.
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Table 7.4: Concentrations of metals in seawater (μg/L) from inner Darwin Harbour compared
to fresh water from the Elizabeth and Blackmore Rivers and brackish water from Sadgroves
Creek
Al

Mn

Cu

Zn

Pb

Ba

SPM^

n

Seawater*

6.44

1.48

0.187

0.243

0.012

2.94

23.8

3

Elizabeth River*

59.8

7.36

0.466

0.740

0.113

71.0

15.0

3

Blackmore River*

33.2

13.0

0.639

0.687

0.037

---

7.65

2

Sadgroves creek^

13.2

70.5

2.59

17.7

0.122

---

111

6

Seawater^

122

2.63

0.320

0.258

0.050

3.03

7.25

25

Elizabeth River*

490

20.5

0.893

1.69

0.421

67.2

15.0

3

Blackmore River^

537

44.5

1.15

4.07

0.493

---

7.59

9

Sadgroves creek^

897

219

8.32

51.5

2.83

---

65.9

7

Filtered (0.45μm)

Unfiltered

SPM = Suspended particulate matter, n is No of samples
* averages for wet-season samples from this study (2004),
^ averages for wet-season samples from this study and NT Government studies (2001-2005)

Whilst metals are introduced to Darwin Harbour waters primarily from urban and
industrial run-off, metal concentrations are also influenced by the salinity gradient.
Some metals, including, iron, manganese, barium and aluminium are also introduced
in dissolved and particulate forms from the riverine inputs in the lower Harbour
(Michie 1987; Wrigley et al 1990) resulting in decreasing concentrations of these
metals as you move from inner to outer Harbour, especially during the wet-season
Figures 7.4 - 7.9 and Table 7.4).
Barium was analysed in riverwater and seawater in this study as a tracer of
freshwater flows into the Harbour from riverine sources. However, since barium was
not included in NT Government datasets, it is not included in further spatial analysis
which includes historical seawater data.

165

Table 7.5: Concentrations of metals in skeletons of G. aspera (G a.) and P. sinensis (P s.) (mg/kg
dry wt), seawater (µg/l) and sediment (mg/kg dry wt) in four zones across Darwin Harbour
(Errors shown are ±1 Standard Deviation, sample numbers shown in italics)
G a.
(mg/Kg)

Dissolved
[M] (μg/L)*

P s.
(mg/Kg)

Particulate
[M] (μg/L)#

Sediment
(mg/Kg)^

Al
OH

0.545

±0.53

4

0.659

±0.63

4

15.7

±18

7

76.5

±48

19

17800

±2700

7

IH

0.465

±0.42

2

0.760

±0.67

2

18.6

±12

6

105

±60

23

34000

±5700

9

MA

0.608

±0.59

4

0.698

±0.61

4

14.8

±8.3

4

128

±95

19

44300

±9600

8

CBD

1.25

±0.78

1

0.968

±0.78

2

105

±13

6

329

±360

10

31600

±1400

4

Mn
OH

0.722

±0.26

4

0.725

±0.29

4

0.178

±0.10

7

1.43

±0.9

19

307

±47

44

IH

0.588

±0.25

2

0.598

±0.28

2

0.235

±0.32

6

2.80

±1.6

23

307

±71

46

MA

0.864

±0.31

4

0.992

±0.33

4

0.711

±0.29

4

3.21

±1.9

19

376

±130

13

CBD

0.645

±0.18

1

0.904

±0.39

2

0.493

±0.13

6

9.23

±9.4

10

292

±42

30

Cu
OH

0.336

±0.17

4

0.364

±0.20

4

0.272

±0.16

7

0.035

±0.09

19

4.82

±2.9

44

IH

0.348

±0.16

2

0.398

±0.20

2

0.270

±0.15

6

0.169

±0.12

23

6.19

±3.6

46

MA

0.319

±0.17

4

0.365

±0.18

4

0.230

±0.01

4

0.143

±0.11

19

6.98

±1.9

13

CBD

0.477

±0.19

1

0.469

±0.20

2

0.255

±0.05

6

0.191

±0.24

10

11.4

±5.1

30

OH

0.600

±0.44

4

0.633

±0.47

4

0.123

±0.09

7

0.125

±0.22

19

18.0

±10

44

IH

0.851

±0.47

2

0.665

±0.50

2

0.111

±0.07

6

0.282

±0.39

23

26.5

±10

46

MA

0.554

±0.43

4

0.610

±0.45

4

0.061

±0.01

4

0.352

±0.37

19

30.5

±7.9

13

CBD

1.48

±0.37

1

1.05

±0.51

2

0.616

±0.30

6

0.789

±1.6

10

41.6

±16

30

OH

0.083

±0.07

4

0.098

±0.08

4

0.010

±0.01

7

0.030

±0.02

19

14.7

±19

44

IH

0.060

±0.05

2

0.130

±0.10

2

0.009

±0.01

6

0.060

±0.06

23

13.8

±10

46

MA

0.074

±0.06

4

0.096

±0.08

4

0.003

±0.00

4

0.101

±0.12

19

15.5

±5.4

13

CBD

0.246

±0.09

1

0.209

±0.09

2

0.019

±0.01

6

0.149

±0.11

10

24.5

±18

30

Zn

Pb

OH: Outer Harbour, IH: Inner Harbour, MA:Middle Arm: CBD: City zone
Coral data from laser-ablation analyses averaged from 1993-2003
[M] – Metal concentration, Dissolved – <0.45μm filtered seawater,
Particulate – >0.45μm filtered seawater (unfiltered minus 0.45μm filtered seawater)
* – Averaged using dataset (1997-2001), #– Averaged using dataset (2001-2005)
^– Averaged using dataset (1993-2004) except Al data from this study (2003-2004) only

7.2.4

Riverine influence on seawater metal concentrations

Seawater samples taken over 3 consecutive days in the wet-season of 2004 indicated
that the Elizabeth River is a source of some metals to the inner Harbour during the
wet season (Figures 7.4-7.9). The samples include a freshwater sample taken
downstream in the Elizabeth River (ER), Elizabeth River mouth (ERM) - the zone of
freshwater and seawater mixing in the east arm (EA) and 2 sites in the Inner-Harbour
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(IH). Figures 7.4 to 7.6 clearly show the decrease in concentrations of dissolved
metals (Al, Fe, Mn, Ba, Cu, Zn and Pb) in the river mouth site (ERM) compared to
the upstream river sample (ER). This is due mainly to dilution, but also to the
removal of metals from the dissolved phase during flocculation of particles in the
river mouth. (Bewers & Yeats 1978; Burban et al 1989; Gebhardt et al 2005;
Millward & Moore 1982; Sholkovitz 1978).
25.0

67.2

Concentration (μg/L)

20.0

15.0

10.0

5.0

0.0
ER

ERM

EA
Mn

IH1

IH2

Ba

Figure 7.4: Manganese and barium in 0.45μm filtered water collected during wet-season (Feb
04) (n = 3). ER – Elizabeth River (fresh water), ERM – Elizabeth River Mouth (seawater), EA –
East Arm zone (seawater), IH1, IH2 – Inner-Harbour zone (seawater). Note off-scale
concentration displayed on bar.

After the sharp decline from river to estuary, Al, Fe, Cu and Pb do not show marked
trends from river mouth to Inner Harbour, instead the estuarine sites have similar
concentrations. In contrast, dissolved Mn, Ba and Zn show gradual decreases from
the river mouth site through the East Arm into the Inner Harbour.
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20.0

Concentration (μg/L)
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15.0

10.0

5.0

0.0
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ERM
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Al

IH1

IH2

Fe

Figure 7.5: Aluminium and iron in 0.45μm filtered water collected during wet-season (Feb 04)
(n = 3). ER – Elizabeth River (fresh water), ERM – Elizabeth River Mouth (seawater), EA –
East Arm zone (seawater), IH1, IH2 – Inner-Harbour zone (seawater). Note off-scale
concentration displayed on bar.

1.4
2.3

Concentration (μg/L)

1.2
1.0
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Figure 7.6: Copper, zinc and lead in 0.45μm filtered water collected during wet-season (Feb 04)
(n = 3). ER – Elizabeth River (fresh water), ERM – Elizabeth River Mouth (seawater), EA –
East Arm zone (seawater), IH1, IH2 – Inner-Harbour zone (seawater). Note off-scale
concentration displayed on bar.
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Whilst this result shows that a slight concentration gradient occurs across Darwin
Harbour during the wet season, it would be very difficult to detect these flood plumes
in coral samples due to the small differences between concentrations at saline sites.
The difference between East Arm and Inner Harbour, for example is only ~2μg/L for
Ba, ~1μg/L for Mn and ~0.05μg/L for Zn. In addition this gradient also only persists
while rivers flow, during the wet season (Michie 1987).
Unfiltered samples at the same sites show that particulate metal has similar
behaviour to dissolved metals across Darwin Harbour, with sharp declines in
concentrations of all metals except Al from river to river mouth. For Al this decline
is gradual from approximately 700μg/L in the river to concentrations above 300μg/L
in the estuarine sites. Manganese, Ba and Pb also show a gradual decline into the
Inner Harbour while Cu, Zn and Fe have generally similar concentration from river
mouth to more saline sites (Figures 7.7 – 7.9).

Concentration (μg/L)

60

40

20

0
ER

ERM

EA
Mn

IH1

IH2

Ba

Figure 7.7: Manganese and barium in unfiltered water collected during wet-season (Feb 04) (n =
3). ER – Elizabeth River (fresh water), ERM – Elizabeth River Mouth (seawater), EA – East
Arm zone (seawater), IH1, IH2 – Inner-Harbour zone (seawater).
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Figure 7.8: Aluminium and iron in unfiltered water collected during wet-season (Feb 04) (n = 3).
ER – Elizabeth River (fresh water), ERM – Elizabeth River Mouth (seawater), EA – East Arm
zone (seawater), IH1, IH2 – Inner-Harbour zone (seawater). Note off-scale concentration
displayed on bar.
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Figure 7.9: Copper, zinc and lead in unfiltered water collected during wet-season (Feb 04) (n =
3). ER – Elizabeth River (fresh water), ERM – Elizabeth River Mouth (seawater), EA – East
Arm zone (seawater), IH1, IH2 – Inner-Harbour zone (seawater).
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The sharp decline in particulate metals and dissolved Fe, Cu, Zn and Pb from river
water to the river mouth is due to estuarine mixing and flocculation of particulates
which removed much of the dissolved metal into the particulate phase and ultimately
depositing in the sediments and settling on corals of the inner Harbour zone (Figures
7.4-7.9) (Bewers & Yeats 1978; Burban et al 1989; Sholkovitz 1978).
7.2.5

Spatial trends in dissolved and particulate metal concentrations in seawater
compared to coral metal concentrations

Figures 7.10-7.14 show spatial trends in concentrations of Darwin Harbour dissolved
metal, particulate metal and skeletal metal in both species of coral. The data used to
create averages for the 4 Harbour zones includes all available data from this and
previous studies. Coral data is the average of metal concentrations from laser
ablation analysis of corals for the 10 yr study period 1994 - 2003, and seawater data
includes samples collected by NT Government from the period 2001-2005. This
seawater data is used despite not covering the entire span of coral growth for two
reasons. Firstly the data is similar to data from previous studies in Darwin Harbour
(Munksgaard & Parry 2001) using samples from 1997, 1998 and 2000 (Table 7.1)
and secondly since the concentrations are quite low from the 2001-2005 dataset and
development in the Darwin Harbour catchment in the 1990’s was not substantial, it is
assumed that Harbour seawater concentrations were no higher in the time period
1993 - 2000 than levels in 2001-2005 (Table 7.1).
Coral skeletal concentrations from the three unimpacted sites, Middle Arm (MA),
Inner Harbour (IH) and Outer Harbour (OH) (see Figure 3.2 in Section 3.2.5) show
similar concentrations for Al, Cu, Zn and Pb in both species (Table 7.5 and Figures
7.10 -7.14). Zinc was significantly elevated in G. aspera at Inner Harbour compared
to Middle Arm and Outer Harbour (p = 0.007). Lead appears slightly elevated in P.
sinensis at Inner Harbour compared to Middle Arm and Outer Harbour, but is not
significant (OH; p= 0.512 and MA; p= 0.858) (one-way-ANOVA). Higher lead is
possibly due to slightly greater urban/industrial impacts at Inner Harbour. Elevated
skeletal concentrations of Al, Zn and Pb in CBD corals compared to MA, IH and OH
is significant for both species (p=0.05, p=0.001 and p=0.001 respectively, one-wayANOVA). Coral copper concentrations were also elevated in both species at CBD,
despite dissolved and particulate copper not being elevated in seawater at CBD
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(although this difference is only significant between G. aspera corals at CBD and
OH, p= 0.01)
While manganese concentrations in skeletons of both species did appear elevated at
Middle arm, in agreement with elevated dissolved Mn at Middle Arm, only P.
sinensis Mn concentrations were significantly greater than corals from Outer and
Inner Harbour (p= 0.001 for both OH and IH) and not CBD corals. Goniastrea
aspera Mn concentrations at Middle Arm were only significantly greater than Inner
Harbour coral Mn concentrations (p= 0.001 one-way-ANOVA). The lack of
significance for manganese concentrations is most likely due to the small differences

Conc SW and SPM x102 (μg/kg) or Coral (mg/kg)

in both coral and dissolved manganese concentrations across the Harbour.
2.4
2.0
1.6
1.2
0.8
0.4
0.0
OH
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Seawater

MA
G.a

P.s

CBD

SPM

Figure 7.10: Average aluminium concentrations in seawater (0.45μm filtered) (1997-2004), coral
aragonite (G.a = G. aspera, P.s = P. sinensis) (1994-2003) and suspended particulate matter
(2001-2005) in seawater (SPM) (unfiltered minus filtered concentration) from OH = Outer
Harbour, IH = Inner Harbour , MA = Middle Arm and CBD = City zone. (Seawater and SPM
x102 μg/L, Coral mg/kg), sample numbers in Table 7.5.
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Conc SW and SPM (μg/kg) or Coral (mg/kg)
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Figure 7.11: Average manganese concentrations in seawater (0.45μm filtered) (1997-2004), coral
aragonite (G.a = G. aspera, P.s = P. sinensis) (1994-2003) and suspended particulate matter
(2001-2005) in seawater (unfiltered minus filtered concentration) (SPM) from OH = Outer
Harbour, IH = Inner Harbour , MA = Middle Arm and CBD = City zone. (Seawater and SPM
μg/L, Coral mg/kg) (Offscale concentration displayed on bar), sample numbers in Table 7.5.
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Figure 7.12: Average copper concentrations in seawater (0.45μm filtered) (1997-2004), coral
aragonite (G.a = G. aspera, P.s = P. sinensis) (1994-2003) and suspended particulate matter
(unfiltered minus filtered concentration) (2001-2005) in seawater (SPM) from OH = Outer
Harbour, IH = Inner Harbour , MA = Middle Arm and CBD = City zone. (Seawater and SPM
μg/L, Coral mg/kg), sample numbers in Table 7.5.
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1.5

1.0

0.5

0.0
OH

IH
Seawater

MA
G.a

P.s

CBD

SPM

Figure 7.13: Average zinc concentrations in seawater (0.45μm filtered) (1997-2004), coral
aragonite (G.a = G. aspera, P.s = P. sinensis) (1994-2003) and suspended particulate matter
(2001-2005) in seawater (unfiltered minus filtered concentration) (SPM) from OH = Outer
Harbour, IH = Inner Harbour , MA = Middle Arm and CBD = City zone. (Seawater and SPM
μg/L, Coral mg/kg), sample numbers in Table 7.5.
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Figure 7.14: Average lead concentrations in seawater (0.45μm filtered) (1997-2004), coral
aragonite (G.a = G. aspera, P.s = P. sinensis) (1994-2003) and suspended particulate matter
(2001-2005) in seawater (unfiltered minus filtered concentration) (SPM) OH = Outer Harbour,
IH = Inner Harbour , MA = Middle Arm and CBD = City zone. (Seawater and SPM μg/L, Coral
mg/kg), sample numbers in Table 7.5.
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No spatial variation associated with freshwater inputs was detected across Darwin
Harbour for the metals Al, Mn, Cu, Zn and Pb. However, lanthanum concentrations
in both coral species were higher in corals from the Middle Arm zone affected by the
Blackmore River (Figure 7.15). This difference is significant between G. aspera
corals at Middle Arm and Inner and Outer Harbour (p = 0.03) while only P. sinensis
corals from Outer Harbour were significantly lower in lanthanum concentration than
Middle Arm and Inner Harbour (p = 0.001) (one-way ANOVA). Lanthanum and
other rare earth elements (REE) have been suggested as potential tracers of
freshwater plumes by Wyndham et al (2004) and Sholkovitz & Shen (1995). Thus
full REE patterns may be a useful tracer of Blackmore river plumes in Darwin
Harbour, if greater sample numbers were used for comparison. Further analysis is
needed to test this since there is currently no historical seawater or sediment data
available for REE in Darwin Harbour.
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Figure 7.15: Average lanthanum concentration in coral skeletons (1993-2004). (G.a. =
Goniastrea aspera and P.s. = Platygyra sinensis) (mg/kg) in four zones across Darwin Harbour,
error bars are ± 1SD sample numbers in Table 7.5.
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7.2.6

Spatial trends in sediment metal concentrations compared to coral metal
concentrations

Sediment data averaged in Table 7.5 and Figure 7.16 includes samples from this
study (2003/2004), an extensive survey conducted in 1993 by NT-government and an
extensive sediment study by Charles Darwin University in 1998 (B. woods –
Honours thesis). Data for potentially bio-available metal concentrations in sediment
were only available from this study (Figure 7.17).
When observing spatial trends in sediment (Figure 7.16), Cu, Zn and Pb are all
elevated at CBD due to anthropogenic inputs, whilst Al and Mn are elevated at
Middle Arm due to natural/riverine inputs. The elevated Pb and Zn are clearly
aligned with seawater and coral results (Table 7.5), whilst elevated Cu is observed in
coral but not seawater. Al, Cu and Zn in seawater can also be observed to decrease
with distance from the river mouths. This decrease may be related to partial removal
of these metals from river water in the estuarine mixing zone, where metals adhere to
flocculating particles and precipitate out, thereby increasing concentrations of metals
in sediments (Bewers & Yeats 1978; Millward & Moore 1982). Bioavailability
increases with proximity to Middle Arm, for Al, Cu, Zn and Pb but is constant across
the Harbour for Mn, with approximately 80-100% of Mn being potentially bioavailable (Figure 7.17).
The elevated copper in sediment of the CBD zone may be the source of copper to
corals since copper is at consistently low concentrations in seawater across the
Harbour (Table 7.5). This small point-source of copper may be too small to cause
elevated seawater concentrations but may cause increased particulate and dissolved
copper in localised areas due to resuspended sediments. Thus elevated copper in
corals at CBD may be related to elevated copper in sediments at CBD due to
urban/industrial inputs.
This provides further evidence that P. sinensis and G. aspera corals are able to detect
elevated Al, Cu, Zn and Pb in the CBD zone.
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Figure 7.16: Average total (acid extractable) metal concentration in sediment (1993-2004), from
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Figure 7.17: Potentially bio-available fraction of metal concentrations in sediment (1N HCl
digest) as a percentage of total concentration (HNO3/HClO4 digest), n=3. Sediment collected
from coral sampling sites in 2003 and 2004.
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7.2.7

Temporal trends

Data from this study was compared to historical data provided by the Northern
Territory Government and the Environmental Analytical Chemistry Unit at Charles
Darwin University. The resulting database clearly shows little change in metal
concentrations in seawater and sediment has occurred in recent years (Tables 7.6 and
7.7, respectively).
When comparing trends in seawater and sediment to coral samples it is also clear that
only slight increases and decreases have been recorded in coral skeletons from
1992/93 to 2004 (Table 7.8). P. sinensis shows decreasing trends in concentrations of
aluminium and copper, whilst G. aspera shows increasing concentrations of lead,
zinc and to a lesser extent manganese over the 10 yr study period (1993-2004) (Table
7.8 and shown graphically in Figures 7.18 to 7.22). Only the decreasing trend in
copper in P. sinensis and the increasing trend in lead in G. aspera are significant at
the 0.05 level (p = 0.033 for copper and p = 0.027 for lead respectively). These
trends are slight and are in agreement to sediment and seawater results indicating that
there has been little impact on the Harbour, during the study period.
Table 7.6: Trends in metal concentrations in Darwin Harbour filtered seawater (μg/L)
2001/02*

2002*

2002/03*

2003*

2003/04^

2004*

2004/05*

Wet

Dry

Wet

Dry

Wet

Dry

Wet

n

11

4

20

7

10

2

2

Al

25.8

16.5

28.9

15.3

20.2

10.9

27.4

Mn

0.550

0.299

0.703

0.493

0.375

0.428

0.343

Cu

0.053

0.050

0.076

0.076

0.054

0.064

0.035

Zn

0.059

0.038

0.051

0.046

0.050

0.035

0.033

Pb

0.010

0.006

0.012

0.007

0.008

0.006

0.006

* averages for samples from NT Government studies (2001-2005),
^averages for samples from this study (2004) and NT Government studies (2001-2005)
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Table 7.7: Temporal trends in metal concentrations in Darwin Harbour sediments (1993 – 2004)
(mg/kg)
1993a

1998 b

1998-2000 c

2003-2004 d

n

116

56

15

23

Al

nd

nd

nd

nd

Mn

287

263

220

355

Cu

5.32

11.3

11.8

6.56

Zn

30.6

59.0

46.4

30.1

Pb

18.6

15.9

15.0

10.9

a NT government database
b Woods, 1998
c Munksgaard and Parry, 2002
d This study

Table 7.8: Temporal trends in metal concentrations in Darwin Harbour Favid corals
(average from all sites 1992 – 2004) (mg/kg)

n

Al

Mn

Cu

Zn

Pb

92 - 93

94 - 95

96 - 97

98 - 99

00 - 01

02 - 03

2004

G a.

8

9

10

11

11

11

6

P s.

11

14

14

14

14

14

9

G a.

0.617

0.576

0.697

0.617

0.640

0.621

0.606

P s.

0.764

0.764

0.775

0.825

0.749

0.653

0.520

G a.

0.763

0.680

0.697

0.679

0.741

0.708

0.891

P s.

0.891

0.870

0.766

0.743

0.742

0.852

0.886

G a.

0.347

0.382

0.380

0.339

0.384

0.377

0.369

P s.

0.442

0.414

0.391

0.421

0.385

0.385

0.386

G a.

0.634

0.648

0.783

0.666

0.819

0.725

0.759

P s.

0.768

0.668

0.832

0.837

0.880

0.887

0.610

G a.

0.091

0.078

0.087

0.089

0.095

0.098

0.114

P s.

0.115

0.111

0.140

0.136

0.131

0.118

0.126

G. a – Goniastrea aspera
P. s – Platygyra sinensis

n = No of samples
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Figure 7.18 Aluminium concentrations in Darwin Harbour Faviidae corals (average from all
sites 1992 – 2004), error bars are ± 1SD. G a. – Goniastrea aspera, P s. – Platygyra sinensis.
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Figure 7.19 Manganese concentrations in Darwin Harbour Faviidae corals (average from all
sites 1992 – 2004), error bars are ± 1SD. G a. – Goniastrea aspera, P s. – Platygyra sinensis.
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Figure 7.20 Copper concentrations in Darwin Harbour Faviidae corals (average from all sites
1992 – 2004), error bars are ± 1SD. G a. – Goniastrea aspera, P s. – Platygyra sinensis.

2.00

Conc (mg/kg)

1.50

1.00
2

R = 0.369
0.50

0.00
92-93

94-95

96-97

98-99

00-01

01-02

2004

Year
G a.

P s.

G a. Trend

Figure 7.21 Zinc concentrations in Darwin Harbour Faviidae corals (average from all sites 1992
– 2004), error bars are ± 1SD. G a. – Goniastrea aspera, P s. – Platygyra sinensis.
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Figure 7.22 Lead concentrations in Darwin Harbour Faviidae corals (average from all sites 1992
– 2004), error bars are ± 1SD. G a. – Goniastrea aspera, P s. – Platygyra sinensis.

The Porites coral also had no major temporal trends for Al, Mn, Cu or Pb (Table 7.9
and Figures 7.23 – 7.27). Zinc, however did show an increasing trend from 1880 to
1986 which was significant at the 0.05 level (p = 0.021) (Table 7.9, Figure 7.26).
This trend is significant on the temporal trends plot, which averages data from 20yr
ranges, but the trend is not clear on the zinc profile plot of all data points (Figure
7.28). The profile plot shows some large peaks which may be due to events occurring
during the corals lifetime. These peaks would have influenced the averages used for
the temporal trends plot. This result may be a possible indicator of increasing zinc
pollution in Darwin Harbour . However, due to the small magnitude of the
differences, more data points are required to investigate if this significant trend
actually translates to genuine environmental change. Despite the lack of certainty in
this trend it nonetheless highlights the importance of continued environmental
management and environmental monitoring in near pristine environments.
Zinc may be the only metal to show this slight increase due to the apparent
accumulation of Zn by corals (as discussed in Chapter 6). Zn may thus be the most
suitable metal to monitor environmental change in locations with low levels of metal
pollution.
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Table 7.9: Temporal trends in metal concentrations in Darwin Harbour Porites bands
(average from Nightcliff core 1880 – 1986) (mg/kg)

1880-1900

1900-1920

1920-1940

1940-1960

1970-1980

1980-1986

n

9

7

8

12

6

4

Al

1.73

1.65

1.76

1.94

1.68

1.54

Mn

0.438

0.649

0.537

0.530

0.556

0.534

Cu

0.355

0.403

0.283

0.393

0.373

0.396

Zn

0.823

1.17

1.15

1.43

1.29

1.46

Pb

0.140

0.238

0.189

0.204

0.187

0.184

60
-19

98
0-1
97

n = No of samples
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Figure 7.23 Aluminium concentrations in Darwin Harbour Porites coral bands (average from
Nightcliff core 1880 – 1986), error bars are ± 1SD.
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Figure 7.24 Manganese concentrations in Darwin Harbour Porites coral bands (average from
Nightcliff core 1880 – 1986), error bars are ± 1SD.
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Figure 7.25 Copper concentrations in Darwin Harbour Porites coral bands (average from
Nightcliff core 1880 – 1986), error bars are ± 1SD.
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Figure 7.26 Zinc concentrations in Darwin Harbour Porites coral bands (average from Nightcliff
core 1880 – 1986), error bars are ± 1SD.
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Figure 7.27 Lead concentrations in Darwin Harbour Porites coral bands (average from
Nightcliff core 1880 – 1986), error bars are ± 1SD.
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Figure 7.28: Zinc concentrations in a Porites core from Nightcliff in Darwin Harbour (analysed
selectively between 1900 and 1986)

7.3 Conclusions
Darwin Harbour seawater and sediment are in a near pristine state showing little
change in concentrations of metals (Al, Mn, Cu, Zn, Pb) over the last decade. The
low level of trace metals in seawater and sediment are also reflected in low
concentration of trace elements in corals of Darwin Harbour compared to literature
studies. Only one zone in the Harbour showed elevated metals in seawater, sediment
and corals (the CBD zone).
Corals of both Favid species had elevated skeletal concentrations of Pb and Zn at
CBD, which reflects the elevated levels of these metals in seawater and sediments at
CBD. These metals are elevated due to historic spilled Pb/Zn ore and urban and
industrial run-off in this Harbour zone. Goniastrea aspera also had elevated skeletal
Al and Cu at CBD zone, which is most likely due to urban/industrial run-off.
Aluminium is thought to be incompatible with the aragonite structure, and is possibly
taken-up as fine clay particulate matter, and incorporated as discreet particles within
the aragonite structure. Therefore Al may also be included in corals through
particulate aluminium in resuspended sediments at CBD.
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While the spatial variation in metals related to river plumes was detected in sediment
and to a small degree in unfiltered seawaters from wet-season collections, the spatial
effect was not detected in either Favid species. This may be due to the different
mechanisms of uptake and incorporation of Al, Mn, Cu, Zn and Pb by these Favid
corals (see discussion in Chapter 6). Discrimination against uptake of Al means
corals would avoid greater uptake from riverine plumes in the wet season and thus
not show a clear trend. Manganese, Cu and Pb are thought to be taken up primarily
from dissolved forms, and since dissolved metals do not show large seasonal
variations there are no obvious trends for Mn, Cu and Pb. Whilst the bio-regulation
of zinc by the coral, may also prevent a seasonal pattern in skeletal zinc
concentrations.
Manganese has also been used as a tracer of sediment flux to the GBR but corals do
not show a spatial trend in Mn across Darwin Harbour. The lack of spatial trends in
Al, Mn, Cu, Zn and Pb with respect to freshwater plumes may be due to the small
magnitude of the difference in concentration between inner Harbour zones and outer
Harbour zones and also to the reduction/loss of these gradients in the dry-season. In
contrast the plumes of the Burdekin River, the major river flowing to the central
GBR, persist all year round (Furnas 2003; Furnas et al 1995).
A slight trend was observed in concentrations of lanthanum in both species across the
Harbour, for G. aspera corals the difference between Middle Arm (most freshwater)
and other Harbour sites, Inner and Outer Harbour was significant, whilst for P.
sinensis corals the difference was only significant between Outer Harbour (least
freshwater) and other Harbour sites, Inner Harbour and Middle Arm. Lanthanum has
been previously used as a tracer of sediment plumes to the ocean (Sholkovitz & Shen
1995), while Wyndham et al (2004) showed that lanthanum and other rare earth
elements in coral skeletons may be used to detect flood plumes to the GBR. The
difference in lanthanum in coral skeletons in Darwin Harbour, exposed to only
slightly different freshwater impacts may indicate a use for La in detecting small
differences in freshwater and sediment impacts. Further studies to confirm the spatial
distribution of lanthanum in Darwin Harbour seawater, sediments and river waters
would be necessary to ascertain its applicability as a tracer of fresh water/sediment in
Darwin Harbour.
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Temporal trends in concentration were detected by both species of Favid; P. sinensis
detected a significant decrease in copper concentrations (p = 0.033) from 1993 to
2003 and also a decrease in Al that was not found to be significant. However there
has not been a decrease in copper concentration in seawater between 1997 and 2005.
Thus this trend could be simply an artifact of the data; longer-term data is necessary
for confirmation of declining Cu in Darwin Harbour.
Goniastrea aspera detected increases in Zn and Pb over time. The Pb increase was
found to be significant (p=0.027), but not for Zn (p= 0.099). The increase in Pb and
Zn is most likely due to urbanization and development in the Darwin Harbour
catchment.
A Porites coral from Nightcliff reef in the outer Harbour also detected a significant
increase in zinc concentration from 1880 to 1980 which may also be due to
increasing urbanization/settlement in the Darwin Harbour catchment area.
Thus the skeletons of Favids, G. aspera and P. sinensis, do reflect the environmental
condition of Darwin Harbour with respect to metals, having low skeletal metal
concentrations in un-impacted sites in agreement with the low levels of dissolved
metals in the majority of Darwin Harbour. Furthermore corals from the CBD zone
show elevated metals reflecting the relatively high levels of dissolved and particulate
metals coming from urban and industrial run-off and from sediment resuspension;
although spatial trends in Darwin Harbour may be too small in magnitude to be
detected by corals.

188

8 Application of coral growth characteristics to detect
spatial and temporal trends in an extreme environment,
Darwin Harbour, North Australia.
8.1 Introduction
The long records contained in annual density bands in massive corals are able to
provide an historical baseline for evaluation of environmental change (Lough &
Barnes 1997; 2000). Many different species of coral have been studied to provide
records of environmental health including Porites, Acropora, and Favid corals. As
established in Chapter 5 the Favids, G. aspera and P. sinensis, are able to record
environmental stress on the fringing reefs of Darwin Harbour. These effects can be
observed as reduced tissue layer thicknesses, skeletal densities and calcification
rates.
Favids are widely distributed from highly turbid near shore reefs to offshore reefs in
clear open ocean waters, and from very warm sea surface temperatures (SST) near
the equator to much cooler environments (such as Moreton Bay, SE Queensland,
Australia, and the Solitary Islands Southern GBR)(Roberts & Harriott 2003). These
robust corals, therefore, lend themselves to the study of a wide range of marine
environments. Of particular interest is their ability to thrive in marginal environments
such as the turbid, fringing reefs of Darwin Harbour.
Favids inhabiting these fringing reefs are subject to highly stressful conditions
including high turbidity/low light, freshwater run-off and low-tide exposures (see
Chapter 5 for details). Despite these conditions, Favids in Darwin Harbour have been
shown to have relatively small reductions in growth rates compared to more benign
environments. There is little doubt that Darwin Harbour fringing reefs are naturally
stressful environments, but add to this an increasing urban population, increasing
industrial development and the threat of climate change and it is potentially a
marginal reef environment at risk.
In addition to increasing urbanization, the threat of climate change to coral reefs is
now recognized (Hughes et al 2003). The main greenhouse gas, carbon dioxide
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(CO2), is increasing in the atmosphere at approximately 1% annually and is currently
at its highest level in at least the last 650,000 years (Petit et al 1999; Siegenthaler et
al 2005). About 1/3 of the extra CO2 injected into the atmosphere dissolves in sea
water to produce H2CO3, HCO3– and CO32– which results in a lowered pH and lower
carbonate (CO32–). This process termed ‘ocean acidification’ inhibits calcification by
lowering the availability of carbonate ions and decreasing the calcium carbonate
saturation state (Caldeira & Wickett 2003; Marubini et al 2001). Modelling and
experimental studies have shown that increasing CO2 is predicted to reduce
calcification by approximately 30% by 2050, which would be disastrous for coral
reef environments (Feely et al 2004; Kleypas et al 1999a).
Studies of spatial and temporal variations in coral growth in marginal environments,
such as Darwin Harbour, will help provide understanding of how stress affects
different sub-environments and whether stress is increasing or decreasing over time.
Marginal environments such as Darwin Harbour may provide an insight into the
changes that may occur on typical reefs environments if stress levels increase.
Measurements of annual coral growth indices and luminescence in coral skeletons,
provide a historical record of environmental change. This record may be used to
investigate the effect of sedimentation, land-use changes and climate change (Gagan
et al 1996; Lough 1997; McCulloch et al 2003a). Many of the studies on coral
growth have been performed using fast-growing Porites corals, due to their
abundance and the availability of massive century-old colonies on the GBR.
Researchers have found several growth trends in Porites corals across the GBR.
Tissue layer thickness and growth rates of Porites corals increase from south to
north, due to higher temperatures and light availability, and decrease from inner shelf
to outer shelf due to the greater nutrient availability of the inner shelf (Lough &
Barnes 1989; 1997; 2000; Veron 1986; Weber & White 1977; Wellington & Glynn
1983).
A recent temporal trend has also been found in Porites on the GBR, where
calcification rates appear to be decreasing from 1994 to 2003 (Cooper et al 2008)
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and have declined by 14.2% in 2006 compared to 1990 (De'ath et al 2009). These
researchers have attributed the decline to ocean acidification.
This chapter aims to determine whether spatial and temporal variations in
environmental conditions can be detected by Favids in the naturally stressful
environment of Darwin Harbour.
Growth patterns in Favids and Porites were compared to investigate:
•

The effect of spatial variation in freshwater flow, turbidity and low-light
availability on tissue layer thickness and coral growth parameters of Favids
across Darwin Harbour and

•

The effect of temporal changes (including ocean acidification) on tissue layer
thickness and growth characteristics of Darwin Harbour Favids and Porites
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8.2 Results and Discussion
8.2.1

Spatial trends across Darwin Harbour

Turbidity and salinity both vary across Darwin Harbour. Turbidity increases moving
into the Inner Harbour and down the Middle Arm, where the Blackmore River enters
the Harbour (see Figure 3.2 in Section 3.2.5). The trend in salinity is slight and
shows the dilution of seawater with fresh water in the Inner Harbour and Middle
Arm. A turbidity study conducted at a site in the Middle Arm (Channel Island)
reported turbidity in excess of 80 NTU (Nephelometric Turbidity Units) and
concluded that turbidity in Darwin Harbour is affected by both tides and season
(Munksgaard 2004). The combination resulting in the highest turbidity occurs on fast
flowing spring tides during the wet season, when the suspended particulate load is
highest. There is also increased turbidity in the wet season due to strong on-shore
winds, which cause wave resuspension of bottom sediments. Lowest turbidity in
Darwin Harbour occurs on slow flow neap tides during the dry season (Munksgaard
2004).
Figure 8.1 shows a slight gradient in salinity in the wet season where salinity is
significantly greater in the Outer Harbour and than in the Inner Harbour (p = 0.018)
and the Middle Arm (p = 0.005). Salinity in the Inner Harbour is also greater than in
the Middle Arm, but this difference is not significant. Turbidity also shows a trend
being significantly lower in the Outer Harbour than in the Middle Arm (p = 0.030),
the site nearest to the riverine inputs. Whilst turbidity in the Inner Harbour is higher
than in the Outer Harbour and lower than in the Middle Arm, neither of these
differences is significant.
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Figure 8.1: Salinity (Sal) and turbidity (Turb) averaged from Northern Territory Government
wet-season data 2001-2005, for 3 zones in Darwin Harbour. (for Outer Harbour n=153 for sal
and 48 for turb, for Inner Harbour n=101 for sal and 45 for turb and for Middle Arm n=102 for
sal and 36 for turb)

8.2.2

Tissue layer thickness

Tissue layer thickness (TLT) measurements were taken for corals from the same
three zones as the turbidity and salinity measurements in Darwin Harbour, Middle
Arm, Inner Harbour and Outer Harbour. The Inner Harbour zone includes three
corals from the CBD zone, since apart from slightly increased trace metals in the
CBD zone, CBD corals experience a similar environment to other Inner Harbour
corals.
Average TLT’s in Darwin Harbour Favids ranged from 6.8 to 8.8mm and all sites
were within 10% of the average (7.3 for G. aspera and 7.6 for P. sinensis) except
Inner Harbour G. aspera which was ~20% above the average (Figure 8.2). Inner
Harbour G. aspera tissue layer was significantly thicker than Middle Arm (p=0.004)
and Outer Harbour tissue layers (p=0.018) (one-way ANOVA).
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Figure 8.2: Average Tissue Layer Thickness of Faviidae samples from Darwin Harbour and
Heron Island. G.a=Goniastrea aspera, P.s=Platygyra sinensis. Error bars are ±1SD, number of
samples indicated on bar.

Tissue layer thickness was lower for both species collected at Middle Arm than at
Inner and Outer Harbour sites. This is most likely a result of turbidity and lowered
light availability at Middle Arm due to riverine inputs from the Blackmore River and
resuspension of sediment in the relatively shallow, muddy environment. The TLT of
Outer Harbour G. aspera also appear low compared to Inner Harbour, possibly due
to lower nutrient availability in the Outer Harbour.
It is unclear why Inner Harbour corals have the highest TLT, even though these
corals are also affected by riverine inputs from the Elizabeth River, several creeks
and flows from the West Arm. The amount of nutrients (nitrogen, phosphorous)
provided by the Elizabeth and Blackmore Rivers have been found to be generally
low and similar between the two systems due to similar soils and land use practices
in the catchments (Padovan 2001; Padovan 1997; Townsend 1992; Wrigley et al
1990). Table 8.1 contains a comparison of dry season measurements in the two
rivers, and shows that riverine inputs from the Elizabeth River are slightly lower in
particulates than Blackmore River plumes. Although this may not be the case in the
wet season, it is possible that Elizabeth River plumes (which are smaller than
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Blackmore River plumes) do not reduce light availability to the same degree as
plumes from the Blackmore River. The Inner Harbour also receives sewage run-off
via Myrmidon creek. Thus Inner Harbour may have the best balance of exposure to
nutrients (for heterotrophic feeding) and turbidity, being in the plume of flow but
with slightly less freshwater and particulate exposure than Middle Arm.
Alternatively, greater distance of the Inner Harbour corals from sources of freshwater
and the more optimal flow dynamics, which are generally fast flowing in the Inner
Harbour compared to slow eddying flows in the embayments (Williams et al 2006)
may play a role in reducing the turbidity experienced by corals in the Inner Harbour
zone.
Tissue layer thickness measurements in Darwin Harbour show that Middle Arm
Favids appear to be sensitive to freshwater/sediment run-off stress in comparison to
Inner Harbour corals. It is not known whether Inner Harbour Favids also have
reduced TLT as there are no published values for typical ‘healthy’ TLTs in Favids. It
is possible that these Favids have adapted to the harsh conditions of Darwin Harbour,
experiencing only slightly greater stress in the Middle Arm.

Table 8.1: Nutrients and particulate matter concentrations (mg/l) in plumes of Elizabeth and
Blackmore Rivers (data only available for dry season 2002/03) Source NRETA, NT Government
Elizabeth River

Blackmore River

Ammonia

0.011

0.008

Nitrite NO2

0.005

0.003

Nitrate NO3

0.022

0.015

Total Kjeldahl Nitrogen

0.198

0.195

Total dissolved solids

36.333

38.250

Total Phosphorous

0.008

0.010

Total Suspended Solids

2.571

6.750

Volatile Suspended Solids

1.143

3.000

In addition, Ferrier-Pagès et al (2005) found that coral growth may be limited by low
levels zinc which is an essential part of metabolic enzymes of the tissue layer.
Ferrier-Pagès et al (2005) found that growth of Stylophora pistillata was inhibited by
Zn concentrations of less than 1.5 ng/L and enhanced by levels of between 8 and 80
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ng/L. Darwin Harbour dissolved zinc concentrations are between 60 - 120 ng/L at
non-impacted sites and 600 ng/L in the CBD zone (See Chapter 7). Although not all
of this dissolved zinc is bio-available to corals, run-off from the port development
and the urban and industrial areas in the Inner Harbour may encourage coral growth
by providing essential trace elements (Figure 8.3).

East Arm Port

Coral bommies
Figure 8.3: South Shell Island Reef in the Inner Harbour showing exposed coral bommies and
East Arm Port industrial development. The reef receives run-off from the Elizabeth River, and
several creeks (Myrmidon, Hudson,and Reichardt) other corals from the Inner Harbour also
receive run-off from urban environments.

The effective tissue layer thickness (ETLT) values were similar at all sites across
Darwin Harbour. This result suggests that for Favids in Darwin Harbour, tissue
resides over the skeleton for almost the entire year (~10 months for G. aspera and
~11 months for P. sinensis) (Figure 8.4). ETLT does not show greater stress at
Middle Arm than other Darwin Harbour sites and may therefore not be as useful in
detecting spatial trends in coral health as TLT measurements.
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Figure 8.4: Effective Tissue Layer Thickness of Favids samples from Darwin Harbour.
G.a=Goniastrea aspera, P.s=Platygyra sinensis. Error bars are ±1SD, number of samples
indicated on bar.

8.2.3

Growth characteristics in Favids

Measured average annual extension rates (AAE) and densities (AAD), as well as
annual average calcification (AAC) rates for all Favids were averaged by zone
within the Harbour. Average annual extension (AAE) for G. aspera ranged from 0.67
to 0.97cm/yr, and for P. sinensis from 0.89 to 1.1cm/yr. Average annual density
(AAD) was 0.96 – 1.01g/cm3 per year for P. sinensis and ranged from 0.95 –
1.16g/cm3 for G. aspera. Average annual calcification (AAC) rates for P. sinensis
were 0.74 – 1.06g/cm2 per year and 0.79 – 1.02g/cm2 for G. aspera per year (Table
8.2).
Coral extension and calcification rates at Middle Arm were found to be lower than
expected for the literature published for average annual SSTs of 28.9° C. Average
annual extension for Platygyra spp. corals from sites with similar SSTs (28.4 to
29.3°C) was 1.03cm/yr (n=18) (Weber & White 1974). This is similar to P. sinensis
from Inner and Outer Harbour, and significantly higher than P. sinensis from Middle
Arm (p=0.05) (Table 8.2). The average skeletal density and calcification rates of
Goniastrea aspera at all zones in Darwin Harbour were also found to be lower than
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Goniastrea retiformis from the Marshall Islands (10°N) (average densities of
1.70g/cm3/yr and calcification rates of 1.16 g/cm2/yr) (Highsmith 1979). Although
this difference was only significant for Goniastrea aspera from Middle Arm
(p=0.05) (see Chapter 5 for details).

Table 8.2: Average +/- s.d. of coral growth characteristics average annual extension (AAE),
average annual density (AAD) and average annual calcification (AAC) by site. Number of
samples in brackets.
Species

AAE

AAD
3

AAC

cm/yr

g/cm /yr

g/cm2/yr

Middle Arm

G. aspera (4)

0.67 ±0.09

0.95 ±0.06

0.79 ±0.07

(1994-2003)

P. sinensis (4)

0.89 ±0.06

1.01 ±0.13

0.74 ±0.20

Inner Harbour

G. aspera (3)

0.97 ±0.15

1.07 ±0.12

1.02 ±0.05

(1994-2003)

P. sinensis (6)

1.09 ±0.19

0.98 ±0.17

1.06 ±0.20

Outer Harbour

G. aspera (4)

0.79 ±0.15

1.16 ±0.17

0.91 ±0.19

(1994-2003)

P. sinensis (4)

0.94 ±0.17

0.96 ±0.20

0.95 ±0.18

Marshall Islands

G. retiformis*

0.68

1.70

1.16

P. sinensis ^

1.03

NA

NA

*Highsmith (1979), ^ Weber and White (1974), NA = not available
When comparing growth rates of G. aspera samples from the three Darwin Harbour
zones (Figure 8.5) it is clear that Middle Arm samples have lower growth rates than
the Outer Harbour and Inner Harbour sites. A one way ANOVA found that Inner
Harbour extension rates were significantly higher than Middle Arm (p=0.018) but
not Outer Harbour, while the AAC and AAD differences were not significant
between any site. This is most likely due to small sample numbers and relatively
large variations between samples.
Whilst AAC was not significantly lower in Middle Arm corals, the result does agree
with tissue layer thickness results, indicating that Darwin Harbour corals may be
suffering from increased stress at Middle Arm, followed by Outer Harbour with
Inner Harbour, being the least healthiest zone.
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Figure 8.5: Average Annual Extension (AAE), Average Annual Density (AAD) and Average
Annual calcification (AAC) in G. aspera at Middle Arm (MA), Inner Harbour (IH) and Outer
Harbour (OH) for the years 1994 to 2003 (Error bars are ±1SD, n=4 for MA and OH, n=3 for
IH)

P. sinensis samples also show significantly greater AAE rates for Inner Harbour
corals compared to Middle Arm corals (p=0.050) and Outer Harbour corals
(p=0.040) (1-way-ANOVA) (Figure 8.6). Calcification rates of Inner Harbour corals
were significantly greater than Middle Arm corals (p=0.036). Extension and
calcification rates of Outer Harbour corals were not significantly greater than Middle
Arm corals and skeletal density was similar at all sites. Again this is possibly a result
of the large standard deviation, due to the amount of natural variation between coral
samples. Nevertheless the result does agree with calcification rates in G. aspera
samples and with tissue layer thickness results, which indicate Middle Arm suffers
greater stress than Outer Harbour, while Inner Harbour is the least stressed site,
having enhanced growth, possibly due to nutrient and trace metal availability.
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Figure 8.6: Average Annual Extension (AAE), Average Annual Density (AAD) and Average
Annual calcification (AAC) in P. sinensis at Middle Arm (MA), Inner Harbour (IH) and Outer
Harbour (OH) for the years 1994 to 2003 (Error bars are ±1SD, n=4 for MA and OH, n=6 for
IH) * indicates significant difference.

The growth characteristics show that G. aspera corals appear to respond more readily
to stressors than P. sinensis, and thus more clearly show the spatial variation in
environment stress from highest at Middle Arm to Lowest in the Inner Harbour.

8.2.4

Evidence of chronic stress: Luminescence of Favid skeletons in Darwin
Harbour

Average annual luminescence in Darwin Harbour corals was expected to be greater
in corals from Middle Arm due to the closer proximity of freshwater compared to
Outer Harbour corals. As Figure 8.7 and Table 8.3 show, this was not found; both
species of Favids had similar luminescence, with no significant differences between
all Darwin Harbour sites. It is possible that luminescence is not as sensitive in Favids
as it has been found to be in Porites and luminescent lines are difficult to distinguish
visually from the background luminescence (see Figure 5.16 in Chapter 5). This lack
of distinct lines is possibly due to incorporation of luminescent chemicals in both the
wet and dry seasons, since terrestrial chemicals may be included into the skeleton
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heterotrophically all year-long from run-off or resuspended sediments. Alternatively
stress may have reduced the skeletal densities of these Favids compared to Favids in
the literature (Table 8.2) and also compared to average skeletal densities published
for Porites corals from the far Northern GBR of 1.32 g/cm3/yr (Lough & Barnes
1997). This reduced density may affect the aragonite crystal packing. Although the
Heron Island samples analysed in Chapter 5 had higher AAD of approximately 1.14
g/cm3/yr and these samples also did not show clear luminescent lines.

1.40
1.20
1.00

AAL

0.80
0.60
0.40
0.20
0.00
MA

IH
G.a

OH
P.s

Figure 8.7: Average Annual Luminescence (AAL) in G. aspera (G.a) and P. sinensis (P.s) at
Middle Arm (MA), Inner Harbour (IH) and Outer Harbour (OH) for the years 1994 to 2003
(Error bars are ±1SD, n=4 for MA and OH, and for IH n=3 (G. aspera) and n=6 (P. sinensis))
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Table 8.3: Average +/- s.d. of of coral growth characteristics average annual luminescence
(AAL) by site. Number of samples in brackets.
Species

AAL

Middle Arm

G. aspera (4)

1.08 ±0.08

(1994-2003)

P. sinensis (4)

0.94 ±0.24

Inner Harbour

G. aspera (3)

0.98 ±0.11

(1994-2003)

P. sinensis (6)

1.03 ±0.30

Outer Harbour

G. aspera (4)

1.05 ±0.04

(1994-2003)

P. sinensis (4)

0.99 ±0.13

8.2.5

Temporal trends in growth characteristics of Favids

To assess whether stress has been increasing or decreasing over time in Darwin
Harbour, and in light of recent studies suggesting a decline in coral growth due to
climate change, averaged time series of growth characteristics were examined for G.
aspera and P. sinensis from 1994 to 2003.
Middle Arm, Inner Harbour and Outer Harbour corals were compared to the Darwin
Harbour average and to the average for the same species from a southern GBR site
Heron Island. This comparison was performed to determine if there were temporal
trends across Darwin Harbour sites and if trends were similar to trends on the GBR.
Series were also produced for a Porites core from Darwin Harbour to observe a
longer history of change from 1914 to 1986. This Porites coral was compared to a
long core from Port Essington 1914 to 1986 and to two younger samples from
similar latitudes Misima Island (PNG) and Rocky Island (GBR). These comparisons
were performed to identify if any trends were similar from these different locations
that may indicate regional scale change is occurring.
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Trends in Darwin Harbour SST and rainfall
Sea surface temperatures and rainfall patterns do not indicate any significant change
has occurred over the study period (1994-2003) (Figure 8.8 a and b). There were
however, 43 days with SST above 32°C between 1994 and 2003 compared to 14
days between 1984 and 1993 (Figue 8.8a). These could indicate increased
occurrences of acute stress to corals post 1994.
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Figure 8.8: a) Darwin Harbour Sea Surface Temperatures (SST) for the period 1984-2003 and
b) daily rainfall patterns from 1994 to 2003 (source NOAA Satellite and Information service and
the Bureau of Meteorology). Note the 2002 bleaching event was more severe in Darwin Harbour
than the 1998 event (Bleaching events indicated by red circles on 8.8a)
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Trends in Heron Island SST and rainfall
Sea surface temperatures and rainfall patterns do not indicate any significant change
has occurred over the period (1994-2003) (Figure 8.9 a and b). Sea surface
temperature does appear to increase from 1995 to 2006 although this is not
statistically significant
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Figure 8.9: a) Heron Island Sea Surface Temperatures (SST) for the period 1995-2006 and b)
daily rainfall patterns from 1994 to 2003 (source Aims Data Centre (2009) and the Bureau of
Meteorology).
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Trends in coral growth
Recent studies performed on the growth of Porites on the GBR have indicated a
decline from calcification rates of 1.96 g/cm2/yr in 1988 to 1.59 g/cm2/yr in 2003
(Cooper et al 2008) and of 189 colonies studied by De’ath et al (2009) 92.3%
showed a decline of 1.44%/yr. There have also been reports of declining growth rates
in Porites from the Andaman Sea, south Thailand (Tanzil et al 2009). This decline in
growth rate has been attributed to ocean acidification due to climate change. The
study by Cooper et al (2008) was the first study to clearly show the effect of ocean
acidification on a natural reef environment and the studies by De’ath (2009) and
Tanzil et al (2009) have confirmed these findings. All previous studies showing the
potential effect of ocean acidification have been laboratory based but all of these
studies show that coral growth rates will decrease under the effects of ocean
acidification (Gattuso et al 1998; Leclercq et al 2000).
Ocean acidification has been measured by several researchers (Doney 2010; Dore et
al 2009; Feely et al 2004; Sabine et al 2002). Byrne et al (2010) measured a pH
change as high as -0.06 units between extensive (basin-wide) surveys conducted in
1991 and 2006. These researchers show that the average rate of decline in pH is
0.0017/yr. Research has shown that ocean warming and ocean acidification will both
affect corals and that the effect of these two impacts will drastically alter coral reef
biodiversity (Cantin et al 2010; Doney 2010).
Temporal trends were analysed in Darwin Harbour corals to determine if ocean
acidification and/or increased thermal stress has caused a detectable decline in
growth of Favids or Porites in Darwin Harbour.

Extension rates decline from 1994 to 2003 in both species at all sites in Darwin
Harbour (Figure 8.9) and also at Heron Island (Figure 8.10). This negative linear
trend is ambiguous in G. aspera from Inner Harbour due to large inter-annual
variations, but is significant in Outer Harbour (p= 0.026) Middle Arm corals (p=
0.037) and Darwin Harbour average (p=0.044) (Figure 8.9). The decline is also
significant for P. sinensis at Inner Harbour (p =0.05), Middle Arm (p =0.014) (Figure
8.9) and Darwin Harbour average (p =0.003) (Figure 8.10) (Linear Regression).

205

Heron Island declines were not significant for either species possibly due to the small
number and large variation between samples from this site (Figure 8.10). These
decreasing extension rates may be a sign of increasing stress (possibly due to ocean
acidification and/or increased thermal stress) in both species of Favids in Darwin
Harbour and possibly also in corals from Heron Island.
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Figure 8.10: Average annual extension in G. aspera (A) and P. sinensis (B) from Inner Harbour
(IH), Outer Harbour (OH) and Middle Arm (MA) (1994 – 2003). n=4 for MA and OH, and at
IH n=3 for G. aspera and n=6 for P. sinensis
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Figure 8.11: Average annual extension (AAE) in G. aspera (A) and P. sinensis (B) from Darwin
Harbour (Dhav), and Heron Is. (HI) (1994 - 2003). n =2 for HI and for Dhav n=11 for G. aspera
and n=14 for P. sinensis

Average skeletal density in both Favid species was generally stable over the 10 yr
period (Figure 8.12 A and B) although there was a significant negative trend in
density of G. aspera samples at Middle Arm (p=0.001) (Linear Regression) (Figure
8.12 A). This may also possibly indicate increasing stress at Middle Arm, which

207

agrees with findings of increased stress at Middle Arm compared to other Darwin
Harbour sites.
Average annual density in both species in Darwin Harbour average and Heron Island
did not show any significant trends (Figure 8.13 A and B).
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Figure 8.12: Average annual density (AAD) in G. aspera (A) and P. sinensis (B) from Inner
Harbour (IH), Outer Harbour (OH) and Middle Arm (MA) (1994 – 2003). n=4 for MA and OH,
and at IH n=3 for G. aspera and n=6 for P. sinensis
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Figure 8.13: Average annual density (AAD) in G. aspera (A) and P. sinensis (B) from Darwin
Harbour average (Dhav), and Heron Is. (HI) (1994 - 2003). n =2 for HI and for Dhav n=11 for
G. aspera and n=14 for P. sinensis

Trends in average annual calcification rates closely followed trends observed in
extension rates, with, AAE and AAC in both species declining from 1994 to 2003 at
all sites in Darwin Harbour and at Heron Is (with the exception of AAC in Inner
Harbour corals). Although the decline in calcification was only significant for G.
aspera at Middle Arm (p =0.002) (Figure 8.14 A) and in P. sinensis averaged from
all Darwin Harbour sites (p =0.016) (Linear Regression) (Figure 8.15 B). Since
Middle Arm G. aspera corals have decreasing density and extension rate they must
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be producing less skeleton over time further indicating increased stress for G. aspera
at Middle Arm from (1994 – 2003). This result is again consistent with findings of
increased stress at Middle Arm compared to Inner and Outer Harbour zones.
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Figure 8.14: Average annual calcification (AAC) in G. aspera (A) and P. sinensis (B) from Inner
Harbour (IH), Outer Harbour (OH) and Middle Arm (MA) (1994 – 2003). n=4 for MA and OH,
and at IH n=3 for G. aspera and n=6 for P. sinensis

The observed decline in calcification rates are in agreement with the current
literature and may indicate that ocean acidification and/or increased thermal stress
are having an effect on Darwin Harbour corals, although the effect may also be
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related to increases in other chronic stressors (sediment run-off due to increased
development, for example).
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Figure 8.15: Average annual calcification (AAC) in G. aspera (A) and P. sinensis (B) from Heron
Is. (HI) and Darwin Harbour average (Dhav) (1994 - 2003). n =2 for HI and for Dhav n=11 for
G. aspera and n=14 for P. sinensis

While a trend in AAC rate for Heron Island corals is not significant, a decrease is
apparent from 1998 to 2004. Growth also appears to generally increase up to 1998;
Heron Island corals may have been growing more rapidly due to increasing SST up
to 1998, which was followed by a decline due to surrounding ocean reaching a
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threshold level of aragonite saturation which was non-optimal for growth. While
there has been little research into ocean acidification on the GBR, there is evidence
of significant decreases in pH (approximately 0.06 pH units) in the North Pacific
Ocean between to basin-wide surveys in 1991 and 2006 (Byrne et al 2010). Since
aragonite saturation state is affected by a multitude of local factors it is possible that
in 1998 a threshold level in aragonite saturation, ocean acidification or ocean
temperature was reached for Heron Island Favids, although further sampling and
analysis would be needed to confirm this.
The lack of significant declines in calcification at most Darwin Harbour sites may
indicate that while stress is possibly increasing, calcification has not been
significantly affected over the past 10 years of growth. It is possible that if longer
trends were examined the declines may be significant.
The declines in AAC and AAE observed at all sites is also in agreement with trends
reported by Cooper et al (2008), De’ath et al (2009), Tanzil et al (2009) as well as
with laboratory studies predicting a decline in calcification with increasing
atmospheric CO2 (Gattuso et al 1998; Leclercq et al 2000). Results from older
growth bands in Darwin Harbour are compared to Cooper et al (2008) in Table 8.4
Table 8.4 clearly shows lower calcification values in 2002/2003 for G. aspera
samples at MA, OH and HI compared to values from 1995/1996 and 1988/1989. The
percent decline in calcification from 1988 to 2003 for Darwin Harbour sites MA and
OH (G.a only) were also similar to the percent annual decline reported by Cooper et
al (2008). Whilst the study by Cooper et al (2008) used Porites corals, they were
collected from similar latitudes to Darwin Harbour (13 and 16°S). In contrast,
percentage decline for Heron Is. corals was much greater than both Darwin Harbour
and the literature value for both G. aspera and P. sinensis, which may be related to
the aragonite saturation state. Inner Harbour may also have different rates of decline
due to greater access to nutrients for heterotrophic feeding in the Inner Harbour zone.
Heterotrophic feeding may allow Inner Harbour corals to be more resilient to
changes in SST and ocean acidification.
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Table 8.4: Comparing average calcification rate in G. aspera (G.a) and P. sinensis (P.s) at
selected Darwin Harbour sites for 1988/89, 1995/96 and 2002/03 to literature values for Porites
sp.
Site

AAC (g/cm2.yr)

Species
1988 – 1989

MA

IH

OH

HI

Cooper et al
(2008)

1995 – 1996

Percent
2002 – 2003

decline/yr*

G.a

0.74

0.73

0.60

1.23%

P.s

0.85

0.92

0.70

1.21%

G.a

1.23

0.94

1.17

1.05%

P.s**

nd

1.05

1.00

1.05%

G.a

1.08

0.95

0.82

1.21%

P.s

0.88

1.01

1.07

--

G.a

0.91

0.87

0.59

1.51%

P.s

0.84

0.76

0.42

2.00%

Porites sp

1.96

nd

1.59

1.23%

(MA = Middle Arm, IH = Inner Harbour, OH = Outer Harbour and HI = Heron Island) *Percent
decline/yr = (1988-89)/(2002-03) **1995/1996 – 2002/2003

Table 8.4 also shows the decline between 1995/96 and 2002/03 is greater than the
decline between 1988/89 and 1995/96. This may be due to ocean acidification not
causing a measurable effect in Darwin Harbour corals until the mid 1990’s. This is
consistent with findings by De’ath et al (2009) of no significant declines before
1990. Darwin Harbour may have had a delay in the effect of Ocean acidification due
to warmer SST’s and thus higher aragonite saturation.
Aragonite saturation state can be affected by localised biological, physical and
chemical processes including photosynthesis, calcification and freshwater inputs.
Aragonite saturation state is relatively constant in the tropical oceans but decreases
dramatically moving towards the poles as a function of the solubility of CO2.
Increases in dissolution of CO2 in surface ocean waters would have a greater effect
on cooler waters where the aragonite saturation state is lower, since a relatively
smaller amount of dissolved CO2 may affect the acidification of these waters. The
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effect of increasing carbon dioxide would thus be expected to be greater in cooler
climates than in warmer ones (Marubini et al 2001). Considering that Heron Island
waters are cooler than Darwin Harbour waters, ocean acidification should have
greater effect on Heron Island corals. This may explain the observed greater
percentage decline in coral calcification per year at Heron Island. Again larger
sample numbers would be needed to confirm this.

8.2.6

Temporal trends in luminescence of Favids

Luminescence in Favids from Darwin Harbour was not significantly correlated with
Darwin rainfall or river flows from either the Elizabeth or Blackmore Rivers (Figures
8.16 to 8.18). Although sections of the annual luminescence patterns in the Outer
Harbour G. aspera did align with rainfall (from 1994-1998) (Figure 8.16) and also to
Blackmore River flow (from 1994-1999)(Figure 8.17). G. aspera from Inner Harbour
also showed similar trends to rainfall patterns (2000-2003) while Middle Arm had
similar trends to rainfall patterns and Blackmore River flow (both from 1999-2003)
(Figures 8.16-8.17).
These similarities were not found to be significant (Pearson correlation). There was
also no significant correlation for P. sinensis corals in Darwin Harbour to either
rainfall or river flows, thus it is possible that the visual similarity between sections of
luminescence and rainfall/river flow patterns are random, and that these corals do not
have a predictable luminescence pattern.
Further study into luminescence in these corals may be required to confirm that
luminescence in these species responds to flood events despite high levels of
terrestrial run-off creating an almost continual high background luminescence (see
Figure 5.16 in Section 5.2.10).
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Figure 8.16: Average annual luminescence (AAL) in G. aspera and P. sinensis from Inner
Harbour (IH), Outer Harbour (OH) and Middle Arm (MA) (1994 – 2003) compared to rainfall.
n=4 for MA and OH, and at IH n=3 for G. aspera and n=6 for P. sinensis (rainfall data obtained
from Bureau of Meteorology)
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Figure 8.17: Average annual luminescence (AAL) in G. aspera and P. sinensis from Inner
Harbour (IH), Outer Harbour (OH) and Middle Arm (MA) (1994 – 2003) compared to
Blackmore River annual flow. (R= River) n=4 for MA and OH, and at IH n=3 for G. aspera and
n=6 for P. sinensis (rainfall data obtained from Bureau of Meteorology)
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Figure 8.18: Average annual luminescence (AAL) in G. aspera and P. sinensis from Inner
Harbour (IH), Outer Harbour (OH) and Middle Arm (MA) (1994 – 2003) compared to
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n=6 for P. sinensis (rainfall data obtained from Bureau of Meteorology)

217

8.2.7

Temporal trends in growth characteristics of Porites

Long-term trends in growth of Porites coral in Darwin Harbour; Nightcliff, Port
Essington, Rocky Island and Misima Island Porites samples were examined. Whilst
all four samples were from similar latitudes the observed trends were often
contrasting.
Extension rate was found to significantly decrease for Nightcliff (p = 0.001) and
Misima Porites (p = 0.005) (Linear Regression) (Figure 8.19), while Port Essington
and Rocky Island corals both showed no significant trend in extension rate over time.
The decreased extension rate in Nightcliff and Misima Porites indicates increasing
stress on the Nightcliff coral from 1914 to 1986 and increasing stress on the Misima
coral from 1978 to 1990. These declines may be related to mining impacts or ocean
acidification for Misima coral, but is most likely due to increasing urban
development for Nightcliff coral. It is unlikely that ocean acidification was impacting
Nightcliff coral prior to 1986, since there is no published evidence of declining
growth rates in older coral cores which have been extensively studied on the GBR.
Current literature report ocean acidification impacts on coral growth from 1988
(Cooper et al 2008) and 1990 (De’ath et al 2009)
All Porites corals showed significant linear trends in skeletal density. Rocky Island
and Nightcliff corals had significant increasing trends, (p=0.001 for both corals).
Misima and Port Essington corals had equally significant declines in density over
time (p= 0.001 and p= 0.002 respectively) (Linear Regression) (Figure 8.20).
Decreases and increases in density have not been linked to changes in SST or climate
although corals growing at greater depths have been found to have greater densities
than their shallower counterparts (Buddemeier et al 1974). In addition density has
been shown to have an ‘age-effect’ whereby density of coral skeletons declines in
latter years of growth. This decline in density is coincident with a slight increase in
skeletal extension as colonies age (Lough 2008). Thus declining density may not in
itself be a measure of increasing environmental stress although the analysis by Lough
(2008) does show that calcification rates are not affected by colony age. That is,
where density declines occur in tandem with declines in extension rate, the overall
decline in calcification is related to environmental effects.
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Figure 8.19: Average annual extension (AAE) rate in single Porites cores from Port Essington
(PE) and Nightcliff (NI) (1914 – 1986) and in single colonies from Rocky Island (RI) and Misima
(MI) (1978 – 1990).
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Figure 8.20: Average annual density (AAD) in single Porites cores from Port Essington (PE) and
Nightcliff (NI) (1914 – 1986) and in single colonies from Rocky Island (RI) and Misima (MI)
(1978 – 1990).

Calcification rate followed the pattern of extension rate with significantly declining
AAC for Nightcliff (p= 0.001) and Misima corals (p= 0.003) (Linear Regression)
(Figure 8.21). Reduced calcification rate for Nightcliff coral occurred despite
increasing skeletal density. Increasing AAD in tandem with decreasing AAE for
Nightcliff coral may be due to a switch from extending to thickening of skeletal
elements, but an overall decline in calcification indicates less skeleton being
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produced over time. Reduction in AAC may be due to increased development in the
Darwin Harbour catchment from 1900’s to 1980, which possibly increased turbidity
due to run-off.
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Figure 8.21: Average annual calcification (AAC) rate in single Porites cores from Port Essington
(PE) and Nightcliff (NI) (1914 – 1986) and in single colonies from Rocky Island (RI) and Misima
(MI) (1978 – 1990).

The decline in AAC for the Misima coral is the result of declines in both extension
and density and shows a halving in the rate of CaCO3 production from ~2 g/cm2/yr in
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1978 to ~1 g/cm2/yr. in 1990. This large decline is most likely due to a combination
of stressors. Misima coral was thought to experience high sediment fluxes after
construction of Misima gold mine in 1988, however, the decline in growth begins at
~1983. This decline is in agreement with Barnes & Lough (1999), who found
reduced growth rates in Porites after mine construction, although there was no clear
link to proximity from mine discharge. These researchers suggested the decrease
may possibly be linked to some other regional-scale change not necessarily related to
mine construction. Since ocean acidification effects appear to be confined to the
1990’s and potentially the late 1980’s (Cooper et al 2008; De'ath et al 2009; Tanzil
et al 2009), it is most likely not responsible for the sharp decline in AAC for Misima
corals from the late 1970’s. This is further supported by the lack of a decline in AAC
(from the late 1970’s) for Port Essington and Rocky Island corals and may thus be a
result of local effects such as increased run-off and or sedimentation.
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8.2.8

Temporal trends in luminescence of Porites

Nightcliff and Misima corals both had significant decreasing trends in luminescence,
for Nightcliff coral from 1914 to 1980 (p=0.001) and for Misima coral from 1978 to
1990 (p=0.001) (Figure 8.22). In contrast Port Essington and Rocky Island corals
showed significant increasing luminescence from 1914 to 1986 (p=0.001) and from
1978 to 1990 (p=0.003) respectively (Figure 8.22) . These contrasting results may be
caused by differences in localised rainfall patterns, since Nightcliff receives flows
from the Elizabeth and Blackmore Rivers and several creeks, and Rocky Island
receives flows from the Lockhart River. However, when comparing Nightcliff coral
to rainfall and river flows there is no apparent correlation (Figures 8.23 and 8.24
respectively). The Blackmore River is a large source of freshwater to the Harbour
although, like the Elizabeth River, it is a great distance from Nightcliff reef thus
rainfall in these river catchments may not be similar to rainfall experienced by
Nightcliff corals. Nonetheless flows from the Elizabeth River do show a decline from
the 1950’s to the 1980’s which is similar to the decline observed for Nightcliff coral,
Luminescence patterns in the other Porites corals can not be assessed without
accurate rainfall records, and simply indicate that rainfall and run-off experienced by
Port Essington and Rocky Island corals most likely increased (increasing trends in
luminescence), over the time period observed, whilst Misima probably experienced
less rainfall/run-off from 1978-1990 (Figure 8.22).
It is also likely that there is an age effect on average luminescence through time,
which is related to the age-effect on skeletal density (decline over time)(Pers. Comm.
Dr Janice Lough, Feb 2010). Thus as skeletal density declines with time, average
annual luminescence may also decline; this may explain the significant declines
observed for Misima and the significant increase observed for Rocky Island. The
Nightcliff and Port Essington corals, however, showed opposite trends in
luminescence than in density. Luminescence in these corals may thus be related to
freshwater impacts.
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Figure 8.22: Average annual luminescence (AAL) in single Porites cores from Port Essington
(PE) and Nightcliff (NI) (1914 – 1986) and in single colonies from Rocky Island (RI) and Misima
(MI) (1978 – 1990).
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8.3 Conclusions
This study has shown that growth indices (tissue layer thickness, extension and
calcification rates), normally applied to Porites corals, can be used to detect temporal
and spatial trends in chronic stress in Goniastrea aspera and Platygyra sinensis
growing in marginal (highly stressful) fringing reef environments.
Tissue layer thickness measurements along with extension and calcification rates are
effective measures of stress in Favids and show that Middle Arm corals suffer
greater stress than corals in other Darwin Harbour sites. This is in agreement with
physicochemical evidence that Middle Arm waters are more turbid and may have
lower salinity during the wet season than other Darwin Harbour zones. In addition,
tissue layer thickness measurements and extension and calcification rates indicate
that Inner Harbour corals, despite having higher turbidity and freshwater run-off
were healthier than Outer Harbour corals. One possible explanation for this result is
the potentially greater access to nutrients and trace elements from urban and
industrial run-off and sewage effluent in the Inner Harbour zone than in the Outer
Harbour.
Despite the fact that not all trends were statistically significant, results show that
stress on Darwin Harbour is increasing, with both species from all sites except for G.
aspera at Inner Harbour showing declines in extension and calcification rates over
time. The decline in extension rate was significant for both species at Middle Arm,
for G. aspera in the Outer Harbour and for P. sinensis in the Inner Harbour, while
calcification rate significantly declined in G. aspera corals at Middle Arm. The Inner
Harbour zone was the only zone to not show declines in AAC and AAE in both
species, possibly due to greater access to heterotrophic nutrients in sewage effluent
and essential trace elements in urban and industrial run-off. The reductions in AAE
and AAC in most Darwin Harbour corals and the Heron Island corals are most likely
due to a combination of increasing SST’s, development impacts and ocean
acidification.
Percent declines in AAC rates were similar to those observed by Cooper et al (2008)
(1.2%/yr). In addition percent declines observed in Favids from cold water Heron
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Island were higher (approximately 2%/yr), which are in agreement with higher
expected impacts of ocean acidification in colder sea surface temperatures.
Average annual density did not show consistent temporal trends but a significant
decline was measured in G. aspera corals in Middle Arm, further evidence that this
is the most stressful zone in Darwin Harbour.
Whilst ocean acidification is one possible explanation for reduced growth rates,
increasing stress due to increasing development in the Darwin Harbour catchment is
also a potential cause of increased stress to corals. The small population of Darwin
Harbour catchment and the low level of development may explain why there has not
been a significant impact on most corals in Darwin Harbour. Middle Arm corals may
be the exception since these corals are under greater stress than corals in other areas
of the Harbour due to higher freshwater flux and turbidity. Small increases in stress
may therefore have a greater impact on Middle Arm corals. In this way Middle Arm
corals may serve as an early warning, that corals are experiencing greater urban
pressure in Darwin Harbour.
Skeletal density and effective tissue layer thickness (ETLT) were not found to be
sensitive to spatial variation in growth conditions (low light/turbidity and freshwater)
across Darwin Harbour as they did not vary across the Harbour. Effective tissue layer
thickness did indicate that G. aspera and P. sinensis tissues reside over almost the
entire year of extended skeleton. This may be indicative of corals under stress, being
much greater than the average 5 months reported for Porites corals. Although there
are no effective tissue layer values for these Favid species available for comparison
in the literature. In addition, Heron Island samples (Chapter 4) also had ETLTs of
approximately 11months, possibly indicating that long residence times are a natural
physiological characteristic of these Favid species. Variations in ETLT may thus not
be as sensitive to environmental change in Favids as other growth indices.
Average annual luminescence (AAL) also showed no spatial trends across Darwin
Harbour and was not correlated with salinity. This was an unexpected result since
Middle Arm corals would experience significantly lower salinities than Outer
Harbour corals. This is due to greater proximity to flows from the Blackmore River
in the Middle Arm, especially during the monsoon rainfall period. Since all corals
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studied were from fringing reefs experiencing freshwater run-off, the lack of
difference in AAL from the different zones may be due to small differences in
salinity affecting corals in each zone and the likely lack of difference between zones
in the dry season when rivers cease flowing. It is also possible that luminescence is
dependent on skeletal density and thus does not occur as effectively in skeletons of
G. aspera and P. sinensis.
Average annual luminescence in Darwin Harbour corals does not show temporal
trends. There is no significant correlation of luminescence to rainfall or river flows in
the Harbour. Outer Harbour and Middle Arm G. aspera corals do show a similar
pattern to parts of the rainfall and Blackmore River flow patterns, which may be
coincidental or may indicate that luminescence does occur in G. aspera in response
to fresh water but that greater sample numbers are needed to improve the correlation.
Temporal trends in Porites corals indicated that extension and calcification rates
were significantly declining from 1914-1986 in Nightcliff coral (Darwin Harbour)
and from 1978-1990 for Misima Island coral. For the Nightcliff coral, the decline in
growth is possibly due to increased development as the city of Darwin became more
populated. Misima Island declines may be due to a combination of a “regional-scale
change” as suggested by Barnes and Lough (1999), as well as increased
sedimentation due to construction of a nearby mine.
All Porites corals examined had significant trends in skeletal density, although
decreases in density are not indicative of increased stress without accompanying
decreases in extension. Rocky Island and Nightcliff corals increased density which
may indicate a switch from extending skeletal elements to increasing thickness of
skeletal elements, whilst Port Essington and Misima corals showed reduced skeletal
density. For Misima this reduction was accompanied by reduced extension and thus
indicated increasing stress for Misima coral, while for the Port Essington coral the
reduced density may be due to the age effect; a reduction in density in tandem with
an increase in extension rate as colonies age.
Average annual luminescence in Nightcliff coral was compared to rainfall and river
flow patterns in Darwin Harbour, but no correlations were observed. This may be
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due to differences in localized rainfall/run-off experienced by the Nightcliff coral or
to the dependence on luminescence on skeletal density and crystal packing, and or
inclusion of terrestrial luminescent chemicals. Terrestrial luminescent chemicals
could potentially be available to Darwin Harbour corals all year long due to
resuspension of muddy sediments and fringing reef locations.
In summary, the analyses of coral growth rates in Darwin Harbour:
•

Show that tissue layer thickness, extension and calcification rates can detect
spatial differences in stress in Goniastrea aspera and Platygyra sinensis
corals

•

Show that effective tissue layer thickness, skeletal density and average annual
luminescence may not be as sensitive to spatial variation in stressors for
Favid corals on fringing reefs as other growth indices.

•

Show that increasing urbanization, increasing SST’s and ocean acidification
may be reducing extension and calcification rates in Darwin Harbour.

This study shows that Favid corals are able to provide a measure of stress possibly
caused by ocean acidification, with data from Darwin Harbour and Heron Island
Favids consistent with data from previous studies.
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9 Conclusion
9.1 Evaluation of G. aspera and P. sinensis as monitors of the marine
environment
To validate the ability of Goniastrea aspera and Platygyra sinensis to monitor
environmental health and trace element compositions of seawater there were several
key requirements;
1. validation that Favid corals in Darwin Harbour respond to environmental
conditions in a consistent manner
2. a robust laser-ablation-ICP-MS method adapted to suit Favid skeletal
morphology, and
3. an understanding of how Favid heterotrophy affects trace element uptake and
incorporation into coral skeletons, in a marine environment potentially high
in particulate trace elements.

9.2 Evaluation of G. aspera and P. sinensis as monitors of environmental
stress on fringing reefs in a macrotidal Harbour
This thesis validated the ability of Favids to respond to environmental change by
performing growth analyses and comparing these with analyses of the same species
from a known near pristine location, Heron Island GBR. Comparisons were also
performed between Favids and the common monitoring species Porites from Darwin
Harbour; Port Essington, NT; Rocky Island Reef, GBR and Misima Island, PNG.
Growth analyses performed on these corals included measurement of tissue layer
thickness, average annual skeletal density, average annual extension and calcification
rates and average annual luminescence.
Results also indicated that generally Darwin Harbour Favids do appear to suffer
acute and chronic stress and this is greater in G. aspera than in P. sinensis corals.
Both species appear however, to be adapted to the harsh conditions of elevated
temperature, turbidity and exposure. On the other hand the Porites coral from
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Darwin Harbour was highly stressed and slow growing. This teamed with the almost
complete absence of Porites in the inter-tidal zone of Darwin Harbour may indicate
that Porites corals are generally less well adapted to the fringing reefs of Darwin
Harbour than Favid corals.

9.3 Adaptation of laser ablation-ICPMS to Favids in a turbid
environment.
Trace element analyses were performed by adapting a laser ablation ICPMS (LAICPMS) method for the analysis of G. aspera and P. sinensis, both large polyped
species. Previous laser ablation methods were developed for Porites spp., which are
small polyped species and used a wide laser beam (up to 600µm) to scan over all
skeletal structures producing an average composition for whole polyps. This method
is not suitable for Favid corals since these corals have large polyps ranging from 5 to
10 mm in size. The LA-ICPMS method developed to analyse Favid skeletal
aragonite involved scanning a relatively small laser beam (110µm spot) along the
thick wall structures dividing individual polyps and was termed wall-structure laser
ablation (WS-LA).
The accuracy of the WS-LA-ICPMS method was tested by analysis of carbonate
reference materials and by comparison of WS-LA-ICPMS and dissolution analysis of
the same coral segments. The more abundant elements (Mg, Mn, Ba and U ) were
found to have better accuracy than trace elements. This is due to the inclusion of
trapped particles in the dissolution method. Despite this, results showed adequate
accuracy, within 6-20%, which is within analytical uncertainties of the two different
methods. Detection limits of the method were in the low μg/kg for several trace
elements (Al, Mn, Cu, Zn, Rb, Ba, La, Pb and U) and precision was also tested and
achieved relative standard deviations of 4-8% on homogenous standards.
The WS-LA-ICPMS method enabled detritus trapped in pore spaces to be avoided.
This was an important part of the method as trapped particulate trace elements are
not bound within the aragonite structure and thus do not represent dissolved trace
elements from seawater. Since Darwin Harbour is a macro-tidal system with high
turbidity, there are large amounts of non-dissolved trace elements available for
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uptake. Avoiding non-aragonite bound trace elements was necessary to understand
uptake and incorporation of trace elements into coral aragonite from seawater.
Trace element analyses were limited to annual averages due to the complex growth
mechanisms of coral and associated smoothing of environmental signals. Since only
annual data was used, high resolution profile data were smoothed and filtered to
reduce noise and enhance longer term trends.

9.4 Evaluation of G. aspera, P. sinensis and Porites sp as bio-monitors of
trace element concentration in seawater and sediment
To understand uptake and incorporation of trace elements, distribution coefficients
for element/calcium ratios in coral aragonite and in seawater were calculated.
Distribution coefficients equivalent to unity indicate that the trace element in coral
aragonite are taken up in the same ratio to Ca as their ratio to Ca in seawater. That is,
the element is precipitated with Ca from seawater, without significant change to the
concentration. In other words no significant bio-regulation occurs. Coefficients much
smaller than unity indicate the metal is discriminated against by coralline aragonite,
and it is not readily precipitated with Ca into coral skeletons, in contrast, a
coefficient much greater than unity indicates preferential uptake of the trace element
over calcium.
The element/Ca distribution coefficients calculated for Darwin Harbour indicate that
Cu, Mn and Pb are taken up without significant bio-regulation. Aluminium is
inhomogeneously distributed in the Favid skeletal walls. It is highly discriminated
against in aragonite due to size and charge incompatibility and is most likely not
aragonite bound, but included as trapped particulates in skeletal voids. Zinc has a
distribution coefficient of ~6, which is significantly above unity and agrees with
distribution coefficient of 11 (significantly above unity) calculated by Shen and
Boyle (1988). These coefficients indicate that zinc is preferentially taken up by coral
possibly due to bio-regulation by the coral to ensure that sufficient zinc is taken up
from seawater for metabolic processes. This may occur since zinc is generally in low
concentrations in open ocean waters and because it is a biologically important
element.
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The uptake and incorporation of Al, Mn, Cu, Zn and Pb may be supported to a small
degree by similarities in concentration of the three coral species analysed in Darwin
Harbour. That is, for most elements analysed including Mn, Cu, Rb, Sr, La, Pb and
U, the skeletal concentrations in the three species is similar. This may indicate that
little bio-regulation of these trace elements occurs in G. aspera, P. sinensis and
Porites sp. Conversely Al, Zn and Ba concentrations are different between the three
species in Darwin Harbour. Bioregulation may explain the inter-species difference
for Zn and there is evidence that Ba may also be bio-regulated. The bio-regulation of
Ba has been previously suggested by Sinclair (2005) who found anomalous spikes of
Ba in Porites samples that were unrelated to flood events, or other potential causes,
including algal blooms and mass coral spawning. Aluminium may be different
between the species due to discrimination. It follows that if Al is discriminated
against and is only taken up as trapped particles, then the concentration of Al in
Porites would be higher than in Favids due to inclusion of Al in pore spaces during
analysis.

9.5 Detection of spatial trends across Darwin Harbour
To evaluate the ability of Favids to detect spatial variations across Darwin Harbour,
three sites with different levels of freshwater impact were chosen; Outer Harbour,
Inner Harbour and Middle Arm. Outer Harbour is furthest from freshwater sources
and Middle Arm is closest to freshwater sources. The proximity to freshwater affects
the salinity, turbidity and trace elements in Darwin Harbour seawater in the wet
season, when rivers are flowing. This seasonal variation leads to a spatial variation
across the Harbour from most river affected sites to least river affected sites. Thus
Middle Arm is most turbid and least saline, with highest particulate bound metals
and Outer Harbour is most saline and least turbid of the three sites with the least
particulate metals during the wet season. The gradient in trace elements is also
greatest in particulate and sediment metal, with only a small gradient in dissolved
metal including; Al, Mn, Cu, Zn and Pb. In addition to riverine trace elements, the
Inner Harbour also contains the CBD zone including the wharf precinct which is the
only zone in Darwin Harbour with historical pollution impacts.
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Favids in Darwin Harbour were able to detect the small difference in salinity and
turbidity across Darwin Harbour, indicating that MA was more stressed than IH and
OH, having significantly reduced TLT, AAE and AAC rates. Favids also had the
greatest TLT, AAE and AAC in the Inner Harbour due to greater availability of
nutrients from sewage outfalls in the Inner Harbour for heterotrophic feeding.
Skeletal density, effective TLT and average annual luminescence did not show
significant variations across Darwin Harbour and may not be as useful for measuring
stress in Favid corals as other growth indices.
Favids in Darwin Harbour were also able to detect the small spatial variation in trace
element concentration in Darwin Harbour indicating that CBD zone had slightly, but
significantly elevated levels of metals, reflecting the elevated trace elements
measured in seawater and sediments. All other sites in Darwin Harbour had low trace
element concentrations which were similar to corals from pristine GBR site Heron
Island and were often lower than concentration reported for Favids in the literature.
Coral skeletal compositions did not show clear spatial trends in metal concentrations
associated with riverine inputs, which may be due to three factors; 1) small
differences in dissolved metal concentration, 2) the seasonal nature of the
concentration gradient, and 3) to the mode of uptake of the metals. Mode of uptake
of trace elements may affect the ability to detect a gradient in Zn, as it is bioaccumulated, in Al as it is discriminated against and in Cu, Mn and Pb since they are
taken up primarily from dissolved forms, which do not vary greatly across Darwin
Harbour.

9.6 Detection of temporal variations in Darwin Harbour
Temporal trends were examined in annual luminescence, skeletal density, extension
and calcification rates in Favids from 1994-2003 for the three Harbour sites as well
as Darwin Harbour average, and Heron Island average. When examining SST data
obtained from NOAA satellites and rainfall data from the bureau of meteorology it
was evident that there were no significant variations over the study period, although
there were a greater number of days where SST’s were above 32°C between 1994
and 2004 in Darwin Harbour than in the previous 10 years.
235

Declines over time were evident in extension and calcification rates at all three
Harbour sites as well as in the Darwin Harbour and Heron Island averages. Whilst
not all of the declines were significant, they occurred in both species at all Darwin
Harbour sites and in Heron Island samples. When the calcification rates in 1988/89
are compared to rates in 2003 the annual rate of decline was 1.23%/yr for G. aspera
at Middle Arm and 1.21%/yr for P. sinensis at Middle Arm and G. aspera at Outer
Harbour. These rates of decline occur over similar timescales and are similar to the
annual decline of 1.23% observed by Cooper et al (2008) in Porites calcification rate
on Northern GBR sites. This decline was attributed to ocean acidification as were
declines in calcification rate observed by De’ath et al (2009) and Tanzil et al (2009).
Further evidence to support the hypothesis that Darwin Harbour corals are affected
by ocean acidification includes the observation of a greater rate of decline in
calcification for Heron Island samples. Both species from Heron Island showed a
decline of approximately 2%annually which is in agreement with the literature that
ocean acidification will have a greater impact in colder SSTs.
Annual luminescence and skeletal densities showed no significant trends over the
study period (1994-2003). Average annual luminescence was not correlated to
rainfall or river flow and the only significant decline observed, skeletal density,
occurred in G. aspera samples from Middle Arm. These results further support the
hypothesis that Middle Arm is under greater stress than Outer Harbour and Inner
Harbour.
Longer term trends in environmental stress in Darwin Harbour and across North
Australia and PNG were performed by examination of Porites samples from
Nightcliff (Darwin Harbour) (1914-1986), Port Essington (NT, North Australia)
(1914-1986), Rocky Island (GBR, North Australia) (1978-1990) and Misima Island
(PNG) (1978-1990).
Extension and calcification rates significantly declined in Nightcliff and Misima
corals, possibly indicating increasing stress in these locations. In Darwin Harbour
this increased stress could be due to development of Darwin city, while for Misima
Island this could be due to a ‘regional scale change’ as suggested by Barnes and
Lough (1999), combined with the construction of a nearby coastal mine. Rocky
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Island and Nightcliff corals also showed significant increases in density, while
Misima and Port Essington corals showed decreasing density over time. While these
trends in density have not been linked to environmental events it is possible that the
decline in density is due to the age effect described by Lough (2008).
Significant trends in luminescence were also observed in all four Porites corals from
all four locations. Nightcliff and Misima corals both had significant decreasing
trends in luminescence; for Nightcliff coral from 1914 to 1980 and for Misima coral
from 1978 to 1990. In contrast Port Essington and Rocky Island corals showed
significant increasing luminescence from 1914 to 1986 and from 1978 to 1990
respectively. However, only the Nightcliff Porites signal was compared to rainfall
for the same period (linear regression) and no significant correlation was observed.
Temporal trends in trace elements were also investigated. The results indicate that
the concentration of metals in Darwin Harbour seawater and sediments does not
appear to have significantly changed for the past ~100 years. The slight increase in
zinc in Porites and in lead in G. aspera skeletons may however indicate that human
impact is slowly increasing in Darwin Harbour, which is not an unexpected result.

9.7 Summary
This study has demonstrated that Goniastrea aspera and Platygyra sinensis are
useful as monitors of the marine environment. Both of these coral species respond to
changes in environmental conditions and trace element concentrations on temporal
and spatial scales.
This study has also demonstrated that coral records may provide more sensitive data,
unbiased by daily, seasonal or tidal variations that affect point-in-time sampling
methods. In addition the mechanisms of uptake and incorporation of trace elements
into the skeletons of these coral species has been shown to vary depending on
compatibility with aragonite crystal structure, biological importance of the trace
element to the coral, and forms of the trace element available for uptake in
surrounding seawater.
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9.8 Future Directions
Uptake and Incorporation of Trace Elements
There are many questions still to be answered regarding the uptake and incorporation
of trace elements into coral tissues and skeleton. These include:
•

Are trace elements taken up into coral tissue and skeletal components by
separate pathways or are trace elements transferred from tissues to skeleton?

•

Are significant levels of trace elements bound in organic phases of the
skeleton?

•

Can trace elements be bound in both organic and aragonitic phases of the
skeleton and is this partitioning biologically controlled?

Further studies of coral skeletons at the micro or nano-scale may answer some of
these questions. Analysis of coral skeletons, which have been grown for a known
time period in seawater with controlled trace element concentrations (both dissolved
and particulate), may also increase understanding of trace element uptake and the
role of heterotrophy.

Declining Calcification
The extent to which ocean acidification and rising SST will reduce calcification on
coral reefs globally has not yet been quantified. Analysis of a larger number of older
corals from different species (including Favids and Porites) growing in a range of
different latitudes (from Darwin Harbour 12°S to Heron Island 26°S, for example),
would allow a broader understanding of the scale of the decline in calcification
globally. Analysis of a range of species from a range of latitudes would also allow
greater understanding of the roles that ocean acidification and increasing SST may
have on corals and may answer several questions, including
•

Is the decline in calcification occurring in many coral species? and

•

Is the decline related to ocean acidification or ocean warming or both?
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11 Appendices
11.1 Appendix A:
Table A.1: Heights of coral specimens

Colony
height

Slice
colour
(1-3)

P.s

23.2

2.5

Multiple green bands

CI03_2

G.a

10.4

3

Faint brown bands

CI03_3

G.a

14.7

2.5

Faint brown bands

G.a

20.1

Coral

Species

CI03_1

NI03_1

1

29.1

Coloured bands

General
Observations

Sediment ingress around growth
hiatus and orange discolouration
in skeleton around sediment
-----

---

Sediment trapped in growth
hiatus

---

Sediment ingress around borer
holes especially near base of
coral

---

Sediment ingress around borer
holes especially near base of
coral

---

---

NI03_2

P.s

1

NI03_3

P.s

LP03_1

P.s

30.6

1

LP03_2

G.a

26.2

2

Several green bands

---

LP03_3

P.s

18.9

3

Single diffuse green band

---

CI04_1

P.s

16.6

2

Several diffuse green bands

---

Two strong green bands

---

31.3
1.5

CI04_2

P.s

20.3

3

CI04_3

G.a

14.7

2.5

---

---

WR04_1

P.s

13.4

2

---

---

WR04_2

P.s

21.1

1

Faint brown bands

---

WR04_3

G.a

25.2

2

Two diffuse green bands

---

EP04_1

G.a

16.9

1

EP04_2

G.a

10.4

2

PH04_1

P.s

17.6

1.5

Faint brown bands

---

LB04_1

G.a

11.6

1

Faint brown bands

---

LB04_2

P.s

18.7

2

Faint brown bands

---

SS04_1

P.s

19.8

2.5

Faint brown bands

---

SS04_2

G.a

12.2

2.5

Faint brown bands

---

SS04_3

P.s

19.8

2

MA04_1

P.s

10.5

2

MA04_2

G.a

20.3

1

---

---

---

---

----Single diffuse green band

-------
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Table A.1: Heights of coral specimens (continued)

Colony
height

Slice
colour
(1-3)

P.s

21.1

1

Two diffuse black bands

G.a

13.9

1

Black bands visible
almost every year

HI03_3

G.a

7.4

1

---

---

12.4

1

P.s

Black bands visible in
almost every year several
green bands also visible

---

HI03_4
Nightcliff
core

165.5

2

Faint brown bands

---

Port Ess.
core

158

2.2

Faint brown bands

---

ROC_B06

28

1

Faint brown bands

---

MIS_B08

18

1

Coral

HI03_1
HI03_2

Species

General
Observations

Coloured bands

--in

---

CI = Channel Island

NI = Nightcliff

LP = Lee Point

WR = Weed Reef

EP = Emery Point

PH = Pump House

LB = Lameroo Beach

MA = Miiddle Arm

SS = South Shell Island

HI = Heron Island

ROC = Rocky Islnad

MIS = Misima Island

Port Ess. = Port Essington
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---

11.2 Appendix B: List of databse queries
Query 1 - query_rawcps_sample -- Tabulates raw counts data for samples during

laser ablation mode (ie does not include blank readings), and for analysis pass only
(pass 2) not cleaning ablation pass (pass 1).
Query 2 - query_SampBlk -- Tabluates raw counts data for blank readings for

samples (ie does not include readings during ablation phase)
Query 3 - query_AvSampBlk -- Averages counts for blank readings for each sample
Query 4 - query_AvStd -- Averages standard counts for each analysis (uses only

data from 2nd ablation pass (pass 2) and excludes blanks. # Note there are two
standard tracks analysed for each set of analysis. One before sample analysis and one
after.
Query 5 - query_StdBlk -- Averages counts for blank readings for standards (ie does

not include readings during ablation phase)
Query 6 - query_BlkCorr -- Subtracts avg blk counts (sample analysis)(calculated in

query 3) from sample counts for each replicate in an ablation track (tabulated in
Query 1).
Query 7 - query_StdCorr -- Subtracts avg blk counts (standard analysis)(calculated

in query 5) from Average standard counts (calculated in query 4)
Query 8 - query_CaRatio -- Divides counts of each blank corrected analyte (mg, Al,

Mn, Cu, Zn, Rb, Sr, Ba, La, Pb, U) in samples (calculated in Query 6) by counts of
blank corrected Calcium in samples (calculated in Query 6).
Query 9 - query_StdCaRatio -- Divides counts of each blank corrected analyte (mg,

Al, Mn, Cu, Zn, Rb, Sr, Ba, La, Pb, U) in standards (calculated in Query 7) by counts
of blank corrected Calcium in standards(calculated in Query 7).
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Query 10 - query_confact -- Calculates concentration factor based on the equations

below:
Concentration Factor

(Avg counts of M(std) – blk)
=

Ca conc in coral
x

(Avg counts of Ca(std) – blk)

÷

Ca conc in std

Conc of
M in std

Query 11 - query_SampConc -- Multiplies factor from query_confact by average

counts of analyte in sample (calculated in Query 8)
Query 12 - query_AvSampConc -- Calculates the average concentration of analyte

in samples from Query 11
Query 13 - query_AvSampCps -- Calculates the average counts of analyte in

samples from Query 1
Query 14 - query_DL1 -- Calculates the standard deviation of 3 times the average

sample blank (calculeted in Query 2)
Query 15 - query_DL2 -- Divdes the Average sample concentration (Query 12) by

the avereage sample counts (Query 13)
Query 16 - query_DL_final -- Multiplies results from query_DL1 and query_DL2 to

produce the detection limit.
Query 17 - query_SampConcDL -- Filters sample data by the DL that is appropriate

to each sample, removing values which are below detection. This final query
produces 170,000 rows of concentration data for 11 analytes from all 3 species for all
years analysed, and can be filtered to show only species, locations, years or analytes
of interest.
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