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Abstract Since European settlement began over

200 years ago, many southeast Australian coastal

lakes and lagoons have experienced substantial human

impacts, including nutrient enrichment. Present day

management and conservation efforts are often ham-

pered by a lack of data on pre-impact conditions. We

used a palaeoecological approach at Lake King,

Gippsland Lakes, southeast Australia in order to

determine its pre-impact condition and to establish

the nature and direction of subsequent environmental

changes, including responses to the construction of a

permanent entrance to the sea in 1889. A 120 cm

sediment core was analysed for diatoms, chlorophyll

a, total carbon, nitrogen and sulphur, and dated using
210Pb. Past phosphate and salinity concentrations were

reconstructed using diatom-phosphate and diatom-

salinity transfer functions developed from a calibra-

tion set based on 53 sites from 14 southeast Australian

coastal lakes and lagoons. Results show changes in the

diatom assemblage that record a shift from a brackish-

water to marine diatom flora since construction of

the permanent entrance. Phosphate concentrations

increased at the same time and experienced major

peaks in the 1940s and 1950s to [100 lg/l. Chloro-

phyll a concentrations were generally below 24 lg/l/

gTOC in the core, but there has been a clear increase

since the 1980s, peaking at 120 lg/l/gTOC, likely

associated with a recorded increase in the frequency of

nuisance algal blooms. These results indicate that the

Lake King environment is now very different to that

present during early European settlement. We con-

clude that by identifying the nature and direction of

environmental change, palaeoecological studies can

contribute towards developing realistic and well-

informed management, conservation and restoration

strategies in Australian coastal ecosystems.

Keywords Diatoms � Human impacts � Coast �
Nutrients � Radionuclide dating � 210Pb

Introduction

Coastal zones around the world are under unprece-

dented pressure from human activities, particularly

from increasing population pressure and competing

demands for resources. Much of the Australian

coastline is renowned worldwide for its ‘pristine’

and natural state, however many areas, particularly
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coastal lakes, lagoons, shallow bays and estuaries,

have been extensively modified, and in some cases

heavily degraded, over the last 200 years since

European settlement due to changed land and water

management practises.

About 70% of Australia’s coastline is sparsely

populated, but 85% of the population lives within

50 km of the sea, and is particularly concentrated

along the south and east coasts, resulting in major

pressure on these environments (Harvey and Caton

2003). In many areas extensive development of

coastal catchments has led to declining water quality,

eutrophication, reduction and degradation of impor-

tant seagrass, mangrove and saltmarsh habitats,

disruption of migratory bird populations and declin-

ing fish populations (SoE 2006). Despite this,

many remain important conservation areas. Thirteen

of the 64 Ramsar listed sites (i.e. sites recognised

as ‘Wetlands of International Importance’) in

Australia occur on the southeast (i.e. Tasmanian

and Victorian) Australian coastline (Environment

Australia 2005).

Globally, the conservation and management of

coastal areas have often lagged behind terrestrial

environments. One of the major problems for man-

agement is that few coastal ecosystems have been

consistently monitored for more than a decade, which

means that long term data spanning the full period of

human impacts does not exist (Tibby 2004). This

limits attempts to determine the magnitude and

direction of water quality changes and limits the

ability of managers to devise appropriate manage-

ment and conservation strategies (Vaalgamaa and

Korhola 2004). Most importantly, successful man-

agement of coastal waters requires knowledge of the

original or pre-impact condition of the environment

and the range of natural variability (Weckström et al.

2004).

Palaeoecological approaches have been widely

used in freshwater lake systems and to a limited

extent in coastal systems, particularly in the Northern

Hemisphere (e.g. Ellegaard et al. 2006; Weckström

et al. 2004). For example, palaeoecological studies

have been used to bring about a commitment to

reverse eutrophication in Chesapeake Bay, USA

through increased political and public awareness

(Kemp et al. 2005). Similarly, in Europe, a palaeo-

ecological approach has been adopted to help define

reference conditions in European estuaries as part of

the European Union Water Framework Directive (e.g.

Andersen et al. 2004; Clarke et al. 2003; Weckström

et al. 2004). In contrast, the application of a palae-

oecological approach to understanding coastal

systems in the Southern Hemisphere, and Australia

in particular, is still very much in its infancy

(Hodgson et al. 1996; Saunders et al. 2007; Taffs

et al. in press). Political awareness of the need to

define reference conditions and assess the changes

that have occurred since European settlement has

increased in recent years, but as yet a palaeoecolog-

ical approach has not been adopted as a method to

address these issues. This is surprising as Australian

aquatic environments, including coastal lagoons and

estuaries, are well suited to palaeoecological studies

as significant changes have occurred over relatively

short time scales (i.e. *200 years) as a result of

increased human impacts. Similarly, there are also

some virtually pristine coastal lagoon and estuarine

environments in which to study natural variability

and the impacts of climate change without a

confounding human impact signal (either directly or

as a consequence of catchment land use and

management).

The aim of this study was to investigate human

impacts on Lake King, Gippsland Lakes, southeast

Australia during the last 100+ years and to evaluate

the value of a palaeoecological approach to develop-

ing better southeast Australian coastal management

plans in the future. Specific aims were to establish

baseline conditions, determine the impact of human

activities including the construction of a permanent

entrance to the sea, and to describe the nature and

direction of environmental change. This was

achieved by applying diatom-phosphate and diatom-

salinity transfer functions, based on data from 53 sites

in 14 southeast Australian coastal lakes and lagoons,

to reconstruct past nutrient conditions using sub fossil

diatom assemblages in a sediment core from Lake

King. Further evidence of changes in the lake’s

nutrient status, and organic and inorganic inputs was

derived from analyses of total sediment carbon,

nitrogen and sulphur, chlorophyll a and particle size.

The intention is that this study will contribute data

that will substantially assist the development of

future management strategies to conserve the water

quality of the lake and its catchment, and provide a

stimulus for future palaeoecological work in

Australia.
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Site description

Lake King is one of three interconnected lakes known

as the Gippsland Lakes in the southeast corner of

mainland Australia (Fig. 1). It is the largest estuarine

system in Australia, covers 340 km2 and has a

catchment area greater than 20,000 km2. It is a

Ramsar listed site.

Major environmental issues facing the Gippsland

Lakes include declining water quality, high nutrient

concentrations (from direct and diffuse sources),

algal blooms, declining freshwater macrophyte com-

munities (particularly freshwater marshes), shoreline

erosion, reduced suitable habitat for waterbirds,

stratification and anoxic bottom waters, and intro-

duced exotic plants and animals (Webster et al.

2001; Winstanley 1995). An artificial channel

between Lake King and the sea was constructed in

1889 to aid transport in the area (Fig. 1c). Subse-

quently, the salinity of the lakes has increased and

they regularly experience stratification (Bird 1993;

Winstanley 1995). Of all the Gippsland Lakes, Lake

King has been the most directly affected by the

permanent entrance. It experiences the most pro-

longed periods of stratification, algal blooms and

receives major nutrient inputs from three large

rivers.

Materials and methods

Sampling methods

Diatom-phosphate and diatom-salinity transfer func-

tions were developed from reference data collected at

53 sites in southeast Australian coastal lakes and

lagoons. The calibration set consisted of 41 sites

designed to capture a large gradient in nutrient status

from within 14 coastal lakes and lagoons (Fig. 1). In

addition, a 12 site transect of sediment and water

samples was conducted across Lake King to capture

spatial variation in nutrient concentrations in the lake

associated with marine, riverine and point source

inputs from the catchment.

Sites were visited twice during the period of data

collection (August 2004 and February 2005) in order

to capture some of the seasonal variation in limnol-

ogy. At each site, a Horiba U-10 Water Quality

Checker was used to measure salinity, temperature,

pH, turbidity and dissolved oxygen. Duplicate 10 ml

water samples were collected for nutrient analysis.

Samples were frozen and analysed for phosphate,

nitrate/nitrite and silicate using an Alpkem Autoana-

lyser (Continuous Flow Analyser) at the CSIRO

Marine and Atmospheric Laboratories, Hobart,

within 2 months of collection.

Study
area

150 km500 km

Lake
Wellington

Lake King

permanent
entrance

10 km

(a) (b)

(c) (d)

The Gippsland Lakes

Fig. 1 (a) Location of the

study area, (b) Location of

coastal lakes and lagoons in

calibration set, with Lake

King marked in black,

(c) Lake King and the

permanent entrance,

(d) Location of core site

(black dot) and transect

(dashed line)
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Surface sediment samples (top 1 cm) were col-

lected from approximately 1 m water depth using a

hand-operated gravity corer.

A 120 cm sediment core was collected from Lake

King using a gravity corer (Fig. 1) from a depth of

7 m. The core was sectioned at 0.5 cm intervals from

0 to 50 cm and 1 cm intervals from 50 to 120 cm.

The sediment core was analysed for diatoms and

chlorophyll a at every interval, and particle size, total

carbon, nitrogen and sulphur contents at 5 cm

intervals. In future studies we recommend that

multiple cores are collected and analysed, but this

was beyond the scope of the present study.

Laboratory methods

Diatom samples were prepared following standard

methods (Battarbee et al. 2001). At least 400 frus-

tules per sample were counted using oil immersion at

1,000 · magnification on a light microscope. The

relative abundance of all species (including uniden-

tified forms) was recorded as a percentage of the total

number of frustules (Battarbee et al. 2001). Taxon-

omy was principally based on Australian taxonomic

references (i.e. Hodgson et al. 1997; John 1983;

Sonneman et al. 2000) and datasets (i.e. Hodgson

et al. 1996; Saunders et al. 2007; Taffs 2005) with

additional reference to cosmopolitan floras (e.g.

Witkowski et al. 2000).

Chlorophyll a was extracted in 10 ml of methanol

and measured at 440 nm on a Turner Designs 10AU

Fluorometer using the acidification method (Holm-

Hansen et al. 1965). Sedimentary chlorophyll a data

were expressed relative to total organic carbon

content (TOC), which was determined by loss on

ignition (Dean 1974). Both of these analyses were

undertaken at the University of Tasmania, Hobart.

Particle size was measured at 5 cm intervals using

a Malvern Mastersizer S Laser Particle Size Ana-

lyser. Each wet bulk sample was dispersed in water

and pumped through a measurement chamber in the

laser particle analyser. The particle size distribution

of solids with a diameter in the range 0.05–880 lm

was determined. Total sedimentary carbon, nitrogen

and sulphur were also measured at 5 cm intervals

using a LECO CNS 2000 analyser. These analyses

were undertaken at the Australian Nuclear Science

and Technology Organisation (ANSTO), Sydney.

Sediment chronology

A sediment chronology was established using the
210Pb dating technique (Goldberg 1963; Appleby and

Oldfield 1978; Robbins 1978). Unsupported 210Pb

activities were measured in bulk sediment samples at

the ANSTO Institute for Environmental Research

following methods described by McMinn et al.

(1997) and Harrison et al. (2003). The unsupported
210Pb activities were modeled using both the Con-

stant Initial Concentration (CIC) (Robbins 1978) and

the Constant Rate of Supply (CRS) (Appleby and

Oldfield 1978) models. The CIC model assumes that

the supply of 210Pb to the system varies directly in

proportion to the sedimentation rate, implying the

sediment profile exhibits an exponential decrease in

unsupported 210Pb (Gelen et al. 2003; Appleby

2001). This model assumes the majority of 210Pb

enters the system via river and catchment inputs

rather than by atmospheric deposition, which is

characteristic of sites with large catchments and river

inputs (Appleby and Oldfield 1992). For these

reasons the CIC model was selected for age and

mass accumulation rate calculations at this site.

Statistical analyses

The distribution of each environmental variable was

checked for skewness and log(x+1) transformed where

necessary (i.e. nutrients and turbidity were trans-

formed). Detrended Correspondence Analysis (DCA)

with detrending by segments and downweighting of

rare species on the species data (untransformed) was

used to establish whether species distribution was

unimodal or linear. As gradient lengths were [ 2

standard deviation units, unimodal ordination tech-

niques were used. Species data were log(x+1)

transformed for subsequent statistical analyses and

transfer function development.

Canonical Correspondence Analysis (CCA) with

forward selection and Monte Carlo permutation tests

(999 permutations on the reduced model) and vari-

ance partitioning were used to identify which

environmental variables accounted for independent,

statistically significant variations in the diatom data.

These analyses showed that phosphate and salinity

explained the most variation in the diatom assem-

blage data. All ordinations were performed using
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CANOCO 4.5 for Windows (ter Braak and Smilauer

2002) and R (R Development Core Team 2006).

Transfer functions were developed using simple

weighted averaging (WA) with inverse and classical

deshrinking, and with/without tolerance downweigh-

ting. Weighted averaging partial least squares

(WAPLS) were also used to determine which model

led to the best performing transfer functions. Perfor-

mance was assessed using leave-one-out cross

validation (i.e. jackknifing). The transfer functions

for phosphate and salinity with the best correlation (r2),

best predicted correlation (r2
jack), lowest root mean

squared error (RMSE), and lowest root mean squared

error of prediction (RMSEp) were identified and used.

All transfer functions were developed using C2 version

1.4 (Juggins 2003). Water quality monitoring under-

taken by the Victorian Environment Protection Agency

from 1986 to 2003 was used to investigate recent trends

in phosphate and salinity in surface waters and to

compare with diatom-inferred phosphate and salinity.

Results

Calibration set

The environmental data for the calibration set are

summarised in Table 1. Salinities at the sampling

sites spanned a wide salinity gradient ranging from

near freshwater (0.8 ppt) to hypersaline (40 ppt).

Nutrient concentrations ranged from oligotrophic to

eutrophic: phosphate 0–1,077 lg/l (mean 148 lg/l),

nitrate/nitrite 0–5,368 lg/l (mean 489 lg/l), silicate

55–1,291 lg/l (mean 367 lg/l). Temperatures in the

dataset ranged from 9.6 to 19.2�C (mean 16.2�C) and

pH ranged from circumneutral to alkaline: 7.46–8.46

(mean 7.94). Turbidity ranged from 0 to 140 NTU

(mean 17 NTU) and dissolved oxygen ranged from

very low to high (0.61–18.9 mg/l, mean 4.99 mg/l).

In total, 371 diatom taxa were identified in the

calibration set, however nearly half (i.e. 163 taxa) of

these occurred with a maximum relative abundance

of less than 1%. Only those species occurring ‡ 1% in

‡2 samples were retained in the statistical analyses.

This resulted in 157 taxa, which represent 74–99%

(mean 92%) of the total diatom counts in the

calibration set samples.

Lake King sediment core

Core stratigraphy

The core consisted of dark grey-black, fine-grained

sediment with occasional plant macrofossils. Sedi-

ment composition was principally (*80%) mud (2–

63 lm particles) (Fig. 2). Prior to the permanent

entrance being constructed, the percentage of clay

and mud remained relatively stable, while two main

peaks (up to 10%) in sand occurred. Coinciding with

the permanent entrance construction there was a peak

in clay (to 25%) followed by sand (to 12%). From c.

1920, the proportion of sand remained relatively

stable until a peak of 12% at the top of the core, while

the proportion of mud increased from c. 1915

onwards and clay particles decreased (Fig. 2).

Total sulphur varied from 2.6% to 3% prior to the

construction of the permanent entrance and was

higher during this time than any period since. Both

total carbon and total nitrogen were higher prior to

construction of the permanent entrance. Total nitro-

gen recorded two main peaks c. 1920 and 1960, and

both increased from c. 1990 to 2005. The total carbon

to total nitrogen (C:N) ratio of the sediment indicated

that organic matter in the lake was principally derived

from terrestrial rather than marine sources. There was

a large peak in C:N during the early 1900s, rising to

47.9, indicating large amounts of terrestrial inputs at

this time (Fig. 2).

Table 1 Summarised environmental data

Silicate

(lg/l)

Phosphate

(lg/l)

Nitrate/nitrite

(lg/l)

Salinity

(ppt)

Temperature

(�C)

pH Turbidity

(NTU)

DO

(mg/l)

Mean 396.6 148.4 488.6 27.7 16.2 7.94 17 4.99

Median 282.3 41.9 15.7 31.1 16.4 7.96 6 4.50

Min 55.3 0.0 0.0 0.8 9.6 7.46 0 0.61

Max 1291.0 1077.4 5367.7 40.0 19.2 8.46 140 18.90
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Core chronology

The 210Pb profile did not indicate significant mixing

of the sediment and the CIC model inferred a

sedimentation rate of 0.74 cm/yr (0.28 ± 0.03 g/

cm2/y) to 60 cm (Fig. 3). Below 60 cm 210Pb activ-

ities were both low in activity and constant to the

base of the core. The data points below 60 cm were

not used in the sedimentation rate calculations.

However, major changes in the diatom assemblages

and sedimentary carbon, nitrogen and sulphur con-

tents occurred at 80 cm, which we interpret as

marking the construction of the permanent entrance.

Extrapolating a sedimentation rate of 0.74 cm/yr to

80 cm also indicates that 80 cm corresponds to c.

1890. The last 40 cm, while not possible to date with

accuracy, provide a good record of the pre-permanent

entrance (i.e. pre 1889) state of Lake King.
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Diatoms

A total of 201 diatom taxa were identified in the

sediment core. Of these, 122 occurred with a relative

abundance of ‡1% in ‡2 samples. There were 17

common taxa, occurring with a relative abundance ‡5%

in ‡2 samples, and two of these (Cyclotella chocta-

whatceeana and Cyclotella striata) occurred in 58% of

samples with ‡5% relative abundance (Fig. 4, Table 2).

Below 80 cm, the core was dominated by peaks (in

relative abundance) of planktonic Cyclotella chocta-

whatceeana (c. 70%) and Cyclotella striata (c. 12 %),

together with benthic diatoms Cocconeis scutellum

var. scutellum (max. 10%), Navicula viridula (max.

18%), and Surirella sp. 1 (max. 8%) between 110 and

120 cm and Fragilaria cf. subsalina (max. 12%)

from 100 cm (Fig. 4).

Between the construction of the permanent

entrance in 1889 and the 1920s, the relative abun-

dance of Bacillaria paxillifer, Nitzschia compressa

and Pleurosigma salinarium increased. From the

1920s to the mid 20th century there were increases in

the relative abundance of benthic Grammatophora

oceanica and Catenula adherens and planktonic

Chaetoceros spp. (Fig. 4).

During the mid 20th century, Grammatophora

macilenta increased in relative abundance to [8%,

dominating the most recent sediments. Additionally,

the upper part of the core was characterised by a

virtual absence of Fragilaria cf. subsalina, Nitzschia

compressa and Coscinodiscus centralis. Skeletonema

costatum had a broad peak in the 1970s before

disappearing in the most recent sediments. There was

a large increase in the relative abundance of

Diploneis cf. notabilis in the early 1990s.

Both Chaetoceros spp. and Skeletonema costatum

are lightly silicified taxa that easily break down and

dissolve under oxic conditions and are often not well

preserved in coastal sediments (MOLTEN 2004).

Changes between oxic and anoxic conditions in the

sediment may affect this and their representation in

fossil assemblages.

The number of taxa found in each segment of the

core was highest during the early-mid 20th century

and declined from 1980 to 2005. The number of taxa

was closely linked to the proportion of planktonic

taxa as these species commonly dominated the Lake

King diatom assemblage. The proportion of plank-

tonic species was closely tied to the proportion of
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Cyclotella choctawhatceeana throughout the core and

is a major factor driving the percent relative abun-

dance of all planktonic diatoms. While the proportion

of this taxon remained important in more recent

sediments, Chaetoceros spp and Skeletonema costa-

tum were responsible for the peaks in planktonic taxa

during the 20th century. In the 1980s, a period of low

numbers of taxa is due to the dominance of Skeleto-

nema costatum (Fig. 4).

Phosphate and salinity reconstructions

Tests using WA (with and without tolerance down-

weighting) and WAPLS indicated that WAPLS 2

components resulted in the best performing phosphate

transfer function (based on r2, r2
jack, RMSE, RMSEp

and max. bias, Table 3, Fig. 5), while WA (with

classical deshrinking) resulted in the best performing

salinity transfer function (Table 4, Fig. 6).

A degree of autocorrelation (Telford et al. 2005)

is present in the dataset because it includes a

number of very large lagoons (up to 340 km2) that

have been sampled in multiple areas to capture the

range of within-lagoon variability in nutrients and

salinity, including a number of point source inputs.

The standard procedure to address this is leave-one-

out cross validation (also known as jackknifing).

This was performed on the data to determine its

predictive ability (i.e. r2
jack) for inferring absolute

phosphate and salinity concentrations. This reduced

the predictive ability of the transfer functions (from

0.90 to 0.73 for phosphate and from 0.44 to 0.29

for salinity). While the phosphate transfer function

had good predictive ability, this reduced our

Fig. 4 Stratigraphy of the common diatom taxa (i.e. species

occurring ‡5% ‡2 samples) in the Lake King sediment core (all

species are presented as % relative abundance). The number of

taxa per core sample (No. taxa), % planktonic taxa and diatom-

inferred phosphate and salinity are also illustrated

b

Table 2 Common diatom taxa in Lake King sediment core

Species Code Ncore

(%)

Maxcore

(%)

Nref

(%)

Maxref

(%)

P opt

(lg/l)

P tol

(lg/l)

S opt

(ppt)

S tol

(ppt)

Benthic species

Bacillaria paxillifer (O.F. Müller)

Hendey 1951

NITscal 94.0 16.2 58.0 5.16 35.6 3.34 25.4 8.54

Catenula adherens (Mereschkowsky)

Mereschkowsky 1902–3

AMP1 82.9 13.8 81.1 39.6 51.7 3.42 26.8 7.69

Cocconeis scutellum var. scutellum
Ehrenberg 1838

COCscu 84.1 11.0 79.1 5.50 38.8 5.56 27.2 8.58

Diploneis cf. notabilis (Greville) Cleve DIPnot3 63.5 31.6 not in calibration dataset

Fragillaria cf. subsalina (Grunow)

Lange-Bertalot 1991

FRA8 58.8 11.6 5.71 2.79 95.6 1.62 31.6 6.35

Grammatophora macilenta W. Smith 1856 GRAmac 91.2 21.5 2.80 3.78 24.0 3.53 27.5 6.32

Grammatophora oceanica Ehrenberg 1841 GRAoce 43.5 9.05 67.9 15.4 21.5 3.83 27.4 6.43

Navicula viridula Bleisch ex Fresenius 1862 NAVvir 84.7 19.6 15.1 1.98 1.18 2.40 20.8 5.63

Nitzschia compressa (Bailey) Boyer 1916 FRAvir 68.8 13.3 15.1 1.27 19.6 1.86 20.9 7.18

Pleurosigma salinarium Grunow GYRbal1 92.9 23.3 95.3 12.6 16.1 3.05 28.6 5.76

Surirella sp. 1 CEN13 71.8 10.76 4.20 3.02 8.33 0.01 15.5 5.87

Planktonic species

Chaetocerous spp. SPO2 89.0 12.3 not in calibration dataset

Cyclotella choctawhatceaena Prasad 1990 CYCstr 99.4 87.3 37.7 12.8 22.7 1.87 23.4 7.46

Cyclotella striata (Kützing) Grunow 1880 CYCstr3 99.4 42.3 28.3 7.30 30.8 4.05 19.23 10.1

Odontella levis Kützing CEN6 78.2 12.6 not in calibration dataset

Skeletonema costatum (Greville) Cleve 1878 UNK215 35.3 69.2 not in calibration dataset

Ncore, number of occurrences as % total number of core samples; Maxcore, maximum relative abundance in core samples; Nref,

number of occurrences as % total number of reference dataset samples; Maxref maximum relative abundance in reference dataset

samples; P opt, phosphate optimum; P tol, phosphate tolerance; S opt, salinity optimum; S tol, salinity tolerance
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confidence in the absolute reconstructed values for

salinity, but not the trends. To address this issue in

future studies, and to provide more modern ana-

logues, we recommend that the dataset should be

further developed (beyond the scope of the present

study) to include more sites from coastal ecosys-

tems around Australia.

Reconstructed phosphate indicated that substantial

nutrient changes have occurred since the late 19th

century (Fig. 7). Phosphate concentrations steadily

rose from \15 lg/l to [50 lg/l by the late 1880s.

During the 20th century peaks in phosphate concen-

tration occurred in the 1940s and 1950s up to a

maximum of 100 lg/l before declining to below

25 lg/l from c. 1970 to 2005.

While the salinity transfer function performed

relatively poorly and cannot be used to provide a

quantitative reconstruction, it does show a trend

that agrees well with a qualitative assessment of

changes in salinity from changes in the diatom

assemblages (i.e. brackish vs. marine species).

Together these indicate lower salinity prior to the

permanent entrance, higher salinity for most of the

20th century and an overall decrease since from

1980–2005 (Fig. 7). This gives us some confidence

that the salinity transfer function could be improved

to provide quantitative reconstructions by an

extended sampling campaign along a longer salinity

gradient.

Table 3 Diatom-phosphate weighted averaging transfer

function results

r2 r2
jack RMSE log lg/l RMSEp log lg/l

Simple WA

WAInv 0.67 0.57 0.49 0.56

WACla 0.67 0.58 0.60 0.67

WA(tol)Inv 0.73 0.52 0.44 0.62

WA(tol)Cla 0.73 0.52 0.51 0.73

WAPLS

Component 1 0.67 0.57 0.49 0.56

Component 2 0.90 0.73 0.27 0.44

Component 3 0.95 0.77 0.19 0.41

Component 4 0.98 0.76 0.13 0.42

Component 5 0.99 0.74 0.07 0.44
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Fig. 5 Performance of the diatom-phosphate WAPLS-2 com-

ponents transfer function (observed vs. inferred phosphate)

Table 4 Diatom-salinity weighted averaging transfer function

results

r2 r2
jack RMSE (ppt) RMSEp (ppt)

Simple WA

WAInv 0.44 0.27 6.27 7.24

WACla 0.44 0.29 9.44 10.60

WA(tol)Inv 0.53 0.21 5.72 7.67

WA(tol) Cla 0.53 0.24 7.83 9.88
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Fig. 6 Performance of the diatom-salinity simple WA transfer

function (observed vs. inferred salinity)
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Monitoring versus palaeo data for Lake King

from 1986-present

Monthly measurements (summarised as annual averages

of measurements made in surface waters) of phosphate

and salinity in Lake King have been made by the

Victorian Environment Protection Agency from 1986 to

present (Fig. 8). High phosphate values were recorded in

1988 (27.5 lg/l) and from 1999 to 2001 (max. 18 lg/l).

Salinity was high in 1988 (22.5 ppt), 1994 (21 ppt) and

[20 ppt since 1997. Low salinity values were measured

in 1993 (13.5 ppt) and 1996 (14 ppt, Fig. 8).

Diatom-inferred phosphate and salinity trends for

the same period represent values integrated over a

period of approximately 8 months (i.e. sample inter-

val of 0.5 cm/210Pb inferred accumulation rate of

0.74 · 12 months = 8.1) and thus constitute data

from which longer-term trends can be identified.

Peaks in reconstructed and measured phosphate

differ, however trends are similar: higher values for

both occur c. 1987 to 1989, followed by a decrease,

then rise c. 1998. Measured phosphate continued to

rise until 2001, however reconstructed phosphate

decreased before rising to a peak c. 2001. Actual

values of reconstructed and measured phosphate for

the two main high periods of phosphate (i.e. c. 1988

and 2001) are similar (i.e. *20 lg/l). Both indicated

a decrease from 2002 to 2003. Measured and inferred

salinity follow similar trends from 1986 to 1999.

Both recorded higher salinity c. 1988 before decreas-

ing c. 1989 and again c. 1993. From 1999 to 2003

they showed opposite trends (Fig. 8).

Chlorophyll a

Sedimentary chlorophyll a content varied throughout

the core. Prior to the permanent entrance (i.e. pre

1889, which corresponds to 80–120 cm), chlorophyll

a ranged from 0 to 23.0 lg/l/gTOC, with a mean of
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9.36 lg/l/gTOC. From 1889 to 1980 chlorophyll a

ranged from 1.42 to 37.25 lg/l/gTOC with a mean of

7.03 lg/l/gTOC. From 1980 to 2005, chlorophyll a

ranged from 3.46 to 649.3 lg/l/gTOC with a mean of

51.24 lg/l/gTOC with nine main peaks (Fig. 7).

Discussion

Establishing baseline conditions

Prior to widespread European settlement and the

opening of the permanent entrance, the diatom flora

indicates that Lake King was a brackish water

environment. The diatom assemblage was dominated

by brackish Cyclotella choctawhatceeana and C. stri-

ata. The presence of Cocconeis scutellum var.

scutellum at the base of the core also indicates that

seagrass or other macrophyte cover was present

before construction of the permanent entrance

(Fig. 4). The assemblage also included some marine

species that are likely to have been present as a result

of the natural opening of the lake to the sea, which

intermittently occurred when the sand bar was

breached (Bird 1965).

Relatively high sulphur content in the sediment

indicates that at least some periods of hypoxia may

have occurred prior to the construction of the

permanent entrance (Fig. 2). The presence of well-

preserved, small sized taxa also suggests hypoxic

conditions (Ellegaard et al. 2006) and possible peri-

ods of stratification. The cycling between benthic and

planktonic species at the base of the core (Fig. 4) also

suggests periods of stratification and probable algal

blooms, indicating that both were likely to have been

features of the Lake King environment, a finding also

supported by 19th century historical records

(Stephens et al. 2004).

The increases in phosphate that occurred before the

construction of the permanent entrance were preceded

by peaks in Cyclotella choctawhatceeana. This is

similar to findings by Weckström and Juggins (2006)
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from sites around the Baltic Sea where Cyclotella

choctawhatceeana occurred in anthropogenically

impacted sites, but did not cope with subsequent high

nutrient environments. Increases in phosphorus have

also been found in Danish lakes and attributed to

increased soil erosion and manuring of agricultural

land (Bradshaw et al. 2006). This explanation may

also apply to Lake King. Studies on the Murray-

Darling basin (Australia) have shown no trace of

fertiliser derived phosphorus, but strong evidence of

natural phosphorus entering the river due to acceler-

ated erosion of subsoils and river banks (Davis and

Koop 2006). The extensive land clearing of the 19th

century and subsequent accelerated erosion, together

with the introduction of European-style agriculture

during the 1800s, may similarly have contributed to

rising phosphate concentrations in Lake King.

The impact of constructing a permanent entrance

Large changes in the ecology of Lake King occurred

with the construction of the permanent entrance.

Brackish planktonic species Cyclotella choctawhat-

ceeana and C. striata dominated the planktonic taxa

in the core. Cyclotella choctawhatceeana decreased

after the construction of the permanent entrance and

Chaetoceros spp. (a marine planktonic species)

increased, however C. choctawhatceeana still

remained a dominant component of the total sum of

planktonic species, even with a clear increase in

marine taxa. A similar trend was observed by

McMinn et al. (2004) in the Hawksebury River,

eastern Australia, where a reduction in freshwater

inflow resulted in a reduction in the abundance of

Cyclotella species from c. 1800 onwards, and an

increase in marine planktonic taxa including Chae-

toceros and Thalassiosira species. The benthic

diatom flora also records the increase in salinity with

the establishment of marine taxa including Pleu-

rosigma salinarium, Grammatophora oceanica and

Catenula adherens (c.f. Witkowski et al. 2000).

The nature and direction of environmental change

in the 20th century

During the 20th century two main peaks in phosphate

occurred (1940s and 1950s). The second peak

corresponded with the introduction of artificial

fertilisers into Australian agriculture (in 1951, Brodie

1995). A smaller third peak in the 1970s coincided

with a peak in Skeletonema costatum, which has been

identified as an indicator species in other high

nutrient environments (Weckström 2006). Skeleto-

nema costatum is not often well preserved in coastal

sediments, however it became a dominant feature of

the diatom assemblage in the 1970s. Skeletonema

costatum is absent in the calibration set (Table 2),

which suggests that the small increase in recon-

structed phosphate at the time Skeletonema costatum

peaks underestimates actual phosphate concentrations

during this time. This coincided with a reported shift

in the ecology of upstream Lake Wellington, which,

after a major drought in 1967/68, shifted from a

macrophyte to phytoplankton dominated system

(Webster and Harris 2004). It is possible that other

areas of the lakes followed a similar trend (S.

Roberts, personal communication, 5 November

2006). Macrophytes are thought to keep nutrients

sequestered in the sediment nutrient cycle and

modulate nutrient pulses by drawing down water

column nutrients (Harris 1999). A shift from macro-

phyte to phytoplankton dominance may have resulted

in more nutrients being available from the sediment

(McGlathery et al. 2001).

In recent years (i.e. from 1975 to present)

phosphate and salinity generally declined, while

biological productivity (as indicated by sedimentary

chlorophyll a) increased, experiencing at least nine

major peaks. It is thought that algal blooms

naturally occur in Lake King, but that their

frequency and biomass have increased in recent

years (C. Barry, personal communication, 17 Octo-

ber 2006). The chlorophyll a record supports this

interpretation and provides an indication of biolog-

ical production over the last 100+ years (Fig. 7).

Biological production was slightly higher prior to

the permanent entrance, but large peaks in chloro-

phyll a began to occur only from c. 1980 onwards.

The occurrence of algal blooms has been recorded

since the late 1970s, and while their timing is

related to when they were reported rather than

when they began (Stephens et al. 2004), many

peaks in chlorophyll a recorded in the sediment

since the 1980s correspond with known algal bloom

events (Fig. 8), although some are reported to have

occurred when chlorophyll a values are low. The
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main peaks in chlorophyll a coincide with reported

blue-green (Nodularia spumigena) algal bloom

events (Stephens et al. 2004).

Implications for future management

This study has shown that the Gippsland Lakes

have experienced extensive environmental changes

since European settlement, in particular since the

establishment of the permanent entrance, which

caused a shift from a brackish-water to marine

diatom flora.

Despite the establishment of the permanent

entrance, the diatom assemblages, chlorophyll a

concentrations and sulphur contents all indicate that

stratification and algal blooms are likely to have been

a natural feature of Lake King throughout the period

represented by the core. This raises some important

management implications regarding the environmen-

tal objectives of managing Lake King, which are to

prevent or reduce algal blooms, as well as the

feasibility and cost of various management options.

There is substantial debate as to whether, in a

modified system such as the Gippsland Lakes,

management should aim to return the system to as

near as possible to its ‘natural’ or pre-European state,

or whether environmental objectives focussed on

meeting stakeholder needs are more appropriate

(Webster et al. 2001).

In the case of the Gippsland Lakes, the main

management strategy is to reduce nutrient loads and

improve water quality. Part of this strategy involves

reducing the frequency and severity of algal

blooms. However, recent large peaks in chlorophyll

a do not correspond to high water column phos-

phate as inferred by the diatoms. Phosphate was

much higher during the mid 20th century than in

recent years, so the link between nutrients and algal

blooms is not well established. This suggests that

other factors are involved. To establish baseline

conditions, further work is needed to investigate

pre-permanent entrance algal blooms in terms of

type, frequency and extent, particularly in relation

to Nodularia spumigena, which is currently the

most common blooming algal species. This could

be achieved using HPLC analyses of sedimentary

blue-green algal carotenoids (e.g. Hodgson et al.

1998).

Value of a palaeoecological approach for coastal

ecosystem management

Tackling the increasing problem of declining water

quality in coastal waters internationally is an impor-

tant issue. As urban populations continue to expand,

land clearing for agriculture continues and conse-

quently nutrient input from erosion and fertiliser use

occurs, this problem will only be exacerbated.

Deciding on the appropriate management of coastal

lakes, lagoons and estuaries is a difficult task.

Successful management, whether the aim is conser-

vation, restoration, or ‘sustainable wise-use’ requires

the identification of baseline conditions, rates and

extent of change. Climate variability and predicted

climate changes also need to be considered as future

changes may mean it is not possible to restore sites to

their ‘natural’ or in the case of Australia, pre-

European impact status, particularly at coastal sites

where sea level rise is an important management

consideration. Attempting to restore and return an

ecosystem to what it once was may not be ecolog-

ically or economically practical.

Current Australian and New Zealand guidelines

for fresh and marine water quality state that defining

reference conditions that provide a target for man-

agement actions and a meaningful comparison for

monitoring programs is necessary (NWQMS 2000).

There are guidelines on how to define these reference

conditions, however they are based on finding nearby

relatively ‘undisturbed’ sites and using these to

determine reference conditions. In many cases there

are no nearby sites to the site of interest to be able to

do this. In the absence of long term monitoring, a

palaeoecological approach offers the only way to

determine these reference conditions on a site-by-site

basis.

Conclusions

This study is one of the first coastal palaeoecological

studies to be conducted in the Southern Hemisphere.

The number of palaeoecological studies on southern

Australian coastal environments is increasing (e.g.

work is currently being undertaken on Lake Alex-

andrina and the Coorong, South Australia), however

ties between a palaeoecological approach and coastal

management still need to be developed.
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In terms of the future management of Lake King,

this study has provided valuable information on the

past ecology of the lake, the impact of the permanent

entrance, and changes in phosphate and salinity over

the last 100+ years, together with evidence that

supports the presence of algal blooms throughout the

record. Changes in diatom assemblages record a shift

from a brackish-water to marine diatom flora since

the construction of the permanent entrance. Concen-

trations in phosphate increased at the same time and

experienced major peaks in the 1940s and 1950s to

[100 lg/l. Clear increases in chlorophyll a have also

occurred since the 1980s (to a maximum of 120 lg/l/

gTOC), likely associated with an increase in the

frequency and intensity of algal blooms. Collectively

these data show that the ecology of Lake King is now

very different to that present during early European

settlement.

We have shown that palaeoecological approaches

may provide much of the baseline and background

information needed for successful management of

coastal ecosystems, and is a potentially valuable tool

for coastal environmental managers globally.
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