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Executive Summary

Overview

The Kimberley Marine Research Project 2.2.9 made use of a suite of palaeoecological approaches to
reconstruct a chronology of change in coastal water quality over the last approximately 100 years. The
biogeochemical proxies addressed phytoplankton composition and biomass, temperature and terrestrial
influences. Where possible these were matched to historical land/water use, meteorological or hydrological
observational records. The project examined sediment cores from three coastal locations in the Kimberley
Region of Western Australia, Koolama Bay (King George River), Cygnet Bay and Roebuck Bay. Each sampling
location provided a contrast with which to evaluate changes over either a spatial or temporal gradient of
human or natural influences.

Cygnet Bay: impacts of pearl farming on water and sediment quality

Pearl oyster aquaculture, with a 50-year history in Australia, has been regarded as an anthropogenic activity
with low environmental risk. To assess the long-term environmental effects of pearl oyster farming, sediment
cores taken in Cygnet Bay, Western Australia, were used to reconstruct environmental processes covering an
approximately 90-year period.

Biogeochemical parameters in sediment cores from inside and outside a pearl farming area displayed
contrasting characteristics over time. The spatial comparison of multiple proxies (grain size, TOC, TN and BSi,
C/N ratio, 613C and &15N) in sediment cores revealed localised, decadal environmental effects of pearl
farming, including alteration of sediment texture and increases in organic matter and diatom biomass.

Total organic carbon (TOC), total nitrogen, biogenic silica (BSi), and fine-grained sediment at the pearl farming
site displayed significant increases with phases of expansion of oyster stocking. In contrast, only small
variations in response to climatic signals (rainfall and temperature) over time occurred in the cores outside the
pearl farm. The variation in C/N, 613C and 615N ranges over time suggested that increased organic matter was
mainly contributed by autochthonous sources, rather than terrestrial input. The sequential t-test for a regime
shift detected approximately two to three-fold increases in organic matter, one to five-fold increases in silt
proportion and two to five-fold increases in BSi concentrations after pearl oyster farming, in contrast to the
control site. The rapid development of modern long-line culture since the late 1980s was presumed to be the
dominant driver of environmental changes in sediments. The results provide insight to the magnitude of
environmental change, which can occur over decades resulting from even minimal anthropogenic activity.
Although sediment quality in King Sound did not reach a eutrophic level, the study showed that small
environmental disturbances accumulating over a long period of time may cause detectable changes in marine
ecosystems, particularly in sensitive oligotrophic waters.

One possible option to manage the rate of environmental change could be to dispose of the waste from
cleaning the culture apparatus on land. This was recently recommended to enhance ecosystem sustainability of
bivalve culture in the USA (for high density mussel and edible oyster culture). This measure was also
recommended as a way of reducing the potential of invasive species becoming established in bivalve farming
areas. However, given the very slow rate of environmental change detected in this study, it is not
recommended as a management intervention in the Kimberley pearl farming situation unless a risk assessment
proved there was an existing and unacceptable risk to invasive species becoming established, and it was
demonstrated that the implementation of the measure would not have unintended consequences on
the water column productivity on which the oyster culture depends.

Cygnet Bay: impact of climate change on phytoplankton biomass

Ocean warming can modify the biomass and geographic distribution of phytoplankton on decadal scales.
Significant increases in sea surface temperature (SST) and rainfall in the northwest of Australia over recent



decades is attributed to climate change. Four biomarker proxies were used (TEXssindex, long chain n-alkanes,
brassicasterol and dinosterol) to reconstruct approximately 60-year variations of SST, terrestrial input, and
diatom and dinoflagellate biomass in the coastal waters of the remote Kimberley region. The results suggested
that the most significant increases in SST and terrestrial input have occurred since the mid-1990s, accompanied
by an abrupt increase in diatom and dinoflagellate biomasses. Compared with the results before that time, the
average TEXs¢" temperature increased approximately 1°C until 2011, rainfall increased in about 250 mm, and
brassicasterol and dinosterol contents increased 8.5 and 1.7 times, respectively. Principal component analysis
indicated that the warming SST played a more important role on the phytoplankton increase than increased
rainfall and river discharge. A series of recent high-profile publications have explained how climate change has
impacted on physical processes to cause a warming influence in the Kimberley over the last two decades but
this study is the first to show the consequences in terms of an ecological response.

Koolama Bay (King George River): impact of riverine inputs and climate change

The King George River area was chosen as part of this study as it is significantly influenced by the seasonal wet
season (December — March) dry season (April — November) rainfall cycle. The large freshwater output into
Koolama Bay from the King George River offered the opportunity to compare sediment cores from two
embayments; one influenced by the river catchment and large freshwater outflows and an adjacent
embayment without direct riverine input. Contrary to expectation we found no evidence that the two sites
differed greatly, at least not in ways attributable to differential freshwater flows. There was little evidence that
the contribution of carbon from land based plant material had changed over time. This is consistent with long
term rainfall patterns in the area. Unlike Broome, where rainfall has increased by 40% of its long-term average
since the mid-1990s, rainfall at Kalumburu (the closest site we could obtain rainfall data from, but noted to be
outside the King George River catchment) has been relatively stable since 1940 averaging 1212 mm annually
with only a 6.8% increase since 1997. The cores appeared not to be strongly influenced by freshwater flows but
did show significant evidence of an increasing contribution of marine organic matter over time and a coincident
increase in diatom and dinoflagellate biomarkers which we interpret as indicating an increasing biomass of
marine phytoplankton. These increases occurred over the same period as increases in sea temperature
indicating that, consistent with what we found at both Cygnet Bay and at Broome, that increased
phytoplankton biomass has occurred over the same period as anthropogenic ocean warming. No evidence of
an increase in anthropogenic nitrogen in the cores over time was found.

Koolama Bay (King George River): detection of black carbon from bushfires in the catchment

“Black carbon (BC)” or elemental carbon is produced exclusively from incomplete combustion of biomass and
fossil fuels, and is ubiquitous in the environment. BC from bushfires can make its way into marine sediments by
two pathways; it can settle from the atmosphere and it can be transported from the site of the fire through
river runoff. The preliminary results presented here are from a pilot study to examine the potential for using BC
analyses of coastal marine sediment archives to reconstruct the time course of, or at least reflect the temporal
variability, in bushfires in the Kimberley. It was expected that the amount of black carbon (BC) in coastal
sediments will be influenced by the extent of fires in the relevant catchment, rainfall and/or river discharge.
The results of analyses of BC in our cores was matched to the very recent record (2000 to 2013) of area burnt in
the catchment. Additional information about rainfall and river discharge is also considered, although for this
study, the nearest rainfall data we were able to obtain was from Kalumburu which is the King Edward River
Catchment and the only river discharge data was from the Drysdale River. These types of data are only sparsely
collected in the Kimberley and records are often incomplete or discontinuous. BC in the cores showed peaks in
the (approximate) years of 1974, 1980, 1996, 1999, 2010 and 2012 and lows in 1986, 2002 and 2006. We
found that a model incorporating early season area burnt (with a one-year lag, i.e. the year before) and rainfall
explained a significant amount of the variability in BC in the core (R?=0.812, p=0.035). This result is intuitive but
needs to be regarded with caution as the sample size is small (bush fire data matched to BC from 2002-2013)
and the rainfall record is from an adjacent catchment. Nevertheless, the result is encouraging and suggests that



a study which sought to optimize the spatial and temporal matching of good time series of explanatory data
(area burnt and rainfall) and a sediment core location with a good sedimentation rate and good age
preservation would yield results which can be regarded with greater confidence. In determining a potential site
for more work, we consider the King Edward River catchment as offering high potential. This catchment has a
good rainfall record at Kalumburu (since 1940), it has a very large catchment area (84,000 km?) and a much
larger area burnt each year (> 600,000 ha compared to <250,000 ha in King George River). In addition, the King
Edward River flows into a semi enclosed embayment (Napier Broome Bay) which will offer the likelihood of a
higher sedimentation rate and less sediment disturbance. Cambridge Gulf is also another location with
characteristics that offer the likelihood of a successful application of these techniques.

Broome - influence of outflow from Dampier Creek on water and sediment quality

Broome is located on Roebuck Bay adjacent to Dampier Creek and offered the opportunity for a Kimberley site
potentially influenced by human activity signals typical of a coastal city. In this case we focused on a
comparison of two sites, the first potentially influenced by Broome’s historical and recent anthropogenic inputs
via Dampier Creek which carries urban runoff into the bay as well as direct intentional or accidental inputs from
other sources (such as the wastewater treatment plant, the old abattoir and the golf course) and another to
the south-east which was to serve as a reference site. Enrichment of levels of ®Nitrogen is an indicator of
anthropogenic nitrogen and this increased gradually to the present, but significantly at sites closest to Broome
from about 1960 (20 cm core depth) although it should be noted that the highest levels reached near the
surface in about 2010 had occurred previously much deeper in the core (56-71 cm and 97-110 cm), well beyond
the extent to which we were able to age the core. Nevertheless, the trend of more enriched 8'°N values since
1960 is very significant and when compared with the reference site are highly suggestive of a real increase in
anthropogenic nitrogen discharges from Broome. Coprostanol, a biomarker of sewage was at levels close to the
limit of detection in the samples and thus there was no evidence of significant sewage pollution. Concerns of
pollution affecting the ecology of Roebuck Bay have been highlighted since the annual (wet season) blooms of
the blue green algae Lyngbya cf. majuscula began in 2005. Lyngbya is a nitrogen-fixing cyanobacteria and is not
limited by nitrogen but is known to respond to phosphorus and iron enrichment. We did not measure these
nutrients in our cores. Cores taken within the intertidal area closer to Broome Town Beach may be more
instructive as to both the time course of nutrient pollution and the history and spread of Lyngbya through the
use of specific biomarkers for cyanobacteria.

Broome - climate change impacts on terrestrial inputs and phytoplankton patterns

Climate change has had a significant impact on rainfall and temperature in the Kimberley and Broome. Rainfall
shows a 41% increase since 1997 with average rainfall of 780 mm compared with 554 mm between 1940 and
1996. In addition, ocean temperatures in the northwest of Australia have also risen, especially in the last two
decades with an increase in anomalous warm events superimposed on an overall trend of increasing water
temperature. The coincidence of temperature and rainfall increases since the late 1990s makes it difficult to
determine which of these factors may have had the greatest influence on water quality indicators as
represented in the sediment. In addition, Tropical Cyclone (TC) Rosita passed just 15 km south of Broome in
April 2000 causing significant erosion and loss of coastal vegetation along the eastern side of Roebuck Bay, and
this may have also influenced our results. Biomarkers indicative of material derived from land plants such as
long chain alkenones showed increases that could be associated with either increased rainfall and/or tropical
cyclone Rosita. Biomarkers of diatoms (brassicasterol), dinoflagellates (dinosterol) and haptophytes (alkenones)
along with Total Organic Carbon (TOC) and Total Nitrogen (TN) showed significant increases after the late
1990s coincident with both temperature and rainfall increases. However statistical analyses suggested that
temperature increases had had a stronger influence on these parameters. In summary, the results from the
Broome cores indicate that while increased rainfall since the late 1990s and the passing of TC Rosita in 2000 is
likely to have had an influence on the amount of land based plant material incorporated into sediments, that
increased temperature rather than increased rainfall had the greatest influence on phytoplankton biomass,



total organic carbon and total nitrogen. It is likely that ocean warming in this region has led to a significant
increase in primary production in the region based on these results. Examination of microfossils in sediments
compared with phytoplankton in the water column would reveal whether there has been a change in species
composition associated with the biomass increases.

1.1 Implications for management

e For the Kimberley generally: climate change, especially temperature increases have had and may
continue to have a significant influence on phytoplankton biomass. This may be of benefit to pearl
farming but may have other, as yet unrealised impacts on ecosystem dynamics;

e Broome: Our study provides general support to other studies which have shown increased nutrient
pollution in Roebuck Bay. The impacts of this are unclear and warrants further monitoring associated
with some impact and cause and effect studies; and

e  For pearl farming: it is evident that small changes in the environment accumulated over the long term
are detectable even from minimal anthropogenic activity. Options for reducing the rate of
environmental change are discussed but at this stage there is no evidence, from ours or previous
studies in the area, that management intervention is warranted.

1.2  Key residual knowledge gaps

For the Kimberley generally:

e the limited coverage of rainfall measurements and the sparse and incomplete records of river
discharge in the Kimberley hampers linking hydrological and meteorological forcing with ecological
data sets. These observations are neither difficult nor expensive to obtain using modern technology;

e Examination of microfossils in sediments compared with phytoplankton in the water column would
reveal whether there has been a change in species composition associated with the biomass increases;

Northeastern Kimberley:

e the use of sediment cores targeted at questions about bush fire history would be worthwhile. Napier
Broome Bay and Cambridge Sound are the preferred targets for this work based on hydrological and
sedimentological considerations but management considerations may dictate looking at other areas; and

Broome:

e Further examination of the source and time course of nutrient pollution and spread of Lyngbya using
sediment cores for nutrient analyses and cyanobacterial and sewage biomarkers could be considered. A
larger number of shorter cores over a larger area of the intertidal areas would be instructive about the
time course of pollution and first appearance and spread of Lyngbya.

Clarifications on methodology and interpretation of biogeochemical proxies

Peer review of this report raised four main concerns about methodology and interpretation. As these criticisms
apply throughout each of the chapters it is best to address them here, rather than to do so repeatedly
throughout the report.

Firstly, that the sterol biomarkers used as proxies for phytoplankton biomass degrade over time in sediments
and that our data showing significant increases since the mid-1990s (which we attribute to anthropogenic
climate change) may have been exaggerated by biomarker degradation prior to this time. While it is true that
biomarkers can degrade in sediments, they are remarkably stable (Rousseau et al. 1995; Volkman et al. 1998)
although degradation might be expected to be more rapid in warm tropical temperatures and well oxygenated
coastal surface sediments. We have addressed this concern by taking on the reviewer’s suggestion to examine
the concentration of biomarkers relative to organic carbon content instead of just concentration per gram of
sediment. This confirms our interpretation that the biomarkers remain well preserved in our samples. In



addition as we show in several places, biomarker levels track other geochemical parameters and in particular in
figure 3.20 we show that at one of our sites (Cygnet Bay), high levels of biomarkers associated with a
concomitant pattern of sediment enrichment (which we attribute to pearl oyster culture) are present well
before the 1990’s, i.e. into the early 1980s, indicating that (at least in Cygnet Bay) the phytoplankton
biomarkers are well preserved.

Secondly, that the use of TEXss" as a proxy in shallow coastal waters may not be a reliable proxy for SST, and at
best it is a proxy of depth integrated temperature. Schouten et al. (2002) proposed TEXss (TetraEther indeX of
tetraethers consisting of 86 carbon atoms) as a proxy for SST, based on the relative distribution of marine
archaea isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs). The selected GDGTs are membrane lipids
synthesized by Thaumarchaeota, which contain different numbers of cyclopentane and cyclohexane rings. It
has been demonstrated that the addition of rings into GDGTs enables archaea to adjust membrane stability in
response to temperature changes (Chong, 2010; Uda et al., 2001). However, knowledge of the ecology of
Thaumarchaeota remains scant and their occurrence throughout the top 200 m of water depth (but to a
greater extent at the deeper end of this range Richey and Tierney (2016)) means the GDGTs we measure in
sediments from 15m of water might represent production over a bigger area and greater range of depths and
thus TEXss" might be better regarded as a proxy of depth integrated temperature. However, a humber of
regional studies also have shown that TEXss temperature corresponds well with annual mean SST. For example,
Zhu et al. (2011) found a good correspondence between TEXss" temperature and SST in surface sediments
(water depth < 120 m) from the Yangtze River fan. In the tropical eastern Indian Ocean, Chen et al. (2014)
found a good correspondence between TEXss" temperature and annual mean SST for surface sediments in the
non-upwelling area. Smith et al. (2013) looked at the correlation between TEXss and SST in south eastern
Australia and while they found that this ratio performed the best compared to other indicators, the signal was
a depth integrated one. The TEXss" temperatures in our three sites including six sediment records all show
consistent trends with the instrumental SST. Thus, despite lack of direct validation in the Kimberley, we tend to
interpret the TEXss" as annual SST at our sites. However, there are still many uncertainties around the ecology
of these organisms and the mechanisms by which the lipids become incorporated into sediments which means
there is still significant work to be done to understand the interpretation of this ratio. For example, we cannot
entirely rule out the possible influence from other non-temperature factors such as GDGTs transported from
terrestrial soils (Hopmans et al. 2004), incorporation of methanotrophic archaea (Zhang et al. 2011), growth
phase and species variability (Elling et al. 2014; Elling et al. 2015) and dissolved Oz (Qin et al. 2015). But, the
good agreement between TEXss" temperature and instrumental SST suggests that at least temperature is the
main factor for the TEXss index and the warming trend in our study area is real. Despite any uncertainty over
this matter we point out we have not relied heavily on this proxy and whether it is more a proxy of depth
integrated temperature than SST is not important to our study. We have compared our measurements of
TEXss" to SST (extended reconstruction of SST, ERSST) because this is the most widely available temperature
time series for the Kimberley, and as we acknowledge in this report ERSST is not without its own accuracy
concerns (Kennedy 2014; Smith et al. 2008). However, our finding, using TEXss", that water temperature has
increased coincident with anthropogenic climate change is not controversial (e.g. Zinke et al. 2015), and
beyond this our main use of this SST proxy is to attempt to separate the extent to which increased
phytoplankton biomass since the mid 1990’s could be attributed either to increased sea temperature or
increased rainfall in the Kimberley.

Thirdly, that as our results are drawn from few cores at usually only two sites (impact and reference), per study
area that this lack of replication constrains both the confidence of the interpretation and the spatial scale at
which the results can be extrapolated. We accept this as a constraint which besets almost all palaeoecological
studies (because of the high cost and time consuming nature of the analytical methods) and is in stark contrast
to many ecological studies which demand a high level of replication. However this is why paleoecological
studies use multiple proxies to reinforce each other and our methods are no different than most published
studies. For example, the well regarded study by Abelmann et al. (2006) relies on a single core to demonstrate
that levels of productivity in the entire Atlantic sector of the Antarctic Circumpolar Current were much higher



during the previous interglacial period than today. In times of the extent of applicability of our results, for the
Cygnet Bay oyster farm site, we only suggest the results are likely to be indicative of the farm site itself not
outside, and in terms of the increase in phytoplankton productivity since the mid-1990s, our results are very
consistent across all six sites at three locations stretching from south of Broome to the King George River.

Lastly, it was pointed out that our use of the term "brassicasterol" (for the diatom biomarker) implies 24-beta
stereochemistry, but our methods are actually a measure of 24-methylcholesta-5, 22-dien-3B-ol (brassicasterol
or epi-brassicasterol depending on C-24 stereochemistry). Rather than change this throughout, we have
retained the term brassicasterol, but the reader should be aware of the distinction, which does not affect the
reliability of our use of the parameter as a proxy for diatom biomass.



2 Introduction

The remote Kimberley coast of north-western Australia is one of the few marine environment domains on
earth largely unaffected by human use. However, the region is undergoing increasing economic importance as
a destination for tourism and significant coastal developments associated with oil and gas exploration. As a
result of the increase in human usage there is an imperative to gain an understanding of the historical and
baseline environmental condition ahead of future impacts. In addition, this century, scientists and managers
will for the first time, face having to untangle impacts from local and global impacts on the environment. This
process is difficult without a good time series of data collected pre-impact. This is not always possible,
especially in remote areas, and this project sought to establish through a series of proxies, baseline and
historical water quality information in the Kimberley ahead of major local impacts. It is also hoped the
information will help enable interpretation of the changes that may have already occurred in recent years as a
result of climate change.

Water quality and the pelagic biological oceanographic environment is influenced by natural climate variability,
greenhouse induced climate change and other anthropogenic influences e.g. nutrients from grazing, agriculture
and other catchment uses including those in coastal towns and cities. Complacency over impacts to water
quality has contributed to the decline in environmental health of the Great Barrier Reef (Brodie and
Waterhouse 2012) and it will be important to avoid this scenario in the Kimberley.

The key objective of this research is to reconstruct a timeline of indicators of water quality changes as recorded
in sediment cores using paleoecological and biogeochemical techniques for a selected set of sites in the
Kimberley that have contrasting human uses and/or environmental influences. The results provide an
indication of the level of variability and change in water quality over the last 100 years and provide a baseline
against which future changes can be measured.

Three study locations in the southern, central and northern Kimberley were selected each offering a different
perspective in comparison of levels of human use or natural environmental variability in addition to looking for
long-term environmental changes:

e Cygnet Bay where pearl farming has been undertaken since the 1960s offered a comparison of pearl
farm and non-pearl farm sites;

e Koolama Bay at the entrance to the King George River offered a chance to examine the influence of
significant seasonal riverine input to the coastal environment and was compared with a reference site
in a bay nearby without direct river flow into it; and

e Roebuck Bay offered a comparison of sites near/far from Broome city’s anthropogenic inputs such as
runoff from Dampier Creek as well as the waste water treatment plant, the golf course and an abattoir
all built close to the coastline.

Sediment cores (up to 1.5 m) were obtained from each of these locations in the expectation that they would
provide a time series for about the last 100 years. By obtaining an age profile in the sediment along with the
time course of any change in sediment biogeochemical conditions, phytoplankton biomass and type it possible
to evaluate changes in water quality and local biological oceanographic features which can be matched to
changes in climate and human use, including impacts such as pollution.

The following set of parameters was measured along the core length (every 1-2 cm) for some or all cores
depending on the particular focus for the location:

e 29pp and ¥7Cs isotopes — age of core, integrity of age structure in sediment;
e N isotope — a proxy for nitrogen source — anthropogenic or natural;
e Cisotope — proxy for carbon source — land or marine derived carbon;

e Carbon/Nitrogen ratio — can also be used to infer whether primary carbon source is marine or



terrestrial;

e Sedimentation rate and grain size shows the variation of sedimentary environment (e.g. river input,
sediment texture, other factors governing deposition and preservation);

e Total Organic Carbon (TOC) and Total Nitrogen (TN) indicate levels of productivity and deposition of
organic matter;

e Biosilicate indicates siliceous phytoplankton deposits (e.g. diatoms, silicoflagellates), enhanced
productivity;

e Biomarkers — sterols can be used as proxies for dinoflagellates (dinosterol), diatoms (brassicasterol)
haptophytes (alkenones); TEXss index for sea temperature; and long chain n-alkanes (C27+C29+Ca1) for
terrestrial influence; and

e Black carbon —indicator of biomass burning (e.g. from bushfires) or hydrocarbon burning (fossil fuels).

This report sets out the work undertaken, describes the results of analyses in each location, provides an
interpretation of the variation in parameters over the timeline for cores at each location, where possible
referencing these changes against know historical events or changes and finally discusses the relevance of the
results to understanding historical changes in water quality at each location and in general for the Kimberley.

3 Materials and Methods

3.1 Sediment cores

Sediment cores taken at each site were obtained using a polycarbonate sleeve 6 cm in diameter within a 1.5m
long steel casing. Two methods of coring were employed. At Cygnet Bay, cores were collected by SCUBA divers
that pushed the core casing vertically into the seabed. At Broome and King George River the same core casing
was lowered from a winch on the RV Solander and a Vibecore-D (Speciality Products, USA) weighted vibrating
head powered by onboard 24-volt batteries was used to work the corer into the seabed before retrieval (Figure
2.1). In each case, a core catcher prevented loss of sediment from the core as it was withdrawn from the
seabed. At each site, three or four replicate sediment cores with a length of approximately 1.0 — 1.4 meters
each were collected. The cores were then frozen on board the ship in a vertical position and were later thawed
as they stood vertically and were then sectioned into sub-samples at 1 cm intervals (Figure 2.2), weighed and

freeze dried before being reweighed and then stored in a freezer at -20°C before being analysed.

Figure 2.1. Coring method using a Vibecore-D (Speciality Products, USA) weighted vibrating head lowered from the CTD
winch on the RV Solander.



Figure 2.2. Close-up of sediment core prior to sectioning.

3.2 Chronology

210ph and 37Cs radiometric-dating techniques (Appleby 2001) were used to measure the core ages. Supported
210ph (21%Pbgypported) is derived from the 2%°Ra activity obtained by gamma spectrometry. Excess 2:°Pb (2°Pbey)
activity in each section is then obtained by subtraction of 21°Phsy, activity from the total 21°Pb activity (Appleby,
2001).

For the Cygnet Bay cores, radiochemical measurements were performed using well-type Ge detectors (GWL-
120210-S). The 21°Pb and 37Cs activities were measured after correction with standard samples provided by the
Chinese Institute of Atomic Energy Research and the University of Liverpool. Based on the relative variations of
excess 21°Pb (#%Pb.,) concentrations, sedimentation rates were calculated using the Constant Initial
Concentration (CIC) model (Appleby 2001).

For the King George River and Broome cores, sediment samples were analysed for 2°Pb through the
measurement of its decay product 2!°Pb, in equilibrium, by alpha spectrometry after addition of 2°°Po as an
internal tracer and digestion in acid media using an analytical microwave (Sanchez-Cabeza et al. 1998) The
concentrations of excess 2!°Pb used to obtain the age models were determined as the difference between total
219ph and 2%°Ra (*'°Pbsupported).

Sediment accumulation rates (and thus ages) were obtained using the CRS (constant rate of supply) and/or the
CF:CS models (Appleby and Oldfield 1978, Robbins 1978, Masqué et al. 2002). The CRS model assumes a
constant 21%Phe, flux to the sediment surface, and the age of a certain level in a given depositional sequence
would depend on the remaining 2!°Pb activity beneath this level relative to the integrated 2!°Pb activity of the
sequence. This model can be used in most sedimentary systems where the sediment supply may vary in
response to climatic or anthropogenic changes. Sedimentation rate (g cm?y?) is calculated taking into account
the dry bulk density (g cm™) in order to eliminate possible errors that may arise from the sediment compaction.

3.3 Sediment grain size measurement

Grain sizes of each core, at 1cm interval, were measured using a Malvern Mastersizer 2000F Laser Particle
Sizer, to get the trend. They were classified into three groups (less than 4 um, 4-63 um and larger than 63 pum)



according to Folk’s triangle classification and nomenclature (Folk et al. 1970). Prior to the grain-size
measurements, small shells visible to the naked eye in the sediments were removed, and then the samples
treated using 10% H202 and 10% HCIl to remove organic matter and carbonate, respectively; the samples were
then dispersed in a 0.05% (NaPOs)e solution to separate particles for measurement.

3.4 Biogeochemical parameters

Freeze-dried sediment samples were homogenized by grinding, and then weighed aliquots were acidified by
adding 2 ml of 1 M HCI to every 100 mg of sample. The acidified samples were dried at >60 2C under flushing
filtered air, then mixed with 1 ml Milli-Q water and freeze-dried again. Samples were weighed again to account
for the change of weight occurring during the acid treatment. Aliquots of about 20 mg were weighed into 5x8
mm tin capsules for the measurements of total organic carbon (TOC), total nitrogen (TN), carbon and nitrogen
isotopes (613C and 6%°N) using a continuous-flow isotope-ratio mass spectrometer (Delta V Advantage, Thermo
Scientific, Germany) coupled to an elemental analyzer (Flash EA 1112 Thermo Scientific, Italy). These
measurements were carried out at the Littoral Environment et Sociétés (LIENSs)-UMR7266, France. The
measurement results are expressed relative to Vienna PeeDee Belemnite and atmospheric N2 for §'3C and 8*°N,
respectively. Replicate sample measurements of an acetanilide standard (Thermo Scientific), indicated that the
analytical errors were <0.1%o for both 8'3C and 8§*°N. The C/N ratios were determined as mol/mol ratios, which
were transformed from the %TOC and %TN weight data obtained as part of the stable isotope analyses.
Replicate measurements of a certified reference material (Low Organic Content Soil, Elemental MicroAnalysis,
UK) indicated analytical errors of 0.025% and 0.002% for %TOC and %TN, respectively.

The wet alkaline leaching method was used to measure biosilica (BSi) in the sediments (DeMaster et al. 1991,
Kamatani and Oku 2000). Approximately 0.2 g of freeze-dried and well-ground sediments was used for sample
pre-treatment. First, 10 ml of 10% H202 and 10% HCl were added to the samples to remove organic matter
and carbonate, respectively, and then the extra hydrochloric acid and peroxide were washed out using Milli-Q
water. The wet samples were placed in an oven to dry overnight at 60 2C and then extracted with 2 M Na2CO3
at 85 2C for an 8-h digestion. It was necessary to gently swirl the samples for homogenization during the
digestion processes. At 1-h intervals, 0.1 ml of alkaline solution was extracted for measurement by the
molybdate blue spectrophotometric method using OUXI TU-1810. Replicate measurements indicated that
analytical errors were below 0.005%.

Measurement of black carbon or elemental carbon followed that given in Fang et al. (2015). Briefly, freeze
dried sediment samples were homogenized followed by removal of carbonates, metals and metal oxides (5 ml
0.5 M HCI, 24 h); removal of silicates (5 ml mixture of 6 M HCl and 48% HF, v/v=1:2, 24 h); removal of
secondary minerals (5 ml 4 M HCI, 24 h). The residues were then loaded onto quartz fiber filters and
quantification of black carbon was made a on a DRI model 2001A Thermal/Optical Carbon Analyzer.

3.5 Biomarkers

Sample processing and instrumental analyses of biomarker proxies were performed at Ocean University of
China, following analytical methods in previous studies (Zhao et al. 2006; Li et al. 2013). Briefly, about 5 g of dry
sediment sample was extracted four times with dichloromethane/MeOH (3:1, v/v), after adding internal
standards (n-C24Dso, C19 n-alkanol and Css GDGT). The extracts were hydrolyzed with 6% KOH in MeOH. The
neutral lipids were extracted with hexane and then separated into two fractions using silica gel
chromatography. The nonpolar lipid (containing n-alkanes) fraction was eluted with hexane and the polar lipid
fraction (containing sterols and GDGTs) was eluted with dichloromethane/methanol (95:5, v/v). Subsequently,
the polar fraction was divided into two parts, one was derivatized using N, O-bis (trimethylsily)-
trifluoroacetamide (BSTFA) at 70°C for 1 h and the other was filtered by PTFE membrane (0.45 um) before
instrumental measurements.

The long chain n-alkanes, brassicasterol and dinosterol were quantified by GC (Agilent 6890N) with an FID
detector and a HP-1 column (50 m x 0.32 um x 0.17 um). The oven temperature was programmed from 80°C



for 1 min and then increased to 200°C at 25°C/min, followed by 4°C/min to 250°C, then 1.6°C/min to 300°C
(holding for 12 min), 5°C/min to 320°C (holding for 5 min). GDGT analysis was performed by HPLC-MS (Agilent
1200/Waters Micromass-Quattro UltimaTM Pt) with an APCI probe and a Prevail Cyano Column (150 x 2.1 mm,
3 um). Separation was achieved with a flow rate of 0.3 mL min? at 30.0°C using a gradient program: 88% A
(hexane) and 12% B (hexane/isopropanol, v/v = 9:1) at first, a linear gradient to 14% B in 3 min and to 24% B in
6 min; 76% A and 24% B for 5 min; a linear gradient to 100% B in 2 min; 100% B for 8 min; returning to 88% A
and 12% B for 13 min.

The TEXss" index, a modified version of TEXss, was calculated based on the relative abundance of GDGTs
defined by Kim et al. 2010 (Eq. 1) and converted into SST according to the global equation (Eq. 2) based on 255
core-top dataset sediments with modern annual surface temperature (Kim et al. 2010).

TEXse"= Iog( [GDGT 2]+[GDGT 3]+[Cren’]

[GDGT 1]+[GDGT 2]+[GDGT 3]+[Cren'] ) Eq.(1)

SST=68.4xTEXss" + 38.6, R*=0.87, n =255 Eq. (2)

where H stood for high temperature regions, the numbers 1-3 indicated the number of cyclopentane rings in
GDGTs and Cren' was the regioisomer of crenarchaeol.

The input of terrestrial isoprenoid GDGTs can impact the accuracy of TEXss" in coastal waters. This error can be
assessed by the BIT index (Branched and Isoprenoid Tetraether index), as TEXss" index is not suitable for SST
reconstruction when BIT value is above 0.3 (Weijers et al. 2006). Thus, we investigated the BIT index to
evaluate the potential influence of soil-derived GDGTs on TEXss" index. The BIT index was calculated based on
the relative abundance of branched GDGTs and crenarchaeol defined by (Hopmans et al. 2004) (Eq. 3).

BIT= [GDGT-la]+[GDGT-lla]+|GDGT-Illa]
"~ [GDGT-la]+[GDGT-lla]+[GDGT-Illa] +[Cren]

Eq. (3)

where the Roman numerals (la, lla, and Illa) referred to branched GDGTs and Cren was crenarchaeol.

In order to verify the accuracy of TEXss" reconstructed temperature, we used the extended reconstruction of
SST (ERSST; resolution: 2°x2°; location: 16°S, 124°E; (apdrc.soest.hawaii.edu/las/v6/constrain?var=286) (Smith
et al. 2008) during the period of 1940-2011 as a comparison. To understand the impact of terrestrial input, we

collected the data of rainfall data from the Australian Bureau of Meteorology (www.bom.gov.au/); Broome

rainfall station) during the period of 1941-2011 and river discharge from Department of Water, the State of
Western Australia (www.water.wa.gov.au/home); Fitzroy River-Dimond Gorge station) during the period of
1963-2011.

The magnitudes of the shift changes of four biomarkers and observational data over time were assessed using
the sequential t-test analysis of regime shifts (STARS) (Rodionov 2004, Rodionov & Overland 2005). The STARS
algorithm was converted to VBA for Excel (the analysis software is available for download at
www.BeringClimate.noaa.gov). The cut-off length (I) was set to 10 years (rarely 5 years for short time series)
and the probability level to p = 0.05, representing a significant regime shift. After the shift point was
established, the value of the regime shift index (RSI) indicated the shift magnitude. The correlation between
phytoplankton biomasses and environmental factors was analyzed using principal component analysis (PCA),
and the eigenvalues were used to determine the fraction of total data variance explained by each principal
component. PCA was performed using SPSS 16 for windows (IBM Statistical Package for the Social Sciences
Inc.).

3.6  Sources of environmental and historical data

Rainfall data was obtained from the Australian Bureau of Meteorology website (www.bom.gov.au). Stream
flow data was obtained from the Western Australian Department of Water website (www.water.wa.gov.au).
Historical bushfire data was obtained from the Western Australian Department of Parks and Wildlife.


http://apdrc.soest.hawaii.edu/las/v6/constrain?var=286
http://www.bom.gov.au/
http://www.water.wa.gov.au/home

3.7 Time series analyses

The magnitude of the shift changes in geochemical and biomarker parameters over time were assessed using
sequential t-test for a regime shift (STARS, Rodionov 2004, Rodionov & Overland 2005). The STARS algorithm
was converted to VBA for Excel and the analysis software is available for download at
www.BeringClimate.noaa.gov. The cut-off length (/) was set to 10 years and the probability level to p=0.05,

representing a significant regime shift. After the shift point is established, the regime shift index (RSI) was used
to reflect the magnitude of the shift changes in the confidence of the regime shift. For the spatial comparison
between cores, the ratios of geochemical parameters (e.g., TOGsite 1/ TOCGsite 2) were calculated after the
interpolation analyses of chronological data using Origin 8.0 software (Mathematics: interplxy) to reduce
asynchronous errors caused by different sedimentation rates between reference and effect sites.

4 Cygnet Bay, King Sound, central Kimberley

4.1 Site description and sample sites

Cygnet Bay is a semi-enclosed coastal bay, located in King Sound, in the Kimberley, which is the northernmost
region of Western Australia, with an approximate area of 150 km? and an average water depth of 10 m (Figure
3.1a-c). King Sound is the receiving water body of the Fitzroy River catchment (Figure 3.2) and has an average
depth of 18 m (Figure 3.1b). It is characterized by a typical semi-arid tropical climatic regime, with an annual
temperature range of 20-33 °C and rainfall range of 600-1000 mm, about 70% of which falls between January
and March, and moreover the evaporation is about 3000 mm yr!, greatly exceeding the rainfall. King Sound has
well developed mangrove systems (Figure 3.3) and has second largest tidal range in the world, and
hydrodynamic processes are mainly controlled by tide driven currents (Wolanski & Spagnol 2003, Semeniuk &
Brocx 2011). The maximum tidal range can reach 11 m (mean spring range=7.75 m, mean neap range=5.72 m),
with strong current movement from two-way tidal velocities, with an average >0.2 ms™ and a peak flow of 0.75
ms™ (Wolanski & Spagnol 2003).

Pearl oyster farming is set up within the top 2—3 m of water (total depth ca. 10 m) using floating long lines that
are approximately 200-m-long and spaced approximately 50 m apart and occupy approximately 40% of the bay
area; oysters are suspended in vertically held cages with 8-15 oysters per cage (Figure 3.4). The industry
standard for the stocking density of pearl oysters is no more than 16,250 shells per square nautical mile, and no
artificial feed or chemicals are required in the culture of pearl oysters (Jelbart et al. 2011). The seabed in the
study area is soft sediment without any macroalgae or seagrass present, although reef and intertidal habitats
elsewhere in Cygnet Bay do support these plant types.

Sediment cores were collected at the two sites in November of 2011. Site 1 (16°28'28"S, 123°02'06"E) is in the
aquaculture area just west of Shenton Bluff and Gilbert Rock with a water depth of 11.5 m, and site 2 is 8.6 km
southwest of the aquaculture area (16°32'25"S, 122°59'45"E) with a water depth of 9.8 m (Figure 3.1c). Site 2 is
similar to site 1 in that both are approximately 1.5 km south of small peninsulas that run from west to east
(Figure 3.1c). At each site, three replicate sediment cores with a length of approximately one meter each were
collected by scuba divers using a push core with 6 cm internal diameter. The cores were sectioned into sub-
samples at 1 cm intervals and stored in a freezer at -20°C before analysis. To confirm the replicate cores at each
site were similar to each other in sedimentary structure, the variation in median grain size (d50), at each 1 cm
interval, between two cores from each site were compared using regression analysis, and the result showed
they were significantly correlated at a 95% confidence level (See Figures 3.10, 3.11). Further, the replicate cores
from each site were used for different analyses. One was used for chronology and the other was used for
geochemical analyses as described below. The third core was retained frozen as a spare for future analysis and
in case of loss of samples during shipping or handling during analysis by third parties. It is acknowledged that in
the absence of samples at multiple locations within the culture area (site 1) and the non-culture (reference)
area (site 2), our replicate cores are actually pseudo-replicates.


http://www.beringclimate.noaa.gov/

Historical resconstructions of water quality in the Kimberley
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Figure 3.1. Map showing the location of study area with water depth (figures a, and b with depths in meters) and two
sampling sites in Cygnet Bay (c), Kimberley Region, northern Western Australia.
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Figure 3.3. Google Earth imagery showing, A. the location of study area in relation to King Sound and the Fitzroy River and
influence of tidal creek systems and B, close up of Cape Leveque and sampling sites.

Figure 3.4. Modern long-line culture of pearl oysters in Cygnet Bay (a & b: cleaning/maintenance vessels tending long lines;
c: biofouling of 8 shell culture cage before cleaning; d: 15 shell culture cages hanging on long line after cleaning).



4.2 Impact of aquaculture on coastal water quality and sediment characteristics

4.2.1 Introduction

Large scale and intensive bivalve farming can significantly impact aquatic environments by changing a series of
physical and chemical conditions such as, reducing tidal current, accelerating organic accumulation, and
altering sediment properties (Plew et al. 2005, Callier et al. 2008, Dumbauld et al. 2009). The impact levels
depend on a set of integrative factors (Read & Fernandes 2003, Dumbauld et al. 2009), including the species
involved (e.g., oyster, mussel and clam), culture methods (e.g., cages and rafts), density, sites, scales, and
aquaculture history. For example, compared with mussel aquaculture, which has a significant contribution to
sediment accumulation and nutrient input (Prins & Smaal 1994, Strang 2003), pearl oyster aquaculture displays
much lower impacts on sediment properties and nutrient concentrations due to its low-density culture and no
artificial feed or chemicals (Cheney et al. 1995; Yokoyama 2002; Wells & Jernakoff 2006; Gaertner-Mazouni et
al. 2012).

However, small environmental changes accumulating over a long period of time can still cause a regime shift in
an ecosystem (Lees et al. 2006; Andersen et al. 2009), and the underlying processes and changing rates can
only be realized by careful analysis of long-term continuous observation data. For example, Sara et al. (2011)
found that nutrient and chlorophyll a concentrations in the Gulf Castellammare, Italy have been steadily
increasing since the establishment of aquaculture facilities in 1999, although they had not reached a eutrophic
status. In addition, hydrodynamic conditions at aquaculture sites are important for determining the rate of
change. The rate of impact is a slower process at sites with high current (average velocity>0.1 ms; and
maximum velocity>0.3 ms!) (da Costa & Nalesso 2006), whereas it is a faster process at sites with low current
(average velocity <0.05 ms™?; and maximum velocity <0.1 ms?) (Hartstein & Rowden 2004; Callier et al. 2008).
In contrast to the time span of marine aquaculture activity supporting human life, our ability to understand
environmental effects of aquaculture is limited to knowledge on decadal scales. Continuous long-term
monitoring data are expensive and rare and, usually, they record environmental information post-impact of
human activities. The development of paleo-ecological methods has made it possible to acquire a chronological
footprint of past environmental change, and the time span can extend from decades through centuries to
millennia (Meyers, 1997; Meyers & Teranes 2001; Pancost & Boot 2004). A number of geochemical proxies (e.g.
stable carbon and nitrogen isotopes, biogenic silica, lipid and biomarkers) deposited in the sediments have
been used to reconstruct environmental events, such as eutrophication, industrialization, and climate change
(Andersen et al. 2004; Turner et al. 2006; Dale 2009; Liu et al. 2013) and these studies not only provide
effective environmental information, but also help to minimize long-term monitoring effort and costs.

The organic matter preserved in sediments can provide powerful evidence for interpreting coastal eutrophic
processes, and the application of stable isotopes of carbon and nitrogen (8'3C and 8'°N) makes it possible to
elucidate the source and fate of organic matter (Meyers 1994). In transitional waters (e.g., coasts and
estuaries), organic matter sources are generally a mixture of allochthonous (e.g., river inputs) and
autochthonous sources (e.g. marine primary production). They carry their overlapping source-suggestive
sighatures and display these in the values of §3C and 6'°N, for example a typical range of 6'3C values for
terrestrial Czplants is from -26%o to -28%o and for marine phytoplankton it is from -19%o to -21%e. (Fry & Sherr
1984; Meyers 1997), and a mixture of marine and terrestrial organic matter could result in a 8'3C value of
approximately -23%o (Pancost & Boot 2004). The value of §°N originating from marine nitrate generally ranges
from 3%o0 to 6%o; however, sewage and manure can significantly elevate this value from 10%. to 25%o
(McClelland & Valiela 1998, Savage 2005). C:N ratios can be another potential indicator for elucidating organic
matter source, for example a ratio of 5 to 7 is measured for marine-derived organic matter (Redfield et al.
1963), and >12 for terrestrial-derived organic matter (Meyers 1997). However, mineralization, oxidation and
significant fractions of inorganic nitrogen can impact C:N ratios and limit their usefulness as source indicators
(Andrews et al. 1998, Kuwae et al. 2006). Thus, the application of multiple proxies (6'3C, §1°N and C:N ratios) is
important for verifying the organic matter source. Biogenic silica (BSi) stored in sediment is an important proxy
representing siliceous marine organisms (e.g., diatoms, radiolaria, siliceous sponges, and silicoflagellates),



particularly for diatoms, which are a major phytoplankton group with a significant contribution to marine
primary production in this region and also a sensitive indicator responsive to varied environmental conditions
(DeMaster et al. 1991, DeMaster 2002, Smol & Stoermer 2010). Silicon is an essential element for the growth of
diatoms. In water bodies dominated by diatoms the BSi concentration in sediment can be an important proxy
to indicate modern- or paleo-productivity (Bernardez et al. 2005; Krause et al. 2011). If we can form an
environmental picture combining BSi information with organic matter composition it is possible, to a certain
degree, to assess the impact of past environmental changes (e.g. climate and hydrodynamic changes, nutrient
cycling) on siliceous phytoplankton.

In this study, we applied paleo-ecological methods for tracking the long-term environmental impact of pearl
oyster farming in Cygnet Bay, Kimberley, Western Australia. The farming of the silver- or gold-lip pearl oyster
Pinctada maxima in the Kimberley region has a history of approximately 50 years and is the foundation of the
Australian pearl industry and a major contribution to the world’s total South Sea pearl production with an
average annual value of around $220 million (Tisdell & Poirine2008, McCallum & Prince 2009). Theoretically,
the variety of culture apparatus used in pearl oyster farming, such as rafts and panel nets, and harvesting
processes, could increase the deposition of organic matter, nutrient flux and fouling species in the ecosystem
(Forrest et al. 2009, Kishore et al. 2014). Actually, a few investigations (Wells & Jernakoff 2006; McCallum &
Prince 2009, Jelbart et al. 2011) found only small environmental impacts with low ecological risk, with the
reasons attributed to passive farming, low stocking density (<16,250 shells per square nautical mile) and high
current flows. However, the environmental assessment still has some uncertainty because compared to pearl
farming with a 50-year history, limited short-time frame studies (as described in the publications above) make
it difficult to recognize the underlying process of environmental change over the course of the pearl farming
activities, especially if the environmental change rate is very slow. In this work a 90-year environmental record
was reconstructed using marine sediment cores to assess the environmental change rate after the initiation of
pearl farming in Cygnet Bay.

Cygnet Bay is located in King Sound (Figure 3.1); The Fitzroy River, the largest river draining into King Sound,
has a catchment largely in a wilderness setting (Semeniuk & Brocx 2011) which is sparsely populated (3,261
persons living around Derby, Australian Bureau of Statistics 2011 data) with low density agriculture. There is a
diamond mine currently operating (Ellendale Mine, approximately 120 km east of Derby) and there was a
short-lived gold rush in the 1880s, while lead and silver mining was discontinued in the 1980s. These industries
are not thought to have had a major impact on the water quality in King Sound (CENRM 2010) and Cygnet Bay
is more than 150 km seaward of the entrance of the Fitzroy River into King Sound. Pearl oyster farming is the
only significant anthropogenic activity in Cygnet Bay. It was established in the 1960s by the Brown Family and is
Australia’s oldest and longest continually operated pearl farm. This provided an opportunity to assess decadal
aquaculture effects without much disturbance from other human activity. Sediment cores were collected at
two sites, located inside and outside the pearl farming area respectively, enabling us to compare their
contrasting environmental characteristics over time. Multiple geochemical proxies in the cores, including
organic matters, carbon and nitrogen isotopes, biogenic silica, and grain sizes, were measured for elucidating
the underlying processes of environmental change in response to pearl oyster farming. The magnitude of the
shift change between the farming site and the control site over time was assessed using a sequential t-test for
a regime shift (Rodionov 2004), and the impacts of pearl farming and climate change are discussed in relation
to the variations of geochemical parameters over time.

4.2.2 Results

Core chronology

The profiles of 21°Pbex concentrations in the two cores are shown in Figure 3.5a and c. They exhibited a pattern
with exponential regression and showed some disturbance in surficial sediments. The disturbance is common
in coastal and estuarine sediments, due to physical mixing, bioturbation and erosion (Ruiz-Fernandez & Hillaire-
Marcel 2009, Johannessen & Macdonald 2012). Tidal action and burrowers were regarded as the main impact
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factors on sedimentation in King Sound (Semeniuk & Brocx 2011). Sand bubbler crabs and sand tube worms are
common organisms causing burrow-mixed sediment at the upper section of cores. Although cyclonic storms
are a feature of Australia’s tropical regions, their influence on the indented sheltered gulf embayments in the
Kimberley, like those in our study, is generally limited to abnormally high tides and storm surges as they are
protected from storm magnified swell and wind waves (see Semeniuk 2011 for detailed explanation of
sedimentary dynamics in this region). The CIC model will be prone to large errors if there is significant mixing of
surficial sediment, compared with the CRS model (Appleby 2001). The average sedimentation rates were
calculated over a time span of ca.1890-2011 at site 1 (0.82 cm yr!) and ca.1920-2011 at site 2 (1.11 cm yr2).

The 21°Pb geochronology must be validated using at least one independent age control (Smith 2001). 137Cs
activity is widely used as an independent tracer of coastal sediments, although only 40% of atmospheric fallout
137Cs (up to 3-5 Bg kg'?) can be detected in marine sediments of Australian northern tropical region (Pfitzner et
al. 2004; Logan et al. 2011; Hollins et al. 2011). Generally, appreciable '3’Cs was first introduced into the
environment in 1954 and peaked in 1964 (Amos et al. 2009), but it is often difficult to find a distinct “1954
depth” in a mixed core (Johannessen & Macdonald 2012). In this study, *3’Cs activity peaked at the core depth
of 35 cm at site 1 and 49 cm at site 2 (although a later peak also occurred) (Figure 3.5b, d), corresponding to
219ph geochronology of 1968 and 1967, respectively. This suggested that the calculated ?°Pb geochronology
was reasonable at the decadal scale.
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Figure 3.5 Profiles of 219Pb., and37Cs at site 1 (a, b) and site 2 (c, b).

The profiles of grain sizes at two sites

The median grain size (dso) in the sediment cores varied greatly over a range of 17.8-107.5 um at site 1 (Figure
3.6a) and 74.9-118.2 um at site 2 (Figure 3.6c), respectively, indicating that the sediment type was silty sand,
and this is consistent with previous studies in King Sound and Fitzroy River delta (Semeniuk 1981, Semeniuk &
Brocx 2011). In a spatial comparison, dso between the two sites gradually varied in an opposite trend over time
(Figure 3.6a, c). At site 1, finer particles (silt and clay) increased gradually and became evident in the upper
section of the core (>50%; Figure 3.6b); whereas at site 2, sediments became coarser with decreasing silt and
clay, particularly in the upper section of the core (<40%; Figure 3.6d).
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Figure 3.6. Profiles of grain sizes at site 1 (a, b) and site 2 (c, d), showing median values (dso) with linear trend, and the
proportions of clay, silt and sand.

Two significant shifts in C/N ratios and §*3C values also observed after 1950s (at the depth of approximately 50
cm; Figure 3.7c, d). C/N ratios (5 to7 for marine-derived organic matter by Redfield et al. 1963; and >12 for
terrestrial-derived organic matter by Meyers 1997) shifted from a phase with terrigenous dominance (12.0 to
19.8; Figure 3.7c) to a phase with marine and terrestrial mixture (7.5 to 12.0; Figure 3.7c). §13C values (-19%. to
-21%o for typical marine-derived organic carbon, and -27.0%. for typical river-derived terrigenous fraction by
Fry & Sherr, 1984) increased from -24%o to -22%o to -22%o to -20%. at the depth of approximately 50 cm
(Figure 3.7d). The trends of C/N ratios and 8%3C indicated a significant increase in the proportion of marine
organic carbon.

5N is used as a subsidiary factor to detect anthropogenically enriched organic nitrogen (McClelland &Valiela
1998; Savage 2005), for example farm runoff, animal and human wastes; and the values of §°N originating
from typical marine nitrate generally fall into a range of 3% to 5%o0 (Owens 1988). The values of 6'°N in the
core ranged from 3.62%o to 5.73%o0 with a slight increasing trend (Figure 3.7e), indicating a dominance of
marine nitrate with low anthropogenic impact. BSi concentration in the core range from 0.44% to 1.04% (Figure
3.7f) and displayed a significant increasing trend after 1950s (at the depth of approximately 0 to 50 cm),
particularly during 1970s to 2011 (at the top 35 cm). The variations in BSi appear to match the increasing trend
in TOC and TN.
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Figure 3.7. Profiles of geochemical parameters at site 1 (a: TOC; b: TN; c: C/N; d: §13C; e: 615N; f: BSi); the grey lines

showing shift changes assessed by sequential t-test analysis of regime shift, and solid square showing regime shift indeX.

The profiles of geochemical parameters at site 2

The chronological variations of TOC, TN, C/N, &§'3C, §*°N, and BSi at site 2 are shown in Figure 3.8. TOC and TN
contents (Figures 3.8a, b) varied in a narrow range (TOC: 0.16% to 0.36%; TN: 0.02% to 0.04%), respectively,
and the absolute values were much lower than at site 1 (Figures 3.7a, b). Based on the assessment of STARS,
both TOC and TN showed increased shift changes after 1970s (at the depth of 40 cm), and a significant increase
occurred after 2000s (at the depth of 10 cm; Figures 3.8a, b). The patterns of C/N ratios (9.0 to 19.0) and &%3C
values (-22.7%o to -18.7%0) were similar to site 1, shifting to a phase with increased marine organic matter
since 1950s (at the depth of approximately 60 cm; Figures 3.8c, d).

In the depth range of 0 to 60 cm (1950s to 2011) most §*°N values were within 4%o to 5%o indicating a stable
status with a dominance of marine nitrogen and very low anthropogenic derived nitrogen; however, there
were some high values at the bottom of the core (1920s-1940s; Figure 3.8e) indicating a possible
anthropogenic disturbance. BSi concentrations at site 2 were much lower than at site 1, and most values were
between 0.2% and 0.4%, with decreasing shift changes at the depth of 0 to 60 cm (Figure 3.8f).
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Figure 3.8. Profiles of geochemical parameters at site 2 (a: TOC; b: TN; c: C/N; d: 613C; e: 615N; f: BSi); the grey lines showing
shift changes assessed by sequential t-test analysis of regime shift, and solid square showing regime shift index.



Magnitude of environmental change between the two sites

The ratios of four chronological parameters (BSi, silt, TOC and TN) between the two sites were processed by
STARS (Figures 3.9a-d), with the aim of making a spatial comparison to assess the magnitude of environmental
change with and without pearl farming. Before pearl farming started in Cygnet Bay (~1960), the variations in
BSi and silt ratios were low without significant shift change (Figures 3.9a, b); and TOC and TN ratios showed
similarly stable patterns except for small shift changes in the late of 1940s (RSI: 0.19, 0.39; Figures 3.9c, d). The
results indicated that the two sites experienced similar environmental conditions with low variability before
pearl farming.

After pearl farming (since 1960), the ratios of the four parameters exhibited higher values and frequent shift
changes, particularly after 1980s (Figures 3.9a-d). Significant increases in BSi ratios (RSI: 1.23, 2.04, and 0.32),
occurred three times, corresponding to the periods of 1960s, 1980s and 2000s (Figure 3.9a), respectively. The
ratios of silt, TOC and TN presented similar patterns (Figures 3.9b-d); they all showed a first significant increase
in 1980s, and then shifted back to a relatively lower level in the late 1990s and early 2000s, followed by a
sudden increase again in surface sediment after 2005. The results suggested that the magnitude of
environmental change at site 1 with pearl farming was much higher than at site 2 without pearl farming.
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Figure 3.9. Profiles of spatial comparison between the two sites, based on the geochemical ratios (a: BSi; b: Silt; c: TOC; d:
TN; e: total pearl oyster catch in Broome area during 1978-2011 (data from Hart et al. 2013); f: annual rainfall; g: mean
maximum temperature during 1941-2011 (data from Bureau of Meteorology, 2014b); and the grey lines showing shift
changes assessed by sequential t-test analysis of regime shift, and solid square showing regime shift index).
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Figure 3.10. Assessing the similarity of two parallel cores at site 1 using median grain size d50 (regression analysis for d50:
r=0.20; p< 0.05). (a) d50 for core 1-1, (b) % clay, silt and sand for core 1-1, (c) d50 for core 1-2, (d) % clay, silt and sand for
core 1-2, (e) regression for d50 core 1-1 vs core 1-2, R=0.20, p<0.05.
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Figure 3.11. Assessing the similarity of two parallel cores at site 2 using median grain size dso (regression analysis for dso:
r=0.20; p< 0.05). (a) dso for core 2-1, (b) % clay, silt and sand for core 2-1, (c) dso for core 2-2, (d) % clay, silt and sand for
core 2-2, (e) regression for dsg core 2-1 vs core 2-2, R=0.76, p<0.01.

4.2.3 Discussion

In this study, contrasting patterns in geochemical parameters between the two sites indicated that a faster
environmental change occurred at site 1 after the initiation of pearl oyster farming in 1960s. The corresponding
variations in C/N ratios, §13C and 815N further suggested that increased TOC and TN in the upper section of
the cores were mainly contributed by increased autochthonous sources rather than allochthonous input. In the
sections below, for better understanding of the long-term environmental consequences of pearl oyster
farming, we discuss the possible mechanisms of geochemical changes in the cores, according to the history of
pearl oyster farming and natural disturbance in Cygnet Bay.

Changes of grain sizes in response to pearl farming

One of the environmental consequences of bivalve aquaculture is altering the properties of the sediment,
which includes reducing the grain size and increasing the concentration of organic matter (Mesnage et al. 2007;
Hargrave et al. 2008; Dumbauld et al. 2009). For example, the incidental source of organic enrichment below
bivalve culture apparatus was recognized as important in a review of ecosystem effects of bivalve culture by
the USA National Academy of Sciences (Ocean Studies Board 2010). Gaertner-Mazouni et al. (2012) estimated
the sediment flux in Ahe Atoll lagoon (French Polynesia) using a sediment trap, and found that the



sedimentation rates beneath the pearl oyster culture can be five times higher than in the control zone, and the
percentage of small particles (<63 um) was about double, although the impact of pearl farming is generally
much lower than fish or other bivalve farming (Gifford et al. 2004, Yokoyama et al. 2006, Andréfouét et al.
2012).

The Brown family, who own and manage Cygnet Bay Pearls, indicated that the family started farming shell near
site 1 (bottom farming near Shenton Bluff reef) in 1960 at low density; culture apparatus of modern long lines
was started in the 1980s; and stock levels and farm size ramped up appreciably through the 1990s, and these
changes are reflected in the total pearl oyster catch in Broome area during 1978-2011 (Figure 3.9e). In this
study, fine-grained sediment (clay and silt) at site 1 with pearl farming displayed significant increases after
1960s (Figure 3.6b), with an average increasing rate (=0.2% yr-1). Silt proportion at site 1 over time was
approximately one to five-fold higher than at site 2 without farming (Figure 3.9b), indicating a similar trend to
that in Ahe Atoll lagoon; and STARS detected the shift change of silt between the two sites in the late 1980s,
which is matched the expansion of modern long-line culture at site 1 since the 1980s (Figure 3.9b, e). The
organic wastes produced by pearl farms, e.g. the deposition of faeces and pseudo-faeces from pearl oysters,
and the debris fallout from the culture apparatus, including from regular maintenance cleaning of the cages
(Figure 3.4), might be important source of organic enrichment in sediment. At site 1, reduced grain size in the
core over time well matched the increases of TOC and TN organic matter, displaying significantly positive
correlations (Table 3.1).

Table 3.1 Pearson correlation between grain sizes and geochemical parameters at site 1 and site 2 in Cygnet Bay

Site 1 Site 2

dsg (um) clay (%) silt (%) sand (%) dsp(um) clay (%) silt (%) sand (%)

TOC (%) -0.541" 0241 0.641" -0.623" 0.087 -0.081 -0.194 0.172
TN (%) -0.541" 0.185" 0.682"" -0.644" 0.678" -0.621" -0.697" 0.698"

Note: ** Correlation 1s significant at the 0.01 level (2-tailed) * Correlation 1s sigmficant at the 0.05 level (2-tailed)

In addition, it is necessary to consider the impact of modern long-line culture on the hydrodynamic processes in
Cygnet Bay. Previous studies pointed out that the degree of sediment change mostly depends on the density of
aquaculture relative to current speed (Plew et al. 2005, Richard et al. 2007). For example, the aquaculture
density in New Zealand’s coastal waters has reached 800 mussels per meter of long-line (Hartstein & Rowden
2004); the average current speed is 0.4-0.5 ms-1 in the absence of farms, but the speed can be reduced by 36-
63% within the farm, indicating a significant drag of mussel lines on currents and waves (Plew et al. 2005).
However, this was previously not considered to be important in Cygnet Bay, because current speeds are fast in
King Sound (average speed > 0.2 ms-1, a maximum of 0.75 ms-1; Wolanski & Spagnol 2003). The pearl oyster
industry in Australia is expanding at a considerable rate (Kuchel et al. 2011), and there is a need to better
understand the correlation between rate of environmental change and the intensity of pearl farming for long-
term sustainable management.

Changes of organic matter in response to pearl farming

As the variations in grain size, TOC and TN contents at site 1 were higher and had more frequent shift changes
than those at site 2 after the 1980s (Figures 3.7-3.9), corresponding to increased stock level during 1980s to
2000s (Figure 3.9€). In contrast, TOC and TN contents at site 2 only showed two slight shift changes (1970s and
2000s, Figure 3.8a-b), which were in response to increased rainfall in this area (Figure 3.9f: 30-40 mm 10 yr-1
since 1970s, and 40-50 mm 10 yr-1 around 2000s; Bureau of Meteorology 2014a, www.bom.gov.au/climate).
However, the disturbance of rainfall at site 1 was obscured by the additional impact of pearl farming (Figure
3.7). In general, the elevated carbon and nitrogen contents in sediment are evident after a period of
aquaculture (Hatcher et al. 1994; Hargrave et al. 2008), but it was necessary to determine whether
allochthonous input may have been an alternative explanation.
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Three parameters (C/N ratio, §13C and 8§15N) have been successfully used for identifying organic matter source
(e.g. Meyers 1994; Cifuentes et al. 1996, Bratton et al. 2003). Their patterns over time are very similar at the
two sites (Figure 3.7, 3.8) indicating a shift of organic matter source from a phase dominated by terrestrial
input to a phase with marine and terrestrial mixture since the 1950s. The fate and source of organic matter
before the 1950s is beyond the scope of this study, which is to identify the effect of pearl farming. In King
Sound, the Fitzroy River is an important vector bringing terrestrial organic sources to the river delta and coastal
embayment during the wet season, and, in the high intertidal zone, buried mangrove materials also can
contribute to the terrestrial organic matter in mud (Semeniuk 1981). The distance and scale over which
terrestrial organic matter is transported to the ocean are strongly related to tidal levels in this region,
particularly for fine particles (Semeniuk 1981, Semeniuk & Brocx 2011). At site 2 without farming, the trend of
grain size in the sediment was coarser over time, indicating a possible process of coastal erosion due to strong
tidal action, which can change the ratio between marine and terrestrial inputs. However, this kind of
sedimentary feature requires exploration of the long-term variation of oceanographic setting and climate
change.

After the 1950s, most C/N and 613C values at site 1 are within a range of 6.7 to 10 and -22%o to -19%.,
respectively, indicating that the increased organic carbon arises from marine phytoplankton (Meyers & Teranes
2001; Lamb et al. 2006). Furthermore, the ranges of 615N in the cores were relatively stable, and most values
were around 5%. (Figure 3.7), indicating that the dominant nitrogen source originated from marine nitrate
(Owens 1988) with low impact from anthropogenically enriched organic nitrogen (McClelland & Valiela 1998,
Savage 2005). This is in accord with the fact that there are almost no pollution sources around Cygnet Bay due
to few towns and little anthropogenic activity, except for pearl farming. Therefore, we can confirm that the
increased TOC and TN contents at site 1 were mainly a consequence of pearl farming.

Changes of BSi in response to pearl farming

The phytoplankton of the shelf waters in North-West Australia is basically a diatom flora (Hallegraeff & Jeffrey
1984), and diatoms in the sediment of King Sound are one of the important biogenesis contributors to mud-
sized skeletons (Semeniuk 2011). Thus, it allows us to use BSi concentration in the sediment as a proxy to
reflect the variations of diatom biomass in response to pearl farming. In this study, BSi concentrations at site 1
were much higher than those at site 2 after the 1970s (2.0 to 5.6 times; Figure 3.9); and STARS detected a very
significant increasing shift change in 1980s (Figure 3.7) corresponding to the development of long-line culture
in late 1980s and increased stock level (Figure 3.9¢e). These results matched the variations in TOC, TN, sediment
texture and the indications from C/N and 613C values, suggesting that pearl farming promoted the growth of
phytoplankton, at least for diatoms. From this study, we cannot determine if the enhancement of diatoms by
pearl farming reflected in our samples is a result of predominantly enhanced benthic (elongate or chain
forming) diatom deposition or whether water column (mainly centric) diatoms were also enhanced. This would
require an assessment of the distribution of fossil diatom frustules throughout the sediment profile in a future
study.

Modification of trophic status, for example increased nutrient concentration and phytoplankton biomass, was
observed in a coastal embayment with a decadal history of aquaculture (Pusceddu et al. 2009, Sara et al. 2011).
Low density pearl farming can create a mutual benefit between the growth of phytoplankton and pearl oyster,
which was examined in Gokasho Bay, Japan (Abo & Toda 2001). The excretion of pearl oysters and other
organic wastes can provide nutrients for phytoplankton growth, and reduced water flow can prolong the
residence time and create a favorable environment for phytoplankton growth. Additionally, the increased TN in
sediment can enhance the nitrogen flux and recycling in the water column. For example, in the Ahe Atoll
lagoon (French Polynesia), benthic nitrogen fluxes in the area of pearl oyster farming could sometimes
contribute up to 28% of the nitrogen demand for primary production (Gaertner-Mazouni et al. 2012).
Meanwhile, increased phytoplankton biomass is good for the growth of pearl oysters.

During 1940-2011 in King Sound, STARS detected a significant increase in annual rainfall after 1997 (Figure



3.9f), with an increase of approximately 40-50 mm 10 yr-1; mean maximum temperatures were variable
between 31-33°C, with an increase approximately 0.05-0.1°C 10 yr-1 but no significant change (Figure 3.9g).
These might impact on diatom biomass (Beaugrand & Reid 2003, Barbosa et al. 2010). However, BSi
concentrations at site 2, displayed a decreasing trend with several small shift changes (Figure 3.8f), and this
was not consistent with the response of TOC and TN contents to increased rainfall. The opposite variations of
BSi concentrations between the two sites indicated that the impact of pearl farming on diatom growth was
much heavier than rainfall and temperature.

4.2.4 Summary

Small environmental disturbances accumulating in a long period of time may cause a regime shift in marine
ecosystems, particularly in sensitive oligotrophic waters. Pearl oyster aquaculture, with a 50-year history in
Australia, has been regarded as an anthropogenic activity with low environmental risk. To assess the long-term
environmental effects of pearl oyster farming, sediment cores taken in Cygnet Bay, Western Australia, were
used to reconstruct environmental processes covering an approximately 90-year period. Biogeochemical
parameters in sediment cores from inside and outside a pearl farming area displayed contrasting
characteristics over time. Total organic carbon, total nitrogen, biogenic silica (BSi), and fine-grained sediment at
the farming site displayed significant increases with the expansion of oyster stocking. In contrast, only small
variations in response to climatic signals (rainfall and temperature) over time occurred in the cores outside the
farm. The variation in C/N, 613C and 815N ranges over time suggested that increased organic matter was
mainly contributed by autochthonous sources rather than terrestrial input. The sequential t-test for a regime
shift detected approximately two to three-fold increases in organic matter, one to five-fold increases in silt
proportion and two to five-fold increases in BSi concentrations after pearl oyster farming, in contrast to the
control site. The rapid development of modern long-line culture since the late 1980s was presumed to be the
dominant driver of environmental changes in sediments. The results provide foresight to the magnitude of
environmental change, which can occur over decades resulting from even minimal anthropogenic activity.

4.2.5 Conclusions

In this study, the spatial comparison of multiple proxies (grain size, TOC, TN and BSi, C/N ratio, §13C and 615N)
in sediment cores revealed decadal environmental effects of pearl farming, including alteration of sediment
texture and increases in organic matter and diatom biomass. Although sediment quality in King Sound did not
reach a eutrophic level (Wells & Jernakoff 2006, McCallum & Prince 2009, Jelbart et al. 2011), the increasing
rates of organic matter in sediment were much faster than those due to natural processes. One possible option
to manage the rate of environmental change could be to dispose of the waste from cleaning the culture
apparatus on land. This was recommended to enhance ecosystem sustainability of bivalve culture in a recent
review (Ocean Studies Board 2010) and this measure is also recommended as way of reducing the potential of
invasive species becoming established in bivalve farming areas. However, given the very slow rate of
environmental change detected in our study, we would not recommend this in the Kimberley pearl farming
situation unless a risk assessment proved there was an existing and unacceptable risk to invasive species
becoming established and that the measure would not have unintended consequences on the water column
productivity on which the oyster culture depends.

4.3 Climate change impacts on phytoplankton patterns

4.3.1 Introduction

Phytoplankton is a key component in marine ecosystems, and its variations in abundance and species
composition are sensitively coupled with short- or long-term environmental changes, and consequently
influence the structure and function of ecosystem, e.g., biogeochemical cycles, food web (Field et al. 1998).
Over the last several decades, phytoplankton regime shifts, e.g., the changes in biomass and species
composition and shifts between diatom and non-diatom, have been widely observed in many coastal
ecosystems (Cloern et al. 2007, McQuatters-Gollop et al. 2007, Ajani et al. 2014). Most evidence demonstrated



that nutrient enrichment is a principal driving factor for the phytoplankton regime shift in coastal waters, and
meanwhile, ocean warming could enhance this process, affecting the distribution and productivity of
phytoplankton in the ocean (Harley et al. 2006, Boyce et al. 2010, Liu et al. 2013, Irwin et al. 2015). For
instance, the warmer sea surface temperature (SST) and lower turbidity in the North Sea have increased
phytoplankton biomass, although nutrient concentrations have been decreasing since 1980s (McQuatters-
Gollop et al. 2007).

Due to the limited observational data, it is challenging to distinguish the impact of climatic variability and
human disturbances on the phytoplankton in coastal waters. Paleo-ecological method, using the geochemical
and biological information preserved in the sediment to reconstruct the short- or long-term environmental
change, has supported significant findings in marine research, although a series of biological, chemical and
physical factors (e.g., water depth, temperature, salinity, grain size and degradation) during sedimentation and
preservation can impact the results (Fischer & Wefer 2012). A few proxies have been widely applied for the
reconstruction of sea temperature, terrestrial input and phytoplankton biomass, due to their biosynthetic
specificity and resistance to degradation in the sediment. Schouten et al. (2002) proposed TEXss (TetraEther
indeX of tetraethers consisting of 86 carbon atoms) as a proxy for SST, based on the relative distribution of
marine archaea isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs). The selected GDGTs are membrane
lipids synthesized by Thaumarchaeota, which contain different number of cyclopentane and cyclohexane rings
(Schouten et al. 2002). It is thought that the addition of rings into GDGTs raises the melting point of the cell
membrane and alters membrane packing (Gliozzi et al. 1983; Uda et al. 2001), enabling archaea to adjust
membrane stability in response to temperature changes (Chong 2010). The long chain n-alkanes (C27+C29+Cs1),
specific to higher land plants (Eglinton & Hamilton 1967), can help to interpret the impact of terrestrial input in
marine sediments in terms of changes in rainfall, river discharge or dust input (Villanueva et al. 1997; Seki et al.
2003; Smittenberg et al. 2004). A few sterols are verified biomarkers for diatoms and dinoflagellates, e.g.
dinosterol (4a, 23, 24-trimethyl5a-cholest-22(E)-en-3B-ol) is produced almost exclusively by dinoflagellates
(Volkman et al. 1998; Volkman 2003), and brassicasterol (24-methylchol est-5, 22(E)-dien-3-ol) is a commonly
used diatom biomarker even although it has been reported in many algal classes (Volkman et al. 1998; Volkman
2003; Rampen et al. 2010). The analysis of these compounds in the sediment core can help to reconstruct the
long-term changes in environmental change and phytoplankton community and discover their correlation.

In this study, Cygnet Bay (site 2 from above), located in the Kimberley, northwest of Australia (Fig. 3.1), is
chosen for studying the phytoplankton regime shift in response to the climate change. The Kimberley is a
remote coastal region with very limited anthropogenic activity (Halpern et al. 2008) but significant climatic
variability. Annual averaged SST indicated that the northwest coast of Australia has warmed by ca. 0.6°C in the
past 50 year (Lough, 2008) and annual rainfall increased approximately 50% since 1950 (Shi et al. 2008; Cai et
al. 2011; Lin & Li 2012; Feng et al. 2013). More recently, Furnas & Carpenter (2016) found that the primary
production in northern Australia increased more than 2-fold greater in post-1990 than in the 1960s, but
considering the insufficient data, they attributed the difference to the improvements in production
measurements. Liu et al. (2016) analyzed the variations of organic matters in the sediment cores, which were
collected from the Cygnet Bay, and they suggested that the variability in climatic signals (rainfall and
temperature) might explain the increase in marine organic matter over decadal scales. Therefore, it warrants
further examination of whether the increase in phytoplankton production in the northwest of Australia since
the 1990s was related the climate change. Diatoms and dinoflagellates are the dominant phytoplankton in
Kimberley coastal waters (Thompson & Bonham 2011; Armbrecht et al. 2015), and thus, this allows us to use
brassicasterol and dinosterol to represent diatom and dinoflagellate biomasses. Four proxies (TEXss index, long
chain n-alkanes, brassicasterol and dinosterol) were chosen and analyzed, using the dated sediment cores from
the Cygnet Bay, to reconstruct the variations of SST, terrestrial influence, and the diatom and dinoflagellate
biomasses, respectively. Validity of biomarker reconstruction was discussed in the context of historical
observation data, and the shift magnitudes of SST and phytoplankton over time were assessed using a
sequential t-test (Rodionov 2004).



4.3.2 Results

TEX3s" temperature record

The BIT index in our samples was low, with a range of 0.13 and 0.29, and particularly low values occurred since
the 1990s (Fig. 3.12c), indicating a low influence from terrestrial GDGTs input and verifying the validity of the
application of TEXss" index for SST reconstruction in Cygnet Bay. TEXss" temperature ranged from 25.2 to
28.3°C and displayed three different periods according to the STARS analysis (Fig. 3.12a): 1) the period of 1940-
1978 was relatively stable with an average of 26.4°C; 2) the period of 1978-1986 showed a significant decrease
with an average of 25.8°C (RSI: -0.3); 3) the period of 1986-2011 displayed two significantly increasing shifts
(RSI: 0.5, 1.5), and the averages were 26.5°C (1986-1997) and 27.5°C (1997-2011), respectively. In a
comparison, ERSST revealed a range of 26.9- 29.0°C (Fig. 3.12b), which is slightly higher than TEXss"
temperature. The significant warming shift of ERSST occurred in 1956 (RSI: 0.5). The average temperatures of
ERSST during the three periods (1940-1978; 1978-1986; and 1986-2011) were 27.9°C, 28.2°C and 28.4°C,
respectively. Thus, the increasing trend of SST during 1986-2011 is consistent between TEXss" and ERSST.

Year TEX " temperature ('C) ERSST ('C)
25 27 29 25 27

2010

2000 -

1990 -

1980 {

1970 4

1960 A

1950 +

(2) (b) (©)

1930 -

Figure 3.12. Profiles of sea temperature records (a: TEXge" temperature; b: ERSST from 1940-2011 (data provided by NOAA)
(Smith et al. 2008)) and BIT index (c). The lines show shift trends assessed by sequential t-test analysis of regime shift and
numbers are regime shift index (RSI).

Long chain n-alkanes record

The concentrations of long chain n-alkanes in marine sediments can help to interpret the variations of
terrestrial input. They ranged from 38.2 to 84.7 ng/g and although variable through the whole time series,
showed two periods over time according to the STARS analysis (Fig. 3.13a): 1) the period of 1940-2002 was
relatively stable with an average of 51.0 ng/g, although STARS detected a small decreasing shift (RSl <0.1) at
1960; 2) the period of 2002-2011 displayed higher values, with an average of 65.5 ng/g, STARS detected one
significant increasing shift (RSI: 0.5) in 2002.

Rainfall and river discharge are important in bringing terrestrial matter into the sea. Fig. 3.13b shows the
variation of rainfall in Broome during 1941 to 2011, with a range of 132-1496 mm; and STARS separated them
into two periods according to a small increasing shift at 1997 (RSI: 0.1). The average of rainfall during 1997-
2011 was 802.2 mm, which is significantly higher than the average of rainfall (553.7 mm) during 1941-1996. In



comparison, STARS did not detect the significant shift of annual river discharge of Fitzroy River during 1963 to
2011, but the annual river discharge displayed an increasing trend after 1990s (Fig. 3.13c). The average annual
river discharge during 1997-2011 was 3917x10° m3yr, which is higher than the average of rainfall (2529x10°
m3yr?) during 1963-1996. Thus, the patterns of long chain n-alkanes, rainfall and river discharge are broadly
consistent in this region, indicating a significant increase after the late 1990s.
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Figure 3.13. Profiles of terrestrial records (a: long chain n-alkanes contents; b: annual rainfall from 1941-2011 (data from
Australian Bureau of Meteorology); c: Fitzroy River discharge from 1963-2011 (data from Department of Water) and the
dashed line shows the linear trend). The solid lines show shift trends assessed by sequential t-test analysis of regime shift
and numbers are regime shift index (RSI).

Phytoplankton biomarker records

The brassicasterol contents of the sediment representing diatom biomass varied from 14.8 to 244.6 ng/g with
two significant periods (Fig. 3.14a): 1) during 1940-1997, brassicasterol contents were lower and stable, with an
average of 22.2 ng/g; 2) during 1997-2011, brassicasterol contents increased rapidly, STARS detected three
increasing shifts (RSI: 1.0, 1.7 and 1.4), and the average contents during the three shifts were 44.7 ng/g, 103.4
ng/g and 188.8 ng/g, respectively.

The dinosterol contents representing dinoflagellate biomass varied from 38.7 to 207.3 ng/g with two significant
periods (Fig. 3.14a): 1) during 1940-1970, dinosterol contents were relative stable, with an average of 52.9
ng/g; 2) during 1970-2011, dinosterol contents increased gradually, including a slow increasing trend during
1970-1997 (RSI: 0.6, 0.5; average contents: 75.6 ng/g and 93.5 ng/g) and a fast increasing trend during 1997-
2011 (RSI: 1.6 and 0.7; average contents: 126.6 ng/g and 162.7 ng/g). These results are consistent with the
increased temperature and terrestrial input.
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Figure 3.14. Profiles of phytoplankton records (a: brassicasterol contents; b: dinosterol contents). The solid lines show shift
trends assessed by sequential t-test analysis of regime shift and numbers are regime shift index (RSI).

Principal component analysis (PCA)

PCA was performed on the original data of the four proxies (Fig. 3.15). The first two principal components (PC1
and PC2) were responsible for 82.2% of the total variance. PC1 accounted for 57.7% of the total variance, with
high positive loadings on phytoplankton biomarkers (brassicasterol and dinosterol) and TEXss" temperature. In
addition, TEXss" temperature showed significant correlations with phytoplankton biomarkers (coefficient of
0.56 for brassicasterol and 0.55 for dinosterol, p<0.01), indicating importance of SST on the phytoplankton
biomass increase. PC2 accounted for 25.1% of the total variance, with high positive loadings of long chain n-
alkanes contents. In comparison, long chain n-alkanes displayed poor correlations with phytoplankton
biomarkers (brassicasterol: r=0.02, p>0.05; dinosterol: r=-0.09, p>0.05; Table 3.2).



1 4
n-alkanes
(-0.01, 0.99)
0.5
Brassicasteroll
e ST (0.22, 0.0:)
25.1%) 0 (0.78, 0.03)
. Dinosterol
(0.92, -0.09)
0.5 4
-1 T T
-1 -0.5 0 0.5 1
PC1
(57.7%)

Figure 3.15. Plots of proxy loadings on PC1 and PC2 based on principal component analysis. Numbers in
parenthesis correspond to the values of loadings on PC1 and PC2.

Table 3.2. Cross-correlation coefficients for four biomarker proxies.

Brassicasterol Dinosterol n-alkanes SST
Brassicasterol 1
Dinosterol 0.84* 1
n-alkanes 0.02 -0.09 1
SST 0.56* 0.55* -0.01 1

*: Correlation is significant at p < 0.01.

4.3.3 Discussion

Validity of reconstructed proxies

TEXss™ index is suitable for SST reconstruction in tropical or subtropical regions (>15°C) (Kim et al. 2012, Chen et
al. 2014, Hertzberg et al. 2016). It has been applied in some Australian regions (e.g. south-eastern Australia,
west Sumatra) and displayed a good linear correlation with the instrumental annual SST (Smith et al. 2013,
Chen et al. 2014). The warming trend of TEXss" temperature and ERSST in the Cygnet Bay is similar, but there
are some discrepancies in the warming rate (Fig. 3.12). This phenomenon has been reported in previous
studies, e.g., northwest Africa (McGregor et al. 2007), northeast Hong Kong (Kong et al. 2015), shelf of Western
Australia (Zinke et al. 2015). A few factors could lead to the difference between TEXss" temperature and ERSST.
One is the errors from the measurement of ERSST: 1) sporadic SST measurements over the historical period can
result in large uncertainties in ERSST, and thus the accuracy of ERSST is based on a compilation of observational
data (Smith et al. 2008; Woodruff et al. 2011; Kennedy 2014). Observational data in the Kimberley are fewer
than the other regions, due to its remote geographic location; 2) the 2°x2° resolution of ERSST could
underestimate the temperature variability in shallow waters, because the rapid warming rate was more
frequently observed in the nearshore than offshore (Belkin 2009; Lima & Wethey 2012). The other possible
errors are from TEXss" index: 1) The TEXss" temperature using the global calibration has a large calibration error
(2.5°C), which reduce the accuracy of TEXss" temperature; 2) some studies have shown that the TEXse"
temperature may be skewed to specific season due to seasonality in growth or export of Thaumarchaeota
(Leider et al. 2010, Jia et al. 2012, Lii et al. 2014). In general, TEXss" temperature captured the warming trend in



the northwest of Australia, e.g., both observed air and sea temperatures revealed significant warming since the
1950s and accelerated warming rates since the 1980s (Lough 2008, Lough & Hobday 2011); an increase in
episodes of anomalously warm ocean conditions along the western Australian coastline since the late 1990s
which were strongly influenced by the strengthening of the Indonesian Throughflow in response to increases in
Pacific trade winds (Feng et al. 2011, 2015); coral temperature records in the shelf of northwestern Australia
also indicated long-term warming with highest temperature anomalies during 1980s-2010 (Zinke et al. 2015).
Thus, these similar warming patterns suggested the applicability of TEXss" index in our study area.

Long chain n-alkanes have been widely used to evaluate the terrestrial influence to the ocean (Zhao et al. 2006;
Eglinton & Eglinton 2008). In this study, the increasing trend of long chain n-alkanes during 2002-2011 matches
up with the increased rainfall and river discharge after about 1997, although there is a small time-lag (Fig.
3.13). Meanwhile, rapid increases in brassicasterol and dinosterol after about 1997 are in response to the
increased TEXss" temperature and long chain n-alkanes in time scale (Fig. 3.14). Liu et al. (2016) discovered a
significant increasing trend of total carbon and nitrogen contents in the sediment cores in the Cygnet Bay after
2000; and the ranges of carbon and nitrogen ratio and 6%3C indicated that the increased organic matter are
mainly from marine sources. Furnas & Carpenter (2016) found the primary production increase ca. 2-fold in
1990-2013 than in 1960-1962 in the Kimberley Shelf. Thus, there is credible evidence for phytoplankton
biomass increase related to climate change in the Kimberley region.

Phytoplankton biomass in response to warming SST and terrestrial influence

Temperature, salinity, irradiance, and macronutrient concentrations are regarded as the key and fundamental
environmental factors to determine the phytoplankton niches. Recently, statistical analysis of time series data
in the Baltic Sea, North Atlantic Ocean and Caribbean Sea showed that the importance of temperature, salinity
and irradiance for the niches of diatoms and dinoflagellates is even higher than macronutrient concentrations
(GasiGnaité et al., 2005; Irwin et al., 2012; Mutshinda et al., 2013). In this study, a significant concurrent shift
occurred around 1997. Compared with the average values of four proxies before 1997, the average TEXss"
temperature during 1997-2011 increased approximately 1°C, rainfall increased 248.2 mm, brassicasterol and
dinosterol sediment content increased 8.5 and 1.7 times respectively. The PCA indicated that warming
temperature has more significant impact on the increases in diatom and dinoflagellate biomass than terrestrial
input. The driving mechanism of warming temperature on phytoplankton biomass is complicated, e.g., most
results from open sea showed that ocean warming can enhance the vertical stratification, which could reduce
the nutrient supply to the mixed-layer and consequently decline the phytoplankton biomass in surface water
(Richardson & Schoeman, 2004, Behrenfeld et al. 2006, Doney, 2006); however, some cases indicated that
warming temperature can accelerate nutrient recycling by bacteria, and consequently result in phytoplankton
increase (Taucher & Oschlies 2011). In Cygnet Bay, the seawater is well mixed due to the shallow depth (9.8 m)
and strong tidal action all the year round. Thus, the increase of phytoplankton biomass was more possibly
attributed to positive physiological action and fast nutrient turnover. Some studies in northwestern Australia
emphasized a mechanism of ocean-coast interaction that could influence the coastal phytoplankton biomass,
e.g., in the North West Cape, the increase of phytoplankton biomass in coastal waters could be caused by
increased nutrients transport from the deep sea through enhanced upwelling (Furnas 2007); and in Darwin
Harbour, Burford et al. (2008) found that the oceanic inputs of nutrient to the estuary were a primary
contributor according to calculated nutrient budget. However, due to a lack of observational data, the
mechanism of the ocean-coast interaction in the Kimberley needs further exploration.

The sediment core analysis reveals not only the increased phytoplankton biomass since 1997 but also the
different shifting pattern between diatoms and dinoflagellates. In comparison, dinoflagellates showed an
earlier but slower increasing trend than diatoms (Fig. 3.14). Thompson & Bonham (2011) analyzed the
phytoplankton communities collected during a 2010 research voyage in the Kimberley region, and found that
the pigment proportion of diatoms in the shallow water (<50 m) was much higher than dinoflagellates. This
supported our result in the upper core. In general, diatoms are favored in the niches with higher
macronutrients, higher turbulence but lower salinity and temperature than the dinoflagellates, and thus,



diatoms often dominate in the coastal and estuarine waters (Margalef 1978, Egge & Aksnes 1992, Hinder et al.
2012, Ajani et al. 2014, Xie et al. 2015). Silicate is a critical, limiting macronutrient for diatom growth but not
for dinoflagellates, and the source of silicate in coastal waters is mainly by riverine input. Thus, increased
riverine input and rainfall often enhance the supply of silicate and decrease the salinity which can provide more
suitable conditions for diatom growth. In this study, diatom and dinoflagellate biomarkers did not display any
correlation with long chain n-alkane (proxy for terrestrial inputs), however the increased river discharge and
rainfall after 1997 provide a mechanism by which conditions after that time favored diatoms over
dinoflagellates.

4.3.4 Summary

Ocean warming can modify the biomass and geographic distribution of phytoplankton on decadal scales.
Significant increases in sea surface temperature (SST) and rainfall in the northwest of Australia over recent
decades is attributed to climate change. Here, we used four biomarker proxies (TEXss index, long chain n-
alkanes, brassicasterol and dinosterol) to reconstruct approximately 60-year variations of SST, terrestrial input,
and diatom and dinoflagellate biomass in the coastal waters of the remote Kimberley region. The results
showed that the most significant increases in SST and terrestrial input occurred since about 1997, accompanied
by an abrupt increase in diatom and dinoflagellate biomasses. Compared with the data corresponding to the
previous decades, the average TEXss" temperature during 1997-2011 increased approximately 1°C, rainfall
increased 248.2 mm, brassicasterol and dinosterol contents increased 8.5 and 1.7 times. Principal component
analysis indicated that the warming SST played a more important role on the phytoplankton increase than
increased rainfall and river discharge.

4.3.5 Conclusions

The paleo-ecological evidence from Cygnet Bay demonstrated that SST and terrestrial input have significantly
increased since 1997 in the Kimberley region, and the biomasses of diatoms and dinoflagellates corresponded
to these changes with an increasing trend. In comparison, warming SST played a more important role for the
phytoplankton increase than increased rainfall and river discharge. The graphical abstract in Figure 3.16
summarises the results.
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Figure 3.16. Graphical abstract summarising the results of the Cygnet Bay reference site cores.



4.4  Addenda for Cygnet Bay Pearl Farm site
The following analyses were carried out late in the project and are included here for completeness.

They add three pieces of information to the analysis given in sections 3.2 and 3.3. Firstly, the patterns in
biomarkers for diatoms and dinoflagellates (Figure 3.17) supports the analysis showing increases in
phytoplankton biomass associated with both pearl farming and climate change. Secondly that the contribution
of terrestrial material as indicated by long chain alkanes (Figure 3.18) and the pattern of temperature increase
(Figure 3.19) are similar between both the farm site (CB1) and the reference site (CB2). Thirdly the comparison
of phytoplankton pigments shown in Figure 3.20 separates the influence of the pearl farm since about 1980
and climate change since about 1999. For both parameters, the increases between the late 1980s and the late
1990s at the farm site (only) are interpreted to be due to the effects of pearl farming while the steeper increase
in both biomarker pigments at both sites from the late 1990s are interpreted as being associated with the
increase in anomalous warming events in the region.
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Figure 3.17. Profiles of brassicasterol (a) and dinosterol (b) contents at CB1 (Cygnet Bay pearl farm site). The solid lines
show shift trends assessed by sequential t-test analysis of regime shift and numbers are regime shift index (RSI).
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Figure 3.18. Profiles of terrestrial records: long chain n-alkanes contents at CB1 (a) and at CB2 (b); annual rainfall at Broome
(c, data from Bureau of Meteorology); Fitzroy River discharge (d, data from Department of Water). The solid lines show shift
trends assessed by sequential t-test analysis of regime shift and numbers are regime shift index (RSI).
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Figure 3.19. Profiles of sea temperature records (a: TEX86H temperature at CB1; b: TEX86H temperature at CB2; c: ERSST
from 1940-2011). The solid lines show shift trends assessed by sequential t-test analysis of regime shift and numbers are
regime shift index (RSI).
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Figure 3.20. Plot of brassicasterol (upper panel) and dinosterol (lower panel) at both the farm site (CB1) and the reference
site (CB2). Units are in ng/g and each line is the measured value in the year given minus the long-term average of the aged
section of the whole core. The figure nicely separates the influence of the pearl farm since about 1980 and climate change
since about 1999. For both parameters, the increases between the late 1980s and the late 1990s at the farm site are
interpreted to be due to the effects of pearl farming while the steeper increase at both sites from the late 1990s are
associated with the increase in anomalous warming events in the region. The high values in both parameters at the farm
site in the late 1980s and 1990s also indicate the very recent (post-2000) high values at the reference site cannot be solely
attributed to degradation of the biomarkers in older sediments.



5 King George River, northern-eastern Kimberley

5.1 Introduction, site description and sample sites

The north-eastern part of the Kimberley region of north-western Australia is one of the world’s remaining
wilderness areas. Sparsely populated by indigenous communities and small tourist operations, access to the
region is largely limited to boat and small aircraft. There had been no previous marine scientific studies of the
area and the need to form an understanding of the biodiversity, habitat distribution and ecosystem function of
this area lead to a study by Keesing (2014) which focused on biodiversity assessment and biophysical
characterization.

Despite the growing popularity of the King George River Falls as a tourist attraction, this section of coastline
remains largely unsurveyed except for a cursory visit by the Western Australian Museum to the upper reaches
of the King George River in 1991 (Morgan 1992). The King George River region includes a full range of typical
habitats; river, sandy beaches, rocky shores, mangroves and an island 8km offshore (Lesueur Islet 1.5 km long x
0.6 km wide) which is surrounded by coral reef. The importance of the area as a tourist destination, its
proximity to aquaculture and hydrocarbon lease areas, the variety of marine and coastal habitats and the
previously unsurveyed nature of the area make it interesting both scientifically as well as from a conservation
management point of view.

In addition, the King George River area was chosen as part of this study as it is significantly influenced by the
seasonal wet season (December to March) dry season rainfall cycle. The large freshwater output into Koolama
Bay from the King George River offered the opportunity to examine the sediment profile influence by the river
and for comparison with an un-named adjacent embayment without direct riverine input.

The following description of marine and estuarine habitats in the area is summarized from Keesing (2014).
Benthic habitats off the offshore area of King George River and Lesueur Island were of two basic types; soft
bottom muddy habitat or filter feeder communities on hard or broken substrates. Soft bottom habitats were
the most abundant feature in the region. Inshore these were primarily mud habitats. Within Koolama Bay the
subtidal benthos was muddy and becoming sandier inshore where sandy beach habitats and rocky shore
habitats occur. Both within the bay proper and in the small bay just to the west of Koolama Bay, small creeks
run in an along shore direction behind the beach. During the dry season at least, these are largely lagoon
features. The mouth of the King George River transitions from the sandy beaches of Koolama Bay to riverine
mangrove habitats. These too are surprisingly sandy rather than the heavy muddy mangrove habitats found
elsewhere in the Kimberley. Just inside the mouth of the river a large mangrove creek leads off to the east.
Small beds of the seagrass Halophila decipiens occur in this area. As the river bends some 4.5 km up stream
there are extensive stands of mangroves. Here the river is at its widest, about 800m. The mangroves along the
river are principally Avicenia and Rhizophora. The river is walled with towering red-orange sandstone cliffs on
each side and along the length of the river there is rocky habitat of either sheer cliff or rocks that have
accumulated at the base of the cliff. The King George River branches to the east, at about 4.5 km from the
mouth, for a further 2km where there are further mangrove stands and a waterfall. The main section of the
river turns west and then south, again mangrove stands have developed at each bend in the river. The last
significant mangrove stand occurs at about 10 km from the mouth. Just past this point the river is at its
narrowest below falls section (about 120 m wide) and from there it is about 2.7 km to the majestic twin falls.
The water depth at the base of the falls is about 80m

Core sampling was undertaken in June 2013. Sediment cores (ca. 1.2 m long) were taken from 3 sites in the
King George River region (Figures 4.1 and 4.2). Two in Koolama Bay (sites KGR1 in 5m depth and KGR2 in 11 m
depth) within direct influence of the outflow of the King George River and another from a reference site with
similar aspect (site KGR 3 in 11 m) in an unnamed bay, two bays to the west of Koolama Bay where there is
minimal riverine input and outside King George River catchment (Figure 4.3). In general, we would expect the
historical sediment record in Koolama Bay to reflect catchment wide inputs to the marine environment and for
the reference site (KGR 3) to reflect a less variable biogeochemistry dominated by marine influences. Given the



potential for riverine input to scour the seabed and disrupt sediment profiles we did not proceed with any
analysis on cores from site KGR1.
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Figure 4.1. Google Earth imagery showing location of King George River sampling sites and mangrove habitats
where King George River opens in to Koolama Bay.



Historical resconstructions of water quality in the Kimberley

Figure 4.2. Map showing sampling sites (A ) in Koolama Bay in King George River (site KGR2) and an unnamed Bay to the
west (site KGR3).
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Figure 4.3. King George River catchment.

5.2 Impact of river flows and climate change on coastal water quality and sediment

5.2.1 Core chronology

The profiles of 22°Pbex concentrations and sedimentation rates in KGR2 are shown in Figure 4.4a and b. An age-
model has been obtained using the CRS model with a time span of 1880-2013 over the top 20 cm. According to
this model, the sedimentation rate during the first half of the 20th century was about 0.03-0.04 g cm™ yr?,
increasing by about a factor of 2 during the following decades. The 2°Pb profile in the upper part of the
sediment core seems to indicate a certain degree of mixing.

The profiles of 21%Phey concentrations in KGR3 are shown in Figure 4.4c. The profiles of 2!° Pbex concentration
provides evidence of mixing of the upper 14 cm of the sediment core, which precludes the determination of an
age-model using the CRS model. The CF:CS model can be applied below the mixed layer to obtain an upper
limit of the sedimentation rate for the 14-30 cm section: 0.14 + 0.02 g cm™ yrl. Given the relatively large part
of the core that is mixed, this sedimentation rate could be overestimated by about 25%. This sedimentation
rate can be extrapolated to the upper 14 cm of the core if desired, although without certainty. In doing so, the
upper 14 cm would correspond to the sediments accumulated since the early late 1970s.



Depth 210Pb, (Bq kg 1) Sedimentation rate (g/(cm? y))  Depth 210, (Bq kgt)

Cm o9 200 400 600 0 0.2 0.4 Cm) 50 200 400 600
0.0 L + ) L ) 0.0 4
20 4
5.0 -
40 4
6.0
100
80
10.0 - ] 150
12,0 -
200 -
14.0 -
16.0 -
250 A
180 -
20,0 - @) ] ) 300 ©

Figure 4.4. Profiles of 219Pb,, and sedimentation rates at KGR2 (a, b), and 21%Pbe, at KGR3 (c) (error bars denote standard
deviation).

5.2.2 Sediment grain size

The median grain size (dso) in the sediment cores vary at a range of 6.6-19.9 um at KGR2 (Figure 4.5a) and 7.8
to 21.9 um at KGR3 (Figure 4.5c), respectively, indicating that the sediment type was sandy silt. In a spatial
comparison, dsobetween the two sites displayed different trends over time (Figure 4.5a, c). At KGR2, sediments
became coarser with decreasing clay, particularly in the upper section of the core (Figure 4.5b), whereas at
KGR3, the variation in dso showed slight changes with the sediments consist of homogeneous sand (mean of
12%), silt (mean of 63%) and clay (mean of 25%) (Figure 4.5d).
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Figure 4.5. Profiles of grain sizes at KGR2 (a, b) and KGR3 (c, d), showing median values (dsp) and the proportions of clay, silt
and sand. Upper panel shows the whole core and the lower panel just the aged section.

5.2.3 Geochemical parameters

The chronological variations of TOC, TN, C/N, 63C, 8'°N, and long chain n-alkanes (C27+C29+C31) at KGR2 are
shown in Figure 4.6. TOC and TN contents (Figures 4.6a, b) vary from 0.49% to 0.91% and from 0.03% to 0.10%,
respectively. Both TOC and TN display an increasing trend over time. §3C values and C/N ratios range from -
29.2 to -21.2%o and 9.6 to 24.1 at KGR2, respectively (Figures 4.6c, d). The variation trend of C/N ratio is
synchronous to the 8'3C profile, with positive §13C values corresponds well to the low C/N ratio. The §3C and
C/N ratio trends indicate a significant increase in proportion of marine organic carbon, which shift from a phase
with terrestrial dominance to a phase with a marine and terrestrial mixture in the upper 40 cm. The 6N values
range from 3.6 to 5.7%o, with a slight decreasing (Figure 4.6e). It is clear that the 8§'°N values displayed
relatively small variations and fell into a range of typical marine nitrate (3 to 5%o), indicating low anthropogenic
impact. The long chain n-alkanes (C27+C29+C31) range from 76.2 to 178.5 ng/g TOC and are relatively stable with
small oscillations, indicating stable terrestrial material input (Figure 4.6f).

The chronological variations of TOC, TN, C/N, 8'3C, 8°N, and long chain n-alkanes (C27+Cae+C31) at KGR3 are
shown in Figure 4.7. TOC range from 0.45 to 1.10%, with an average of 0.68% (Figure 4.7a), and TN vary
between 0.04 and 0.12%, with an average of 0.06% (Figure 4.7b). 6'3C values and C/N ratios range from -28.2
to -21.9%o0 and 9.1 to 25.8 at KGR3, respectively (Figure 4.7¢c, d). Most 6°N values were within 3%o to 5%o. The
long chain n-alkanes (C27+C29+Cs1) range from 66.3 to 311.7 ng/g TOC (Figure 4.7f). Both temporal trends and
absolute values of these geochemical parameters are similar to KGR2, indicating that the two sites experience
similar environmental conditions.



813C(%) S5N(%)

Depth TOC (%)
(em) o 5 07 09 0.02
0 i J

20

40

60

80

100

120 a J b ] . J d J .

Year TOC (%) TN (%) oN 3150(%) 31N(%)
07 08 09 1007 009 011 9 11 13 24 23 2235 4 45

" .t

iE A

I ] - ]
T ¢

~ i — |

2010 +

2000 -

1990 A

1980 +

o
N

1970 A

1960 -

1950

1940

1930 A

1
.

1920
1910 { | .

1900 4 | R

1880 | -

/
I
|
| |
1890 - 8 |l 1 ] / J

1870 J ] ]

Figure 4.6. Profiles of geochemical parameters at KGR2 (a: TOC; b: TN; c: C/N; d: 613C; e: §15N). Upper panel is the data
from the full cores and the lower panel is for the aged section only. The solid lines show shift trends assessed by sequential
t-test analysis of regime shift and numbers are regime shift index (RSI). The cut-off length (I) was set to 10 for upper panel

and 5 for lower panel.
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Figure 4.7. Profiles of geochemical parameters at KGR3 (a: TOC; b: TN; c: C/N; d: 83C; e: 61°N; f: n-alkane). Upper panel is
the data from the full cores and the lower panel is for the aged section only. The solid lines show shift trends assessed by
sequential t-test analysis of regime shift and numbers are regime shift index (RSI). The cut-off length (l) was set to 10 for
upper panel and 5 for lower panel.

5.2.4 Temperature proxies

TEXss" temperature estimates vary from 26.1 to 29.4°C at KGR2 and from 26.2 to 28.8°C at KGR3 (Figure 4.8a,
b). Both the absolute values and temporal variations are in agreement in the two cores. TEXss" temperature



display higher values in 125-60 cm, followed by low values in 60-30 cm, and increased to ca. 28°C in 30-0 cm.
For the aged section of the cores the temperature indicated in both cores has fluctuated around 28°C since the
1940 and prior to that time it was higher in KGR2 and lower in KGR3.
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Figure 4.8. Profiles of TEXge" reconstructed temperature at KGR2 (a) and KGR3 (b) and ERSST (c) obtained from the Asia-
Pacific Data-Research Center (http://apdrc.soest.hawaii.edu/, location: 14°S, 126°E). Upper panel is the data from

the full cores and the lower panel is for the aged section only. The solid lines show shift trends assessed by sequential t-test
analysis of regime shift and numbers are regime shift index (RSI). The cut-off length (l) was set to 10 for upper panel and 5

for lower panel.


http://apdrc.soest.hawaii.edu/

5.2.5 Terrestrial influence proxies

The annual rainfall in Kalumburu varies from 629.9 to 1836.3 mm, with relatively large fluctuations around
1200 mm (Figure 4.9c of lower panel). The long-term average from 1940 is 1212 cm. Long chain alkanes, an
indicator of terrestrial plant inputs was measured along the length of the core and showed a significant
increase in the top 25-30 cm (last 100 years or so) at both sites (Figure 4.9 upper panel), relative to the deeper
parts of the cores. Over the depth of the more recent (aged) profile in the core, there was no pattern or trend
except for one very large temporary increase in the 1960s at KGR 3 (Figure 4.9b of lower panel).
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Figure 4.9. Profiles of terrestrial records: long chain n-alkanes contents at KGR2 (a) and at KGR3 (b); annual rainfall at
Kalumburu (c, data from Bureau of Meteorology); Drysdale River discharge (d, data from Department of Water). Upper
panel is the data from the full cores and the lower panel is for the aged section only. The solid lines show shift trends
assessed by sequential t-test analysis of regime shift and numbers are regime shift index (RSI). The cut-off length (I) was set
to 10 for upper panel and 5 for lower panel.



5.2.6  Phytoplankton proxies

Biomarkers are reported as both raw values and normalized to sedimentary TOC content to eliminate the
effects of degradation. TOC normalized (nanograms of biomarker per gram of TOC in sediments) brassicasterol
and dinosterol content at KGR2 range from 32.1 to 239.3 ng/g TOC and 67.8 to 341.1 ng/g TOC, respectively,
and display similar increasing trend over time (Figure 4.10a, b). Both brassicasterol and dinosterol contents
show low values in 60-120 cm, start to increase from 50 to 20 cm, and stay high values in the top 20 cm. While
BSi contents display different patterns with biomarkers, with some high values around 80 cm and then an
increase trend in the upper 30 cm (Figure 4.10c).

TOC normalized brassicasterol and dinosterol content at KGR3 range from 26.8 to 384.3 ng/g TOC and from
41.0 to 297.4 ng/g TOC, respectively (Figure 4.11, b). BSi contents range from 0.78 to 1.48%. Both biomarkers
and BSi contents show consistent increasing trend over time (Figure 4.11c). When compared with KGR2, there
is a clear similar pattern of biomarkers contents, however, a different pattern of BSi in the two cores. The
different behaviours of BSi suggest that other processes besides phytoplankton productivity could affect the
BSi content in our study area.
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Figure 4.10. Profiles of brassicasterol (a) and dinosterol (b) content; (c) BSi content at KGR2. Left panels show the raw values
in ng/g dry sediment. Right panels show the Total Organic Carbon corrected data (ng/g TOC) Upper panels are the data
from the full cores and the lower panels are for the aged section of the cores only. The solid lines show shift trends
assessed by sequential t-test analysis of regime shift and numbers are regime shift index (RSI). The cut-off length (I) was set

to 10 for upper panel and 5 for lower panel.
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Figure 4.11. Profiles of brassicasterol (a) and dinosterol (b) content; (c) BSi content at KGR3. Left panels show the raw
values in ng/g dry sediment. Right panels show the Total Organic Carbon corrected data (ng/g TOC) Upper panels are the
data from the full cores and the lower panels are for the aged section of the cores only. The solid lines show shift trends
assessed by sequential t-test analysis of regime shift and numbers are regime shift index (RSI). The cut-off length () was set
to 10 for upper panel and 5 for lower panel.

5.2.7 Discussion

Differences in the age profile between the cores make comparisons difficult but there are a number of
consistencies between the cores at the two sites KGR2 (Koolama Bay) and KGR3 (western bay). Total organic
carbon (TOC), total nitrogen (TN), §*3C, brassicasterol and dinosterol all increased over the length of the cores.
Long chain alkanes and 6N showed little change through the length of the cores at both sites. Biosilicate
increased over time at KGR3 but at KGR2 the increase was mainly in the top 30cm. Conclusions that can be
drawn from the alkanes, 8'3C, and C/N trends are that marine carbon sources of carbon production have
increased over time while the importance of terrestrial inputs has remained stable. The TOC (0.9-1.0 %), 8§*3C (-
23) and C/N values (10-11) near the surface of our cores indicate a mix of marine and terrestrial carbon sources
and are similar to those found by Abballe (2012) in nearshore samples of surface sediment the Arafura Sea. The
other relevant study in this region is that of Volkman et al. (2007). While their Ord River study was mostly of
estuary, their most “marine” sites showed 8'3C values of -14 to -20 indicating marine sources of carbon while
values further up the river showed a transition of mixed marine and terrestrial inputs to a §:3C minimum of -28
consistent with terrestrial sources more than 40 km upstream. The 8'°N data in our study indicates there is no
evidence of anthropogenic nitrogen increasing.



Increases in brassicasterol, dinosterol and biosilicate are all consistent with increasing phytoplankton biomass.
Sediment diagenesis can affect temporal variations in organic matter and some biomarkers in sediments (Sun
and Wakeham, 1994) although sterols such as those used here are regarded as being very stable (Volkman
1986). In addition, in our results, phytoplankton biomarker trends were in agreement with variation trends of
C/N and 83C in the same cores, which indicate an increasing contribution of marine organic matter at the same
time the biomarkers indicate an increasing biomass of marine phytoplankton. These comparisons suggest that
preservation changes were not the main cause of the temporal variations of biomarker contents, instead, their
increasing trends mainly reflect phytoplankton biomass variation. In-situ primary production measurements by
Furnas (1996) showed 2-fold increase post-1990 than in the 1960s (Furnas and Carpenter 2016) although these
authors were cautious of their result and concluded that changes in measurement methods over time could
have occurred which could be responsible for the trend observed.

Unlike at Broome where rainfall has increased by 40% off its long-term average since 1997, rainfall at
Kalumburu has been relatively stable since 1940 with only a 6.8% increase since 1997. At KGR2 only Biosilicate
was correlated with averaged rainfall (p=0.049), which is intuitive, given that river runoff is the major source of
biosilicate inputs to coastal waters. There were insufficient data points to compare parameters at KGR2 with
Drysdale River discharge. For KGR3 there were no significant correlations between Drysdale River discharge
and any of the biogeochemical or biomarker parameters. Only Brassicasterol was correlated with averaged
rainfall with a one-year lag (p=0.045) or two-year lag (p=0.032). Multiple regression analyses using models of
TEXss" combined with rainfall did not provide any greater predictive capability. Few parameters measured were
correlated with TEXss" temperature over the full length of the cores. Brassicasterol was weakly correlated with
TEX86 at KGR3 (p=0.039) but not at KGR2 (p=0.348)

We expected to find that the KGR2 site in Koolama Bay would show significant differences over KGR3 due the
presumed influence of the King George River at KGR2. With the exception of a significant relationship between
biosilicate and rainfall at KGR2 and not KGR 3, in fact we found no evidence that the two sites differed greatly,
at least not in ways attributable to increased freshwater flows. This may have been due to low sedimentation
rates and poor core preservation, however the trends in sediment parameters unrelated to terrestrial input
were evident. Both sites showed evidence of increased phytoplankton biomass over time. Although
correlations were weak (this may have been due to low sedimentation rates), the increasing trends in
biomarker pigments occurred over the same period as increases in temperature indicating that, consistent with
what we found at both Cygnet Bay and at Broome, that increased phytoplankton biomass has occurred over
the same period as anthropogenic ocean warming.

5.3  Black carbon and its relationship to bush fires in the KGR catchment

5.3.1 Introduction

“Black carbon (BC)” or elemental carbon is produced exclusively from incomplete combustion of biomass and
fossil fuels, and is ubiquitous in the environment. BC can be classified into two subtypes, i.e., char and soot.
Although char and soot are both produced from combustion activities, different sources contribute different
proportions of char and soot to total BC. Biomass burning during a bush fire generates a much higher
percentage of char than soot, with a char/soot ratio of >5-10, while motor vehicle exhausts have a ratio of
char/soot typically lower than 1 (Han et al., 2015). In remote area catchments like in the Kimberley, we would
expect very low levels of soot relative to char.

In general, both aromatic char and soot are resistant to decomposition so they will persist in sediments, making
BC a good proxy of environmental variability. BC from bushfires can make its way into marine sediments in two
pathways; it can settle from the atmosphere and it can be transported from the site of the fire through river
runoff. Thus, the amount of BC in coastal sediments will depend not only on the extent of fires but also of
rainfall and other factors affecting runoff.



The preliminary results presented here are from a pilot study to examine the potential for using BC analyses of
coastal marine sediment archives to reconstruct the time course of, or at least reflect the temporal variability,
in bushfires in the Kimberley. In this case we are using the King George River catchment (Figure 4.3) as an
example. We would only expect the results to be applicable to the King George River catchment, not the
Kimberley as a whole. The results of the BC analyses are matched to the very recent record (2000 to 2013) of
area burnt in the catchment. Additional information about rainfall and river discharge is also considered,
although for this study, the nearest rainfall data we were able to obtain was from Kalumburu which is in the
King Edward River Catchment and the only river discharge data was from the Drysdale River. These types of
data are only sparsely collected in the Kimberley and records are often incomplete or discontinuous.

5.3.2  Results and Discussion

Black carbon (BC) concentrations varied from 0.4 to 1.2 mg/g of sediment (Figure 4.12). This is within the range
expected based on other studies on marine sediments in coastal waters (Fang et al. 2015) and the range is
significant providing encouragement that we can infer significant changes over time. Less than 10% of the BC is
soot, meaning, as expected, that biomass burning is contributing the majority of the BC present. The main
source of BC in these sediments can be expected to come from fires burning within the King George River
catchment (or nearby if atmospheric deposition is important).

Figure 4.12 shows significantly elevated concentrations of BC in the top 23 cm. This increase, from about 0.60
to 0.85 mg/g BC, is observed at a depth outside the section of the core which can be aged with confidence, but
based on sedimentation rates it would have occurred around 1850. Below this, BC concentrations vary little
down to about 90 cm depth. We have not aged sediments this deep in the core. The aged section of the core
(Figure 4.13) shows peaks of 0.94-1.1 mg/g BC in 1974, 1980, 1996, 1999, 2010 and 2012 and lows of 0.69-0.76
mg/g BC in 1986, 2002 and 2006. These years are best regarded as approximations given uncertainties in
sediment ages.

There is good reason to expect that the amount of black carbon (BC) in coastal sediments will be influenced by
the extent of fires in the relevant catchment, rainfall and/or river discharge. We looked for correlations
between BC and these potential explanatory factors and used multiple regression analyses to determine if any
combination of these explanatory factors could explain the amount of BC in the sediment cores. Each of these
factors was analyzed over the extent of the record, for example bush fire data was only available from 2000
while rainfall data was available from 1940. Multiple regression analysis only included data for the shorter
period in any pairwise comparison. In order to match explanatory factor data to the years for which BC data
was available an average which matched the time between BC measurements was used. For example, BC data
was available for 2010 and 2012 so the BC data for 2012 was compared with average rainfall and area burnt
from 2011 and 2012. Lag periods of 1 and 2 years were also examined.

There were no significant correlations between BC in sediments and an explanatory variable examined. The
variable with the highest positive correlation with EC was early season area burnt with a one-year lag (R*=
0.546, p=0.058). Multiple regression analysis showed that a model incorporating early season area burnt (with
a one-year lag, i.e. the year before) and rainfall explained a significant amount of the variability in BC (R?=0.812,
p=0.035). This result is intuitive but needs to be regarded with caution as the sample size is small (bush fire
data matched to BC from 2002-2013, Figure 4.14) and the rainfall record is from an adjacent catchment.
Nevertheless, the result is encouraging and suggests that a study which sought to optimize the spatial and
temporal matching of good time series of explanatory data (area burnt and rainfall) and a sediment core
location with a good sedimentation rate and good age preservation would yield results which can be regarded
with greater confidence.

In determining a potential site for more work, we consider the King Edward River catchment as offering high
potential. This catchment has a good rainfall record at Kalumburu (since 1940), it has a very large catchment
area (84,000 km?) and a much larger area burnt each year (> 600,000 ha compared to <250,000 in King George
River). Lastly, the King Edward River flows into a semi enclosed embayment (Napier Broome Bay), which will



offer the likelihood of a higher sedimentation rate and less sediment disturbance. Cambridge Gulf is also

another location with characteristics that offer the likelihood of a successful application of these techniques.
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Figure 4.12. Profiles of (a) Black Carbon [EC], (b) Char, (c) Soot in mg/g and (d) ratio of Char to Soot in the Koolama Bay
sediment core. Years are indicated for the aged section of the core. The line shows shift changes assessed by sequential t-
test analysis of regime shift, and the corresponding regime shift index).
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Figure 4.13. (a) Profile of Black Carbon (EC) in mg/g in the aged section of the Koolama Bay sediment core, (b) rainfall
records for Kalumburu, (c) Drysdale River discharge records.
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Figure 4.14. Burnt area calculated from fire scars in three Kimberley catchments. Boundaries for the areas calculated for the
King George River and the King Edward River catchments are shown in Figure 4.15. EDS is early season fires (January to
June) and LDS is late season fires (July to December) Source: North Australian MODIS burnt area imagery mapping by
month 2000 — 2016. Data downloaded from http://www.firenorth.org.au/nafi3/ analysis undertaken by Janine Kinloch
and Georgina Pitt, Remote Sensing and Spatial Analysis Section, GIS Branch, WA Department of Parks and Wildlife. Note our

King George River cores were collected in June 2013.


http://www.firenorth.org.au/nafi3/

King Edward River,

Mitchell Rive

Drysdale River Boundary of Fire Scar Assessments
| ] Catchment boundary

Drainage Line
Fire Management Projects
50 Kilometers North Kimberley Fire Abatement Project®
m Landscape Conservation Initiative

Figure 4.15. Map of northern Kimberley showing the boundaries of the areas within the King George River and the King
Edward River catchments from which the burnt areas calculated from fire scars shown in Figure 4.14.



6 Broome, southern Kimberley

6.1 Introduction, site description and sample sites

Broome is located on Roebuck Bay adjacent to Dampier Creek and offered the opportunity to investigate
sedimentary records for a Kimberley site potentially influenced by human activity signals typical of a coastal
city. In this case we focused on a comparison of two sites, the first potentially influenced by Broome’s historical
and recent anthropogenic inputs via Dampier Creek, which carries urban runoff into the bay as well as direct
intentional or accidental inputs from other sources (such as the wastewater treatment plant, the abattoir and
the golf course) (see Figure 5.1), and a second in the south-eastern part of Roebuck Bay which was to serve as a
reference site.

Cores were collected from about 15m depth at two sites in Roebuck Bay (Figure 5.2). Four cores were collected
at site 1. At site 2, loss of the coring gear meant only two cores were collected. Site 1 is directly within the
influence of Dampier Creek and close to a number of industrial sites to the south of the city. Site 2 was selected
to be remote to this influence in a similar depth but is not a perfect reference site, as it is influenced by the
Cape Leveque coastal basin catchment on Dampier Peninsula (Figure 5.3) to a greater extent than is Site 1
given that Dampier Creek receives little input from the Cape Leveque coastal basin catchment. Nevertheless,
there is little if any industrial influences in the part of the catchment which delivers water into the creeks along
the eastern coast of Roebuck Bay (Figures 5.1 and 5.3).
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Figure 5.1. Google Earth image of Broome and Roebuck Bay showing sampling sites and locations of industrial sites of
interest to water quality studies. Core sampling sites in Roebuck Bay. The northern site (site 1) sits within the influence of
Dampier Creek and Broome city while the southern site (site 2) is the reference site. Note the differing influence of the

different catchments on the two different sites.
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Figure 5.2. Core sampling sites in Roebuck Bay. The northern site (site 1) sits within the influence of Dampier Creek and
Broome city while the southern site (site 2) is the reference site.
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Figure 5.3. The Cape Leveque coastal basin showing catchment influence on the eastern shore of Roebuck Bay to a greater
extent than Broome itself.



6.2 Results

6.2.1 Core chronology
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Figure 5.4. Profiles of 219Pb,, and sedimentation rates at Broome1 (a, b) and at Broome2 (c, d) (error bars denote standard
deviation).

The 21%Pbex depth profiles and sedimentation rates in Broome cores are shown in Figure 5.4. A thin mixed layer
of the top 4 cm is observed in Broome?2. In core Broomel, sedimentation rates range from 0.05 to 0.29 g cm™2y’
! with a mean value of 0.18 g cm’y’’. In Broome2, sedimentation rates range from 0.02 to 0.22 g cmy™, with a
mean value of 0.14 g cm?ytand an increasing trend over time. The results of the CRS model applied to the
Broome cores is shown in Figure 5.5. Broome 1 was aged between 2012 at 1cm and 1904 at 28 cm. Broome to
was aged between 2003 at 4 cm and 1903 at 21 cm.
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Figure 5.5. Comparison of age profiles from the CRS 21°Pb model applied to the two Broome cores.

6.2.2 Sediment grain size

Contents of sand (64 um) in Broomel varied between 65-70% for most of the upper section of the core to
60cm, although some relative minima about 40% (2-4 and 14-16 ¢cm) and maxima about 80% (7-10 cm) were



present. The same pattern was observed for dso, averaging 100 um along the upper 50 cm but varying between
75 um and 135 um in the upper part of the core. Contents of sand (64 um) in Broome2 increased from 69% to
75% in the upper 50 cm, and then varies between 75-80% below 50 cm. This corresponds to a sustained
increase of dso from surface (ca. 120 um) to around 50 cm (ca. 200 um), where it remains approximately
constant below 50 cm (Figure 5.6).
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Figure 5.6. Profiles of grain sizes through the entire core profile at Broomel (a, b) and Broome2 (c, d), showing median
values (dso) and the proportions of clay, silt and sand. Upper panels are shown against the aged section of the core and the
lower panels are shown for the full depth range of the core.

6.2.3 Geochemical parameters

The chronological variations of TOC, TN, C/N, §13C, and 6°N at Broomel1 are shown in Figure 5.7. TOC vary from
0.23% to 0.79% (Figures 5.5a). Large oscillations are observed in the upper 30 cm, and are relative stable below
that layer. TN contents vary from 0.03% to 0.09% (Figures 5.7b), with a slight increasing trend in the upper
layer. C/N ratios range from 4.9 to 17.9 (Figures 5.7c) and high values are observed in 50-80 cm. §*3C values



range from -20.3 to -17.9%. (Figures 5.7d) and show stable changes, except for some low values in 80-100 cm.
The 8N values range from 4.4 to 13.3%o (Figure 5.7e). 6°N display relatively higher values than that in
northern Kimberley, indicating possible anthropogenic impact.

The chronological variations of TOC, TN, C/N, 8'3C and 8'°N at Broome2 are shown in Figure 5.8. TOC vary
between 0.28 and 0.90%, with an average of 0.49% (Figure 5.8a); TN vary between 0.04 and 0.12%, with an
average of 0.06% (Figure 5.8b). Both TOC and TN show an increasing trend in the upper 10 cm. 6%3C values
range from -19.2 to -17.4%o; C/N ratios range from 7.2 to 10.3; and 8N range from 7.1 to 10.3 (Figure 5.8c, d,
e). These geochemical parameters all exhibit no clear trend and slight variations in this core.
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Figure 5.7. Profiles of geochemical parameters at Broomel (a: TOC; b: TN; c: C/N; d: 83C; e: 61°N;). Upper panels are shown
against the aged section of the core and the lower panels are shown for the full depth range of the core.
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Figure 5.8. Profiles of geochemical parameters at Broome2 (a: TOC; b: TN; c: C/N; d: §13C; e: 6°N;). Upper panels are shown
against the aged section of the core and the lower panels are shown for the full depth range of the core.

6.2.4 Temperature proxies

Significant increases in temperature were detected in both cores from the mid-1990s (Figure 5.9), however the
core from Broome 2 also shows a slight but significant reduction near the end of the 2000s.
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Figure 5.9. Profiles of TEXge" temperature at Broomel (a) and Broome2 (b). The left two panels are shown against the aged
section of the core and the two right panels are shown for the depth of the core the analyses were applied to.

6.2.5 Terrestrial influence proxies

Annual rainfall in Broome

The annual rainfall in Broome fluctuates from 132 to 1496 mm (Figure 5.4) and shows a slight increasing trend
during 1941-2011. STARS detected a small shift after 1997, with an increase of approximately 40-50 mm per
decade. From 1942 to 1997, Broome rainfall averaged 554 mm per year. From 1997 to 2016 this has increased
41 % to 780 mm. Long chain alkanes, which are derived from land plants and are an indicator of terrestrial
input, increased in Both Broome 1 and 2 cores in the late 1990s.
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Figure 5.10. Profiles of terrestrial records: long chain n-alkanes contents at Broome1l (a) and at Broome2 (b). The left two
panels are shown against the aged section of the core and the two right panels are shown for the depth of the core the
analyses were applied to. Rainfall records for Broome airport (Bureau of Meteorology) are also shown with the lines
showing shift changes assessed by STAR, and numbers showing regime shift index (RSI).



6.2.6  Phytoplankton proxies

Brassicasterol, dinosterol and alkenones are proxies for biomass of diatoms, dinoflagellates and haptophytes
respectively. In the Broome 1 core all three biomarkers show an increasing trend from the late 1990s (Figure
5.11. Brassicasterol in particular shows an abrupt, significant increase from 1997. Both dinosterol and
alkenones increased significantly after 2000 (Figure 5.11). In the core from Broome 2 all three biomarkers also
increased significantly with brassicasterol and dinosterol increasing significantly in the early 1990s and then
again in the mid-2000s.
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Figure 5.11. Profiles of (a) brassicasterol, (b) dinosterol, and, (c) alkenone at Broomel. The left three panels are shown
against the aged section of the core and the two right panels are shown for the depth of the core the analyses were applied

to.
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Figure 5.12. Profiles of (a) brassicasterol, (b) dinosterol, and, (c) alkenone at Broome2. The left two panels are shown
against the aged section of the core and the two right panels are shown for the depth of the core the analyses were applied

to.



6.3  Discussion

6.3.1 Impact of Broome city runoff and industrial discharges on coastal water quality and sediment
characteristics

Broome is the largest population center in the Kimberley and in 2015 had a population of 17,000 people
(Australian Bureau of Statistics) although during the tourist season this swells significantly. Issues of
significance from a water quality point of view in Broome are the discharge from Dampier Creek which carries
much of the runoff from the city, the Waste Water Treatment Plant (WWTP) and the golf course which are
both close to the coast on the western side of the city. The annual flushing of Dampier creek each wet season
(Late December or January to March carries a significant amount of nutrients into Roebuck Bay with the first
30% of runoff contributing 40-70 of total nutrient exports (Gunaratne et al. 2016). This means the majority of
nutrients will discharge in January in most years. The WWTP (Figure 5.13) has been the source of controversy
recently amid claims that sewage has been leaking from one or more of the bonds into Roebuck Bay
(www.abc.net.au/news/2016-11-30/broome-marine-park-sewage-pollution-contested/8079620). The
Broome golf course has used recycled wastewater from the WWTP for 20 years and there are concerns this has
led to contaminated ground water (www.abc.net.au/news/2015-08-05/potential-groundwater-

contamination-at-broome-golf-course/66741407?site=kimberley). This as well as unutilised nutrients from
the irrigation are another potential sourced of nutrients entering Roebuck Bay. There was also a meatworks

and abattoir which drained effluent into Roebuck Bay (Figure 5.1). The Derby Meat Processing Company and
Demtel (from 1976) processed up to 50,000 head per year and operated between 1939 and 1983 when it
closed due to the live cattle export trade (Source Heritage Council Government of WA
inherit.stateheritage.wa.gov.au/Public/Inventory/Details/47cd2966-f06a-413b-bc35-fc7ebac727ae)

Levels of ®Nitrogen an indicator of anthropogenic nitrogen increased gradually, but significantly at site Broome
1 from about 1960 (20 cm core depth, Figure 5.7) although it should be noted that the highest levels reached
near the surface at about 2010 had occurred previously much deeper in the core (56-71 cm and 97-110 cm).
Nevertheless, the trend of increasing *°N since 1960 is very significant (Figure 5.7) and when compared with
reference site (Broome 2) are highly suggestive of a real increase in anthropogenic nitrogen at Broome 1.
Firstly, at both sites the total nitrogen increased significantly since about 1990 — 2000 while the *N at Broome
2 varied little over the period since 1960 (Figure 5.7). Secondly the ratio of °N at the two sites shows a
significantly increasing linear trend at Broome 1 since 1959 (R?=0.683, p<0.0001) and that since 1980 '°N levels
at site Broome 1 have been higher than at Broome 2 (Figure 5.14). Over the same period the relative
proportion of Total Nitrogen was less at Broome 2 (Figure 5.14). Coprostanol, a biomarker of sewage was at
levels close to detection in the samples and thus there was no evidence of significant sewage pollution
detected in the cores.

Concerns of pollution affecting the ecology of Roebuck Bay have been highlighted since the annual (wet
season) blooms of the blue green algae Lyngbya cf. majuscula began in 2005 (Estrella et al. 2011, Estrella 2013)
and these authors also cite evidence of anthropogenic nitrogen levels were high enough to be detected in algae
from Roebuck Bay. Lyngbya is not limited by nitrogen but is known to respond to phosphorus and iron
enrichment. We did not measure these nutrients in our cores.

Cores taken within the intertidal area closer to Broome Town Beach may be more instructive as to both the
time course of nutrient pollution and the history and spread of Lyngbya through the use of specific biomarkers
for cyanobacteria such as zeaxanthin (Bianchi et al. 2000).
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http://inherit.stateheritage.wa.gov.au/Public/Inventory/Details/47cd2966-f06a-413b-bc35-fc7ebac727ae

Historical resconstructions of water quality in the Kimberley

Figure 5.13. Broome Waste Water Treatment Plant (WWTP) as seen from Roebuck Bay. Broome city is to the right (east) of
the picture. The golf course can be seen to the left (west) of the WWTP.

Source: www.abc.net.au/news/2016-11-30/broome-sewage-treatment/8079664
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Figure 5.14. Ratio of Broome 1/ Broome 2 levels of Total Nitrogen and 15Nitrogen over 100 years.
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6.3.2 Climate change impacts on terrestrial inputs and phytoplankton patterns

Climate change has had a significant impact on rainfall and temperature in the Kimberley (Shi et al. 2000, Zinke
et al. 2015). Significantly increased rainfall in the Kimberley as a whole has occurred since the 1950s (Figure
5.15; Shi et al. 2000) and Broome rainfall shows a 41% increase since 1997 with average rainfall of 780 mm
compared with 554 mm between 1940 and 1996 (Figure 5.16).

Ocean temperatures in the northwest of Australia have also risen especially in the last two decades with an
increase in anomalous warm events superimposed on an overall trend of increasing water temperature. (Lough
2008, Zinke et al. 2015, Feng et al. 2015). Temperature reconstructed from the TEXss biomarker is broadly
consistent with this showing an increasing temperature trend over time with this being the clearest in the
Broome 1 core with temperatures increasing from about 1974 and again after 1997 (Figures 5.9 and 5.18).

The coincidence of temperature and rainfall increases since the late 1990s make it difficult to determine which
of these factors may have had the greatest influence on water quality indicators as represented in the
sediment. In addition, Tropical Cyclone (TC) Rosita passed just 15 km south of Broome in April 2000 causing
significant erosion and loss of coastal vegetation along the eastern side of Roebuck Bay and this may have also
influenced our results. (Bennelongia 2009). Figure 5.19 shows that long chain alkanes, an indicator of land plant
derived material, were elevated in Broome 1 core in years following increased rainfall between 1974 and 1982
and again in the late 1990s, albeit with a lag. The increase in alkanes at Broome 2 was more variable but also
increased in the late 1990s. There was a significant correlation between alkanes and TEXss temperature
(p<0.0001) and alkanes and rainfall with a one-year lag (p=0.003) at Broome 1 and between alkanes and rainfall
with a two-year lag (p=0.016) at Broome 2 (Table 5.1). The model which best predicted the alkane profile at
Broome 1 combined TEXss temperature and rainfall with a one-year lag explaining 52% of the variability
(p<0.0001) although the model was not a significant improvement over using TEXss alone as a predictor (Table
5.2), while no model combining temperature and rainfall was significant at Broome 2 (Table 5.2).

Figure 5.20 shows the profiles for biomarkers of diatoms (brassicasterol), dinoflagellates (dinosterol) and
haptophytes (alkenones) along with Total Organic Carbon (TOC) and Total Nitrogen (TN) for both Broome cores
with periods of significant rainfall periods around the late 1970s and 1990s shown on the graphs. At both
Broome 1 and Broome 2, all parameters showed significant increases after the late 1990s coincident with both
temperature and rainfall increases. At Broome 1 dinosterol, TOC and TN showed a possible response to
significant rainfall events around the late 1970s, while at Broome 2 none of the parameters indicated such a
response.

At Broome 1, all five parameters were significantly correlated with TEXss temperature (Table 5.1, p=0.008 to
<0.0001) and all were significantly correlated with Broome rainfall with a one-year lag (Table 5.1, p=0.037 to
0.001). At Broome 2, none of the parameters showed any significant correlation with rainfall or temperature
(Table 5.1). Table 5.2 shows the results of multiple regression analyses on all five parameters and shows that
no model which combined both TEX86 temperature and rainfall improved the prediction which could be
obtained from using TEX86 temperature alone.

In summary, the results from the Broome cores indicate that while increased rainfall since the late 1990s and
the passing of TC Rosita in 2000 is likely to have had an influence on the amount of land based plant material
incorporated into sediments, that increased temperature rather than increased rainfall had the greatest
influence on phytoplankton biomass, TOC and TN. Although the study was limited to two sites in Roebuck Bay,
the consistency of this data with those from the Cygnet Bay and King George River sites suggest that it is likely
that ocean warming in this region has had a significant increase in primary production in the region based on
these results.
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Figure 5.15. Observed annual total rainfall trend (mm) based on the BMRC rainfall data over 1951-2000. Blue colour shows
rainfall increase and red indicates rainfall reduction. Source: Shi et al. 2000).
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Figure 5. 16. Rainfall record for Broome. The solid lines show shift trends assessed by sequential t-test analysis of regime
shift and numbers are regime shift index (RSI).
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Figure 5.17. Reconstruction of SST anomaly (red) from coral core chronology with 95% confidence interval (grey
shaded) based on the spread of both coral and ERSST standard deviations between 1961 and 1990 compared
with Indonesian warm pool (IWP06; blue) and WP SST anomaly reconstructions (WP ERSST; black). SST
anomalies are relative to 1961-1990 mean. Source: Zinke et al. 2015.

TEXgs temperature TEXg, temperature
Depth (Broomel, °C) (Broome2, °C)
24 26 28 26 27 28 29
0.0 - : - ' )
y di*;;
-0.7 1997
1997 —
100 - ) ) ] <>.
w ‘ 1974
»
1'> 0.7 1974 ) 1.0
200 - (::; ]
<§:) 0.5
300 { <] ] <§i
> |
1 /
% <'>
w0l TS
S r
50,0 - a | b

Figure 5.18. TEXgs temperature reconstruction for the two Broome sites. The solid lines show shift trends assessed by
sequential t-test analysis of regime shift and numbers are regime shift index (RSI).
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Figure 5.19. Long chain n-alkane (27+29+31) profiles at the two Broome core sites compared to Broome rainfall. The solid
lines show shift trends assessed by sequential t-test analysis of regime shift and numbers are regime shift index (RSI).
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Figure 5.20. Biomarker profiles at the two Broome core sites (Broome 1 upper panel, Broome 2 lower panel) compared to
dates of significant periods of increased rainfall at Broome. The solid lines show shift trends assessed by sequential t-test
analysis of regime shift and numbers are regime shift index (RSI).



Table 5.1. Correlation matrix for biogeochemical and biomarker parameters against possible explanatory variables of
temperature and rainfall using data from both cores back to 1945.

Broome Site 1

long chain
n-alkane
815N 613C Brassi Dino Alkenone  (27+29+31)
Variables %N (%o) TOC(%) (%o) C/N (ng/g) (ng/g) (ng/g) (ng/g)
<
Temp-TEX86 0.0001 < 0.0001 0.002 0.008 0.899 <0.0001 <0.0001 0.001 < 0.0001
rainfall
(mm) 0.479 0.563 0.889 0.324 0.622 0.937 0.928 0.809 0.995
rainfall 1y lag 0.001 0.063 0.017 0.016 0.446 0.037 0.003 0.040 0.003
rainfall 2 y lag 0.019 0.171 0.124 0.721 0.808 0.052 0.103 0.165 0.092
Broome Site 2
long chain
n-alkane
815N 613C Brassi Dino Alkenone  (27+29+31)
Variables %N (%o) TOC(%) (%o) C/N (ng/g) (ng/g) (ng/g) (ng/g)
Temp-TEX86 0.972 = <0.0001 0.118 0.748 0.014 0.089 0.274 0.872 0.319
rainfall
(mm) 0.496 0.217 0.662 0.209 0.096 0.302 0.287 0.352 0.192
rainfall 1y lag 0.324 0.050 0.834 0.997 0.069 0.075 0.077 0.158 0.118

rainfall 2 y lag 0.139 0.210 0.521 0.861 0.163 0.211 0.273 0.486 0.016




Table 5.2. Results of multiple regression modelling of biogeochemical and biomarker parameters against possible models
combining temperature and rainfall as explanatory variables using data from both cores back to 1945. The R? value and
probability is shown for the best model fit for each parameter unless no model explained a significant amount of the
temporal variability. *denotes those models which were a better predictor than TEX86 temperature alone.

long chain
n-alkane
Broome Site 615N 613C Brassi Dino Alkenone (27+29+31)
1 %N (%o) TOC(%) (%o) C/N (ng/g) (ng/g) (ng/g) (ng/g)
R? 0.719 0.478 0.309 0.265 0.027 0.826 0.594 0.302 0.518
F 38.451 13.753 6.705 5.397 0.422 71.094 21.989 6.481 16.127
<
Pr>F 0.0001 <0.0001 0.004 0.010 0.660 <0.0001 <0.0001 0.005 <0.0001
46.646 24.078 6.003 3.685 0.263 142.152 24.864 7.407 16.142
Temp-TEX86 <
0.0001 <0.0001 0.020 0.064 0.612 < 0.0001 <0.0001 0.011 0.000
rainfall 1.692
(mm) 0.203
rainfall 1- 3.836 1.892 2426 0.828 3.063 0.863 3.430
year lag 0.060 0.179 0.130 0.370 0.090 0.360 0.074
rainfall 2- 0.299
year lag 0.589
long chain
n-alkane
Broome Site (27+29+31)
2 %N 615N(%0) TOC(%)  613C(%o) C/N Brassi(ng/g) Dino(ng/g) Alkenone(ng/g) (ng/g)
R? 0.089 0.498 0.091 0.058 0.255 0.171 0.130 0.089 0.223
F 1.513 15.383 1.559 0.950 5.295 3.201 2.320 1.511 4.439
Pr>F 0.236 <0.0001 0.226 0.398 0.011 0.054 0.115 0.237 0.020
23.656 2.675 0.294  6.449 2.813
Temp-TEX86
<0.0001 0.112 0.592  0.016 0.104
rainfall 1.793 1.281 0.935
(mm) 0.190 0.266 0.341
rainfall 1- 0.743 5314 3.402 3.123 3.380 2.100 2.118
year lag 0.395 0.028* 0.075 0.087 0.076 0.157 0.156
rainfall 2- 1.992 0.570 5.909
year lag 0.168 0.456 0.021
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9 Appendices

Appendix 1.

This project directly addresses the following questions outlined in the Kimberley Marine Research Program
Science Plan and in the project Agreement.

Key Question

Informed Response

Have there been changes in water quality that may be associated with pollution, with particular types
of use or with climate variability?

The only suggestion of water quality deterioration found in this study was in Roebuck Bay at Broome. The results
of this study (section 5.3) are consistent with other studies which have found anthropogenic nitrogen inputs from
Broome into Roebuck Bay. We did not find any evidence of sewage contamination of sediments.

NEW QUESTIONS POSED BY MANAGERS

Would it be possible to get and analyse samples from Cambridge Gulf? and/or Roebuck Bay?

We did analyse cores from Roebuck Bay. Cambridge Gulf would be an ideal place to take cores given the large
catchment and protection from the ocean offered by Cape Domett, Cape Dussejour and Lacrosse Island. In
addition, there have been other studies done there is the past on surface sediments, making our work easier to
interpret.

What man made substances might have been laid down over the last 100 years in Roebuck Bay?

Our focus in this study was to look at things like nutrients, especially nitrogen, as well as phytoplankton which
responds to anthropogenically derived nitrogen sources like sewage. We did find anthropogenic nitrogen
indicators in Roebuck Bay and that they had increased over time. The indicator of sewage pollution, Coprostanol
was however close to detection limits (very low). So, while our focus was on nutrients, it is possible to detect
metals and permanent organic pollutants in sediments.

How will this apply to characterization of sand vs silt habitat and how they are laid down?

We analyse sediment grain size composition and so can see whether areas are sandier or siltier and if they have
changed over time. However, where possible it is best to take cores from silty habitats as the age preservation
and preservation of organic derived matter is better is silty habitats.

Crocs in Ord have highest levels of DDT in their bones. Will/can this project test for DDT?

It would be possible to test core samples for permanent organic pollutants. We have not done that on our cores.
We do not have cores from the Ord catchment, but they could be collected.
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term environmental effects of pearl farming in Western Australia. Marine Ecology Progress Series, 552, 145-
158. doi:10.3354/meps11740 (PDF provided separately)

Appendix 3

Published paper: Yuan Z, Liu D, Keesing, J K, Zhao M, Guo S, Peng Y, Zhang H (2018) Paleoecological evidence
for decadal increase in phytoplankton biomass off northwestern Australia in response to climate change.
Ecology and Evolution doi:10.1002/ece3.3836 (PDF provided separately)
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