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EXECUTIVE SUMMARY

Background

Lake Murray is the largest inland water body in Papua New Guinea. The local
human population have unusually high mercury body burdens. This has been
linked to consumption of fish from the lake which contain anomalously high
concentrations of mercury. The reasons for the high mercury bioaccumulation by
fish are unknown. Mine-derived sediments discharged from the Porgera mine
contain elevated concentrations of mercury. Some of this sediment may enter
Lake Murray. The impacts of this process on mercury bioaccumulation in Lake
Murray are unknown.

Objectives

(@ To characterise the speciation of mercury in waters, sediments and
biota from the Lake Murray region.

(i) To identify any elevated sources of mercury to the system

(i) To examine the pathways of mercury bioaccumulation by the Lake'’s
biota.

Conclusions

The mercury concentrations of water and sediments were typical of
uncontaminated systems indicating that there are no anomalously high natural
sources of mercury within the system. Methylmercury (the most bioavailable
form of mercury) was generally present at low concentrations in both waters and
sediments. High concentrations of methylmercury are occasionally detected in
the water column and may be linked to processes occurring in the lake margins
(e.g drying and wetting of littoral sediments). The processes leading to
methylmercury formation need to be characterised in greater detail. Flow
reversal events over the course of the Lake’s geological lifetime have resulted in
the formation of an inverse delta at the southern end of the lake comprising of
riverine sediments from the Strickland River. These sediments contain elevated
concentrations of several trace metals including mercury. Flow reversal events
also affect water quality in the southern end of the lake as they result in the
periodic injection of turbid, mercury-rich waters from the Strickland River.

Measurements of total mercury and methylmercury in various key fish species
from the lake confirmed that mercury bioaccumulates to concentrations above
0.5 pg/g (the World Health Organisation Limit) in piscivorous fish such as
barramundi. Stable isotope studies indicated that the food webs incorporating
the key piscivorous fish of the system are plankton-based and comprise typically
four trophic levels. The concentrations of mercury in piscivorous fish are
consistent with the length of the food chain and the relatively high methylmercury

Centre for Advanced Analytical Chemistry i



content of the lake’s plankton compared to other food sources such as aquatic
plants. The plankton-based food webs are highly efficient at biomagnifying
mercury and are potentially sensitive to any elevations of methylmercury
concentrations at the base of the food web. In terms of mercury bioaccumulation
from mine-derived sediments, the southern part of Lake Murray is potentially the
most sensitive area as it receives periodic injections of turbid, mercury-rich water
from the Strickland River. The processes occurring in this region of the lake
need to be further characterised.
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1 GENERAL INTRODUCTION

Lake Murray, the largest freshwater lake in Papua New Guinea is situated in the
remote Western Province. The human inhabitants around the lake (ca. 1500
people) have some of the highest recorded concentrations of mercury in hair for
people not directly exposed to anthropogenic mercury contamination (Kyle and
Ghani 1982a, Kyle and MacKenzie 1982, MacKenzie and Kyle 1984, Abe et al.
1995). Kyle and Ghani (1982a) measured total mercury concentrations of
15.5+6.9 pg/g in hair and, more recently, Abe et al. (1995) reported similar mean
hair total mercury concentrations of 21.9 ug/g (range 3.1-71.9 pg/g). These
values are comparable to concentrations observed in populations exposed to
mercury through high fish consumption rates e.g. 16 ng/g in Canadian Inuits
(Wheatley and Paradis 1996) and 17 ng/g in Amazonian riverside inhabitants
(Boischio and Henzel 1996). The reason for high mercury concentrations in
human hair in the Lake Murray area, has been linked to dependence on locally
caught fish, as the major protein source. Several studies (Sorentino 1979, Kyle
1981, Kyle and Ghani 1982b, Currey et al. 1992) have shown that the mercury
concentrations of predatory fish species such as barramundi (Lates calcarifer)
and the freshwater anchovy (Thryssa scratchleyi, formerly Scutengraulis
scratchleyi) can exceed 0.5 pg/g which is the World Health Organisation (WHO)
recommended limit for consumption of fish (WHO 1976). This appears to be a
local phenomenon as fish caught in other regions of PNG have much lower
concentrations (Lamb 1977, Sorentino 1979, Onaga 1993).

The reasons for the high concentrations of mercury in the fish from Lake Murray
are not known. Based on northern hemisphere studies (Porcella 1994, Gill and
Bruland 1990) this would be expected to reflect high concentrations of
methylmercury (MeHg) in either the waters or the sediments of the lake. There
are no reported measurements of mercury speciation in the waters or sediments
of Lake Murray.

Mercury bioaccumulation in the Lake Murray system is a potential issue for
Porgera Joint Venture as mine-derived sediments discharged from the Porgera
mine contain elevated concentrations of particulate mercury. Some of this
sediment may find its way into Lake Murray when flow reversal of the Herbert
River allows the ingress of water from the Strickland River into the Lake.
Understanding the natural mercury cycle of the system is essential before the
potential impacts of such processes can be properly assessed.

This report discusses the results of three surveys conducted to characterise the
temporal and spatial cycling of mercury in Lake Murray and the surrounding
rivers. The main goals of the study were as follows:

0] To characterise the speciation of mercury in waters, sediments and
biota from the Lake Murray region.
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(i) To identify any elevated sources of mercury to the system

(i) To examine the pathways of mercury bioaccumulation by the Lake's
biota.

This report is in two main sections which cover the mercury geochemistry of the
lake and its surrounding regions and the bioaccumulation of mercury by the
lake’s biota.

A comprehensive review of mercury biogeochemistry and previous studies on
Lake Murray and may be found in the earlier report by Apte (1993).
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2 MERCURY CYCLING AND GEOCHEMICAL STUDIES

2.1 Site Description

Lake Murray, the largest lake in Papua New Guinea (PNG), is situated in a
shallow depression (maximum depth 7m) on a vast floodplain close to the
confluence of the Fly and Strickland Rivers (Figure 1). The maximum depth of
the lake is 9-10 m, with a mean depth of 4-6 m (Osborne et al. 1987). The high
water surface area is approximately 647 km? with 2038 km of highly crenulated
shoreline, plus an additional 467 km of shoreline from islands (Osborne et al.
1987). The shoreline development is very high (27) (Osborne et al. 1987) and
points to the importance of littoral processes in the lake. The land surrounding
Lake Murray consists of pleistocene clay, silt, sand and gravel, whereas the bed
of the lake is recent alluvial clay (Paijmans et al. 1971). The volume of Lake
Murray is highly dependent on climatic conditions and the lake has been known
to dry up completely during drought conditions (Blake 1971). The climate is
typical of the tropics, being hot (daily maxima: 30-32°C, minima: 23°C) and humid
all year round (Osborne 1993). The general climatic pattern comprises a wet
season from December to March/April and a dry season from April to November
(Osborne et al. 1987), though the occurrence of these monsoonal seasons is not
always predictable. The approximate annual rainfall is 3000 mm (Abe et al.
1995).

Under most prevailing hydrological conditions, water flows into Lake Murray from
three rivers to the north of the lake (Kaim, Ewe and June Rivers), and drains from
the southern end of the lake via the Herbert River into the Strickland River.
Water in the central channel visibly flows and the main channel bed is scoured of
unconsolidated sediments (G. Day pers. comm.). Fine sediments build up away
from the central channel in the more sheltered embayments and may be
mobilised periodically by wind-driven turbulence (Osborne et al. 1987).
However, under certain water level conditions, the water flow in the Herbert River
may reverse, resulting in water entering Lake Murray from the Strickland River.
Flow reversal events vary in duration from a few hours up to two weeks with the
cumulative flow reversal duration being typically 95 days per year (NSR 1995).
The Strickland River carries a very high natural sediment loading which is
supplemented by tailings and rock waste from the Porgera Gold mine (in
operation since 1990), situated in the headwaters of the catchment. Particulate
mercury concentrations of 1.7 ng/g have been reported for suspended sediments
in the Strickland River (Apte et al. 1996). Based on particulate mercury
concentrations in the major tributaries of the Strickland River pre-mining
particulate mercury concentrations were <0.2 ng/g (Apte et al. 1996).
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Figure 1. Map of Lake Murray showing sampling sites
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The vegetation surrounding northern Lake Murray is mainly closed rainforest
(Paijmans 1971) whereas the vegetation to the south is dominated by open
rainforest, swamp forest and grass swamp (Paijmans 1971, Hall and Johnson
1987). The lake margins are dominated by tropical grasses.

2.2 Methods
2.2.1 Sample collection

Surveys of Lake Murray and surrounding rivers were conducted during June
1995, November 1996 and August 1997. The dates of the surveys were chosen
to coincide with different hydrological conditions that commonly occur in Lake
Murray (high water, low water, flow reversal happening). The sampling sites
which included riverine, and various lake locations are indicated in Figures 1 and
2.
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2.2.2 Sampling procedures

Ultra-trace sampling and analysis procedures were used throughout the study.
Water samples for mercury speciation analysis from the first survey were
collected in 1 L borosilicate glass bottles (Schott) and in 1 L Teflon FEP bottles
(Nalgene) during the other two surveys. Bottles were decontaminated before use
by sequential leaching with 2% Extran detergent (1 hour), 10% AR grade nitric
acid (4 days), 50% AR grade nitric acid (6 days) and 10% ultra-pure grade nitric
acid (6 days). Bottles were thoroughly rinsed in mercury-free water (Milli-Q) after
each cleaning stage.

Water samples were collected by hand either from the front of a small aluminium
dinghy or from the floats of a Bell 212 helicopter. Surface samples were taken
using a “clean hands, dirty hands” protocol (St. Louis et al. 1994). Samples from
depth were taken using a Mercos sampler (Hydrobios, Kiel) deployed from the
front of the dinghy.

Samples for general chemical parameters were collected in acid-washed,
bagged, 1 L high density polyethylene (HDPE) bottles (Nalgene). Samples for
dissolved organic carbon (DOC) analysis were collected and stored in 30 mL
amber glass vials ,with an aluminium foil liner under the plastic cap. DOC
samples were filtered through 0.45 pm cellulose acetate in-line filters (HA
Millipore), using 60 mL polyethylene disposable syringes (Terumo), and stored
refrigerated prior to analysis.

Water samples for dissolved mercury species analysis were prepared by syringe
filtration through pre-ashed glass fibre filters (Whatman GF/F), as soon as
possible after sampling (< 8 h). The glass fibre filters were housed in acid-
cleaned Swinnex-47 polypropylene in-line filter holders (Millipore) and attached
via a Luer connection to 60 mL acid-cleaned disposable polyethylene syringe
(Terumo). Both the filtered and unfiltered samples were preserved by
acidification with 1 mL hydrochloric acid (Merck Suprapur) per litre of sample and
refrigerated at 4°C in the dark.

To keep a check on contamination during sampling and analysis, field blanks
were processed at regular intervals (at least 2 per day). These comprised
samples of ultrapure water which were taken out to sampling locations in FEP
bottles, transferred to sample bottles and then treated identically to real samples.
Field blanks were <0.3 ng/L for inorganic mercury and <0.02 ng/L for MeHg and
indicated satisfactory contamination control.

Sediment cores were obtained using a gravity corer deployed from the side of a
Bell 212 helicopter equipped with pontoon floats. The lake margin samples were
taken from grass beds on the edge of the main channel. ‘Backwater’ sites were
areas away from the main channel and sheltered from strong currents. The
Perspex coring tubes were capped with polyethylene end plugs and kept upright
until freezing as soon as possible after sampling (< 12 h). Cores were sectioned
at 20 mm intervals by extruding the core and sectioning whilst still frozen with a
stainless steel spatula (used as a chisel) or band saw, fitted with a stainless steel
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blade. The sections were split into three parts and stored frozen in plastic bags or
acid cleaned polycarbonate vials. The coring site sample codes and the
corresponding water quality site codes are summarised in Table 1.

Centre for Advanced Analytical Chemistry 8



Table 1. Site Codes forWater Quality Samples andt he Corresponding
Codes for the Benthic Sediments Samples.

Water Quality Site Codel Benthic Sediment Site Code
R1 K1
R2 K3
R3 K5
R4 N10
R7 K8
N1 K2
N2 K4
N3 K15
N4 K6
N5 K14
N6 N29
M1 N11
M2 N21
M3 K12
M5 K17
M6 K10
M7 K7
M10 S5
S1 X7
S2 K16
S3 K13
S4 X3
S5 X1
S6 S1

'Sample codes used in Figure 1.

2.2.3 Analytical methods

Total mercury concentrations in water samples were analysed using the BrCl
oxidation/cold vapour atomic fluorescence spectrometry (AFS) method described
by Liang and Bloom (1993). Total mercury in sediment samples was determined
by mixed HNO3/H,SO, digestion (Adeloju et al. 1994) and cold vapour atomic
absorption spectrometry (Chapman and Dale 1976). As a check on analytical
guality, a standard reference sediment material (PACS-1, National Research
Council Canada) was analysed in each sample batch. The mean value for total
mercury in PACS-1 reference sediment was 4.5+0.14 ng/g (reference value
4.57+0.16 ng/g). The recovery of inorganic mercury and methylmercury chloride
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spikes added to wet sediments was >85%. MeHg in sediment samples was
analysed by steam distillation followed by BrCl oxidation and cold vapour AFS
(Bowles 1998). The recovery of methylmercury chloride added to wet sediment
was 92+11%. Strictly speaking, this method determines organic mercury in
sediments. However, in most natural sediments, MeHg is by far the predominant
organomercury species.

MeHg in water samples was analysed by aqueous phase ethylation and gas
chromatography-AFS (Bloom 1989, Liang et al. 1995). Typical spiked recoveries
for methylmercury chloride added to the water samples were >80%. The
laboratories ability to detect high concentrations of dissolved MeHg in natural
water samples was demonstrated by analysis of water samples from Lake
Gordon, Tasmania (typical MeHg concentration 0.24 ng/L).

Water pH was measured in the laboratory using a pH meter (Activon model 210)
equipped with a combination glass electrode. DOC measurements for samples
from the June 1995 survey were made using an Anatoc DOC instrument (SGE
Instruments) using conditions recommended by the manufacturer. Dissolved
organic carbon measurements from the November 1996 survey were conducted
using a Beckman 915B analyser. Total suspended solids (TSS) were measured
by gravimetric analysis (APHA 1989). Concentrations of dissolved calcium and
sulfur were determined by inductively coupled argon plasma emission
spectrometry (ICP-AES).  Chlorophyll a was determined by a standard
spectrophotometric method (APHA 1989).

Dissolved oxygen, pH and water temperature were measured in situ, using a
portable dissolved oxygen meter (YSI model 58, Yellow Springs Instrument Co.
Inc. Ohio USA) or a portable water profiler (Yeo-Kal Intelligent Water Quality
Analyser, Model 611, Yeo-Kal Electronics Pty. Ltd. Australia).

Particulate metals other than mercury were determined by ICP-AES following
agua regia digestion (20 min in a 450 W domestic microwave at 10% power). As
a check on analytical quality, a standard reference sediment material (PACS-1,
National Research Council Canada) was analysed in each sample batch.

2.3 Mercury Concentrations in Waters and Sediments

The full set of water and sediment results is presented in Appendix A.

2.3.1 Hydrological conditions and water chemistry

The hydrological conditions prevailing at the time of each survey were quite
different.

In June 1995, water levels were very high and a flow reversal event was
occurring (water entering the lake from the Strickland River via the Herbert
River). In November 1996, water levels were also high, but normal flow was
occurring. In August 97, water levels were low and flow was normal. During the

Centre for Advanced Analytical Chemistry 10



high water events, the water depth in the main channel was 7 to 9 m. Large
areas of land surrounding the lake were flooded.

Routinely measured water quality parameters are summarised in Table 2. In
order to assess spatial distributions, the data were split into northern, middle and
southern lake sites. Chlorophyll a concentrations were generally indicative of
mesotrophic conditions and ranged from 3 to 8 pg/L in June 1995 and from 1 to
120 pg/L in November 1996. The mean lake DOC concentrations were 3.2+1.0
mg/L in June 1995 and 4.1+0.6 mg/L in November 1996. Neither chlorophyll a
nor DOC displayed any identifiable spatial trends and did not correlate with any
of the other measured variables. Mean lake suspended solids concentrations
were 14+12 mg/L in June 95 and 6+3 mg/L in November 1996. In both surveys,
the highest TSS concentrations were found in the south of the lake and reflected
flow reversal inputs of turbid water from the Strickland River.

The waters of the northern feeder rivers were slightly acidic (typically pH 6.3) and
contained low calcium and sulfate concentrations (Table 2). By contrast, the
Strickland River was alkaline (pH 7.8) and contained markedly higher calcium
and sulfate concentrations (Table 2). These water quality differences reflect the
predominantly limestone nature of the upper Strickland River catchment and the
river's high suspended load of calcareous sediments. Calcium and sulfate
showed clear increases in concentrations from the north to the south of the lake
(Table 2), whereas hydrogen ion concentration showed the opposite trend. This
reflected the influence of alkaline water inputs from the Strickland River on the
south of the lake. Although a flow reversal event was not occurring in November
1996, dissolved calcium and sulfate concentrations were elevated at the southern
lake sites indicating recent inputs of water from the Strickland River (Table 2).
The very distinct north to south sulfate gradient (0.08 mg/L in the north of the lake
to 0.51 mg/L in the south) clearly indicates the Strickland River is a source of
sulfate to the lake. This is of significance given the role of sulfate reducing
bacteria (SRB) in the methylation of mercury in freshwaters (Gilmour et al. 1992,
Matilainen 1995). There were no discernible trends in the concentrations of iron,
manganese, silicon, potassium and sodium across the lake (data not shown).

Surface water DO concentrations were between 6 and 8 mg/L in the main
channel sites and remained constant with depth until the bottom metre, below
which, the DO dropped to below 1 mg/L. The surface water DO concentrations in
the backwaters were typically 5-6 mg/L and decreased with depth. Complete
anoxia was never observed at any of the lake sites.
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Table 2. Water Quality Parameters of Surface Water

Samples From Lake Murray

Location n pH DOC TSS Chla Ca Sulfate
(mg/L) (mg/L) (ng/L) (mg/L) (mglL)

June 1995
Northern sites 6 6.5 (5.9-7.1) 3.0 (2.0-4.1) 20 (7-38) 3.9 (<1-8) 1.2 (1.1-1.5) -
Central sites 7 6.6 (6.1-7.0) 3.7 (2.5-5.7) 6.5 (2.0-14) 5.0 (3.5-6.5) 1.5 (1.2-1.7) -
Southern sites 5 7.02 (6.7-7.8) 2.7 (1.9-3.7) 18.6 (8.0-42) 4.7 (2.6-6.6) 45 (2.1-10.8) -
November 1996
Northern sites 2 6.1(5.8-6.4) 3.3(3.0-3.5) 5.7 (4.3-7.0) 2 (1-3) 1.1(1.2) 0.08 (0.08)
Central sites 3 6.4 (6.3-6.4) 4.0 (4.0) 5.5 (4.0-7.0) 6 (5-7) 1.6 (1.1-2.3) 0.13 (0.09-0.15)
Southern sites 4 6.7 (6.6-7.0) 3.5 (3.0-4.0) 6.3 (3.5-9.0) 40 (<1-120) 4.1(1.9-5.8) 0.33 (0.13-0.51)

®Data in table are mean values, (range in brackets)

Centre for Advanced Analytical Chemistry

12



2.3.2 Total mercury concentrations

Mercury concentrations measured in Lake Murray are summarised in Table 3.
Mean total mercury concentrations in the surface waters were 1.3+0.6 ngl/L,
(n=13, excluding southern sites) in June 1995, 1.1+0.4 ng/L (n=18) during
November 1996 and 5.2+0.1 ng/L, (site M7, n=3) in August 1997. Total Hg
correlated with TSS in November 1996 (r= 0.500 p<0.05), whereas in June 1995,
the correlation for the lake sites was not significant (r=0.179, p>0.05). TSS was
not measured during August 1997, but this survey coincided with low water levels
and turbidity was presumed to be high. This is consistent with the observations
of Osborne et al. (1987) who found that lake turbidity was highest during low
water conditions owing to wind-driven turbulence and mobilisation of benthic
sediments. In June 1995, total mercury concentrations in the south of the lake
were noticeably elevated with a mean total mercury concentration of 3.7+3.3 ng/L
(n=5). Total mercury was strongly correlated with TSS in these samples (r=0.981,
p<0.05) indicating that the elevated mercury load was in a particulate form. This
increase was due to flow reversal and the input of turbid waters from the
Strickland River (see Table 3). Dissolved mercury concentrations measured
during November 1996 (Table 3) accounted for 30 to 100% of the total mercury
concentration. The mean dissolved mercury concentration was 0.9+0.4 ng/L
(n=18).

Table 4 summarises the water quality and concentrations of total mercury in
rivers in the Lake Murray region. With the exception of the Fly River, total
mercury concentrations were significantly higher than those found in Lake
Murray. This was largely a reflection of the higher TSS content of these rivers
and the relationship between total mercury concentration and TSS content
(r=0.946 p<0.05, n=16). The Strickland River had both the highest TSS and
mercury concentrations (42-75 ng/L). The dissolved mercury concentrations of
the Uga and Nomad rivers were comparable Lake Murray, whereas, the June,
Ewe, Kaim, Ajema and Strickland Rivers contained between two to three times
the mean Lake Murray dissolved mercury concentration (range 1.8 to 2.8 ng/L).
Acid-soluble particulate mercury concentrations were calculated from the
November 1996 data (Table 4). Caution must be exercised when interpreting
these data given the low TSS concentrations in several of the samples.
Nevertheless, the data indicate that the Fly River (the second largest river in
PNG) and the Kaim River had by far the lowest particulate mercury
concentrations (21 and 10 ng/g respectively). The remaining data ranged from
110-174 ng/g, with the Strickland River having the highest particulate mercury
concentration.
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Table 3. Mercury Species Concentrations in Surface

Water Samples from Lake Murray (mean (range).

Location Total Hg Dissolved Hg Total MeHg Dissolved MeHg
(ng/L) (ng/L) (ng/L) (ng/L)

June 1995
Northern sites 1.4 (0.52-2.7) - 0.04 (<0.01-0.07) -
Central sites 1.2 (0.55-1.9) - 0.02 (<0.01-0.05) -
Southern sites 3.7 (1.1-9.5) - 0.02 (<0.01-0.06) -
November 96
Northern sites 1.5 (1.4-1.6) 1.3 (0.62-1.9) 0.06 (0.06) 0.06 (0.03-0.08)
Central sites 1.1 (1.1-1.2) 1.1 (0.86-1.4) 0.26 (0.07-0.64) 0.08 (0.04-0.13)
Southern sites 1.3 (0.90-2.0) 0.9 (0.60-1.2) 0.17 (0.04-0.42) 0.12 (0.01-0.23)
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Table 4. Mercury Concentrations and Water Quality P

November 1996 (N)

arameters in Rivers in Western PNG, June 1995 (J) a

Site Site Name pH DOC TSS Dissolved Ca Sulfate HgT HgD MeHgT MeHgD PHg PMeHg
Code (mg/L) (mg/L) (mg/L) (mg/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/g) (ng/g)
R1 June River J 6.4 2.8 18 1.3 - 4.0 - 0.060 - - -

N 7.0 4.5 9 0.9 0.08 3.3 2.1 0.093 0.054 140 4.3
R2 Ewe River J 6.3 1.8 13 1.9 - 3.6 - 0.012 - - -
N 7.5 35 8 1.3 0.08 3.6 2.3 0.094 0.083 155 1.4
R3 Kaim River J 6.3 34 13 2.0 - 4.6 - 0.042 - - -
N 5.7 3.5 12 1.5 0.11 2.3 2.2 0.093 0.091 10 0.2
R7 Herbert River J 7.5 0.9 46 25.4 - 30.4 - 0.074 - - -
N 6.5 35 9 2.2 0.17 2.1 0.8 0.125 0.046 141 8.8
R8 Strickland River J 7.8 2.2 629 18.5 - 75.2 - 0.079 - - -
N 7.5 3.0 367 24 2.4 42 1.8 0.183 0.169 110 <0.1
R9 Strickland River N 7.3 3.0 245 23 2.1 44 15 0.141 0.106 174 0.1
R10 Fly River N 7.0 4.0 37 22 0.77 14 0.66 0.069 0.051 21 0.5
R11 Ajema River N 6.8 2.0 84 6.4 0.12 8.9 2.8 0.311 0.171 72 1.7
R12 Uga River N 7.0 3.0 18 1.2 0.09 3.8 1.1 0.097 0.103 149 <0.1
R13 Nomad River N 7.0 3.0 41 3.9 0.15 4.3 1.0 0.042 0.011 79 0.8
Centre for Advanced Analytical Chemistry 15



2.3.3 Methylmercury concentrations

MeHg concentrations in Lake Murray (Table 3) were notable for their variability,
both spatially and between surveys. MeHg concentrations during June 1995 were
low (0.025+0.021 ng/L, n=20) with eleven out of the twenty lake samples
collected having MeHg concentrations below the limit of detection (<0.02 ng/L).
Lake MeHg concentrations did not correlate significantly with any of the other
measured variable (e.g total mercury, pH, chlorophyll a and DOC) during the
June 1995 survey. Concentrations at site M7 (centre of the Lake) during August
1997 were also low (0.047+0.05 ng/L, n=3). By contrast, MeHg was detected at
all locations during November 1996. The concentrations were variable, ranging
from 0.04 to 0.64 ng/L (mean of 0.12+0.16 ng/L, n=17) and were comparatively
high compared to the other sampling occasions. Much of this variability was
associated with four samples from shoreline or backwater sites (M9, S3, S1 and
M5), which had concentrations of 0.114, 0.164, 0.42 and 0.64 ng/L respectively.
These sites were elevated in both total and dissolved MeHg. The remaining
samples had total MeHg concentrations of between 0.034 and 0.094 ng/L.
During November 1996, the southern sites were influenced by a recent flow
reversal event and the MeHg concentrations were elevated as a result of inputs
from the Strickland River. This was reflected by the significant correlations
between MeHg and both dissolved calcium (r=0.832, P<0.05, n=5) and dissolved
sulfate (r=0.894, p<0.05, n=5) at the southern sites. MeHg concentrations at the
north and middle sites showed no meaningful correlations with any of the other
measured variables with the exception of a strong relationship between dissolved
silicon and dissolved MeHg (Figure 3). There is little explanation for this
relationship.  Statistical analysis of the data indicated that total MeHg
concentrations were not significantly greater (t test, P>0.05) in the 7 lake margin
and backwater samples compared to the 11 samples collected from the main
channel. Nevertheless, the three highest MeHg concentrations were found in
samples from backwater locations.

The proportion of MeHg present in dissolved form (November 1996) was very
variable ranging from 14 to 100% (mean 51+30%). Particulate MeHg
concentrations ranged from <5 to 129 ng/g (mean 25+42 ng/g). There were
insufficient data to comment on spatial trends (n=8). Chlorophyll ‘a’ did not
correlate with particulate MeHg concentrations (ng/L) and it is possible that the
MeHg was entrained in suspended detrital material. MeHg was typically <2% of
total Hg in June 1996 and increased to ca. 6% of total in November 1996.

In November 1996, MeHg concentrations were also measured in water squeezed
from filamentous algae growing amongst the littoral grass beds. These samples
had elevated concentrations of total MeHg (0.16-0.17 ng/L), but the dissolved
MeHg concentrations were consistent with the other surface water samples
(0.048-0.052 ng/L). The TSS of these samples was high (82 mg/L) and the
calculated particulate MeHg concentration of 1.4 ng/g was relatively low
compared to the other sites. The chlorophyll concentration of the samples was
also low (3 pg/L) indicating that the MeHg was not associated with algal
fragments.
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Figure 3. Relationship between dissolved methylmercury and dissolved silicon.

Northern and mid lake sites, November 1996 (r=0.961, p<0.05)

The concentrations measured in November 1996 of MeHg in the surrounding
rivers are summarised in Table 4. MeHg was detected in all samples however,
only the Strickland, Herbert and Ajema Rivers had concentrations of total MeHg
exceeding 0.12 ng/L (the mean concentration of total MeHg in the lake). The
highest concentration was found in the Ajema River (0.311 ng/L). In all rivers
except the Herbert and Nomad Rivers, the dissolved fraction (comprising
55-100% of total) was the dominant form of MeHg. The June, Ewe and Kaim
Rivers contained dissolved MeHg concentrations that were either comparable to,
or lower than Lake Murray. Given that these rivers only contribute a small
proportion of the total water in the Lake, they cannot be viewed as major sources
of MeHg. The Strickland River contained twice the mean lake concentration of
dissolved MeHg (0.08 ng/L) and will increase lake MeHg concentrations during
times of flow reversal. Particulate MeHg concentrations (Table 4) were actually
lowest in the Strickland River (<0.1 ng/g). The highest particulate MeHg
concentration (8.8 ng/g) was observed in the Herbert River. This concentration
was consistent with those found in the southern part of the lake and reflects
transport of particulate MeHg out of Lake Murray. In terms of MeHg inputs to
Lake Murray, none of the rivers made a significant contribution of particulate
MeHg.
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Flow reversal events may enhance mercury biomethylation in Lake Murray by
increasing the flux of inorganic mercury and injecting sulfate into the water
column. Sulfate inputs are likely to be of importance given the relatively low lake
sulfate concentrations (typically 0.1 mg/L) and may stimulate SRB activity hence
leading to increased bacterial production of methylmercury (Gilmour et al. 1992).
In spite of this plausible link, no correlations could be found between sulfate and
MeHg concentrations.

2.3.4 Depth and diurnal variations in mercury speci  ation

During the November 1996 survey, depth and short-term variations in water
column mercury speciation were assessed in more detail. Samples were taken
at a main channel (M7) and littoral site (M8) at sunrise, midday and sunset. At
both sites, total mercury concentrations were greatest at depth (Table 5)
reflecting increasing TSS concentrations. However, dissolved mercury
concentrations did not show any consistent trend with depth at any time of the
day (Table 5). Due to the high proportion of total mercury in the dissolved phase,
some of the dissolved mercury results were the same or slightly greater than the
total mercury concentration. This was within the expected analytical error. There
was no evidence of any large scale changes in mercury concentration reflecting
processes such as Hg”** reduction and volatilisation of Hg® (Vandal et al. 1993,
Amyot et al. 1994). However, as Hg® was not measured, diurnal variations in
water column inorganic mercury speciation, as observed in systems such as the
Florida Everglades, cannot be discounted (Krabbentoft et al. 1998).

Similar to dissolved mercury, MeHg concentrations did not display any consistent
trends with depth or time of day (Table 5). Studies conducted in Canadian lakes
have shown that photo-catalysed demethylation is responsible for the loss of
considerable amounts of MeHg in surface waters (Sellers et al. 1996). This
factor could be important in tropical lakes given the high radiant intensities.
However, the lack of a distinct diurnal variations suggest that photodegradation of
MeHg is small in Lake Murray, or balanced by resupply from lower depths and
efficient mixing of the water column.
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Table 5. Diurnal Variations in Mercury and Total Su  spended Solids
Concentrations at Sites M7 and M8, November 1996.

Approx. time Depth HaT HgD MeHgT TSS
(hr) (m) (ng/L) (ng/L) (ng/L) (mg/L)

Site M7
0700 0.5 1.09 0.92 0.072 5.5
1200 0.5 1.07 0.86 0.062 7.0
1730 0.5 1.04 1.06 - 55
0700 4 0.90 1.29 0.067 6.0
1200 4 0.87 1.12 0.074 2.5
1730 4 1.20 1.12 0.068 8.5
0700 8 1.83 0.88 0.086 7.0
1200 8 2.02 1.21 0.059 10.5
1730 8 1.70 0.91 0.083 13.0
Site M8
0700 0.5 0.68 0.71 0.034 5.7
1200 0.5 0.59 0.51 0.052 1.7
1730 0.5 0.70 0.82 0.042 4.3
0700 4 1.44 1.33 0.054 9.5
1200 4 0.63 0.32 0.059 7.2
1730 4 0.84 0.84 0.026 3.0

2.3.5 Benthic sediment geochemistry

The surficial (0-2 cm depth) sediment data are summarised in Table 6 in terms of
mean metal concentrations for various geographical regions. The full trace metal
data set for the cores taken is given in Appendix A. The concentration
distributions of particulate arsenic, calcium, magnesium, mercury, nickel and
silver in surface sediments are shown in map form in Figures 4 to 9. Calcium
concentrations displayed a distinct north-south gradient from ca. 1 mg/g in the
north to 6.6 mg/g in the south. Site S6, nearest to the Herbert River had similar
concentrations of calcium (18.5 mg/g) to the Herbert and Strickland Rivers (15-21
mg/g). Overall, this pattern indicates the deposition of riverine sediments
transported into the lake during flow reversal events and the formation of an
inverse delta. There were insufficient samples taken in the south of the lake to
map the extent of inverse delta formation. Particulate arsenic, magnesium, nickel
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and silver also showed evidence of a concentration gradient, with the highest
concentrations being found in the south of lake (Figures 4, 6, 8 and 9). Uniform
calcium, magnesium and nickel depth profiles were observed in most of the cores
(over a 15 cm core depth) indicating a long history of metal deposition (Figures
10, 11, 12).

Particulate mercury concentrations in surface sediments displayed a strong
north-south gradient and were highest at the southern sites (Table 6, Figure 13).
The concentrations at the southern sites were comparable with those measured
in the Herbert and Strickland Rivers. The mean surficial particulate mercury
concentration of 177157 ng/g for the southern sites was comparable to the mean
suspended sediment particulate mercury concentration of 142 ng/g (n= 2) for the
Strickland River. This confirms that particulate mercury at the southern lake sites
is derived from the deposition of sediments introduced from the Strickland River.
Total mercury concentrations in the cores were relatively uniform with depth, with
the exception of the southern sites S3, S5 and S6 where mercury concentrations
were markedly higher in the top 4 to 8 cm of the cores (Figure 13). Site S6
showed the most marked depth variations. This trend was not reflected in the
northern sites and suggests that TSS from the Strickland River has increased in
particulate mercury content with time. Sediment dating studies are required to
further investigate these issues.

The concentrations of particulate mercury in surface sediments from Canadian
and Swedish freshwater systems that experience mercury bioaccumulation
problems are typically 150 to 600 ng/g (Louchouarn et al. 1993, Johansson et al.
1995). Most of the lake sediments are well below this range (Table 6). This
comparison underlines the lack of elevated mercury inputs to the Lake Murray
system.
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Table 6. Mean Concentrations (x sd) of Particulate ~ Calcium, Total Mercury
and Organomercury in Surface Sediments from Lake Mu  rray and
Surrounding Rivers.

Site n Ca HgT Methyl Hg Methyl Hg
(mg/g) (ng/g) (ng/g) (%)

Northern feeder 3 1.240.6 56+28 0.72+1.11 2.9+4.9
rivers

Northern lake 6 1.0+0.4 70127 0.84+0.91 1.5+1.9
Central lake 7 1.8+0.6 89+48 1.00+0.87 1.1+0.7
Southern lake 6 6.616.3 177457 0.84+0.39 0.5+0.1
Southern rivers 2 18.2+4.2 115423 0.65+0.42 0.5+0.3
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Figure 6. Concentrations of particulate magnesium (mg/g) in surface sediments (June
1995).
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Figure 7. Concentrations of particulate total mercury (ng/g) in surface sediments
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Southern Lake Sites
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Figure 10 (Contd). Particulate calcium in Lake Murray sediment cores: June 1995.
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Figure 11. Particulate magnesium in Lake Murray sediment cores
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Southern Lake Sites
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Figure 11 (Contd.). Particulate magnesium in Lake Murray sedime nt cores: June 1995.
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2.3.6 Methylmercury in sediments

A summary of the mean MeHg concentrations in surface sediments from each
lake region is given in Table 6 and in map form in Figure 14. MeHg was detected
in 17 out of the 19 surface lake sediment samples and ranged in concentration
from to <0.16 to 2.65 ng/g. The surficial sediment concentrations were
characterised by great variability and did not display any strong north-south
concentration gradient or statistically significant difference between main channel
and backwater locations. The observed concentrations showed no statistically
significant correlation with total mercury. The total organic matter content of the
surface sediments was variable and ranged from 1.2 to 8.2 %. The proportion of
mercury present as MeHg in surficial sediments ranged from <0.1 to 2.2% and
showed a significant correlation with % organic matter content (r=0.598, p<0.05,
n=10). This range was fairly consistent with global ratios of MeHg/total mercury in
sediments (typical range from 0.01 to 1.4% (D’ltri 1990)). Sediments having a
high organic matter content, as would be found in the backwater areas of the
lake, favour the methylation of inorganic mercury.

The mean surficial particulate MeHg concentration at the southern sites
(0.84+0.39 ng/g) compared to 0.07 ng/g for suspended sediment in the Strickland
River. This large concentration difference indicates that deposition of riverine
sediments alone cannot account for the observed MeHg concentrations and
indicates that in situ methylation is occurring.

The concentrations of particulate MeHg in suspended sediments from the lake
were very variable (range 5-129 ng/g, mean 27+41 ng/g, n=9) and were clearly
elevated compared to the benthic sediments (mean MeHg concentration of
0.90+0.73 ng/g). This difference can be explained by the suspended particle
samples comprising mainly plankton which would be a major contributor to the
observed MeHg concentrations. The observed values are consistent with the
mean MeHg concentration of 15.4+10.5 ng/g measured in mixed phytoplankton
samples collected from the lake and are also comparable with the those
observed in other lake systems. For instance, Hurley et al. (1994) measured
particulate MeHg concentrations in suspended particulate matter of 47 to160
ng/g in Wisconsin lakes and Plourde et al. (1997) found concentrations ranging
from 10 to 100 ng/g in Canadian freshwaters.

The sediment MeHg core profiles showed considerable vertical variation and no
clear trends were obvious between the cores (Figure 15). MeHg concentrations
ranged from <0.4 ng/g to 5.9 ng/g (site M4, 6-8 cm depth). The depth to which
MeHg was detected was also variable. At 11 out of 19 sites, MeHg was present
at core depths of 8 cm or greater.
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Figure 15. Methylmercury in Lake Murray sediment cores: June 19
detection limit values plotted as 0.11 ng/g.
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Figure 15 (Contd). Methylmercury in Lake Murray sediment cores:
Note: Less than detection limit values plotted as 0.11 ng/g
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June 1995.
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2.3.7 Mercury in soils

The concentrations of total mercury in two soil cores (Figure 16) taken from a
near shore location between sites M1 and M7 ranged between 19 to 40 ng/g.
Site D1 displayed a concentration maxima at 6-8 cm, whereas the other core had
a fairly uniform mercury depth profile. Overall, these concentrations were low
compared to those found in sediment cores from the lake (mean particulate
mercury concentration of 103 ng/g).

The concentrations of MeHg at site D1 (Figure 16) steadily increased from 0.26
ng/g at the surface to a maximum of 2.3 ng/g at 6-8 cm depth. Site D2 displayed
a similar profile. The surficial concentration of MeHg in these soils (0.37 ng/g)
was low compared to the mean surficial concentration for the aquatic sediments
of 0.81 ng/g. Wallschléager et al. (1996) showed in a batch experiment, that about
1% of total mercury in German floodplain soils could be mobilised by water.
Given that the concentrations of total mercury in soils near Lake Murray are low,
this process is unlikely to result in any large scale injections of mercury into the
water column on flooding. Similarly, there are unlikely to be any large scale
releases of MeHg into the water column on flooding.
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2.4 Mercury Cycling in Lake Murray: A Summary

This study was designed with the initial premise that Lake Murray receives an
anomalously high input of inorganic mercury which is followed by efficient
methylation within the lake, transfer to the water column and subsequent
bioaccumulation. The field investigations have shown no evidence for this
conceptual model. The feeder rivers do not contain anomalously high
concentrations of mercury and, the Strickland River only contributes particulate
mercury and dissolved MeHg during flow reversal events. Some MeHg was
detected in the water column, however its appearance was sporadic and spatially
very patchy. The highest concentrations of dissolved MeHg were found in
samples from the lake margins, though this association could not be supported
statistically owing to insufficient samples. Overall, MeHg concentrations were
consistently low in comparison to global lake concentrations (Table 7). Out of 50
samples analysed for total methylmercury during the 3 surveys, only 6 samples
had MeHg concentrations >0.1 ng/L, and 50% of the samples had MeHg
concentrations <0.05 ng/L. No obvious trends were observed with water level,
depth, or time of day.

Stable isotope studies have shown that the main food web leading to predatory
fish exhibiting high mercury bioaccumulation in Lake Murray is phytoplankton
based. This indicates that uptake of MeHg from the water column by
phytoplankton is a key step in the bioaccumulation pathway. Wherever MeHg is
formed, it must be transported into the water column for it to be bioaccumulated.
Clearly this indicates that MeHg is either formed directly in the water column, is
released from sediments or wetted soils, or is input from some as yet unidentified
source. Mercury speciation in precipitation was not measured during the study,
however, it was reasoned that this could not be a major source of MeHg as the
high rainfall of the area would not explain why high mercury bioaccumulation is a
phenomena local to Lake Murray and not widespread throughout the region.

Whilst MeHg was detected in lake sediments, particulate MeHg concentrations in
the upper surface layer were ca. 5-100 times lower than in suspended sediments
from the overlying water column and are unlikely to represent a source of MeHg
to the water column. It should be noted that the vertical core resolution was very
crude (2 cm slices) and would not identify enrichment of MeHg at the sediment—
water interface e.g in microbial mats.

Various studies have shown that in-lake methylation can be responsible for a
significant proportion of the MeHg concentrations observed in lakes (Henry et al.
1995, Watras et al. 1994 and 1995). These studies have found that anoxic
waters, and usually the boundary between oxic and anoxic waters, are the areas
of greatest methylation. Whilst the slightly acidic pH of Lake Murray water is
conducive to methylation, the water column is generally well oxygenated. The
lack of anoxia, coupled with low sulfate concentrations, which may be limiting to
sulfate reducing bacteria, suggests that the water column is an unlikely site of
mercury methylation.  Alternatively this may indicate the role of mercury
methylation under oxic conditions.
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As discussed earlier, the littoral zone of the lake is extensive. The region is also
subject to pronounced wet/dry seasonal cycles, which cause great variation in
the surface area of Lake Murray. Soil samples were not markedly enriched with
MeHg, so solubilisation of MeHg on wetting or suspension of particulate MeHg
cannot alone explain the observed lake MeHg concentrations. It is more likely
that flooding events lead to mercury methylation during the anaerobic
decomposition of terrestrial organic matter (Porvari and Verta 1995). Stagnant
anoxic conditions are also known to occur periodically on the floodplain and this
may increase MeHg inputs into the lake. Several studies have shown that
wetland catchments are important sources of MeHg to temperate and boreal
lakes (St. Louis et al. 1994 and 1996, Driscoll et al. 1994, Hurley et al. 1995).
The extensive wetland zones adjacent to the lake are therefore potential sites for
mercury methylation. Whilst the effect of these zones on MeHg concentrations in
the rivers draining these areas was not great, event-driven releases of MeHg
cannot be discounted.

Water column MeHg concentrations reflect the relative difference between
mercury methylation and demethylation rates and low water column
concentrations may reflect vigorous demethylation of MeHg. If the processes of
MeHg demethylation and uptake by phytoplankton are both very efficient, the
overall result would be a short residence time of MeHg in the water column.
Although no direct evidence currently exists to support this model, it does offer a
plausible explanation for both the high concentrations of MeHg in fish and the
consistently low concentrations in the water column.

Table 7 compares the mercury concentrations measured in Lake Murray with
other lake systems. Total mercury concentrations in Lake Murray are relatively
high for uncontaminated lakes, but are not in the range measured for polluted
systems. MeHg concentrations in the lake waters are comparable with
concentrations in non-contaminated temperate lake systems (<0.01-0.5 ng/L).

Overall, this study provides the most extensive background data to date on
mercury speciation in a non-contaminated tropical system which displays high
mercury bioaccumulation. The high concentrations of mercury observed in fish
from Lake Murray are not mirrored by high concentrations of MeHg in water and
sediment samples. A clear outcome of this study is that water column MeHg
concentrations are not necessarily a good predictor of mercury bioaccumulation
in tropical systems.

Centre for Advanced Analytical Chemistry 43



Table 7. Comparison of Lake Murray Dssolved Mercur

y data with Typical

Concentrations of Mercury Species in Surface Lakes Water
Lake Location Total Hg (ng/L) MeHg Reference
(ng/L)

Lake Murray PNG 15 0.05 This Study

Lake Gordon Tasmania 2.4 0.22 Bowles 1998

Various lakes Wisconsin 0.28-4.90 0.02-2.20 Watras et al. 1995a

Glacier National Park Montana 0.35-2.85 0.01-0.10 Watras et al. 1995b

Lakes

4 lakes Sweden 1.2-25 0.08-0.24 Hultberg et al. 1994

Crescent Washington 0.163 <0.004 Bloom and Watras
(1989)

Onondaga 'New York 7-19 0.4-2.0 Bloom and Effler
(1990)

Clay 'Ontario 5-80 1.8-2.8 Bloom and Watras

(1989)

! Lake receiving an anthropogenic mercury input
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3 MERCURY BIOACCUMULATION IN LAKE MURRAY

3.1 Introduction

The study of mercury speciation in the waters and sediments indicated that Lake
Murray is not contaminated with mercury and does not receive any anomalously
high mercury inputs. The observed high concentrations of mercury in fish are
therefore not a consequence of elevated mercury inputs. Although Lake Murray
has the ideal physical and chemical characteristics for mercury methylation to
occur i.e an extensive shallow lake with a large littoral zone, surrounding
wetlands, frequent wet/dry cycles and slightly acidic waters, the MeHg
concentrations measured in waters and sediments are generally low in
comparison with other studies from the southern hemisphere (Bowles 1998). As
most available evidence points to dietary uptake as the dominant pathway of
mercury bioaccumulation in aquatic food webs (Hall et al. 1997), the water and
sediment data strongly suggest that mercury bioaccumulation is linked to the
structure of the lake’s food web.

In this study, mercury concentrations in fish, seston and plant specimens,
representing the key components of the Lake Murray food web were measured.
The fish species comprised two planktivorous freshwater herring species
(Nematalosa flyensis and Nematalosa papuensis), the omnivorous groove-
snouted catfish (Arius berneyi), the insectivorous seven-spotted archerfish
(Toxotes chatareus) and three piscivores: barramundi (Lates calcarifer), giant
freshwater anchovy (Thryssa scratchleyi), and Sepik garpike (Strongylura kreffti).
Particular focus was placed on barramundi, a major food source for the human
inhabitants of the area. In addition to total mercury and mercury speciation
measurements, C and N stable isotope ratios were used as a tool to assess the
modes of mercury bioaccumulation and biomagnification. This information was
used to gain a better understanding of the factors leading to high mercury
concentrations in piscivorous fish inhabiting the lake.

Piscivorous fish from Lake Murray have been previously noted to have high
concentrations of mercury (>0.5 ug/g) (Sorentino 1979, Kyle 1981, Kyle and
Ghani 1982b, Currey et al. 1992). In order to study the bioaccumulation and
biomagnification of mercury in the lake it was necessary to characterise the key
components of the lake’s food web incorporating the main fish species. Six fish
species and samples of vegetation were examined. The species were selected to
cover a variety of trophic positions and feeding habits and are summarised in
Table 8. It should be noted that this study was not intended to be
comprehensive, rather to provide information on food webs in order to
understand mercury bioaccumulation. The barramundi, Lates calcarifer, was
selected as a feature organism as they represent a high trophic level aquatic
predator.
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Table 8. Characteristics of the fish featured int  his study
Species name Common name Family Size Suspected feeding References

range strategy

(mm)
Nematalosa flyensis Freshwater herring Clupeidae 19-221 planktivore Roberts 1978, Lowe-McConnell 1987
Nematalosa papuensis Freshwater herring Clupeidae 19-221 planktivore Roberts 1978, Lowe-McConnell 1987
Arius berneyi Groove snouted catfish Ariidae 141-480 omnivore Roberts 1978, Lowe-McConnell 1987, Kailola 1990
Toxotes chatareus Banded archerfish Toxotidae 8-400 insectivore Roberts 1978, Lowe-McConnell 1987
Lates calcarifer Barramundi Latidae 400-1000* piscivore Roberts 1978, Lowe-McConnell 1987, Moore 1979 and 1982,

Moore and Reynolds 1982, Reynolds and Moore 1982
Strongylura kreffti Sepik garpike or Freshwater Belonidae 48-589 piscivore Roberts 1978
longtom

Thryssa scratchleyi Giant freshwater anchovy Engraulidae 196-371 piscivore Roberts 1978, Lowe-McConnell 1987

*Size range of fish in Lake Murray (fish migrate as juveniles from saline water
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3.2

Over 103 fish species are known to inhabit the freshwater environments of the
Western Province of PNG (Roberts 1978). In view of this large number, studies
focussed on the most commonly encountered fish species in Lake Murray. The
stable isotope studies indicate that the food webs incorporating the major
predators in the lake are plankton-based. Nematalosa flyensis and N. papuensis
are the principal planktivores in Lake Murray. Omnivores are represented by
Ariid catfishes and archerfish (Toxotes chatareus). Lates calcarifer (barramundi)
is the most common large piscivore (Roberts 1978). Other piscivores include
Thryssa scratchleyi and Strongylura kreffti. Benthic fauna such as oligochaetes
are scarce in the main channel of the lake and are unlikely to play an important
role in biological interactions.

The elucidation of aquatic food webs in remote environments is expensive and
difficult. Aside from logistical difficulties, identification of food sources by
examination of gut contents is problematic, particularly in tropical climates, due to
the rapid decay of gut contents which can lead to a misclassification of
planktivores as detritovores. For this reason, our understanding of trophic
relationships in remote tropical areas is limited. Over the last 20 years, stable
isotope carbon and nitrogen analyses have been developed, which, in
conjunction with standard observational biology, are a powerful tool for the
elucidation of complex food webs (Lajtha and Michener 1994).

The ratio of the carbon isotopes **C and **C (d"*C) in plants is dependent on the
photosynthetic route (Peterson and Fry 1987). Since this ratio alters little
(0-0.5%0) during trophic transfers, it gives information on the carbon source of
heterotrophic organisms. The ratio between N and *N (d"°N) typically increases
about 3%. during each trophic transfer, and gives a measure of the trophic level
of a given organism (Minagawa and Wada 1984). The combined use of carbon
and nitrogen stable isotope analysis has been used to elucidate food webs in
aguatic ecosystems (Peterson and Fry 1987, Hamilton et al. 1992, Jarman et al.
1996). It is important to note that the technique tends to be site-specific with the
success being dependent on the spread of carbon signatures observed.

Sampling Methods

Aquatic macrophytes, vascular plants and filamentous algae were sampled from
the lake margins (Table 9) during June 1995 and November 1996, and stored
frozen in acid-washed plastic vials or resealable bags. Samples of rainforest
vegetation were not collected as these were generally separated from the lake by
extensive stands of littoral grasses. Plankton samples were collected by trawling
a plankton net (63 um mesh size) at low speed for approximately 10 min behind
an aluminium dinghy powered by an outboard motor. Plankton was washed off
the side of the net into acid washed polyethylene or fluorinated ethylene
propylene (FEP) bottles with a small volume of lake water. Fish samples were
collected in August 1996 and November 1996 using purse seine or gill nets
(Table 9). Small fish were kept as whole specimens, whereas larger fish were
stored as muscle fillets, or bodies with the head and gut removed. All biota
samples were stored frozen.
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Table 9. Locations of Biota Sampling Sites in Lake Murray.

Site Code Comments Plants Plankton Invertebrates Fish
N6 Margin 3 ns ns 3
M3 Backwater 3 ns 3 ns
M4 Backwater 3 ns 3 ns
M7 Channel ns 3 ns ns
M8 Margin 3 ns ns ns
M9 Margin 3 ns ns ns
M11 Margin 3 ns 3 3
S5 Backwater 3 ns 3 ns
S6 Channel ns 3 ns 3
S7 Margin 3 Ns 3 ns

ns = No sample

margin: littoral site on the main channel

backwater: littoral site in a sheltered bay

channel: pelagic site in the main channel

3.3

Analytical Techniques

Total mercury in biological samples was determined by cold vapour atomic
absorption spectrometry (Chapman and Dale 1976) following digestion with a
mixture of 7:3 (v/v) of nitric and sulfuric acids (Bowles 1998). Owing to the lower
concentrations, total mercury in plant material digests was quantified using
single-stage gold amalgamation and cold vapour AFS detection (Liang and
Bloom 1993). Two certified reference materials (NRC Canada) were run in each
batch of samples. The mean value obtained for dogfish muscle, DORM-2 was
4.52+0.17 pg/g (reference value 4.64+0.26 ug/g) and for dogfish liver, DOLT-2
was 2.30+0.1 pg/g (reference value 2.14+0.28 pg/g). MeHg in biota was
determined by alkaline digestion using a slightly modified version of the
procedure described by Fischer et al. (1993). In place of digestion in an
ultrasonic bath, 50-1000 mg of wet sample was digested at 75°C for 3 hr in a
glass test tube with fitted with an air condenser. The digests were analysed by
agueous phase ethylation and gas chromatography-AFS (Bloom 1989, Liang et
al. 1994). The mean value obtained for MeHg in DORM-2 was 4.44+0.30 pg/g
(reference value 4.47+0.32 ug/g) and for MeHg in DOLT-2 was 0.683+0.047 ug/g
(reference value 0.693+0.053 pg/g).

Plant and fish samples were prepared for stable isotope analysis by oven drying
at 60°C, and grinding to a fine powder using an agate mortar and pestle. The
prepared samples were stored in acid cleaned amber glass vials fitted with
aluminium-lined caps. The *C/**C and *N/*N ratios of the samples were
measured by isotope ratio mass spectrometry (Bunn and Boon 1993).
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3.4

Unless otherwise stated, all mercury data are expressed as wet weight
concentrations. Correlations were calculated using both the Pearson product-
moment correlations and Spearman rank correlation tests. As these tests gave
the same outcomes with regard to statistical significance, only Pearson
correlation values are given in the text. Bioaccumulation factors (BAF) were
calculated using wet weight data as follows: BAF= (MeHg concentration in
organism (pg/g))/(Mean MeHg concentration in water column pg/g)). A mean
water column MeHg concentration of 0.067 ng/L was used in these calculations.

Results and Discussion

The full data set of measurements made is presented in Appendix B.

3.4.1 Stable isotopes data

The stable isotope data and associated information on fish size are summarised
in Table 10. Pearson product-moment correlations for the isotope data, fish
weight and length for the individual fish species are given in Table 11. A plot of
d™N vs d"*C for all biota sampled is shown in Figure 17. The d"*C values of
autotrophic organisms spanned approximately 20%. and were divided into a
number of reasonably distinct categories. Terrestrial C4 grasses were the most
enriched carbon signature measured (range: —10.5 to —12.5%.) and were well
separated from the other plant types. The d'C values of the seston samples
ranged from -30.1%. to -28.9%0, whereas, macroalgae and C3 aquatic plants had
d"*C values ranging from -18.0 to —27.5%.. The d**C values of filamentous algae,
floating freely in the grass beds at the lake edge ranged from -20.4%o to -18.0%o
and were slightly enriched in **C with respect to periphyton (range: -27.5%o to -
19.4%o0). The aquatic fern Azolla, a non-native species, had a mean d*C value of
—28.0%0. This plant is of little significance as an energy source

Of the fish studied, the carbon signature observed for Toxotes chatareus
(-25.9%o0), was the least depleted followed by Arius berneyi (-28.6%0). The three
piscivorous fish species had d**C values clustered around -30 * 3%. The
planktivores Nematalosa sp. had the most depleted carbon signature (Figure 17).
Nematalosa flyensis had d*3C values grouped around -32.3 + 0.8%. whereas the
d"*C values in N. papuensis were less depleted but more variable (-30.6 + 1.8%o).

The d*N value measurements indicated a separation of ca. 9%. between primary
producers and piscivores. Amongst the primary producers, the greatest variation
in d*™N value occurred in the C4 grass samples, which spanned 0.7%o to 6.0%o
d™N. One seston sample had a d'°N value of approximately 0%. and probably
comprised mostly phytoplankton whereas the other three samples had much
higher d®N values (2.4%. - 3.1%o), indicative of significant contributions from
zooplankton or plant material having a higher d*°N value.

The variability in d°N value for each fish species was typically less than + 1%o
standard deviation (Table 10). The mean d°N value of the Nematalosa sp.
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(4.6%0) was ca. 3%o enriched with respect to the seston mean of 2.0%. The d™N
values of the piscivores decreased in the sequence: Strongylura kreffti > Thryssa
scratchleyi >Lates calcarifer. These fish had a combined mean d"°N value of
8.5%0 which was greater than 3%. above Nematalosa sp. (mean of 4.6 %.) and
may indicate that other fish with higher d'°N values (e.g small catfish and other
piscivores) form some part of their diet. Arius berneyi had a lower d™N value,
consistent with omnivory. The d"°N values of Toxotes chatareus ranged from 6.5
to 8.2%o.

Table 10. Summary of Stable Isotope, Fish Length a  nd Fish Weight Data
(mean * standard deviation)

Species Sample Length Weight d“c d°N
size (mm) (9)
Grasses 8 - - -11.9+0.7 2.9+2.3
Aquatic ferns 5 - - -28.0+1.2 0.12+0.36
Lilies 2 - - -24.6,-25.1 17,15
Algae 10 - - -21.3+£3.0 0.65+0.75
Weeds 2 - - -19.7, -26.8 -0.7,0.1
Mixed plankton 3 - - -29.8+0.6 2.0+1.6
N. flyensis 11 7124 (1-48) 7.5+13.5 (56-141) -32.4+0.8 4.9+0.6
N. papuensis 14 110431 (57-151) 28+21 (2-64) -30.5+1.8 4.3+1.2
T. chatareus 9 144418 (113-170) 59+19 (2-88) -25.9+1.7 7.5%£0.5
A. berneyi 15 186+93 (70-403) 1661260 (5-1005) -28.6+1.7 7.4+0.8
L. calcarifer 33 870+134 (615-1110) 70212952 -28.2+1.0 8.4+0.5
(2400-13500)
S. kreffti 9 384180 (268-512) 9673 (26-254) -29.2+1.5 8.8+0.5
T. scratchleyi 5 133480 (127-251) 41451 (22-142) -25.1+12.4 7.3£3.6
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Table 11. Correlations Between Stable Isotope Ratio

s and Fish Species Length, Weight Data from Lake Mu  rray

Species Sample size d°CvsL d°Cvs W d®Nvs L d®Nvs W d°N vs dC

N. flyensis 11 0.078 0.081 0.231 0.325 -0.160
(0.821) (0.813) (0.495) (0.329) (0.639)

N. papuensis 14 0.318 0.258 -0.504 -0.346 -0.778
(0.268) (0.373) (0.066) (0.258) (0.001)

T. chatareus 9 -0.464 -0.459 0.612 0.636 -0.857
(0.208) (0.214) (0.080) (0.065) (0.003)

A. berneyi 15 0.839 0.671 0.655 0.450 0.713
(<0.001) (0.006) (0.008) (0.092) (0.003)

L. calcarifer 33 0.184 0.178 0.666 0.617 0.426
(0.306) (0.322) (<0.001) (<0.001) (0.014)

S. kreffti 9 0.395 0.388 0.654 0.712 -0.011
(0.511) (0.518) (0.232) (0.178) (0.986)

T. scratchleyi 5 -0.590 -0.309 0.431 0.356 -0.335
(0.094) (0.418) (0.247) (0.346) (0.378)

Relationships significant at 95% confidence level are highlighted in bold text.
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Figure 17. Mean d™N values versus d"C values for Lake Murray biota.
95% confidence limits. Key: A: Thryssa scratchleyi (n = 5), B: Strongylura kreffti (n = 9), C:
Lates calcarifer (n = 33), D: Arius berneyi (n = 15), E: Toxotes chatareus (n = 9), F: Nematalosa

Error bars represent

flyensis (n = 11), G: Nematalosa papuensis (n = 14), H: Seston (n = 4), |: Aquatic ferns (n = 5),
J: Water lilies (n = 2), K: Periphyton (attached to grass leaves/stems) (n = 5), L: Aquatic weeds

(n = 2), M: Filamentous algae (free floating) (n = 5), N: Aquatic grasses (n = 8).
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3.4.2 Interpretation of stable isotope data

Although sample numbers were limited, the data showed remarkable
consistency. This could in part be due to the tropical nature of the system and
the absence of any marked seasonal cycles that may introduce some variability
into the isotopic signatures. The majority of the fish species had d"*C values
similar to those of the seston samples (Figure 17) and were well separated from
the carbon signatures of the other aquatic and terrestrial plants. The expected
slight enrichment of *3C during each trophic transfer (0.2 to 1%o) diminishes the
apparent separation between these other plants and the fish species studied.
When this is taken into account, the data clearly indicates that seston (most
likely the phytoplankton component) is the primary carbon source for most of the
fish in the lake. This finding is not without precedent. The d'*C values of the
autotrophs in Lake Murray are very similar to those measured by Hamilton et al.
(1992) in the Orinoco River flood-plain (Venezeula). They also concluded that
despite the abundance of aquatic vascular plants, phytoplankton and epiphytic
algae were the predominant energy sources for many aquatic animals. Similarly,
Forsberg et al. (1993) concluded that phytoplankton accounted for a major
proportion of carbon flow in Amazon fish foodwebs despite the overall dominance
of C4 plants in terms of the carbon inventory of the floodplain.

The 1.3%. difference between the mean d**C value of the 3 piscivores (—30%o)
and the mean of the Nematalosa sp. (-31.3%0) was consistent with a ca. +1%o
shift in d*3C value between trophic levels. The carbon signature observed for the
Nematalosa sp. was however depleted by -1.5%. relative to the seston sampled.
This suggests that there exists a depleted carbon source relative to the seston
that significantly contributes to the diet of Nematalosa. Several studies have
noted similar phenomena affecting primary consumers from lake environments
(Fry and Scherr 1989, Hamilton and Lewis 1992, del Giorgio and France 1996,
Grey and Jones 1999, Mitchell et al. 1996,). The negative shift is due to selective
grazing by primary consumers on phytoplankton, which have a consistently lower
d"*C value than the total seston pool. The other carbon sources in the seston
pool effectively mask the phytoplankton signature. As Nematalosa spp. are
planktivores that graze on a mixture of zooplankton and phytoplankton, the **C
depletion observed may be brought about not only by differential grazing by
these fish but also by selective grazing of zooplankton on phytoplankton that are
then consumed by Nematalosa sp. Alternatively, the **C depleted Nematalosa
signature may simply reflect the more efficient digestion and assimilation of algal-
derived carbon compared to other ingested carbon sources that make up the
seston pool. Some caution should be taken in interpreting the available data. As
noted by other workers (Boon and Bunn 1994, France 1998), aquatic autotrophs
can display considerable variability in their isotopic composition in relation to
such factors as light, temperature, season, turbulence and water chemistry. It is
therefore difficult to speculate about the role of various food sources based on a
single survey. Temporal variations of *C in seston and other primary producers
have yet to be characterised in this system.
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Defining the number of trophic levels in the system is somewhat difficult owing to
the absence of separate phytoplankton and zooplankton samples. Assuming a
3% separation between trophic levels and a 0%. d™°N value for phytoplankton, the
data suggests a maximum of four trophic levels in the food web incorporating the
major piscivorous fish. This is consistent with field observations which suggest
that the dominant food chain comprises: phytoplankton-zooplankton-planktivore-
piscivore. In reality, the food web is more likely to be a continuum (Vander
Zanden and Rassmussen 1999). For instance, Nematalosa sp. will graze on a
mixture of phytoplankton and zooplankton and the piscivorous fish will eat some
small piscivores, invertebrate-feeders and omnivores in addition to the
planktivorous fish.

Of the fish studied, the carbon signature observed for the insectivorous archerfish
Toxotes, was the least depleted and was similar to the signature observed for C3
aquatic plants and macrophytes. The data suggests that the insects derive their
carbon, not from the grasses, but from aquatic plants. It therefore appears that,
in Lake Murray, Toxotes chatareus does not predate on many terrestrial insects
particularly those that derive their energy from C4 grasses.

Lates calcarifer showed a significant positive correlation between d*°N and length
(Table 11) indicating an increase in trophic level with size. The d°N values
increased from 7.6 to 9.7%. over the size range measured, suggesting an
increase from one trophic level above Nematalosa to almost two. This could
indicate an increasing contribution to the diet by other fish species as Lates
calcarifer grows bigger. As noted previously, a complicating factor in the
interpretation of barramundi data is the migration of adults to sea and their return
after spawning. The spawning migration could potentially alter the isotopic ratios
of barramundi flesh, due to the higher d"°N values of autotrophs in marine and
freshwater environments (France 1995).

The lack of significant correlations between fish length and isotopic ratios
generally indicated that the diets of most fish species do not change as a function
of organism size (at least over the size range sampled). Arius berneyi was the
only fish species showing significant correlations between all of the measured
variables. These correlations are consistent with a simultaneous change in both
diet and trophic level as the fish grows larger. Such a change would be a gradual
transition from omnivory to piscivory. This hypothesis is supported by the
observation that the larger Arius berneyi have similar d*°N values to Lates
calcarifer, a known piscivore. The negative correlations between d°N and d**C
(Table 11) observed for Nematalosa papuensis, Toxotes chatareus are
inconsistent with the expected slight enrichment of *C with increasing trophic
level which should give rise to a positive correlation between these variables.
The relationships suggest there are dietary differences between individual fish
which influence both their carbon and nitrogen signatures. In the absence of any
relationships between the isotope ratios and fish size (Table 11), these
relationships may actually reflect differences in the feeding behaviours of
individual fish (Fry et al. 1999). Conceivably, this may relate to slight
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morphological and physiological differences between individual fish. A more
detailed study of isotope signatures is required to unravel these issues.

Overall, the results of this study provide another clear indication that in spite of
abundant aquatic macrophytes and fringing terrestrial vegetation, the fish of
tropical lake systems are associated with plankton-based food webs. It is
noteworthy that such a foodweb structure favours the biomagnification of
contaminants that are efficiently bioaccumulated by phytoplankton relative to
other plant types.

3.4.3 Stable Isotope study: an overview

Although this was only a preliminary study, several conclusions can be drawn
from the data:

® The majority of the fish samples had ratios clustered around -30 £ 3%o
(mean = sd), which is a similar range of ratios to the plankton samples.
This is a strong indication that phytoplankton, are the dominant carbon
source for most of the fish in the lake.

(i) The carbon signatures from aquatic and terrestrial plants were
characterised by d™*C ratios of between —25 and —11. This was well
removed from the d**C ratios of the fish species (typically —33 to —27).
This indicates that plants represent a minor energy source to the key
piscivores of the lake.

(iii) Of the fish studied, the carbon signature observed for the archerfish
Toxotes, was the least depleted and was similar to the signature
observed for lily pads. This is consistent with this fish being an
insectivore.

(iv) d™N ratios indicate that there are approximately four trophic levels in the
food webs incorporating the major piscivorous fish. Combined with
observational biology, the most plausible food web comprises:
phytoplankton-zooplankton-planktivore-piscivore.

3.4.4 Mercury concentrations in the aquatic food we b

The mercury concentrations of the biota sampled from Lake Murray are
summarised in Table 12. The data showed clear evidence of biomagnification of
mercury with the highest concentrations being found in the piscivorous fish,
intermediate concentrations in the planktivorous fish and the lowest
concentrations in the plant specimens. Forty one of the 177 piscivorous and
omnivorous fish specimens (23%) had total mercury concentrations exceeding
the WHO fish consumption guideline of 0.5 pg/g. The total mercury
concentrations in L. calcarifer specimens were similar to concentrations observed
in previous studies on Lake Murray (Sorentino 1979, Kyle 1981, Kyle and Ghani
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1982b, Currey et al. 1992). All plant samples contained MeHg concentrations
below the method detection limit (<0.0003 pg/g). The mean concentration of
MeHg in seston samples (a mixture of phytoplankton and some zooplankton)
however were markedly higher (0.015 pg/g). This indicates the relative
importance of seston as a MeHg source to the pelagic food webs.

Mercury speciation measurements (Table 12) indicated that the proportion of
total mercury present as MeHg increased with trophic level and ranged from <1%
in plants to a maximum of 94% in the piscivore S. kreffti. This trend was
illustrated by the strong linear relationship between mean %MeHg and mean d*°N
values for the fish species (Figure 18). The overall biomagnification of mercury in
the aquatic food web is illustrated by the plot of MeHg concentration versus d°N
value for each fish sampled (Figure 19). MeHg concentrations increase markedly
in organisms having a d”°N value of > 7. Similar relationships between Hg
concentration and d™°N and have been found for other aquatic food webs
(Yoshinaga et al. 1992, Cabana and Rasmussen 1994, Kidd et al. 1995, Jarman
et al. 1996). The relationship between these variables can also be expressed by
the following linear equation: log[MeHg] = 0.280(d"*N) - 2.88 (r* = 0.715). Both
the slope and the intercept of this plot bear remarkable similarity to those for the
relationships derived by Kidd et al. (1995) for fish in northwest Ontario lakes.
This suggests that the biomagnification power of the Lake Murray food web is
similar to that of temperate lake systems. Such global relationships are only of
illustrative value as the variability in the data limits their practical utility for
accurately predicting MeHg concentrations in individual organisms of known d*°N
value.

Mean inorganic mercury concentrations were low and ranged from <0.01 to 0.067
Mg/g. Inorganic mercury concentrations showed some evidence of increasing
with trophic position (Table 12), however, unlike MeHg, there was no consistent
relationship between inorganic mercury and dN. In view of the obvious
importance of MeHg in determining mercury bioaccumulation, inorganic mercury
is not considered any further.

The BAF values for MeHg in seston and the various fish species are presented in
Table 13. Similar to studies conducted in temperate lake systems (Watras et al.
1998) the largest BAF was observed between seston and the water column. This
is consistent with the known efficient bioaccumulation of MeHg from the water
column by phytoplankton (Watras and Bloom 1992, Monson et al. 1996, Watras
et al. 1998). The mean log BAF for seston of 5.36 was very similar to the value
of 5.43 reported by Monson et al. (1996) for plankton in Minnesota lakes, USA
and the values reported by Watras et al. (1994) for phytoplankton in Little Rock
Lake, Wisconsin (5.2 to 5.7). The difference between the BAF's for Nematalosa
sp. and the piscivores varied between 0.8 to 1.2 log units. This difference was
consistent with studies conducted in North America, where a 0.5 to 1.5 log unit
increase in BAF was typically observed between trophic levels (Watras and
Bloom 1992, Hill et al. 1996). The difference in BAF values between seston and
the planktivore Nematalosa sp. was much lower (0.23 log units), indicating that
the trophic transfer of MeHg between plankton (Nematalosa sp. graze on a
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mixture of phytoplankton and zooplankton) and the planktivore is not as efficient
as the transfer occurring at the next trophic level (fish to fish). Further work is
required to investigate the reasons for this observation. This comparison of BAF
values should be treated with some caution as the variability of the BAFs within
each of the piscivorous fish species was quite large (Table 13) and in some
cases was greater than one log unit. All three piscivorous species contained
individual specimens with log BAF values of >7. These values are extremely
high and are greater than BAF's reported for organochlorine pesticide
bioaccumulation by fish (Davies and Dobbs 1984).
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Table 12. Summary of Mercury Concentrations in Biot

a and Inorganic Compartments from Lake Murray

Species Sample Weight Weight HgT MeHg InHg MeHg
NPT Range (g) ) (hg/g) (hg/g) (hg/g) % of HgT

Water® 49 - 1.42+1.27 (ng/L) 0.067+0.115 (ng/L) -
Surface sediments® 19 - 0.111+0.062 0.0009+0.00071 -
Grasses 3 - - 0.00156+0.00097 <0.0003 0.00156+0.00097 <1
Lily pads - - 0.000709+0.000343 <0.0003 0.000709+0.000303 <1
Aquatic ferns 4 - - 0.00258+0.00211 <0.0003 0.00258+0.00211 <1
Macroalgae 11 - - 0.00253+0.00161 <0.0003 0.00253+0.00060 <1
Plankton 4 - nd 0.015+0.009 nd -
Nematalosa flyensis 22 1-48 5.82+9.82 0.049+0.016 0.026+0.008 0.023+0.008 54+11
Nematalosa papuensis 28 1-64 22.1+17.3 0.050+0.019 0.026+0.009 0.022+0.011 56+12
Arius berneyi 35 5-1005 92.9+£182 0.17+0.14 0.181+0.148 0.049+0.008 72+12
Toxotes chatareus 10 29-88 60.7£19.0 0.37+£0.18 0.289+0.149 0.067+0.040 8015
Strongylura kreffti 14 26-307 131+99 0.46+0.24 0.382+0.244 <0.010 94+19
Thryssa scratchleyi 8 22-142 40.5+41.1 0.35+0.26 0.281+0.319 0.036+0.035 79+13
Lates calcarifer 110 1800-13500 5580+£2430 0.40+0.22 0.458+0.300 0.067+0.040 88+17

@ Mean of concentrations measured in the water column during June 1995 and November 1996;

® Mean of surface sediment concentrations measured during June 1995
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Table 13. Bioaccumulation Factors
Murray and Other Locations

2 for the Base of the Food-Chains in Lake

Component MeHg (ug/g) log BAF (mean) Range

Water 6.7E-08

Plankton 0.0154 5.36 4.92-5.65
Nematalosa 0.026 5.59 5.28-5.87
Arius berneyi 0.181 6.43 5.63-6.94
Toxotes chatareus 0.289 6.63 6.16-6.83
Strongylura kreffti 0.382 6.76 6.08-7.06
Thryssa scratchleyi 0.281 6.62 5.84-7.09
Lates calcarifer 0.458 6.83 5.89-7.25

“BAFs were calculated with respect to the water concentration of MeHg.

100

%MeHg

40 \

d*°N

Figure 18. Relationship between mean %MeHg and
plankton; (b) Nematalosa papuensis ; (c) Nematalosa flyensis ; (d) Thryssa scratchleyi ; (€)
Avrius berneyi ; (f) Toxotes chatareus ; (g) Lates calcarifer ; (h) Strongylura kreffti
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1.2

Figure 19. Relationship between methylmercury concentration and

3.4.5 Mercury concentrations in individual fish spe
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In all fish species, apart from Nematalosa spp. and T. scratchleyi, both total Hg
and MeHg concentrations were significantly correlated with fish length (Figure.
20, Table 14) and fish mass (Table 14). Such relationships are commonly found
in freshwater fish (Abernathy and Cumbie, Mathers and Johansen 1985, Lange
et al. 1993, Watras et al. 1998). The lack of any significant relationship between
MeHg and fish size for T. scratchleyi may in part be explained by the lack of
intermediate sized specimens caught for this study. Most specimens were less
than 150 mm in length, while one specimen was greater than 250mm. Although
the single large specimen had a higher MeHg concentration than the smaller
specimens, the overall relationship was not significant. Given the limited data
set, mercury bioaccumulation in this species is not discussed any further.
Differences in the rate of MeHg bioaccumulation between fish species were
indicated by differences in the slope of the Hg versus fish length plots (Figure
20). The slopes followed the order: T. chatareus > S. kreffti > A. berneyi >
L calcarifer. This sequence most likely reflects differences in the MeHg
assimilation efficiencies, rates of change of trophic position with size, body form
and growth rates of the various fish species.

Apart from the planktivores (Nematalosa spp.), MeHg concentrations within each
fish species were positively correlated with d"°N values (Figure 21, Table 14).
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This correlation illustrates the importance of the trophic position of the individual
fish specimens in determining MeHg concentration. Even fractional changes in
trophic level exerted an effect on MeHg concentration. Only L. calcarifer and
A. berneyi displayed significant positive correlations between d"°N and fish size
(section 3.4.1), which indicate increases in trophic position as these fish grow.
The lack of a relationship between d*°N value and fish size for the S. kreffti and T.
chatareus specimens (section 3.4.1) indicates that these species do not change
their trophic position as they grow larger. Coupled with the MeHg versus d"°N
relationships data presented above, this suggests that some of the variability in
MeHg concentrations in these fish was linked to differences in the trophic position
of the individual fish, irrespective of their size.

Only A. berneyi displayed a statistically significant relationship between MeHg
and d"*C (Table 14). It is clear however that for the other fish species studied,
any slight changes in diet between individuals (as indicated by changes in d**C
value) that are associated with changes in the primary carbon source, did not
affect the MeHg concentration of the fish (at least over the size range of
organisms sampled).

The factors influencing the bioaccumulation of MeHg by A. Berneyi are hard to
unravel owing to the covariance of MeHg, d*C, d*°N and fish size (Table 14).
This indicates that A. Berneyi simultaneously changes diet (which reflects a
change the primary carbon sources) , and trophic position with size. Any one, or
a combination of these changes will contribute to the observed increase in MeHg
concentration with size.

Compared to the other fish species, the concentrations of mercury in
T. chatareus were relatively high with 4 of the 10 specimens analysed having
total mercury concentrations of greater than 0.5 pg/g. This fish also had the
steepest gradient of the MeHg versus fish length plots. The pathway of mercury
bioaccumulation is of interest as T. chatareus is predominantly a specialised
insectivore. This either suggests a slow rate of length increase or an efficient
biomagnification pathway of mercury to T. chatareus involving aquatic insects.
Isotope measurements (section 3.4.1) showed that aquatic plants were a
component of the energy sources to this fish species. However, compared to
seston, these plants are low in MeHg (Table 12) and these alone would not
account for the MeHg concentrations observed in T. chatareus. It is possible that
not all of the primary carbon sources supporting the food web that contains
T. chatareus were sampled. The measurement of the mercury concentrations
and stable isotope ratios of their insect prey and their food sources needs to be
conducted, to better understand mercury bioaccumulation by this species.

The L. calcarifer data displayed a distinct curvilinear relationship between total
mercury and fish length with little change in Hg concentration between 550 mm
and 750 mm length. This trend was not accounted for by similar trends in the
d™N value versus length relationship for this fish which was reasonably linear
over the entire size range (section 3.4.1). The L. calcarifer data displayed
covariance between MeHg, fish length and d®N. This is consistent with an
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increase in trophic position with size and hence an increase in the amount of
MeHg in prey. There are however several factors that complicate the
interpretation of the data. L. calcarifer are migratory and regularly move from
Lake Murray to the Gulf of Papua to spawn (Moore and Reynolds 1982).
Juveniles remain in saltwater until they are 200-300 mm in length before they
migrate to freshwaters (Moore and Reynolds 1982). No data exists on the
amount of time the fish spend out of the lake during migration, but it is
reasonable to assume that mercury concentrations should be lower in
L. calcarifer compared to non-migratory fish species that are exposed to higher
concentrations of mercury for longer periods of time. This assumes that MeHg
concentrations are lower in the riverine and estuarine environments downstream
of Lake Murray. This appears reasonable considering that L. calcarifer from other
rivers that also spawn in the same coastal region have lower concentrations of
MeHg (Sorentino 1979, Kyle 1981, Kyle and Ghani 1982b). This may in part
explain why the slope of the total mercury versus fish length plot for L. calcarifer
was the lowest of all of the fish species studied. L. calcarifer are protandrous
hermaphrodites (Moore 1979), beginning their life cycles as males and changing
sex when they grow larger. Any change in metabolism associated with the
different sexes, may conceivably cause a change in the accumulation of MeHg.
Using 870 mm as a size cut-off delineating male from female fish (Moore 1979),
this indicated that around 30% of the fish sampled in the current study were
female. Aside from some increased variability in the Hg concentration versus
length plot at fish lengths >900 mm (Fig 4) sexual transformation appears to have
little detectable effect on MeHg bioaccumulation.
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Table 14. Correlations Between Mercury Concentratio  ns and Stable Isotope Ratios in Fish Species fromL  ake

Murray
Species ®Sample HgT v Length HgT v weight °Sample MeHg v d“C MeHg v d™N MeHg v HgT
Number Number

N. flyensis 21 r=-0.103, P = 0.965 r=0.605, P =0.795 11 r=0.524, P =0.098 r=0.255, P =0.449 r=0.808, P =0.003
N. papuensis 27 r=-0.635, P<0.001 r=-0.431, P =0.025 14 r=-0.289, P =0.317 r=0.636, P = 0.014% r=0.788, P =0.001
A. berneyi 35 r=0.936, P <0.001 r =0.849, P<0.001 15 r=0.783, P =0.001 r=0.613, P =0.015 r=0.949, P <0.001
T. chatareus 10 r=0.769, P = 0.009 r=0.804, P =0.005 9 r=-0.627, P =0.071 r=0.823, P =0.006 r=0.985, P <0.001
L. calcarifer 113 r=0.712, P < 0.001 r=0.719, P=0.001 33 r=0.215, P =0.229 r=0.613, P <0.001 r=0.982, P <0.001
S. kreffti 14 r=0.893, P <0.001 r=0.825, P <0.001 9 r=-0.567, P =0.112 r=0.723, P =0.028 r=0.970, P <0.001
T. scratchleyi 8 r=0.681, P =0.063 r=0.742, P =0.035 5 r=0.447, P = 0451 r=0.887, P =0.045 r=0.995, P <0.001

Relationships significant at 95% confidence level are highlighted in bold text.

Note: HgT was used for the regression with fish length rather than MeHg, since larger sample numbers were analysed for HgT.

2 When one point with high MeHg and d"N values was removed, this relationship was not significant (r = 0.380, P = 0.200).

®L_ength and weight correlation data

°d"*C and d**N, correlation data,
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3.4.6 Overview of mercury bioaccumulation processes

The data presented in this section together with previous reports (Sorentino
1979, Kyle 1981, Kyle and Ghani 1982b) confirm that mercury is accumulated to
levels of regulatory concern in the piscivorous fish of Lake Murray. This is in
spite of there being any conspicuous elevated sources of inorganic mercury or
MeHg to the system. Overall, the BAFs for Lake Murray fish were comparable to
those in temperate systems and did not indicate any anomalously efficient
accumulation of mercury by any of the organisms studied. How can the high
concentrations of MeHg in fish be reconciled with the low concentrations of MeHg
in the water column? There are two key factors that account for this apparent
discrepancy. Firstly, stable isotope studies indicate that in spite of the
abundance of aquatic and terrestrial vascular plants in Lake Murray, the food
webs incorporating the main piscivorous fish are phytoplankton-based. This is of
consequence, as phytoplankton are known to efficiently bioaccumulate MeHg
from the water column (Watras and Bloom 1992, Watras et al. 1994, Monson et
al. 1996, Watras et al. 1998). This was apparent from the significant enrichment
of MeHg in seston compared to the aquatic plants in Lake Murray. Secondly, the
stable isotope studies show that 4 trophic levels are common in the foodwebs
incorporating the key piscivorous fish (phytoplankton-zooplankton-planktivore-
piscivore). Several workers have noted the critical role of pelagic food chain
length in mercury bioaccumulation by piscivorous fish (Akielaszek and Haines
1981, Rask and Metsala 1991, Cabana and Rasmussen 1994, Cabana et al.
1994, Futter 1994). For instance, the presence of forage fish and the crustacean
Mysis relicta in Canadian lakes result in higher mercury concentrations in lake
trout (Salvelinus hamaycush) compared with those found in similar lakes having
shorter food chains where trout feed directly on zooplankton (Cabana and
Rasmussen 1994, Cabana et al. 1994, Futter 1994). Therefore, the combination
of the plankton-based the food web and the number of trophic levels account for
the high MeHg concentrations in the lake’s piscivorous fish.

It is interesting to use the BAFs identified for the Lake Murray system to calculate
the fish mercury concentrations that would arise as a consequence of increases
in MeHg concentrations in the water column. In the Florida Everglades (a
subtropical area of wetlands and lakes, known to be contaminated with mercury).
Hurley et al. (1998) measured water column MeHg concentrations of 0.5 ng/L to
0.8 ng/L, which are an order of magnitude higher than the concentrations
typically observed in Lake Murray. Assuming a concentration of 0.5 ng/L MeHg
in the water column of Lake Murray and a log BAF of 6.83 (Table 13), the
resulting mercury concentration of a 6 kg Barramundi would be 3.4 pug/g MeHg.
This value is comparable to the upper range observed for piscivorous fish in the
Florida Everglades (Fleming et al. 1995). This calculation illustrates the
sensitivity the system to increases in mercury concentration.

The data for individual fish species were characterised by correlations between
MeHg, fish length and d®N. Mercury concentrations increase with fish age (and
hence fish size) because of the very slow rate of elimination of MeHg from
tissues compared to its rate of uptake (Clarkson 1995). This is the basic process
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by which MeHg is bioaccumulated. Most available evidence points to dietary
uptake as the dominant pathway of mercury bioaccumulation in fish (Hall et al.
1997). For fish that occupy the same trophic level throughout their life and are
exposed to constant mercury concentrations in their food, MeHg concentrations
will gradually increase with age. Increases in trophic position result in an
increase in the MeHg content of prey, a corresponding increase in the flux of
MeHg to the predator and hence an increased MeHg tissue burden. Increases in
trophic position with fish size will therefore augment the time-related
bioaccumulation of MeHg. The growth rate of the fish is also believed to
influence mercury concentrations through the process of ‘growth dilution’. As a
result, fast growing fish generally have lower tissue mercury concentrations than
their slower growing counterparts (Doyon et al. 1998). Little is known of the
relative growth rates of the fish species studied, however, this effect may explain
the lower rate of MeHg accumulation in L. calcarifer. As indicated by two fish
species in this study, differences in the trophic position of individual fish, which
are not related to growth, can significantly influence the bioaccumulation of
MeHg. While some workers have attempted to model mercury bioaccumulation in
fish (Post et al. 1996, Harris et al. 1998), it is clear that carefully controlled
experiments are required to determine the relative importance of exposure time-
related and trophic position-related MeHg accumulation processes.

Little data exist to demonstrate whether the observed bioaccumulation of MeHg
by piscivorous fish is a phenomenon specific to Lake Murray, or is common to the
numerous smaller lakes in this region. Other reports of mercury concentrations
in PNG fish have focussed on riverine or estuarine ecosystems (Lamb 1977, Kyle
and Ghani 1982, 1984/1985). Given that BAF’s and the planktonic-based food
webs are likely to be similar in other lowland lakes, it suggests that similar MeHg
concentrations will be observed in piscivorous fish. If MeHg concentrations in the
fish are indeed lower than in Lake Murray, this points to water column and
sediment MeHg concentrations being much lower in these small lake systems
than in Lake Murray.

In spite of the higher water temperatures and lack of seasonality, the basic
processes affecting mercury bioaccumulation in tropical lakes appear similar to
those in temperate lakes. The combination of a wetland/tropical lake
environment and a long food chain that is phytoplankton-based lead to mercury
bioaccumulating to levels of regulatory concern without the need for anomalously
high mercury concentrations in waters and sediments. This work also illustrates
the utility of C and N stable isotope measurements in studies of mercury
bioaccumulation. Used in conjunction with mercury concentration and fish size
data, these parameters allow deductions to be made on the processes affecting
bioaccumulation in individual fish species.
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4 GENERAL CONCLUSIONS

The conclusions of the study may be summarised as follows:

1. Total mercury showed no signs of elevated concentrations in either
waters or sediments. This indicates that the reasons for high mercury
bioaccumulation in Lake Murray are not related to high mercury inputs or
anomalously high natural sources of mercury.

2. Flow reversal events which cause the intermittent inputs of turbid waters
from the Strickland River have resulted in the formation of an inverse delta at the
southern end of the lake. The delta is characterised by elevated concentrations
of trace elements (including mercury) in benthic sediments. These inputs also
increase water column total mercury concentrations and affect the general water
quality of southern end of the lake.

3. MeHg concentrations were generally low in both waters and sediments.
High concentrations of methylmercury were occasionally detected in the water
column and may be linked to processes occurring in the lake margins (e.g drying
and wetting of littoral sediments). Further work is required to understand the
biomethylation processes occurring in the lake.

4, The Strickland River is a major source of total mercury. Most of this
mercury is in particulate form. Methylmercury was detected in several of the
rivers surrounding Lake Murray. Mercury methylation occurs either in-river or
within the river catchments.

5. Stable isotope measurements indicated that the major carbon sources
to the lake’'s food webs are largely aquatic, with little input from terrestrial
sources. The food webs incorporating the major piscivores appear to be
phytoplankton-based and comprise four trophic levels (phytoplankton-
zooplankton-planktivore-piscivore).

6. Of the primary food sources, phytoplankton contained the highest
concentrations methylmercury. The methylmercury concentrations of other plant
material (both aquatic and terrestrial) were extremely low. This emphasises the
importance of plankton-based food webs in accumulating mercury.

7. Speciation measurements made on plankton and fish species,
representing key components of the food web, indicated that methylmercury was
biomagnified with increasing trophic level, whereas inorganic mercury was
bioaccumulated but not biomagnified. Methylmercury bioaccumulation factors for
key trophic levels were similar to those found in temperate environments with a
typical increase of 1 log unit between planktivore and piscivore trophic levels.

8. The methylmercury concentrations within individual omnivorous and
piscivorous fish species were correlated with both their trophic position, as
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indicated by stable nitrogen isotope ratio, and the size of the fish. Fish species
were subsequently categorised into groups where dietary changes with age
(resulting in increased trophic level) accounted for increasing mercury
concentrations, and where mercury content was linked to the actual diet of the
individual fish irrespective of age.

9. The high mercury concentrations of Lake Murray’s piscivores were
accounted for by the length of the food chains (typically phytoplankton-
zooplankton-planktivore-piscivore) and the ability of phytoplankton to accumulate
methylmercury from the water column. This indicates that the system is
extremely sensitive to changes in water column methylmercury concentrations.

10. In terms of mercury bioaccumulation from mine-derived sediments, the
southern part of Lake Murray is potentially the most sensitive area as it receives
periodic injections of turbid, mercury-rich water from the Strickland River. The
processes leading to methylation of mine-derived mercury and uptake by
phytoplankton in this region of the lake need to be further characterised.

Centre for Advanced Analytical Chemistry 71



5 FUTURE WORK

1. A more detailed coring program should be undertaken to characterise
the extent of the inverse delta at the southern end of Lake Murray. This should
include measurement of key elemental tracers of riverine deposition such as Hg,
Ca, Mg, Ni and Ag. In addition, some cores should be subjected to geochemical
dating in order to ascertain sediment deposition rates. This information will give
a better understanding of the likely depositional zones for mine-derived
sediments in Lake Murray and allow monitoring programs (both biological and
chemical) to be refined.

2. Further field studies are required to identify the key pathways by which
mercury is methylated both in the river system and in Lake Murray. In particular,
the role of episodic events such as the drying and wetting of lake margin
sediments should be investigated. Without this fundamental knowledge, it is
difficult to assess the fate of mine-derived mercury in Lake Murray.

3. Laboratory experiments should be conducted to examine the extent to
which mercury mine-derived sediments is converted to methylmercury under
conditions representative of the river system and off-river water bodies (e.g. Lake
Murray).

4. Further food web studies should be carried out to understand the
pathways of mercury bioaccumulation. In particular, more plankton samples and
specimens from other organism groups (e.g. prawns) should be collected and
subjected to both mercury and stable carbon and nitrogen isotope analyses. The
seasonal variability of both mercury concentrations and isotopic signatures
should be characterised, particularly in plankton samples. The source of the
negatively depleted carbon signature observed for Nematalosa should also be
identified.

5. The reasons for the unusually high mercury bioaccumulation observed
in the insectivore Toxotes should be further investigated. In particular, the
potential role of aquatic and terrestrial insects in mercury bioaccumulation should
be identified.

6. Given the observed impact of the flow reversal events on mercury
concentrations in both waters and sediments, a study should be conducted to
examine spatial differences in mercury bioaccumulation. This should focus on
the biological impacts occurring in the south of Lake Murray. Spatial differences
are likely to be most evident in plankton and planktivores (e.g. Nematalosa).

Centre for Advanced Analytical Chemistry 72



6 ACKNOWLEDGMENTS

The authors thank the staff of the Porgera Joint Venture Environment Laboratory,
notably Matthew Kawei, Charles Tabua, Exon Waingut, Jim McNamara, Billy
Sari, Bruce Ambrose and Denise Peggs (Placer Pacific) for their assistance with
field work. The exceptional field skills of Geoff Day (University of California,
Berkeley) made the collection of sediment cores possible. The technical
assistance of Mathew Higham, Leigh Hales and Jacqui Lassau (all CSIRO) is
gratefully acknowledged. Stable isotope ratios in plant and fish samples were
analysed by Dr. S. Bunn, Griffith University.

Special thanks is given to Associate Professor Bill Maher (University of

Canberra) and Dr Ross Smith (R&D Environmental, Brisbane) for their
contributions to this work.

Centre for Advanced Analytical Chemistry 73



7/ REFERENCES

Abe, T., Ohtsuka, R., Hongo, T., Suzuki, T., Tohyama, C., Nakano, A., Akagi, H. and Akimichi,
T. (1995). High hair and urinary mercury levels of fish eaters in the non-polluted
environment of Papua New Guinea. Arch. Environ. Health, 50, 367-373.

Abernathy, A.R. and Cumbie, P.M. (1977). Mercury accumulation by large-mouth bass
(Micropterus salmoides) in recently impounded reservoirs. Bull. Environ. Contam. Toxicol.,
17, 595-602.

Adeloju, S. B., Dhindsa, H. S. and Tandon, R. K. (1994). Evaluation of some wet decomposition
methods for mercury determination in biological and environmental materials by cold vapour
atomic absorption spectrometry. Anal. Chim. Acta, 285, 359-364.

Akielaszek and Haines (1981). Mercury in the muscle tissue from three northern Maine lakes.
Bull. Environ. Contam. Toxicol., 27, 201-208.

Amyot, M., Mierle, G., Lean, D.R.S. and McQueen, D.J. (1994). Sunlight-induced formation of
dissolved gaseous mercury in lake waters. Environ. Sci. Technol., 28, 2366-2371.

APHA (1989). Standard methods for the examination of water and wastewater. Clesceri, L.S.,
Greenberg, A.E., and Trussell, R.R., Eds. APHA 17th Edition.

Apte, S.C. (1993). A review of mercury biomethylation with particular reference to the
Strickland/Lake Murray system. CSIRO Investigation Report No PJV/Env-19/93, prepared
for Porgera Joint Venture, 57 pages.

Apte, S.C., McNamara J. and Bowles, K. (1996). Fate of trace metals in the riverine
environment downstream of the Porgera gold mine, Papua New Guinea. Proceedings of
the 3 International and 21% Annual, Minerals Council of Australia, Environmental
Workshop, 2-6 October, Newcastle, Australia, Vol. 1, pp. 38-50.

Blake, D. H. (1971). Geology and geomorphology of the Morehead-Kiunga area. In: “Land
resources of the Morehead-Kiunga Area”, Papua New Guinea. CSIRO Land Res. Ser., 29.

Bloom, N. S. (1989). Determination of picogram levels of methylmercury by aqueous phase
ethylation, followed by cryogenic gas chromatography with cold vapour atomic fluorescence
detection. Can. J. Fish. Aquat. Sci., 46, 1131-1140.

Bloom, N.S., and Effler, S.W. (1990). Seasonal variability in the mercury speciation of
Onondaga lake (New York). Water Air Soil Pollut., 53, 251-265.

Bloom, N.S. and Watras, C.J. (1989). Observations of methylmercury in precipitation. Sci. Tot.
Environ., 87/88 199-207.

Boischio, A.A.P. and Henzel, D.S. (1996). Risk assessment of mercury exposure through fish
consumption by the riverside people in the Madiera Basin, Amazon, 1991. Neurotoxicology,
17, 169-176.

Centre for Advanced Analytical Chemistry 74



Boon, P. |. and Bunn, S. E. (1994). Variations in the stable isotope composition of aquatic
plants an their implications for food web analysis, 48, 99-108.

Bowles, K.C. (1998). Mercury cycling in Aquatic Systems. PhD Thesis. University of Canberra,
pp. 490.

Bunn, S.E., and Boon, P.l. (1993). What sources of organic carbon drive food webs in
billabongs? A study based on stable isotope analysis. Oecologia, 96, 85-94.

Cabana, G. and Rasmussen, J. B. (1994). Modelling food chain structure and contaminant
bioaccumulation using stable nitrogen isotopes. Nature, 17, 255-257.

Cabana, G., Tremblay, A., Kalff, J. and Rasmussen, J. B. (1994). Pelagic food chain structure in
Ontario lakes: A determinant of mercury levels in lake trout (Salvelinus namaycush). Can. J.
Fish. Aquat. Sci., 51, 381-389.

Chapman, J. F. and Dale, L. S. (1976). A simple apparatus for the spectrometric determination
of mercury by the cold vapour-atomic absorption technique. Anal. Chim. Acta, 101, 203-
206.

Clarkson. T.W. (1995). Environmental contaminants in the food chain. Am. J. Chem. Nutr., 61,
682S-686S.

Currey, N. A., Benko, W. I, Yaru, B. T. and Kabi, R. (1992). Determination of heavy metals,
arsenic and selenium in barramundi (Lates calcarifer) from Lake Murray, Papua New
Guinea. Sci. Total Environ., 125, 305-320.

Davies, R.P. and Dobbs, A.J. (1984). The prediction of bioconcentration in fish. Water Res.,
18, 1253-1262.

del Giorgio, P.A. and France, R.L. (1996). Ecosystem-specific patterns in the relationship
between zooplankton and POM or microplankton al3C. Limnol. Oceanogr. 41, 359-365.

D'ltri, F. M. (1990). The biomethylation and cycling of selected metals and metalloids in aquatic
sediments. In: Sediments: Chemistry and Toxicity of In-Place Pollutants, R. Bando, J. Giesy
and H. Muntau. Eds. Lewis Publ., Ann Arbor, pp. 163-214.

Doyon, J-F., Schetagne, R. and Verdon, R. (1998). Different mercury bioaccumulation rates
between sympatric populations of dwarf and normal lake whitefish (Coregonus
clupeaformis) in the La Grande complex watershed, James Bay, Quebec. Biogeochem.,
40, 203-216.

Driscoll, C. T., Yan, C., Schofield, C. L., Munson, R. and Holsapple, J. (1994). The mercury
cycle and fish in the Adirondack lakes. Environ. Sci. Technol., 28, 136-143.

Fischer, R., Rapsomanikis, S. and Andreae, M. O. (1993). Determination of methylmercury in
fish samples using GC/AA and sodium tetraethylborate derivatization. Anal. Chem., 65,
763-766.

Centre for Advanced Analytical Chemistry 75



Fleming, L.E., Watkins, S., Kaderman, R., Levin, B., Ayyar, D.R., Bizzio, M., Stephens, D and
Bean, J.A. (1995). Mercury exposure in humans through food consumption from the
Everglades of Florida. Water, Air, Soil Pollut., 80, 41-48.

Forsberg, B.R., Araujo-Lima, C.A.R.M., Martinelli, L.A., Victoria, R.L and Bonassi, J.A. (1993).
Autotrophic carbon sources for fish of the central Amazon. Ecology, 74, 643-652.

France, R.L. (1995). Stable nitrogen isotopes in fish: literature synthesis on the influence of
ecotonal coupling. Est. Coastal Shelf Sci., 41, 737-742.

France R.L. (1998) Estimating the assimilation of mangrove detritus by fiddler crabs in Laguna
Joyuda, Puerto Rico, using dual stable isotopes. J. Tropical Ecol. 14, 413-425.

Fry, B. and Scherr, E.B. (1989). adl3C measurements as indicators of carbon flow in marine
and freshwater ecosystems. In, Stable Isotopes in Ecological research. Ecological Studies
No. 68. Edited by P.W. Rundel, J.R. Ehleringer, and K.A. Nagy. Springer-Verlag, New
York, pp. 196-229.

Fry, B., Mumford, P.L., Tam, F., Fox, D.D., Warren, G.L., Havens, K.E. and Steinman, A.D.
(1999). Trophic position and individual feeding histories of fish from Lake Okeechobee,
Florida. Can. J. Fish. Aquat. Sci., 56, 590-600.

Futter, N. M. (1994). Pelagic food-web structure influences probability of mercury contamination
in lake trout (Salvelinus namaycush). Sci. Total Environ., 145, 7-12.

Gill, G.A. and Bruland, K.W. (1990). Mercury speciation in surface freshwater systems in
California and other areas. Environ. Sci Technol., 24, 1392-1400.

Gilmour, C.C., Henry, E.A. and Mitchell, R. (1992). Sulfate stimulation of mercury methylation
in freshwater sediments. Environ. Sci Technol., 26, 2281-2287.

Grey, J. and Jones, R.l. (1999). Carbon stable isotopes reveal complex trophic interactions in
lake plankton. Rapid Commun. Mass Spectrom., 13, 1311-1314.

Hall, P. M. and Johnson, D. R. (1987). Nesting biology of Crocodylus novaeguineae in Lake
Murray district, Papua New Guinea. Herpetologica, 43, 249-258.

Hall, B. D., Bodaly, R. A., Fudge, R. J., Rudd, J. W. and Rosenberg, D.M. (1997). Food as the
dominant pathway of methylmercury uptake by fish. Water Air Soil Pollut., 100, 13-24.

Hamilton, S. K., Lewis, W. M. and Sippel, S. J. (1992). Energy sources for aquatic animals in
the Orinoco River floodplain: evidence from stable isotopes. Oecologia, 89, 324-330.

Hamilton, S. K., Lewis, W. M. (1992). Stable carbon and nitrogen isotopes in algae and detritus
from the Orinoco River floodplain, Venezuela. Geochim. Cosmochim. Acta, 56, 4327-4246.

Harris, R.C. and Bodaly, R.A. (1998). Temperature, growth and dietary effects on fish mercury
dynamics in two Ontario lakes. Biogeochemistry, 40, 175-187.

Henry, E.A., Dodge-Murphy, L.J., Bigham, G.N., Klein, S.M. and Gilmour, C.C. (1995). Total
mercury and methylmercury mass balance in an alkaline, hypereutrophic urban lake
(Onondaga Lake, NY). Water Air Soil Pollut., 80, 509-518.

Centre for Advanced Analytical Chemistry 76



Hill, W.R., Stewart, A.J. and Napolitano, G.E. (1996). Mercury speciation and bioaccumulation
in lotic primary producers and primary consumers. Can. J. Fish. Aquat. Sci., 53, 812-819.

Hultberg, H., Iverfeldt, A. and Lee, Y.-H. (1994). Methylmercury input/output and accumulation
in forested catchments and critical loads for lakes in southwestern Sweden. In: Mercury
Pollution: Integration and Synthesis, C. J. Watras and J. W. Huckabee Eds., Lewis Publ.,
Boca Raton, pp. 313-321.

Hurley, J.P., Watras, C.J. and Bloom, N.S. (1994). Distribution and flux of particulate mercury
in four stratified seepage lakes. In: “Mercury Pollution: Integration and Synthesis”, (Eds. C.
J. Watras and J. W. Huckabee), pp. 69-82, (Lewis Publ., Boca Raton).

Hurley, J. P., Benoit, J. M., Babiarz, C. L., Shafer, M. M., Andren, A. W., Sullivan, J. R,
Hammond, R. and Webb, W. A. (1995). Influences of watershed characteristics on mercury
levels in Wisconsin rivers. Environ. Sci. Technol., 29, 1867-1875.

Hurley, J. P., Krabbenhoft, D., Cleckner, L. B., King, S. A., & Olsen, M. L. (1998). System
controls on the aqueous mercury distribution in the northern Everglades. Biogeochem., 40,
293-311.

Jarman, W. M., Hobson, K. A., Sydeman, W. J., Bacon, C. E. and McLaren, E. B. (1996).
Influence of trophic position and feeding location on contaminant levels in the Gulf of the
Farralones food web revealed by stable isotope analysis. Environ. Sci. Technol., 30, 654-
660.

Johansson. K., Andersson, A., and Andersson, T. (1995). Regional accumulation of heavy
metals in lake sediments and forest soils in Sweden. Sci. Tot. Environ., 160/161, 373-380.

Kailola, P. J. (1990). The catfish family Ariidae (Teleostii) in New Guinea and Australia:
relationships, systematics and zoogeography. Ph.D thesis, University of Adelaide, Australia.

Kidd, K. A., Hesslein, R. H., Fudge, R. J. P. and Hallard, K. A. (1995). The influence of trophic
level as measured by dl5N on mercury concentrations in freshwater organisms. Water Air
Soil Pollut., 80, 1011-1015.

Krabbenhoft, D. P., Hurley, J. P., Olsen M. L. and Cleckner, L. B. (1998). Diel variability of
mercury phase and species distributions in the Florida Everglades. Biogeochem., 40, 311-
325.

Kyle, J. H. (1981). Mercury in the People and the Fish of the Fly and Strickland River
Catchments. (Office of Environment and Conservation, Port Moreshy).

Kyle, J. H. and Ghani, N. (1982a). Elevated mercury levels in people from Lake Murray, western
province. PNG Med. J., 25, 81-88.

Kyle, J. H. and Ghani, N. (1982b). Mercury concentrations in ten species of fish from Lake
Murray, western province. Sci. New Guinea, 9, 48-58.

Kyle, J. H. and Ghani, N. (1984/1985). Mercury in Barramundi (Lates calcarifer) from the Gulf of
Papua. Sci. New Guinea, 11, 105-113.

Centre for Advanced Analytical Chemistry 77



Kyle, J. H. and Mackenzie, C. J. G. (1982). Albuminuria at Lake Murray due to high
methylmercury intake. PNG Med. J., 25, 227-229.

Lajtha, K., & Michener, R. H. (1994). Stable Isotopes in Ecology and Environmental Science,
Blackwell Scientific, Oxford.

Lamb, K. P. (1977). Mercury levels in nine species of fish from the Ok Tedi and Upper Fly River.
Sci. New Guinea, 5, 7-11.

Lange, T.R., Royals, H.E., Connor, L.L., (1993). Influence of water chemistry on mercury
concentration in largemouth bass from Florida lakes. Trans. Am. Fish. Soc., 122, 74-84.

Liang, L. and Bloom, N. S. (1993). Determination of total mercury by single-stage gold
amalgamation with cold vapour atomic spectrometric detection. J. Anal. At. Spectrom., 8,
591-594.

Liang, L., Horvat, M. and Bloom, N. S. (1994). An improved speciation method for mercury by
GC/CVAFS after aqueous phase ethylation and room temperature precollection. Talanta,
41, 371-379.

Liang, L. Horvat, M. and Danilchik, P. (1995). Letter to the Editors. Talanta, 42, 983-984.

Louchouarn, P., Lucotte, M., Mucci, A. and Pichet, P. (1993). Geochemistry of mercury in two
hydroelectric reservoirs in Quebec, Canada. Can. J. Fish. Aquat. Sci., 50, 269-281.

Lowe-McConnell, R. H. (1987). Ecological studies in tropical fish communities. Cambridge
University Press, Cambridge.

Mackenzie, C. J. G. and Kyle, J. H. (1984). Two examples of environmental problems occurring
in remote sparsely populated areas. Ann. Acad. Medicine, 13, 237-246.

Mathers, R.A. and Johansen, P.H. (1985). The effects of feeding ecology on mercury
accumulation in walleye (Stizostedion vitreum) and pike (Esox lucius) in Lake Simcoe. Can.
J. Zool., 63, 2006-2012.

Matilainen, T. (1995) Involvement of bacteria in methylmercury formation in anaerobic lake
waters. Water Air Soil Pollut., 80, 757-764.

Minagawa, M. and Wada, E. (1984). Stepwise enrichment of 15N along food chains: further
evidence and the relation between dl5N and animal age. Geochim. Cosmochim. Acta, 48,
1135-1140.

Mitchell, M.J., Mills, E.L., Idrisi, N. and Michener, R. (1996). Stable isotopes of nitrogen and
carbon in an aquatic food web recently invaded by Dreissena polymorpha (Pallas). Can. J.
Fish Aquat. Sci., 53, 1445-1450.

Monson, B., Brezonik, P., Strassman, R. and Swain, E. (1996). Seasonal patterns of mercury
species in water and plankton from low softwater lakes in northeastern Minnesota.
Biogeochem., 40, 147-162.

Moore, R. (1979). Natural sex inversion in the giant perch (Lates calcarifer). Aust. J. Mar.
Freshwater Res., 30, 803-813.

Centre for Advanced Analytical Chemistry 78



Moore, R. (1982). Spawning and early life history of barramundi, Lates calcarifer (Bloch), in
Papua New Guinea. Aust. J. Mar. Freshwater Res., 33, 647-61.

Moore, R. and Reynolds, L. F. (1982). Migration patterns of barramundi, Lates calcarifer
(Bloch), in Papua New Guinea. Aust. J. Mar. Freshwater Res., 33. 671-82.

NSR (1995). Lake Murray Mercury and Arsenic Loads, Natural Systems Research, Hawthorn,
Australia.

Onaga (1993). Total mercury concentrations in fish from certain southern coastal waters and
North Solomons provinces of Papua New Guinea. PNG J. Agric. Forest. Fish., 36, 22-28.

Osborne, P. L. (1993). Wetlands of Papua New Guinea. In: Wetlands of the World: Inventory,
Ecology and Management, D. F. Whigham, D. Dykyjova and S. Hejny, Eds. Kluwer
Academic, Dordrecht, pp. 305-344.

Osborne, P. L., Kyle, J. H. and Abramski, M. S. (1987). Effects of seasonal water level changes
on the chemical and biological limnology of Lake Murray, Papua New Guinea. Aust. J. Mar.
Freshwater Res., 38, 397-408.

Paijmans, K. (1971). Vegetation of the Morehead-Kiunga area. In: Land resources of the
Morehead-Kiunga Area, Papua New Guinea. CSIRO Land Res. Ser., 29.

Paijmans, K., Blake, D. H. and Blecker, P. (1971). Land systems of the Morehead-Kiunga area.
In: “Land resources of the Morehead-Kiunga Area, Papua New Guinea”, Aust. CSIRO Land
Res. Ser., 29.

Peterson, B. J. and Fry, B. (1987). Stable isotopes in ecosystem studies. Ann. Rev. Ecol. Syst.,
18, 293-320.

Plourde, Y., Lucotte, M. and Pichet, P. (1997). Contribution of suspended particulate matter
and zooplankton to MeHg contamination of the food chain in midnorthern Quebec (Canada)
reservoirs. Can. J. Fish. Aquat. Sci., 54, 821-831.

Porcella, D.B. (1994). Mercury in the environment. In Mercury pollution: Integration and
Synthesis, Watras, C.J. and Huckabee, J.W., Eds. Lewis, Boca Raton.

Post, J.R., Vandenbos, R. and McQueen, D.J. (1996). Uptake rates of food-chain and
waterborne mercury by fish: field measurements, a mechanistic model, and an assessment
of uncertainties. Can. J. Fish. Aquat. Sci., 53, 395-407.

Porvari, P. and Verta, M, (1995). Methylmercury production in flooded soils: a laboratory study.
Water Air Soil Pollut., 80, 765-773.

Rask, M. and Metsala, T.R. (1991). Mercury concentrations in northern pike Esox lucius L., in
small lakes of the Evo area. Southern Finland. Water Air Soil Pollut., 56, 369-378.

Reynolds, L. F. and Moore, R. (1982). Growth rates of Barramundi, Lates calcarifer (Bloch), in
Papua New Guinea. Aust. J. Mar. Freshwater Res., 33, 663-670.

Centre for Advanced Analytical Chemistry 79



Roberts, T. R. (1978). An icthyological survey of the Fly River in Papua New Guinea with
descriptions of new species. Smithsonian Contributions to Zoology, Vol. 281, Smithsonian
Institution Press, Washington.

Sellers, P., Kelly, C. A., Rudd, J. W. M. and MacHutchon, A. R. (1996). Photodegradation of
methylmercury in lakes. Nature, 380, 694-697.

Sorentino, C. (1979). Mercury in marine and freshwater fish of Papua New Guinea. Aust. J.
Mar. Freshwater Res., 30, 617-623.

St. Louis, V. L., Rudd, J. W. M., Kelly, C. A, Beaty, K. G., Bloom, N. S. and Flett, R. J. (1994).
Importance of wetlands as sources of methyl mercury to boreal forest ecosystems. Can. J.
Fish. Aquat. Sci., 51, 1065-1076.

St. Louis, V. L., Rudd, J. W. M., Kelly, C. A,, Beaty, K. G., Flett, R. J. and Roulet, N. T. (1996).
Production and loss of methylmercury and loss of total mercury from boreal catchments
containing different types of wetlands. Environ. Sci. Technol., 30, 2719-2729.

Vandal, G. M., Fitzgerald, W. F., Lamborg, C. H. and Rolfhus, K. R. (1993). The production and
evasion of elemental mercury in lakes: A study of Palette Lake, northern Wisconsin, USA.
Proc. Int. Conf. on Heavy Metals in the Environment, Toronto, pp. 297-299.

Vander Zanden, M.J. and Rassmussen, J.B. (1999). Primary consumer and the trophic position
of aquatic consumers. Ecology, 80, 1395-1404.

Wallschlager, D., Desai, M. V. M. and Wilken, R.-D. (1996). The role of humic substances in the
aqueous mobilization of mercury from contaminated floodplain soils. Water Air Soil Pollut.,
90, 507-520.

Watras, C. J. and Bloom, N. S. (1992). Mercury and methylmercury in individual zooplankton:
Implications for bioaccumulation. Limnol. Oceanogr., 37, 1313-1318.

Watras, C. J., Bloom, N. S., Hudson, R. J. M., Gherini, S., Munson, R., Claas, S. A., Morrison,
K. A., Hurley, J. P., Wiener, J. G., Fitzgerald, W. F., Mason, R. P., Vandal, G. M., Powell, D.
E., Rada, R. G., Rislov, L., Winfrey, M. R., Elder, J., Krabbenhoft, D., Andren, A. W.,
Babiarz, C. L., Porcella, D. B., & Huckabee, J. W. (1994). Sources and fates of mercury and
methylmercury in Wisconsin lakes. In: “Mercury Pollution: Integration and Synthesis”, (Eds.
C. J. Watras and J. W. Huckabee), pp. 153-179, (Lewis Publ., Boca Raton).

Watras, C. J., Bloom, N. S., Morrison, K. A., Gilmour, C. C. and Craig, S. R. (1995a).
Methylmercury production in the anoxic hypolimnion of a dimictic seepage lake. Water Air
Soil Pollut., 80, 735-745.

Watras, C.J., Back, R.C., Halvorsen, S., Hudson, R.J.M., Morrison, K.A. and Wente, S.P.
(1998). Bioaccumulation of mercury in pelagic freshwater foodwebs. Sci. Total Environ.,
219, 183-208.

Watras, C.J., Morrison, K.A. and Bloom, N.S. (1995b). Mercury in remote rocky mountain lakes
of Glacier National Park, Montana, in comparison with other temperate North American
regions. Can. J. Fish. Aquat. Sci., 52, 1220-1228.

Centre for Advanced Analytical Chemistry 80



Wheatley, B. and Paradis, S. (1996). Balancing human exposure, risk and reality: questions
raised by the Canadian aboriginal methylmercury program. Neurotoxicology, 17, 241-250.

WHO (1976). Environmental Health Criteria 1: Mercury. World Health Organisation, Geneva.

Yoshinaga, J., Suzuki, T., Hongo, T., Minagawa, M., Ohtsuka, R., Inaoka, T. and Akimichi, T.
(1992). Mercury concentration correlates with the nitrogen stable isotope ratio in the animal
food of Papuans. Ecotoxicol. Environ. Safety, 24, 37-45.

Centre for Advanced Analytical Chemistry 81



