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Introduction

Palaeolimnology has been widely used in freshwater

environments, providing information for policy devel-

opment and legislation (Bennion and Battarbee 2007;

Battarbee and Bennion 2011). However, application of

palaeolimnology in coastal environments remains

challenging (Cooper 2010). The application of palae-

olimnological techniques in coastal ecosystems was

pioneered by Cooper and Brush (1991), Juggins

(1992), Andren (1999) and Kerfoot et al. (1999).

These methods have required some adaptations

(Cooper 2000; Cooper et al. 2004), but have been

effectively utilised in many Northern Hemisphere

estuaries. For example, studies of the Baltic Sea

(Kauppila et al. 2005; Clarke et al. 2006; Weckstrom

2006; Tuovinen et al. 2010), Chesapeake Bay (Cooper

and Brush 1993; Cooper 1995, 1999, Cooper et al.

2004), Florida Bay (Wachnicka et al. 2010, 2011) and

the Pearl River estuary in southern China (Zong et al.

2010) have produced results that provide information

useful to managers. Yet, in the Southern Hemisphere,

and in particular Australia, application of palaeolim-

nological methods in coastal environments remains in

its infancy (Saunders and Taffs 2009).

In general, palaeolimnology in Australia is under-

utilised, yet offers many possibilities for a continent

that has experienced dramatic landscape change over a

short period of time that is rarely fully documented. In

particular, information on Australian estuaries is

urgently required to assist management actions where

there are substantial population pressures and multiple

conflicting uses of coastal environments (Saunders

and Taffs 2009). However, applying palaeolimnolog-

ical techniques to Australian estuaries is particularly

problematic because of the paucity of information on

Australian estuary functioning. While it is well

understood that estuaries are highly dynamic ecosys-

tems (Cooper 1999), the variability of estuarine

function across climatic zones is still being actively

researched (Eyre and Balls 1999; Bowen and Valiela

2008). Australian estuaries function quite differently

to their Northern Hemisphere counterparts (Davis and

Koop 2006), hence palaeolimnological methods

largely developed in the Northern Hemisphere need

to be applied with some caution in Australia.

The greatest cause of these differences is that

rainfall frequency is much lower, with episodic rain

events controlling chemical and biological function-

ing (Davis and Koop 2006). Hence, average water

residence time is often higher than in less variable

ecosystems with equivalent freshwater inputs, result-

ing in a dominance of internal nutrient cycling.
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Suspended sediment concentrations are generally

much higher in Australian than many Northern

Hemisphere estuaries (Davis and Koop 2006), result-

ing in high concentration of water column nutrients

and decreased light penetration (Eyre 2000). This

affects the biology of the system with planktonic

micro-organisms dominating over benthic forms

(Harris 1999).

The recent application of palaeolimnology in

Australian coastal environments has highlighted its

potential value, particularly for assisting management

of estuaries and coastal lakes (Fluin et al. 2007;

Haynes et al. 2007; Saunders et al. 2007, 2008; Taffs

et al. 2008). While this approach is not without

limitations, these can be minimised (Saunders and

Taffs 2009). For example, site selection within

estuaries is critical given their dynamism, particularly

in relation to establishing an accurate chronology

(Crusius et al. 2004). Locating estuarine sites of

constant sediment accumulation is possible (Cooper

et al. 2004), but extraction of multiple cores from such

depositional areas and the use of multiple indicators

within each core, can help reduce the effects of

filtering (Swetnam et al. 1999), poor fossil preserva-

tion (Ryves et al. 2001) and distinguishing between

autochthonous and allochthonous inputs (Vos and de

Wolf 1993). Furthermore, advances in chronological

and statistical methodologies now allow temporally

precise quantitative reconstructions.

This special edition of the Journal of Paleolimnol-

ogy is a collection of innovative Australian palaeo-

limnological studies. Most use standard techniques

applied in the Northern Hemisphere and, to some

extent, test their viability and propose necessary

adaptations. This is an important step for palaeolim-

nology in Australia and identifies some challenges for

its future development.

Methodological approaches and their relevance

to Australian estuarine palaeolimnology

Statistical developments in the recent past have

enabled robust quantitative reconstructions of water

quality with reasonable certainty. However, this is

generally in regions with a large number of sites and

where modern analogues exist. In some cases, a range

of sites within a region is not available and either an

internal dataset (Mackay et al. 2003) or qualitative

methods are the only options available. The former is

often the case in Australia where surface water

resources are scarce. For example, in the Yarra River

catchment (Victoria) the diatom-TP model cited in

Gell et al. (2005) was developed from repeated

sampling of four lakes. Secondly, some sites are

unique, for example Myall Lake on the central New

South Wales coast (Drew et al. 2008) and, hence,

developing diatom data sets to infer water quality in

such sites is likely to fail. Compounding this problem

is the modification of unique sites, which renders the

development of ‘‘internal’’ training sets with good

analogues impossible (Haynes et al. 2011). Quantita-

tive methods have been trialled in Australian coastal

environments (MacGregor et al. 2005; Saunders et al.

2008; Taffs et al. 2008), with qualitative approaches

also applied (Fluin et al. 2007; Haynes et al. 2007). In

the qualitative studies, inferences were drawn from

Australian and global diatom research.

It is axiomatic that a detailed knowledge of the

relationship between biological proxies and environ-

mental variables must be established before inferences

about past environments can be generated. In the

Northern Hemisphere, many collaborative datasets

have been established that can be applied over large

regions (e.g. European Diatom Database, Battarbee

et al. 2011; North America, Spaulding et al. 2010). In

Australia, very few diatom data sets exist, with fewer

still from estuaries (Saunders et al. 2008). This is due

to the large area of the continent, the paucity of surface

water resources and the early developmental stage of

palaeolimnological science. Despite the cosmopolitan

nature of many diatoms (Bennett et al. 2010), caution

is needed in utilising ecological tolerances derived

from distant locations, even for qualitative reconstruc-

tions since there is regional differentiation in the

ecology of cosmopolitan diatoms (Telford et al. 2006).

Modern diatom-environment relationships

in Australian estuaries

A key requirement for palaeolimnology in Australia is

an increased understanding of proxy-environment

relationships. In this volume, the understanding of

coastal diatom ecology is extended by Grinham et al.

(2011) who focus on the relationship between benthic

diatoms in a sub-tropical estuarine embayment.

Grinham et al. (2011) took on this challenge in the
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highly dynamic Moreton Bay which has posed prob-

lems for palaeolimnology (Logan et al. 2010). Sedi-

ment type was the main driver of diatom composition

and short term fluctuations of water chemistry had

minimal impacts (Grinham et al. 2011). Hence,

estuarine palaeolimnology needs to account for the

nature of sediments and, particularly, shifts in sedi-

ment that, through their influence on diatom compo-

sition, could be interpreted as changes in water quality.

The relationship between diatoms and environmen-

tal variables was further explored by Saunders (2011)

and Haynes et al. (2011) through the development of

transfer functions. These contributions expand knowl-

edge from the earlier work of Hodgson and Tyler

(1996) and Saunders et al. (2007). Saunders (2011) has

constructed a salinity transfer function over a very

large region (36 sites from 32 Tasmanian estuaries and

45 sites within 13 Victorian estuaries), covering over

1,500 km of coastline. Salinity was the strongest

environmental variable and a diatom-salinity model

was developed.

Haynes et al. (2011) studied the relationship

between diatoms and water chemistry in The Coorong,

a unique elongate coastal lake. An internal transfer

function was attempted for both diatoms and foram-

inifera. A diatom-salinity model was successfully

constructed. However, the foraminifera assemblage

lacked sufficient abundance and diversity to construct

a robust model. Haynes et al. (2011) identify some of

the problems of palaeolimnology in a unique coastal

ecosystem. In this case, although a robust model was

developed, there has been substantial modification to

this system, meaning that there are poor analogues in

the fossil record. The large errors in both Saunders and

Haynes et al. (2011) (RMSEP = 0.09 log ppt and

16 g l-1salinity, respectively), highlight the need for

more research such as Grinham et al.’s (2011) to better

document influences other than salinity on diatom

composition.

Dating Australian estuarine sediments

Dating sediment sequences remains a challenge in

Australian coastal ecosystems. Many aspects of this

challenge are not restricted to coastal environments or

indeed Australia. Of particular concern is the chrono-

logical gap between sediment that can be dated using
210Pb (generally \150 years and often considerably

less; Sloss et al. 2011; Hollins et al. 2011) and that can

be reliably dated using 14C, without the need to

‘‘wiggle match’’ using a large number of ages (i.e. in

sediment younger than approximately 400 14C yr BP;

Hua 2009). This problem is particularly pertinent since

the first evidence of European impact in palaeolimno-

logical records is often derived from some aspect of the

sediments themselves (Leyden et al. 2011; Hollins

et al. 2011). Such an approach can introduce a degree of

circularity to the conclusions drawn in these circum-

stances. Other factors such as the mobility of 137Cs in

saline environments (Hancock and Hunter 1999;

Leyden et al. 2011) or the lower concentrations of

atmospheric 137Cs in the Southern Hemisphere (Leslie

and Hancock 2008) are problems that affect estuaries

and those located in Australia more particularly.

In studies that evaluate the history of estuaries, the

selection of material to be dated is a challenge.

Estuarine sediments are made up of components

derived from the marine environment, freshwater

catchments and estuaries themselves (Lamb et al.

2006). This mixture of sources means that even a

simple exercise such as the selection of an appropriate

calibration curve or reservoir corrections for 14C dates

is a substantial challenge. Several papers in this

special issue investigate the application of dating

techniques in Australian coastal environments.

To document the effect of catchment clearance on

coastal lake sedimentation, Sloss et al. (2011) contrast

recent sedimentation rates in two New South Wales

coastal lakes that have similar dimensions and climate,

but differing amounts of catchment forest clearance. In

addition, they compare these rates with the pre-

settlement rates previously determined. Sloss et al.

(2011) apply both the commonly used 210Pb and 137Cs

techniques, along with aspartic acid racemisation

dating of molluscs to obtain ages of recent sediments.

Sloss et al. (2011) suggest that increased sedimenta-

tion rates in Lake Illawarra are due to the more

urbanised nature of its catchment. In addition, they

demonstrate that the sedimentation rate increases

recorded in St Georges Basin occur in the limited part

of that catchment that has been cleared. Although

Sloss et al. (2011) highlight that their work is

preliminary, the faster rates of racemisation in Batil-

laria australis mean that this mollusc may provide

precise young ages (i.e. \500 years) and thereby

provide an opportunity to bridge the gap between 14C

and 210Pb dates.
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Hollins et al. (2011) similarly assess evidence for

post-settlement increased sedimentation from two

small coastal lakes in urban Wollongong on the New

South Wales south coast. Whilst it is clear that

sediments have accumulated rapidly, particularly since

the 1970s, direct comparison with pre-settlement sed-

imentation was complicated by the fact that, at some

sites, there is clear evidence of sediment scouring and

reworking (demonstrated by inverted 14C ages). Also

highlighted was an overall increase in sediment heavy

metal concentrations in the two lagoons and, particu-

larly, an enrichment with Zinc (Hollins et al. 2011).

Logan and Taffs (2011) and Logan et al. (2011)

used magnetic inclination and loss on ignition profiles

to determine core integrity prior to applying expensive

analyses. Following these analyses, the most intact

sediment record was selected for further analysis and

dating. Even after this iterative process, 210Pb dating of

sediments from a large protected marine embayment

was not successful (Logan and Taffs 2011). Retrieved

sediments contained large proportions of marine sand

(Logan and Taffs 2011) to which 210Pb does not

readily adhere (Álvarez-Iglesias et al. 2007; Vaalgam-

aa and Korhola 2007). Alpha and gamma spectrometry

were unable to detect sufficient 210Pb activity to

produce a chronology, even on sediments from the

\63 lm component. However, AMS 14C methods

produced dates in chronological sequence, providing a

viable chronology for older sediments in this estuary.

In a sub-tropical river-dominated estuary Logan

et al. (2011) were able to successfully 210Pb date the

upper portions of sediments with alpha spectrometry,

enabling correlation to historical landuse changes.

Unfortunately, at this site, the historical period sedi-

ments lay almost directly above those of mid-Holo-

cene age. This prevented an assessment of changes in

sediment accumulation rates, and also a full contrast of

the pre- and post-European settlement conditions.

Inferring estuary history from biological indicators

Logan and Taffs (2011) and Logan et al. (2011) use

diatom data, augmented by stable C and N isotopes to

evaluate the history of the two most northerly situated

estuaries in this special issue. These records are

different both in length and nature. The diatom-based

history of the Richmond River estuary is short (dating

to c. 1940 CE). This study highlighted the importance

of climate in driving the nutrient status of the estuary,

with peaks in diatom inferred total phosphorus asso-

ciated with higher rainfall, with no distinct trend of

increasing nutrients detected (Logan et al. 2011).

Given the substantial interannual and interdecadal

variability in rainfall in this region, palaeolimnolog-

ical data are important to ensure that water quality

trends associated with climate are not attributed to

human agency (Logan et al. 2011). Logan et al. (2011)

also show that while the 13dC composition of the

sedimentary organic matter was largely unchanging,

the 15dN record was more variable. As is frequently the

case (Lamb et al. 2006), interpretation of this record

was not straightforward. However, there was a general

consistency between the diatom and 15dN records.

Logan and Taffs (2011) argue that identifying true

reference sites is important for developing an

increased understanding of estuary function and to

improve the management of estuaries. Their study

assesses the history of Burrum River estuary, a site

identified as ‘‘largely unmodified’’ (Geoscience Aus-

tralia 2011) and therefore a candidate for such

evaluations. They show that the assumed ‘‘largely

unmodified’’ status of this site is in accordance with its

palaeolimnological history. This finding is important

since unimpacted sites are rare on the eastern Austra-

lian coast and because the assumed character of

estuaries is not always correct (Dick et al. 2011;

Leyden et al. 2011; Logan and Taffs 2011)

Leyden et al. (2011) assessed evidence for pur-

ported plant loss in Bombah Broadwater in the Myall

Lakes system using plant and animal macrofossils.

Leyden et al. (2011) found no evidence of the loss of

plants and, in addition, found strong evidence for post-

settlement freshening of this site. They attribute the

freshening of this site to land clearance induced

increases in run off.

Dick et al. (2011) use the macrofossil record from

the south lagoon of The Coorong, South Australia, to

evaluate the fate of a keystone species, the macrophyte

Ruppia tuberosa. As is often the case with such studies

(Tibby et al. 2007), the results contrasted with

expectations. Rather than being the dominant plant

in the pre-European sediments, R. tuberosa was only

found in the post-settlement sediments, with another

macrophyte, Ruppia megacarpa instead the dominant

plant in this system for at least 3,000 years.

These studies (Leyden et al. 2011; Dick et al.

2011) highlight the value of hypothesis-driven
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palaeolimnology since they assess specific issues in

relation to the understanding of coastal lakes. Inter-

estingly, in both cases the history of these systems was

considerably broader than would have been predicted

from even detailed contemporary studies.

Prospects for the future of coastal palaeolimnology

in Australia

Improved dating of coastal lake sediments

Studies in this issue have highlighted a number of

challenges to developing accurate sediment chronol-

ogies in estuaries. In addressing this challenge, Logan

and Taffs (2011) and Sloss et al. (2011) highlight that

better chronologies are likely to emerge in the future

from the application of magnetic inclination and

amino acid racemisation approaches.

Beyond the scope of this issue, Hancock et al.

(2011) have highlighted the potential of Pu to refine

chronologies of recent sediments in Australia, includ-

ing those from estuaries. Pu can be used in a similar

manner to 137Cs to identify sediments deposited after

the expansion of atmospheric nuclear weapons testing

in the mid 1950s. As such it provides an important

independent test of 210Pb dating. However, the lower

detection limits, longer half life and a lower mobility

render Pu more useful than 137Cs for this purpose. In

addition, changes in the isotopic ratio of Pu in the mid

to late 1960s provide an additional marker horizon

(Hancock et al. 2011).

Estuarine palaeolimnology and Australian

Holocene climate

In terms of the unfulfilled potential of coastal palae-

olimnology, there has been little explicit evaluation of

the influence of climate on these systems. However, it

is clear that estuaries record changes in catchment run

off through freshening (Leyden et al. 2011), the

transport of riverine diatoms from upstream (Logan

and Taffs 2011) or through increased nutrient con-

centrations resulting from inwash (Logan et al. 2011).

This information, in combination with increasingly

sophisticated understanding of estuarine evolution and

sea level history (Sloss et al. 2011) could facilitate a

much greater understanding of changes in Holocene

moisture regime in eastern Australia.

The potential for reconstructing coastal lake

functioning

Studies in this volume (Logan and Taffs 2011; Logan

et al. 2011) and earlier research (MacGregor et al.

2005; Fluin et al. 2007; Tibby et al. 2007; Taffs et al.

2008) have demonstrated the value of diatoms in

inferring past water quality in Australian coastal lakes.

These reconstructions have provided valuable insights

into aspects of past ‘‘structural’’ features of coastal

lakes (in particularly water quality). However, through

diatoms it may be possible to analyse the fossil record

for more insights into the changing function of coastal

lakes over time.

Diatoms play a pivotal role in the biogeochemistry

of coastal lakes and estuaries in Australia (Haese et al.

2007). In particular, diatoms are fundamental to

denitrification as they remove N from the water

column through uptake followed by frustule sinking

and hence rendering it ‘‘available’’ to sediment

bacteria to breakdown. Given the important link

between diatoms and estuarine processes, it may be

possible to go beyond the structural diatom-based

reconstructions outlined herein to develop more

insights into the past function of estuaries. This might

be possible by, for example, identifying changes in the

net rate of diatom flux to the sediments or, more

speculatively, by identifying assemblages associated

with different denitrification efficiencies.

In terms of obtaining records of key ecosystem

functions, lessons from the freshwater realm may be

particularly instructive. Sayer et al. (2010) have

shown, through careful study of the contemporary

functioning of shallow lakes, the representation of

sediment remains and palaeolimnology it is possible to

reconstruct key processes associated with the loss of

plants in eastern English lakes. Similar approaches

could elucidate the history of seagrasses and other

angiosperms in estuaries.

Coastal lake palaeolimnology and environmental

management

Following earlier research (Saunders and Taffs 2009),

the papers in this special issue have highlighted the

need for palaeolimnological studies to be used in

‘‘management’’. However, there is no explicit discus-

sion of the way in which this should occur. In this

context, while research in this special issue clearly
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demonstrates the impact of European land and water

management on estuaries, a challenge for coastal lake

palaeolimnologists undertaking applied studies is to

develop both specific recommendations and an effec-

tive means for communicating such recommenda-

tions. Without such strategies, palaeolimnological

research is unlikely to be widely used by managers.

In contrast to this somewhat negative assessment, it

may take a number of years for the utility of

palaeolimnological studies to be recognised. As an

example, recently results of diatom studies of coastal

Lake Alexandrina and The Coorong (Fluin et al. 2007)

have been used in the development of a long term

planning strategy for the ecosystems (DEH 2010).

Indeed, a map identifying the extent of freshwater and

marine incursions based on diatom data features

prominently (DEH 2010, p. 16). This recent use of

lower Murray River diatom studies which commenced

over a decade ago (Barnett 1994) highlights the

possible longevity of such research. However, such

experiences appear exceptions, rather than the norm.

In terms of developing further understanding that

can be used as a basis for management, there is

considerable potential to the use palaeolimnology of

coastal lakes to assess the accuracy of classifications

of coastal lakes that are largely based on their current

status (sensu Logan and Taffs 2011).

Conclusions

The sites for palaeolimnological investigation

included in this special issue ranged from a latitude

of 25�S (Burrum River in Queensland) to 43�S

(Tasmania), and included both tropical and temperate

climates. These sites were scattered along the vast

southern and eastern coastlines, clearly indicating that

only a very limited proportion of the Australian

coastline has been investigated, with no sites from

Western Australia or the tropical north of Australia

examined in this issue.

Research in this issue has contributed to a much

more specific understanding of the nature and extent of

alterations to coastal ecosystems. Sloss et al. (2011)

and Hollins et al. (2011) define the extent of

sedimentation in NSW estuaries, with Hollins et al.

(2011) also identifying heavy metal inputs. While such

impacts can, to some extent, be predicted through

modelling (Wilkinson et al. 2004), Sloss et al. (2011)

and Hollins et al. (2011) provide much more specific

understanding. By contrast, a number of studies in this

volume have provided understanding of estuarine

alteration that could not have otherwise been pre-

dicted. Studies of both The Coorong and Bombah

Broadwater (Myall Lakes) have provided evidence of

aquatic plant community composition and change that

contrast markedly with current understanding (Dick

et al. 2011 and Leyden et al. 2011, respectively).

This issue lays the foundation for future palaeo-

limnological studies in Australian estuaries. This is

achieved through both the development of data sets

that are useful beyond the specific study and through

the successful demonstration of particular approaches.

In the former category are diatom-salinity preferences

and models (Haynes et al. 2011; Saunders 2011) and

amino acid racemisation rates (Sloss et al. 2011). In

the latter category are the demonstrated utility of

stable isotope (Logan and Taffs 2011 and Logan et al.

2011) and macrofossil techniques (Dick et al. 2011;

Leyden et al. 2011).

This compilation of papers provides the opportu-

nity to assess the application of palaeolimnology in

Australian estuarine environments. It furthers our

understanding of environmental change over time, the

evolution of the Australian coastal environment and

the manner in which humans have interacted with that

environment. This special issue should reinvigorate

estuarine palaeolimnology in scientific and manage-

ment fields.
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