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Summary 

In recent years, the need to develop assessment techniques that provide advanced warning of 
significant wetland stress or degradation has been recognised. This paper aimed to identify 
rapid, yet realistic and reliable methods for tbe early detection of pollutant impacts on 
wetland ecosystems, particularly those in the wet-dry tropics of northern Australia. In doing 
so, it describes the ideal attributes of early warning indicators, and their subsequent selection 
for wetland research. It then evaluates the potential of existing methods of assessment as 
early warning indicators of wetland degradation due to pollutant impacts. Particular attention 
is paid to rapid assessment techniques, covering a range of trophic levels and levels of 
biological organisation. 

Due to a number of favourable characteristics, phytoplankton were considered to potentially 
be the most promising indicators of wetland degradation, and the scope of application of 
toxicity assessment and monitoring methods warrants further investigation. Rapid toxicity 
bioassays using invertebrates and vertebrates were also considered to be an essential part of 
an early detection program for wetlands, while biomarkers represented a promising tool for 
achieving true 'early warning' of potential pollutant impacts. Given further refinement and 
development, rapid methods of monitoring aquatic community assemblages were also 
considered potentially useful tools for the early detection of wetland degradation. Finally, to 
gain effective use from an early warning system for wetlands, its incorporation into an 
ecological risk assessment framework was recommended. 
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1 Introduction 

Wetlands are under ever-increasing pressure from human activities. Many wetlands have 
already been degraded or lost through agricul9Iral, urban and industrial development of 
coastal areas and inland waterways (see Dugan 1990, 1992, Finlayson et al 1992, Finlayson 
& Moser 1992). Recent assessments on the status, management, and future research needs of 
wetlands both in Australia and elsewhere recognised the need to develop assessment 
techniques that would provide advanced warning of significant wetland stress or degradation 
(Bunn et al 1997, Finlayson 1996, Finlayson et al 1997). As such, the Environmental 
Research Institute of the Supervising Scientist (eriss) , situated in the Alligator Rivers 
Region (ARR), in the wet-dry tropics of northern Australia, is in the process of evaluating 
the potential of early warning indicators for predicting and assessing the extent of wetland 
degradation. The goal is to identify rapid, yet realistic and reliable methods of detecting 
potential adverse effects on wetland ecosystems, and to incorporate such measures into an 
ecological risk assessment framework being developed to assist wetland policy makers and 
managers to make considered decisions for the protection and management of wetlands. 

We present an overview on wetland characteristics and major causes of wetland 
degradation, with specific attention to pollutant impacts, followed by a discussion on the 
ideal characteristics of early warning indicators and their selection. Examples of different 
types of early warning indicators currently in use, and their potential for predicting and 
assessing wetland degradation are then considered. Finally, the incorporation of early 
warning techniques as part of an ecological risk assessment framework is discussed. 
Examples from the wet-dry tropics of northern Australia are used to illustrate the 
applicability of such a framework for effective wetland management. 

1.1 Wetland definition and characteristics in the Australian wet-dry 
tropics 

Wetlands are exceptionally difficult to define because they form an intermediate zone, along 
the margins of, and hence interact significantly with, distinct terrestrial and aquatic 
ecosystems (Bunn et al ~997). As a result, various, and often quite different definitions for 
wetlands have previously been proposed (Cowardin et al 1979, Davis 1994, Paijmans et al 
1985). In identifying wetland regions in the wet-dry tropics of Australia, Finlayson (1995) 
adopted the definition provided by the Ramsar Convention for Internationally Important 
Wetlands (Davis 1994). It defines wetlands as: 

"".areas of marsh, fen, peatland or water, whether natural or artificial, permanent or 
temporary, with water that is static or flowing, fresh, brackish or salt, including areas of 
marine water the depth of which at low tide does not exceed six metres". 

The deliberate broadness of the definition suits application for the wet-dry tropics of 
Australia due to the large diversity of wetland habitats and ecosystems present. For the 
purposes of eriss' Wetland Protection and Management research program, Finlayson (1995) 
identified a range of wetland habitats within the ARR, as follows: intermittently flowing 
escarpment streams, waterfalls and plunge pools, intermittently flowing lowland streams, 
permanent billabongs within stream channels, seasonally inundated floodplains, estuaries 
and tidal reaches of streams, coastal mangrove swamps and salt marshes. The major features 
of these habitats have been described (Finlayson et al 1988, 1997, Finlayson & von Oertzen 
1993, Storrs & Finlayson 1997), although it is noted that the classification of wetland types 
does not follow those commonly used in Australia (see ANCA 1996, Paijmans et al 1985, 
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Bunn et al 1997) due to inconsistencies in these schemes and the uneven infonnation base. 
Additionally, Storrs and Finlayson (1997) have pointed out that many wetlands in the region 
are physically and ecologically linked and can not be easily separated on the simple habitat 
basis used in the classification schemes. 

" In addition to the significant spatial variations associated with wetland habitats, many also 
exhibit large temporal variations. For example, many freshwater wetland systems are 
subjected to episodic or seasonal flooding and/or drying (Paijrnans et a11985, Pascoe 1993), 
while estuarine/marine areas with extremely high tidal influences exhibit temporal 
variations on a different scale. This is certainly true of wetlands in the wet-dry tropics, with 
annual rainfalls of up to 2,000 mm occurring almost exclusively over a 3 month period from 
December to February, resulting in an extreme annual cycle of flooding and drying in 
freshwater wetlands (McQuade et al 1996, Finlayson et al 1990), while tides of up to 
7 metres influence estuaries and tidal reaches of rivers up to 70 km inland (Finlayson & 
Woodroffe 1996). Given this spatial and temporal complexity, it is imperative that a holistic 
approach is adopted when assessing potential impacts on wetlands (Storrs & Finlayson 
1997). This not only requires an understanding of the nature and processes occurring within 
wetland habitats, but also the interactions that occur between habitats and their catchments. 

1.2 Major causes of wetland degradation 

The reasons for wetland degradation and loss have been the subject of much scrutiny in 
recent years. On a broad scale, wetland degradation and loss have been attributed to the fact 
that the aquatic environment has long been treated as a 'free good', available to be exploited 
for social, cultural and economic gain (Gardiner 1994). More specifically, Bunn et al (1997) 
identified four major causes of wetland degradation in Australia: 

i) altered water regime, 

ii) habitat modification, 

iii) pollutants, 

iv) exotic species. 

In Australia, it is considered that the majority of wetland degradation and loss has been 
primarily caused by habitat modification, such as the clearing, draining or filling of wetland 
areas, and altered water regimes (Bunn et al 1997). These have generally been associated 
with the expansion of primary industries such as agriculture, horticulture, and mining, as 
well as urban expansion. However, along with changes in habitat and water regime, 
industrial and urban development also bring with them the threat of pollutant impacts on 
wetlands. It is these impacts, or primarily the methods for their assessment and early 
detection, that are the focus of the remainder of this discussion. 

1.3 Pollutant impacts on wetlands 

The major types of pollutants impacting on wetlands can be more or less categorised 
according to the human activity from which they originate, and are summarised in table 1. 
Mineral extraction and processing (mining) operations produce wastewaters with high levels 
of inorganic compounds such as heavy metals (eg Zo, Cu, Pb), arsenic and cyanide, and are 
a major source of aquatic pollution in the wet-dry tropics of northern Australia. Major 
pollutants arising from agricultural activities include excessive nutrient inputs through run
off of fertilisers, and point and diffuse inputs of a large array of pesticides (Bunn et al 1997). 
In addition, oil-related industries (eg oil exploration, transport, refining) are associated with 
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contamination of waterways with petroleum hydrocarbons, heavy metals (eg in drilling 
muds) and crude oils and oil products in general. Areas of intensive shipping and/or boating 
(eg harbours, marinas) contaminate waterways with hydrocarbons and antifoulants, while 
urban development results in the pollution of wetlands through land and road run-off, and 
sewage effluent, all of which may contain many ~otentia1ly hazardous substances. 

Table 1 Summary of human activities and major pollutants impacting on wetlands, and the type of 
pollutant source 

Anthropogenic activity 

Minerai extraction and processing 

Agriculture 

all explorationltransportlrefining 

Pulp and paper inustry 

Boating/shipping 

Urbanisation and associated 
acitivltles 

Major pollutants 

heavy metals, arsenic, cyanide 

nutrients, insecticides, herbicides 

hydrocarbons, heavy metals, crude oils, oil 
products 

chlorinated compounds 

hydrocarbons, antifoulants 

land and road run-off, sewage effluent 

Source 

point 

diffuse/point 

diffuse/point 

point 

diffuse 

poi nt/diffuse 

Pollutants can enter aquatic environments via point sources, or non-point (diffuse) sources 
into one or more wetland habitats. Regardless of the source, a pollutant in a wetland system 
will be transported through a range of different habitats, all of which possess various distinct 
characteristics which will be affected to varying extents by the pollutant, but which will also 
help determine the fate of the pollutant. Adverse effects on wetland habitats could be caused 
either directly by the pollutant, or indirectly, via pollutant-induced alterations to the 
processes linking the habitats (eg changes in nutrient cycling, loss of migratory species). 
Furthermore, delayed effects may occur as pollutants deposited in sediments are re
mobilised and transported downstream during flood events (Pascoe 1993), or alternatively, 
as they accumulate in sediments due to conditions of low flows. 

ill aiming to protect wetland ecosystems from pollutant impacts, it is desirable that effects 
are detected and acted upon before significant environmental impacts occur. Both Finlayson 
(1996) and Bunn et al (1997) emphasised the need to develop assessment techniques that 
would provide advanced warning of significant wetland stress or degradation. The following 
discussion represents the initial phase in evaluating the feasibility and potential of using 
early warning indicators, preferably those which provide rapid yet realistic results, to detect 
the onset of larger scale wetland degradation. 

2 Early warning indicators 

2.1 Definition and attributes of early warning indicators 

An early warning indicator can be described as a measurable biological, physical or 
chemical response in relation to a particular stress, prior to significant adverse affects 
occurring on the system of interest. Importantly, it need not be directed exclusively at the 
biological level. That is, subtle changes in water quality, or physical parameters, such as 
erosion or saline intrusion can act as early warning indicators of more widespread 
environmental degradation. ill this respect, an early warning indicator can be very much 
scale dependent. The underlying concept of early warning indicators is that effects can be 
detected, which are in effect, precursors to, or indicate the onset of actual environmental 
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impacts. Such 'early warning' then provides an opportunity to implement management 
decisions to prevent serious environmental harm occurring. 

Ideal attributes of early warning indicators have previously been discussed (Cairns & van 
der Schalie 1980, Cairns et al 1993, McCormick & Cairns 1994, Cairns et al 1994), and are .. 
summarised in a modified form, below. 

To have potential as an early warning indicator, a particular response should be: 

• anticipatory: should occur at levels of organisation, either biological or physical, that 
provide an indication of degradation, or some form of adverse effect, before serious 
environmental harm has occurred, 

• sensitive: in detecting potential significant impacts prior to them occurring, an early 
warning indicator should be sensitive to low levels, or early stages of the stressor, 

• correlated to actual environmental effects: knowledge that continued exposure to the 
stressor, and hence continued manifestation of the response, would eventually lead to 
significant environmental effects is important, 

• timely and cost-effective: should provide information quickly enough to initiate effective 
management action prior to significant environmental impacts occurring, and be 
inexpensive to measure while providing the maximum amount of information per unit 
effort, 

• regionally relevant: should be relevant to the ecosystem being assessed, 

• socially relevant: should be of obvious value to, and observable by stakeholders, or 
predictive of a measure that is, 

• easy to measure and interpret: should be able to be measured using a standard procedure 
with known reliability and low measurement error, while it should be capable of clearly 
distinguishing that a response is caused by some anthropogenic source, not by natural 
factors as part of the natural background (ie high signal: noise ratio), 

• diagnostic: should be specific to a stressor, or specific group of stressors, to increase the 
confidence that an effect is in fact due to the stressor, or to assist in identification of the 
stressor, 

• broadly applicable: alternatively, an early warning indicator should predict potential 
impacts from a broad range of stressors, 

• nondestructive: measurement of the indicator should be nondestructive to the ecosystem 
being assessed. 

The importance of the above attributes cannot be over-emphasised, since any assessment of 
actual or potential environmental degradation will only be as effective as the indicators 
chosen to assess it (Cairns et al 1993). However, an early warning indicator possessing all of 
the above attributes cannot exist. For example, an easily measured biochemical biomarker 
will provide a fast assessment of a potential impact, but without long term baseline data, the 
significance of the information with respect to background variation will be unclear. 
Conversely, a long term monitoring program will provide excellent baseline data from which 
small perturbations will be obvious, but may be neither time- nor cost-efficient. 
Subsequently, decisions will be required as to which attributes are more important for a 
particular purpose, and appropriate indicators chosen based on those attributes. 
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2.2 Selection of early warning indicators for wetlands 

Economic and ecological considerations will always limit the number of indicators which 
can be assessed. As such, they must be selected in order to maximise relevant information 
and minimise redundant information (Cairns et aI1993). Therefore, prior information on the .. 
type of chemical stressor entering, or potentially entering a wetland system will be of great 
use when selecting indicators for their assessment. In listing a wetland site as internationally 
important under the Ramsar Convention, a contracting party must describe the ecological 
character of the wetland (Finlayson 1996). Part of this process requires the provision of 
information on human-induced factors that have affected or could significantly affect the 
benefits and values of international importance (Finlayson 1996). Such information on 
pollutant inputs could be utilised to aid in determining which of the biological components 
of an ecosystem will be affected. Decisions can then be made regarding the selection of the 
most suitable early warning indicators, to form an adequate 'suite' of indicators, as part of 
an early warning system (EWS). 

In assessing wetland degradation, an indicator for one habitat may not be relevant for 
another habitat. Universal indicators, relevant across all habitats would be ideal for wetland 
research as they would standardise pollutant-related responses over spatial scales. However, 
this is not likely to be feasible, as, for example, a particular indicator species (eg crustacean, 
fish or aquatic macrophyte) may only be represented in certain habitats. In order to most 
comprehensively assess pollutant impacts on wetlands, indicators of ecosystem health are 
required that take into account, or cover a range of habitats. The term landscape 
ecotoxicology has recently been used to describe the process of examining the potential 
adverse effects of chemicals on biological systems over large spatial scales (Cairns & 
Niederlehner 1996). It focuses on assessing endpoints appropriate to the spatial and 
temporal scales across which a pollutant is dispersed. This is the type of approach that needs 
to be adopted when dealing with impacts on wetland ecosystems, given their complexity and 
inter-relatedness. 

Another factor to consider when selecting appropriate indicators, or endpoints for assessing 
wetland degradation, is that of time. One of the attributes of an early warning indicator is 
that it be time-efficient. This is of considerable priority when assessing wetland degradation 
from both an environmental and management point of view. That is, environmental 
managers require time from the point of detection of effects, to consult with stakeholders, 
and if desired, implement preventative or remedial action. An effect that takes too long to 
detect may result in more significant environmental degradation occurring before action can 
be taken. Similarly, the managerial process that ensures the information is updated in a 
timely fashion, to enable necessary consultation and remedial actions, is essential (Finlayson 
1996). 

3 Examples of early warning indicators 

Of the four major causes of wetland degradation described earlier, pollution has received by 
far the most attention regarding its environmental impacts and their prediction. As a result, 
the vast majority of biological and chemical early warning techniques and methodologies 
have been developed to assess the impacts of pollutants on aquatic ecosystems. Of these, 
some have potential application for assessing the impacts of other anthropogenically-related 
disturbances, such as changes in water regime, physicaIJhabitat modification, and the 
introduction of exotic species. Some currently used early warning indicators are described 
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below, and their potential for predicting and assessing pollutant impacts on wetlands are 
discussed. 

3.1 Biological indicators 
~ 

As Cairns et al (1993) noted, only biological material can indicate effects of chemical 
stressors in an ecosystem. Much research has focused on low levels of biological 
organisation, such as at the sub-organismal level (eg enzyme activities, haematological 
parameters), or simply on organisms from low trophic levels (eg bacteria, primary 
producers), with the underlying assumption being that any adverse effects at low levels of 
organisation will eventually be transferred to higher biological levels and ultimately 
manifested as visible environmental impacts at the ecosystem level. As such, an adequate 
monitoring program for detecting environmental effects will require the use of measures at 
several levels of biological organisation (Cairns et al 1993, Zakharov & Clarke 1993). It 
should also be noted that although the emphasis is on field assessment, laboratory-based 
bioassays currently remain the basis for predicting the hazard of recent or impending 
pollutant threats to the environment (Cairns et aI1993), and therefore are essential tools for 
early warning systems. Subsequently, in evaluating potential early warning indicators of 
wetland degradation, both the use of toxicity bioassays, and monitoring (the long term 
monitoring of biological and/or physico-chemical parameters) were considered. 

3.1.1 Bacteria 

Toxicity bioassays 

Bacterial bioassays have been developed due to their simplicity, speed, cost-effectiveness, 
and the fact that bacteria are abundant, grow rapidly, and represent a low trophic level, and 
thus may provide sensitive early warning data of environmental impacts at higher trophic 
levels (Reteuna et al 1989, Schofield & Davies 1996). However, apart from the well-known 
Microtox® test, they have not been widely used for toxicity assessment (Reteuna et al 
1989). Some bacterial bioassays are discussed, below. 

Microtox® assesses the short-term effects (eg 15 min) of pollutants on light production by 
the luminescent marine bacterium, Vibrio fischeri, in order to estimate acute toxicity (Belkin 
et al 1996). It is a highly standardised laboratory assay, purchased in kit form, and highly 
useful for comparing pollutant toxicity over space and time. However, its sensitivity to 
toxicants compared to other aquatic organisms varies greatly, and hence its use as an early 
warning indicator may be limited. Nevertheless, it can be used, in conjunction with other 
bioassays, as a screening test of water quality, particularly over time and space. In addition, 
the sensitivity of Microtox® can be significantly increased if incubation times are extended 
from 5 - 15 min to 30 - 60 min (C. Blaise, pers. comm.). 

While other bacterial bioassays exist (see Reteuna et a11989, Belkin et al 1996), including 
modified V. fischeri assays (Thomulka et al 1992), it is unlikely at this stage that they could 
be considered superior to the Microtox® test. However, a bacterial bioassay that could be 
utilised in situ, might be valuable as a tool for assessing wetland degradation. For example, a 
Glucose U_14C mineralisation assay, which evaluates the inhibitory effects of toxicants on 
the rate of labelled CO2 released by Escherichia coli, or potentially other bacteria, in the 
presence of U-14C, has been proposed as being a useful in situ bioassay using field 
organisms (Reteuna et alI989). 

Dutka et al (1989) evaluated the toxicity of Fraser River water (British Columbia, Canada) 
using a suite of toxicity tests, including several bacterial bioassays, and found that the 
standard toxicity test organism, Daphnia magna was a more sensitive procedure for 
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indicating toxicity than the bacterial assays. While the theoretical basis for using bacterial 
bioassays to detect the onset of wetland degradation is credible, practical application 
appears to be lacking. A more in-depth investigation is required to ascertain whether such 
tools could be applied across the broad spatial and temporal scales required when assessing 
wetland degradation. In addition, not a great-' deal is known regarding key microbial 
processes, particularly in unimpacted systems (Schofield & Davies 1996). 

Biological monitoring 

Extensive research has been carried out on the abundance of bacterial organisms in the 
Great Lakes, and how they are affected by contaminants (Munawar & Weisse 1989, 
Munawar et aI1994). However, the studies emphasised that bacterial assessments should be 
incorporated into an holistic assessment of the 'microbial loop', the components of which 
include bacteria, pico- and nanoplankton and phytoplankton. The microbial loop is 
considered to play a key role in the pelagic food web dynamics of aquatic ecosystems 
(Munawar et aI1994), and is evaluated in more detail when phytoplankton are discussed. 

3.1.2 Phytoplankton 

Due to their nutritional requirements, their position at the base of aquatic food webs 
(dominant primary producer), and their ability to respond rapidly and predicably to a broad 
spectrum of toxicants (McCormick & Cairns 1994, Stauber 1995), phytoplankton represent 
perhaps the most promising early warning indicators of wetland degradation due to 
pollutants. In addition, their sensitivity to changes in nutrient levels make them ideal 
indicators for assessing eutrophication. McCormick and Cairns (1994) provide a detailed 
discussion of the importance of algae in, and their contribution to the aquatic food webs, as 
well as a detailed evaluation of algae as indicators of environmental change. 

Toxicity bioassays 

Phytoplankton toxicity bioassays are rapid, inexpensive and senSItive. While they are 
generally carried out in the laboratory using laboratory-cultured algae, bioassays have been 
developed using natural phytoplankton assemblages, and field, or in situ exposures 
(Munawar et al 1989, Loez et al 1995), in order to better predict effects in the natural 
environment. 

Laboratory algal bioassays using laboratory-cultured species usually assess the effects of 
toxicants, or natural waters on functional endpoints, most commonly population growth rate, 
or cell division rate, over 3 to 4 days (72 - 96 h). Other functional endpoints often assessed, 
include 14C uptake, respiration, fluorescence, ATP and enzyme activity (eg esterases), some 
of which require much shorter incubation times (eg 2 h), however, growth rate has generally 
been shown to be the more sensitive parameter (Stauber 1995). Laboratory bioassays are 
useful in providing information on physiological limits for individual species, but results are 
difficult to extrapolate to environmental effects. More environmentally realistic laboratory 
bioassays can be carried out by using natural assemblages of algae, and incorporating key 
environmental factors. Munawar and Legner (1993) and Munawar et al (1994) describe a 
sensitive laboratory bioassay using natural assemblages, known as an Algal Fractionation 
Bioassay (AFB). AFB assesses the effects of toxicants on various parameters (eg 14C 
uptake, biomass) on various size fractions of algae, by isolating a diverse natural assemblage 
with a wide variety of algal sizes, and physiological and environmental requirements 
(Munawar et al 1994). Three size categories are identified and assessed; picoplankton (0.2 -
2 ~m), nanoplankton (2 - 20 ~m), and microplankton (20 - 200 ~m) (Munawar & Legner 
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1993). This procedure was found to be rapid and sensitive, and could be considered for 
assessing the health of wetland ecosystems. 

The use of laboratory algal toxicity bioassays to assess wetland degradation in the wet-dry 
tropics of northern Australia is currently in its developmental phase at eriss. Growth 

" inhibition bioassays (72 h) for both a freshwater green alga (Chiorella sp.), and a marine 
diatom (Nitzschia closterium) are currently being developed (table 2). Chiorella sp. is 
known to be represented in the fresh waters of northern Australia, while tropical strains of 
N. closterium have previously been identified in Australian waters and used for toxicity 
bioassays (Florence et al 1994). 

Field, or in situ bioassays assess the effects of the actual aquatic environment of interest on 
local, natural phytoplankton assemblages. These can be carried out either in on-site, or 
mobile laboratories, or in the actual aquatic environment. The latter can be achieved using 
flow-through bottles, or other types of enclosures, bags, microcosms/mesocosms, and cages 
(Munawar et aI1989). These techniques are based on the diffusion of toxicants and nutrients 
through membrane filters into chambers containing phytoplankton (Munawar & Legner 
1993). However, due to variability in environmental parameters, in-stream algal productivity 
measurements are often confounded by relatively high variances (McCormick & Cairns 
1994). While on-site laboratory facilities help to minimise such variability, they cannot 
simulate other necessary environmental conditions, such as light variability. 

Table 2 Summary of toxicity bioassays in use by the Environmental Research Institute of the 
Supervising Scientist (eriss) , or currently under development, for ecotoxicological purposes in the wet
dry tropics of northern Australia 

Organism 

Marine alga (diatom)' 
(Nitzschia closterium) 

Green alga 
(Chlorella sp.) 

Duckweed 
(Lemna aequinoctialis) 

Green hydra 
(Hydra viridissima) 

Cladoceran 
(Moinodaphnia maclea}'l) 

Chironomid· 
(Chironomus crassiforceps) 

Purple-spotted gudgeon 
(Mogumda mogumda) 

Black-striped rainbowtish 
(Melanotaenia nigrans) 

In situ: 

Freshwater gastropod 
(Amerianna cumingit) 

Black-striped rainbowfish 
(M. nigrans) 

* currently under development 

Test duration/endpoint 

72 h, population growth 

72 h, population growth 

4 - 7 days, plant growth 

96 h, population growth 

3 brood (- 6 days), reproduction 
24 h, feeding inhibition· 

5 days, larval growth 

96 h, larval survival 

96 h, larval survival 

96 h, reproduction, juvenile survival 

96 h, larval survival 

•• presence in habitat unconfirmed, but likely . 

8 

wetland habitats represented 

estuaries, coastal mangrove 
swamps·· 

lowland streams - floodplains 

permanent billabongs, floodplains 

permanent billabongs, floodplains 

permanent billabongs 

permanent billabongs, floodplains·· 

escarpment streams - floodplains 

escarpment streams - lowland 
streams 

permanent billabongs, floodplains 

escarpment streams - floodplains 
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Structural indicators have also been utilised as indicators in algal bioassays. Such indicators 
include species composition shifts, size assemblage shifts, picoplankton distributions and 
the disappearance of endemic species. In particular, picoplankton and nanoplankton have 
been found to be particularly sensitive to a wide range of contaminants, and may have even 
greater potential as early warning indicators of'environmental stress (Sprules & Munawar 
1986, Munawar et al1989, Munawar & Legner 1993, Munawar et alI994). Microscopy and 
flow cytometry are two techniques whereby such parameters are measured (Munawar et al 
1989). 

Biological monitoring 

Both functional and structural measures of algal health have been utilised for monitoring 
purposes. McCormick and Cairns (1994) suggested that algal taxonomic analyses to the 
species level were desirable in order to maximise information. However, in recognising the 
resources involved to perform identification at the species level, indices based on genera 
were considered more feasible. In addition. counts of approximately 500 cells were 
considered an acceptable means of characterising assemblage structure (McCormick & 
Cairns 1994). McCormick and Cairns (1994) also suggested that taxonomic indicators be 
based on the assemblage of diatoms, as they are a dominant and ecologically important 
group in the phytoplankton of most aquatic ecosystems, while their field collection, 
processing and identification methods are widely utilised and accepted. and toxicity data are 
readily available in the literature. In addition, diatoms are known to respond rapidly to 
changes in water quality and are not highly habitat-dependent (Schofield & Davies 1996). In 
Australia, the Monitoring River Health Initiative (MRHD is supporting research into the 
development of rapid biological monitoring techniques (see Rapid biological assessment, 
below) based on diatoms. Although aimed primarily at rivers, such standardised methods 
could well be applied to assessments on wetland habitats. 

An alternative method of monitoring algal assemblages has been that adopted by Munawar 
and co-workers for the Great Lakes (Munawar & Weise 1989, Munawar et al 1994). Their 
assessment of the 'microbial loop', incorporating bacteria, picoplankton, nanoplankton, 
microplankton as well as the larger phytoplankton appears to be a legitimate and sensitive 
technique for predicting impacts, at least for lake environments. In particular, the apparent 
sensitivity of autotrophic picoplankton may deserve further attention. Standardised methods 
have been developed, and could be evaluated with respect to assessing the health of wetland 
ecosystems. 

3.1.3 Macrophytes 

Toxicity bioassays 

Aquatic macrophytes have rarely been utilised as early warning indicators of environmental 
impacts (Sortkjaer 1984, Lewis 1995), however, specific toxicity testing protocols do exist 
for some genera, and warrant consideration. The importance of aquatic macrophytes is 
highlighted by their roles in oxygen production, nutrient cycling, control of water quality, 
sediment stabilisation, and importantly, as a habitat for aquatic and terrestrial life (Sortkjaer 
1984, Lewis 1995). In addition, the use of herbicides in many agricultural and land 
management practices may make them relevant tools for assessing impacts, although 
phytoplankton may represent a more sensitive indicator for such compounds. 

Probably the most frequently used macrophytes for bioassay purposes are the floating 
duckweeds (Lemna spp.) (eg Allison & Holdway 1988, Jenner & Jansen-Mommen 1989, 
Lockhart et al 1989, Smith & Kwan 1989). Common endpoints assessed include frond 
chlorosis and necrosis, plant and frond numbers. root length, and dry biomass (Allison & 
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Holdway 1988, ASTM 1992, Lewis 1995). Lemna aequinoctialis is a local duckweed 
species found in billabong and floodplain habitats throughout the wet-dry tropics of northern 
Australia. A toxicity bioassay using L. aequinoctialis was developed at eriss in the late 
1980s, however the assay was conducted in natural water, low in essential nutrients, and 
hence test duration was 14 days, to enable suffi~ient growth (Allison & Holdway 1988). In 
developing tests which provide rapid results, such a test duration is impractical. 
Subsequently, a new L. aequinoctialis toxicity bioassay is currently being developed by 
eriss, aiming to utilise a synthetic medium specifically designed to simulate local waters, 
with the addition of nitrate and phosphate to further stimulate plant growth. Optimal test 
duration will be determined in terms of response sensitivity and time-efficiency, and ideally, 
will not exceed 4 days (see table 2). 

Biological monitoring 

Some research has been carried out regarding the use of aquatic macrophytes as biomonitors 
of polluted environments (Lewis 1995). Haslam (1982) proposed a method involving the 
assessment of species diversity, vegetation cover, trophic status, pollution tolerance and 
physical damage of macrophytes in potentially impacted aquatic ecosystems compared to the 
vegetation expected in similar non-impacted, or 'reference' sites. While the method was 
apparently rapid once established, it did not appear to be applicable to a broad range of 
habitat or stream types. It also appeared to rely heavily on assessment of cover, which is not 
a particularly sensitive measure of pollutant impacts (Haslam 1982). Sortkjaer (1984) 
reviewed some previous attempts of macrophyte monitoring including the use of artificial 
macrophyte communities, but concentrated mostly on the work of Haslam (1982). A benefit 
of monitoring aquatic macrophyte communities, including riparian vegetation, is that the 
impacts of stressors other than pollutants can also be assessed. However, this could also be 
seen as a disadvantage if only pollutant impacts are of interest. 

Monitoring of natural macrophyte communities is not likely to represent an ideal method of 
providing early warning of pollutant impacts on aquatic ecosystems. Problems exist 
regarding interpretation of species absences, the role of epiphytes, natural spatial and 
temporal variation, and species responses to water and sediment quality (Schofield & Davies 
1996). However, in some wetland regions, such as in the ARR, where the vegetation 
type/structure has been extremely well characterised, small alterations due to pollutants may 
be detectable, although it is also likely that they will be masked by the effects of physical 
disturbances. 

3.1.4 Invertebrates and vertebrates 

Invertebrates and vertebrates have been used extensively to assess and monitor the effects of 
pollutants on aquatic ecosystems. They are discussed together here, as many of the methods, 
including the use of toxicity bioassays, biochemical markers, and biological monitoring are 
applicable and similar for both groups. 

Toxicity bioassays 

Representative vertebrate and invertebrate organisms have long been used for toxicity 
testing purposes to investigate the effects of pollutants on natural systems. Toxicity 
bioassays using ecologically relevant endpoints, such as reproduction and population 
growth, have been used to provide a means of quantifying early warning stress or effects on 
e~osystems. The enormous range of toxicity bioassays that have been developed are not 
discussed here, other than noting their potential applicability for assessing impacts on many 
of the world's wetland habitats. 
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A range of vertebrate and invertebrate toxicity bioassays have been, or are currently being 
developed for the wet-dry tropics of Australia, specifically the ARR. They fonn part of a 
'battery' of tests including those already described for phytoplankton and macrophytes 
(table 2). The overall objective is to develop and utilise bioassays that provide rapid yet 
sensitive indications of potential impacts on wetland ecosystems. Towards this goal, the use 
of short tenn chronic/sub-chronic toxicity bioassays such as the Hydra viridissima 96 h 
population growth bioassay (Markich & Camilleri, in press), the Moinodaphnia macleayi 3 
broodl6 day reproduction bioassay (Hyne et al 1996), and the Chironomus crassiforceps 5 
day larval growth bioassay, allow for the detection of effects of low levels of pollutants in 
both the water and sediment compartments, on sensitive, sub-lethal parameters (table 2). In 
keeping with the need for rapid bioassays, a short tenn (S24 h) cladoceran (Moinodaphnia 

macleayi) bioassay based on feeding inhibition is also being developed, with the ultimate 
aim of replacing the 3 broodl6 day reproduction bioassay. Allen et al (1995) have 
demonstrated that toxic effects in another cladoceran, Daphnia magna, can be related to an 
inhibition of feeding. The relationship is well defined, and feeding inhibition has been found 
to be a reliable and sensitive indicator of ecologically relevant effects such as reproductive 
and growth impainnent (D Baird, pers. comm.). 

The aquatic species used in the toxicity bioassays outlined in table 2 represent both a wide 
range of trophic levels and wetland habitats. Both these attributes are likely to be minimum 
requirements if impacts on wetlands are going to be adequately predicted, assessed and 
monitored. However, it may be that some of the many species used for toxicity assessment 
purposes throughout the world will be represented in a particular wetland of interest, in 
which case the development of site-specific protocols, and the associated time and costs, 
may no be required. 

Biological monitoring 

Biological early warning systems (BEWS) 

Biological early warning systems (BEWS) are field-based systems that utilise 'housed' 
aquatic organisms for continuous toxicity monitoring. Although they could be considered as 
toxicity testing, their continuous nature is more closely related to the concept of monitoring. 
Organisms are kept in the actual aquatic environment, or in on-site laboratories receiving 
flow-through water from the environment of interest, and monitored continuously over large 
time periods for behavioural andlor physiological responses that indicate the onset of stress 
(de Zwart et al 1995) Freshwater mussels (eg Dreissena polymorpha) have been used as 
BEWS with great success in Europe, particularly in attempts to monitor pollutant inputs and 
effects in the Rhine River (Kramer et al 1989, Borcherding & Volpers 1994; de Zwart et al 
1995). The method is based on the fact that mussels have been shown to close their shells 
(valves), which are usually open for respiration and feeding, when exposed to a stressor 
(Kramer et al 1989). Valve movement detection via electromagnetic induction devices has 
been utilised to assess the effects of both natural phenomena and pollutants on the aquatic 
environment, with considerable success. The use of fish and cladocerans as BEWS is also 
common, with responses such as avoidance, rheotaxis, and ventilatory behaviour being 
assessed for the fonner, and swimming behaviour/activity for the latter (Hendriks & Stouten 
1993, Balk et al 1994, Hendriks 1994). Again, the majority of the responses are measured 
electronically, often with the aid of pressure and infra-red sensors. 

Although adequate sensitivity appears yet to be fully demonstrated, further advancements in 
BEWS technology are likely to improve this. Improvements are essential, as the measured 
response must be sufficiently characterised so as to minimise the occurrence of false alanns. 
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Nevertheless, BEWS have been demonstrated to be reliable, easy to handle, and both cost
and time-effective (Borcherding & Volpers 1994, de Zwart et al 1995, Sluyts et al 1996). A 
further advantage is that BEWS can be used to detect biological impacts on aquatic 
ecosystems due to water quality changes unrelated to pollution, and hence may have 
potential as early warning indicators of other t)1>es of human-induced impacts on wetland 
ecosystems. 

Rapid biological assessment (RBA) 

Ultimately, effective long term monitoring may provide the best means of the early detection 
of pollutant impacts on aquatic ecosystems, including wetlands. Indeed, the monitoring of 
macro invertebrate communities has long been established as a tool for assessing the status 
of aquatic ecosystems and monitoring changes associated with anthropogenic stress (Resh et 
al 1995). However, traditional monitoring techniques have been relatively costly, and 
extremely time consuming. The need for fast results has facilitated the development of rapid 
biological assessment (RBA) techniques that evaluate aquatic macroinvertebrate 
assemblages at reduced costs relative to those associated with the more rigorous assessments 
(Resh et al 1995). RBA techniques are only briefly discussed here, and the reader is directed 
to papers by Chessman (1995), Resh et al (1995), Wright (1995) and Schofield and Davies 
(1996) for more detailed discussions. 

The underlying concept of RBA is to minimise the amount of information required. or 
minimise the effort required to obtain the information. yet still retain the capacity to detect 
relevant changes in community structure. Means by which costs and effort are reduced 
include defining key habitats, identifying organisms to family level only, and reducing the 
number of organisms processed, by setting a standard count time (eg 1 h) or maximum 
number of counts per habitat (eg 100) (Chessman 1995, Resh et al 1995, Wright 1995). An 
emphasis is also placed on producing data that is easily interpretable to water managers, and 
this has generally been achieved by reducing the information to a metric or biotic index 
(Growns et a11995; Resh et aI1995). 

One of the most comprehensively studied RBA programs is the River Invertebrate 
Prediction and Classification Scheme (RNPACS) in the United Kingdom. This approach is 
based on comparing monitored river sites against reference unimpacted, or least impacted 
sites (Wright 1995, Schofield & Davies 1996). Although developed for assessing 
macroinvertebrate communities, the RNPACS structure could well be applied to other 
faunal groups. In Australia, the MRHI is supporting research on the assessment and 
development of similar techniques for fish, diatoms. phytoplankton and possibly bacteria. 
macrophytes, and community metabolism (Schofield & Davies 1996). In addition, efforts 
are being directed towards the adaptation of RBA techniques to estuarine conditions. 
including tidal reaches of lowland rivers, for which the current methods are not applicable 
(NRPMPIMRHI 1994). These methods will attempt to take into account some of the specific 
issues relating to waterbodies in Australia, including the wetlands of the wet-dry tropics, 
such as flow variability and high spatial and temporal variation. With the added benefit of 
large areas of essentially unimpacted aquatic ecosystems for reference purposes, the use of 
RBA for the early detection of pollutant impacts on wetlands of the wet-dry tropics warrants 
continued consideration. 

3.1.5 Biomarkers 

The use of biochemical biomarkers as early warning indicators of potential environmental 
effects stems from the fact that changes in the biochemistry of individual organisms often 
precede effects at the organismal, and therefore, potentially ecosystem level. Two such 
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biomarkers, the mixed function oxidase, or cytochrome P-450 system, and metallothioneins, 
are discussed below. It should be pointed out that many types of biomarkers have been 
developed, and can be used either for toxicity assessment purposes or as biological 
monitoring tools. While the two types of biomarkers discussed below are generally used for 
monitoring purposes, others can also be used as measures of toxicity in laboratory bioassays. 
For the purposes of the present discussion, biomarkers are discussed separately from toxicity 
bioassays and biological monitoring. 

Mixed function oxidases 
The mixed function oxidases (MFOs) are a group of enzymes (isoenzymes) which 
metabolise lipophilic xenobiotics (poorly-water soluble foreign compounds) (Goksfijyr and 
Forlin, 1992). Exposure to such a compound results in an increase in activity (induction) of 
MFOs, or P-450 isoenzymes. Such induction of P-450 is an extremely useful biomarker of 
chemical exposure, and hence potential adverse effects in the aquatic environment, 
particularly with respect to persistent organochlorine pesticides, polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and complex effluents from pulp 
and paper mills (Haux & Forlin 1988, Holdway et al 1995). Measurement of total P-4S0 or 
P-4S0 isoenzyme activity can be made at both a molecular and biochemical level, in a 
diverse array of aquatic and terrestrial organisms, including fish and aquatic invertebrates, 
and is both time and cost-effective (Payne 1984). An enonnous body of literature exists 
regarding the use of P-450s in aquatic toxicology, and has been summarised in a number 
reviews (eg Payne 1984, Haux & Forlin 1988, Ahokas 1990, GQksfijyr & Forlin 1992). 

As P-450 induction is a nonnal compensatory response to xenobiotic exposure, there is no 
guarantee that adverse effects on individuals, let alone populations and ecosystems, will 
occur. However, although limited in terms of indicating actual toxic effects, evidence of 
exposure should be sufficient to implement more detailed investigations regarding water 
quality and potential adverse effects. Due to their specificity, induction of P-4S0 isoenzymes 
are most useful as biomonitors in cases where the pollutant(s) is known, and known to result 
in induction. However, the specificity of the MFO system could also be utilised to actually 
identify the presence of a single chemical or group of chemicals CHaux & Forlin 1988). The 
utility of the MFO system has been demonstrated for monitoring pulp mill effluents in the 
northern hemisphere (Haux & Forlin 1988, Kloepper-Sarns & Owens 1993), and the 
techniques could well be applied to assess or monitor potential pollutant effects on wetland 
ecosystems. 

Meta/lothionein (MT) 
Metallothioneins (MTs) are widely occurring metal-binding proteins which act primarily as 
metal donors for essential biochemical processes (Roesijadi 1992, Livingstone 1993). 
However, MTs are induced by, and bind excesses of both essential and non-essential metals, 
and hence are also involved in metal detoxication. MT induction can be readily measured in 
fish and aquatic invertebrates using either electrochemical or immunoassay techniques 
(Olafson & Sim 1979, Hogstrand & Haux 1990). MTs are sensitive and specific indicators 
of metal contamination, particularly cadmium, copper, zinc, mercury and silver (as reviewed 
by Roesijadi 1992, Livingstone 1993) and provide early warning of potential adverse effects 
on individuals, which may lead to deleterious effects in popUlation structure and ultimately 
ecosystems (Roesijadi 1992). 

MTs generally suffer the same limitations as MFOs. That is, they tend to be indicators of 
contaminant exposure rather than toxic effects, while their induction is also a normal 
compensatory mechanism in response to elevated levels of particular metals, in order to help 
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maintain homeostasis. Animals may well be able to persist for indefinite time periods with 
elevated levels of MTs, and show no deleterious effects. Nevertheless, as with MFOs, an 
indication of exposure should be sufficient to implement more detailed investigations, and if 
early detection is considered a priority, MTs should be considered a viable early warning 
indicator of potential adverse effects due to metal contamination of wetland ecosystems. 

Other biomarkers 
There exists many other types of biomarkers, of either a biochemical, physiological, or even 
immunological nature. Other biochemical biomarkers include enzymes such as serum 
sorbitol dehydrogenase, esterases (eg acetyl cholinesterase, butyryl cholinesterase), as well 
as various anti-oxidant enzymes (Kloepper-Sams & Owens 1993, Forlin et a11995, Holdway 
et a11995, Johnston 1995. Walker 1995). Condition indices such as liver and gonad somatic 
index, and condition factor have also previously been utilised to assess organism health, 
while haematological parameters such as haemoglobin content, and white and red blood cell 
counts, have also been found to vary due to contaminant exposure (Everaats et al 1993, 
Kloepper-Sams & Owens 1993). 

The assessment and development of immune responses as biomarkers has also received 
considerable attention in recent years. The potential of immune cell functions as biomarkers 
stems from immune cells' ability to rapidly proliferate in response to the introduction of 
foreign compounds (Holdway et alI995). The field of aquatic immunotoxicology is only in 
its infancy, while fish immune systems are not yet particularly well understood. 
Nevertheless, quite sensitive methods for assessing immune dysfunction in aquatic animals 
have been developed, including macrophage responses, mitogenic responses, and natural 
cytotoxic activity (Weeks et a11992, Barry et aI1995). 

Many biomarkers have been demonstrated to give early warning of environmental effects of 
chemicals prior to serious effects occurring upon individuals or populations (Walker 1995). 
As such, it is likely that, in conjunction with other ecotoxicological and biological 
monitoring techniques described in this discussion, appropriately selected biomarkers would 
help to provide adequate early warning of pollutant-related impacts on wetlands. 

3.2 Physico-chemical indicators 

Physico-chemical monitoring of a waterbody is known to be insufficient to fully characterise 
its status, or reliably detect adverse impacts. However, it has been recognised as being a 
vital component of an integrated assessment utilising both physico-chemical and biological 
measures for assessing a waterway's condition (Schofield & Davies 1996). 

The monitoring of standard physico-chemical parameters such as pH, dissolved oxygen 
(DO), biochemical oxygen demand (BOD), total organic carbon (TOC), hardness, 
conductivity, salinity, and nutrients such as nitrogen (N) and phophorus (P) can be of use in 
several ways. Firstly, it provides a record of the physico-chemical characteristics of the 
waterbody, which when continued over an extended period, provides a record of the 
variation in the characteristics over time. Unusual changes in any of the parameters will 
provide an indication that the characteristics of the water, and therefore potentially the water 
quality, are changing. Secondly, many physico-chemical parameters have the ability to alter 
the toxicity of particular pollutants. For example, pH, hardness and TOC are all known to 
modify the toxicity of a range of heavy metals. Subsequently, knowledge of the behaviour of 
such parameters is of great importance, particularly in regions where elevated levels of 
pollutants already exist. The majority of standard physico-chemical water quality parameters 
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are simple, inexpensive and quick to measure, and should be used to complement any 
ecotoxicological or biological monitoring study. 

The measurement of priority, suspected and/or known pollutants in a waterbody will also 
provide potentially useful information. Chemical monitoring will generally assist in 

~ 

identifying the toxic components in a waterbody, but is unlikely to be able to provide 
adequate early warning, unless gradual increases at very low levels (ie below the toxic 
threshold), due to processes such as seepage from contaminated soils or groundwater, can be 
detected. Nevertheless, the use of speciation and chemical equilibrium models, 
incorporating chemical measurements and physico-chemical data will certainly assist in the 
prediction of bioavailable fractions of pollutants and hence potential toxicity, and may 
provide a form of early warning. Chemical monitoring is relatively simple, and rapid, with 
standard methods existing for most major organic and inorganic chemicals, but unlike 
physico-chemical monitoring, is relatively expensive. Unless pollutant inputs are suspected, 
or known to be entering a wetland system, chemical monitoring may not be a regular 
requirement. 

4 Early warning indicators and ecological risk assessment 

The successful implementation of an early warning system (EWS) requires that it fits into an 
appropriate management framework. That is, a framework that will allow effective use of 
the EWS, and provide an adequate mechanism of feedback when required. eriss is currently 
in the process of developing an ecological risk assessment (ERA) framework for use in 
wetland environmental management, primarily, but not totally in northern Australia 
(NLCleriss 1997). The concept of early warning relates to both major processes of ERA; 
risk assessment and risk management, as described below. 

The risk assessment process attempts to quantify the risks associated with a pollutant input 
into an aquatic ecosystem. As part of this, effects assessment provides the opportunity to 
assess the effects, or toxicity of a pollutant to regionally relevant aquatic organisms, using 
the types of toxicity bioassays described above. If the ERA is predictive (ie the pollutant is 
yet to enter the waterbody of interest), then the detection of a toxic compound provides early 
warning that, if released into the aquatic environment, it may potentially result in serious 
harm. However, it essential that the end-points of interest in effects assessment are 
considered ecologically relevant (Pascoe 1993). For this reason, toxicity bioassays assessing 
end-points such as reproduction, maturation, growth and death are generally utilised. Field 
analyses of chemical concentrations, and the use of modelling as described for physico
chemical indicators will provide further information on the likelihood of aquatic organisms 
being exposed to the pollutant (ie exposure assessment), by determining its presence, 
speciation, partitioning, and degradation. Again, outcomes of this, when compared with 
those from effects assessment will provide early warning of potential adverse effects. 

Management decisions arising from an ERA (ie risk management) require ongoing 
monitoring to assess their effectiveness. The purpose of the monitoring is to ensure that the 
quality of the waterbody of interest is not altered more than the level chosen during the risk 
management process (Sortkjaer 1984). Such a monitoring program would include an early 
warning system with appropriate indicators having been selected according to both 
information obtained during the ERA, on the pollutant and its potential effects, and the 
habitat characteristics. If the desired level of protection cannot be maintained under the 
specified conditions, the early warning system should be capable of detecting effects prior to 
the occurrence of any serious environmental impacts. The original risk management and 
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reduction decisions are then reassessed, and remedial action implemented accordingly. For 
such monitoring purposes, the use of biomarkers, which detect subtle effects prior to 
ecologically significant effects, are likely to be of value. Even toxicity bioassays, 
particularly in situ assessments will be of use, provided sub-lethal effects are observed, and 
they are known to be sensitive. Rapid biological assessment of community assemblages 
would also represent an appropriate monitoring tool, again assuming adequate sensitivity. 

The use of ecological risk assessment to predict, manage and monitor pollutant impacts on 
wetlands should be applicable, as long as their spatial and temporal complexity are 
recognised, and adequately accounted for, in ways described earlier. 

5 Conclusions 

Wetland degradation and loss has been recognised as being a serious and global issue. As 
such, recent reports on wetlands identified the need to develop appropriate early warning 
indicators of wetland degradation. The primary aim of the present paper was to discuss the 
potential of existing methods of assessment, particularly rapid assessment techniques, as 
early warning indicators of wetland degradation due to pollutant impacts. Particular 
emphasis was placed on the assessment of wetlands in the wet-dry tropics of northern 
Australia. 

Various types of biological indicators were discussed, including toxicity bioassays and 
biological monitoring techniques for bacteria, phytoplankton, macrophytes, and 
invertebrates and vertebrates. Of the organisms assessed, the most promising indicators of 
wetland degradation may well be the phytoplankton. This is due to their trophic position as 
dominant primary producers, their abundance, their predictable and rapid response to a wide 
range of toxicants, their relationship to changing nutrient levels, and the fact that many 
rapid, reliable and sensitive techniques have been developed for their assessment. Of the 
methods, rapid biological assessment of diatom assemblages, and assessments of the 
microbial loop, incorporating bacteria and phytoplankton may be useful, standard, yet 
adaptable techniques for assessing the status of different wetland habitats. Toxicity 
bioassays, using eit~er single species or natural assemblages are also well developed for 
phytoplankton. 

Toxicity bioassays using invertebrates and vertebrates are generally rapid and reliable, and 
are also an important tool for assessing the potential effects of pollutants on aquatic 
ecosystems. They are used extensively throughout the world, and have been used with 
success at eriss for predicting potential impacts of pollutants on wetlands in the wet-dry 
tropics of northern Australia. They remain an essential part of any early detection program. 
The use of biochemical biomarkers in invertebrates and vertebrates are a promising tool for 
achieving true 'early warning' of potential pollutant impacts, and depending on the nature of 
the pollutant may have great value for predicting wetland degradation. Their obvious value 
is as a monitoring tool to assess the effectiveness of risk management and reduction 
decisions. Other types of monitoring also likely to be important in the early detection of 
pollutant impacts on wetlands, include rapid methods of monitoring community 
assemblages, currently being developed for a range of organism types. 

As wetlands often comprise a wide range of habitats with broad areas of ill-defined 
watercourses, and spatial and temporal ephemerality, representatively monitoring them is an 
extremely difficult challenge. No one indicator will be representative of all the habitat types, 
although some may have broader distributions than others. By selecting a suite of indicators 
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appropriate to the spatial and temporal scales across which a pollutant is dispersed, an 
adequate early warning system (EWS) for predicting wetland degradation may be 
established. This includes selection of indicators based on a knowledge of the inter
relationships between wetland habitats. and the integration of toxicity testing (using several 
species), and biological and physico-chemical1nonitoring. In addition, the use of rapid 
assessment early warning indicators provides, in effect, a 'double-edged sword', whereby 
effects are not only detected early. but also quickly, and therefore further investigations or 
remedial action are even swifter in their implementation. 

Finally, ecological risk assessment should provide a suitable framework to allow the 
effective use of an early warning system for pollutant impacts on wetlands, from both a 
predictive and retrospective perspective. 

References 

Ahokas JT 1990. Detoxication of xenobiotics in aquatic animals. Proceedings of the 29th 
Congress of the Australian Society of Limnology, Jabiru, NT, Australia, 86-96. 

Allen Y, Calow P & Baird DJ 1995. A mechanistic model of contaminant-induced feeding 
inhibition in Daphnia magna. Environ. Toxicol. and Chem. 14, 1625-1630. 

Allison HE & Holdway DA 1988. OSS test protocols for the biological testing of waste 
waters for release into Magela Creek. IX. Duckweed test (Lemna aequinoctialis). OPR 
59, Supervising Scientist for the Alligator Rivers Region. 7 p. 

ANCA. 1996. A directory of important wetlands in Australia, Second edition. Australian 
Nature Conservation Agency, Canberra. 

ASTM. 1992. Standard guide for conducting static toxicity tests with Lemna gibba 03, 
1171-1180. In 1992 Annual Book of ASTM Standards, Section 11, Water and 
Environmental Technology, Vol. 11.04. Pesticides; Resource Recovery; Hazardous 
Substances and Oil Spill Responses; Waste Management; Biological Effects. ASTM, 
Philadelphia, P A. 

Balk F, Okkerman PC, van Helmond CAM, Noppert F & van der Putte I 1994. Biological 
early warning systems for surface water and industrial effluents. Wat. Sci. Tech. 29(3), 
211-213. 

Barry MJ, O'Halloran K, Logan DC, Ahokas JT & Holdway DA 1995. Sublethal effects of 
esfenvalerate pulse-exposure on spawning and non-spawning Australian crimson
spotted rainbow fish (Melanotaenia fluviatilis). Arch. Environ. Contam. Toxieol. 28, 
459-463. 

Belkin S, van Dyk TK, Vollmer AC, Smulski DR & laRossa RA 1996. Monitoring subtoxic 
environmental hazards by stress-responsive luminous bacteria. Environ. Toxicol. Wat. 
Qual. 11, 179-185. 

Borcherding J & Volpers M 1994. The 'Dreissena-monitor' - first results on the application 
of this biological early warning system in the continuous monitoring of water quality. 
Wat. Sci. Tech. 29(3), 199-201. 

Bunn SE, Boon PI, Brock MA & Schofield NJ 1997. National Wetlands R&D Program: 
Scoping Review. Occasional Paper 01/97, Land and Water Resources Research and 
Development Corporation, Canberra, ACT. 26 p. 

17 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Cairns J & van der Schalie WH 1980. Biological monitoring Part I - Early warning systems. 
Wat. Res. 14, 1179-1196. 

Cairns J, McCormick PV & Niederlehner BR 1993. A proposed framework for developing 
indicators of ecosystem health. Hydrobiologia 263, 1-44. 

~ 

Cairns J & Niederlehner BR 1996. Developing a field of landscape ecotoxicology. Ecol. 
Applie. 6(3), 790-796. 

Chessman BC 1995. Rapid assessment of rivers using macroinvertebrates: A procedure 
based on habitat~specific sampling, family level identification and a biotic index. Aust. 
1. Eeol. 20, 122-129. 

Cowardin LM, Carter V, Golet FC & LaRoe ET 1979. Classification of wetlands and 
deepwater habitats of the United States. US Fish and Wildlife Service FWS/OBS 79/31. 
103 pp. 

Davis TJ (ed) 1994. The Ramsar Convention Manual: A Guide to the Convention on 
Wetlands of International Importance Especially as Watetfowl Habitat. Ramsar 
Convention Bureau, Gland, Switzerland. 207 pp. 

de Zwaart D, Kramer KJM & Jenner HA 1995. Practical experiences with the biological 
early warning system, 'Mosselmonitor'. Environ. Toxieo!. Water Qual. 10,237-247. 

Dugan PJ (ed) 1990. Wetland conservation - a review of current issues and required action. 
IUCN, Gland, Switzerland. 96 pp. 

Dugan PJ (ed) 1993. Wetlands Under Threat. Mitchell Beazley, London. 

Dutka BJ, Tuominen T, Churchland L & Kwan KK 1989. Fraser River sediments and waters 
evaluated by the battery of screening tests technique. Hydrobiologia 188/189,301-315. 

Everaats JM, Shugart LR, Gustin MK, Hawkins WE & Walker WW 1993. Biological 
markers in fish: DNA integrity, hematological parameters and liver somatic index. Mar. 
Environ. Res. 35, 101-107. 

Finlayson CM 1995. Wetland research in the wet-dry tropics. In CM Finlayson (ed.), 
Wetland research in the wet~dry tropics of Australia, Workshop. SSR 101, Supervising 
Scientist for the Alligator Rivers Region, Canberra, ACT. 3-11. 

Finlayson CM 1996. The Montreux Record: a mechanism for supporting the wise use of 
wetlands. Proceedings of the 6th Meeting of the Conference of the Contracting Parties 
of the Convention on Wetlands (Ramsar Convention Bureau, Gland, Switzerland). 
Technical Sessions: Reports and presentations, Brisbane, Australia. Vol. 10/12 B, 32-
37. 

Finlayson CM & Moser M (eds) 1992. Wetlands. Facts on File, Oxford. 224 pp. 

Finlayson CM & von Oertzen I 1993. Wetlands of northern Australia. In OJ Whigham, 
D Dykyova & S Heijny (eds), Wetlands of the World 1: Inventory, Ecology & 
Management. Kluwer Academic Publishers, Dordrecht, The Netherlands. 195-243. 

Finlayson CM & Woodroffe CD 1996. Wetlands. In CM Finlayson & I von Oertzen (eds), 
Landscape and vegetation ecology of the Kakadu region, Northern Australia. Kluwer 
Academic Publishers, Dordrecht, The Netherlands. 

18 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Finlayson CM, Bailey BJ, Freeland WJ & Fleming M 1988. Wetlands of the Northern 
Territory. In AJ McComb & PS Lake (eds), The conservation of Australian wetlands. 
Surrey Beatty and Sons, Sydney. 103-116. 

Finlayson CM, Cowie I & Bailey B 1990. Characteristics of a seasonally flooded freshwater , 
system in monsoonal Australia. In DF Whigham, RE Good & J Kvet (eds), Wetland 
ecology and management: Case studies. Kluwer Academic Publishers, Dordrecht, The 
Netherlands. 141-62. 

Finlayson CM, Hollis GE & Davis TJ(eds) 1992. Managing Mediterranean Wetlands and 
Their Birds. IWRB Special Publication No 20, Slimbridge, UK. 285 pp. 

Finlayson CM, Hall R & Bayliss B (in press). Regional review of wetland management 
issues: wet-dry tropics of northern Australia, LWRRDC National Wetlands R&D 
Program, L WRRDC Occasional Paper, Canberra. 

Florence TM, Stauber JL & Ahsanullah M 1994. Toxicity of nickel ores to marine 
organisms. Sci. Tot. Environ. 148, 139-155. 

Farlin L, Lemaire P & Livingstone DR 1995. Comparative studies of hepatic xenobiotic 
metabolising and antioxidant enzymes in different fish species. Mar. Environ. Res. 39, 
210-204. 

Gardiner J 1994. Pressures on wetlands, P. 47-74. In RA Falconer & P Goodwin (eds), 
Wetland Management. Institution of Civil Engineers, Thomas Telford Services, London, 
UK. 

GoksjlSyr A & Farlin L 1992. The cytochrome P-450 system in fish, aquatic toxicology and 
environmental monitoring. Aquat. Toxicol. 22, 287-312. 

Growns JE, Chessman BC, McEvoy PK & Wright IA 1995. Rapid assessment of rivers 
using macroinvertebrates: Case studies in the Nepean River and Blue Mountains, NSW. 
Aust. J. Ecol. 20, 130-141. 

Haslam SM 1982. A proposed method for monitoring river pollution using macrophytes. 
Environ. Technol. Lett. 3, 19-34. 

Haux C & Farlin L 1988. Biochemical methods for detecting effects of contaminants on 
fish. Ambio. 17(6), 376-380. 

Hendriks AJ & Stouten MDA 1993. Monitoring the response of microcontaminants by 
dynamic Daphnia magna and Leuciscus idus assays in the Rhine-Delta: Biological early 
warning as a useful supplement. Ecotoxicol. Environ. Safety 26,265-279. 

Hendriks AJ 1994. Monitoring and estimating concentrations and effects of 
microcontaminants in the Rhine-Delta: Chemical analysis, biological laboratory assays 
and field observations. Wat. Sci. Tech. 29(3), 223-232. 

Hogstrand C & Haux C 1990. A radioimmunoassay for perch (Perea jluviatilis) 
metallothionein. Toxicol. Appl. Pharmacol. 103, 56-65. 

Holdway DA, Brennan SE & Ahokas JT 1995. Short review of selected fish biomarkers of 
xenobiotic exposure with an example using fish hepatic mixed-function oxidase. Aust. J. 
Ecol. 20, 34-44. 

Hyne RV, Rippon GD, Hunt SM & Brown GH 1996. Procedures for the biological toxicity 
testing of mine waste waters using freshwater organisms. SSR 110, Supervising 
Scientist for the Alligator Rivers Region, Canberra. 

19 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Jenner HA & Jansen-Mommen JPM 1989. Phytomonitoring of pulverised fuel ash leachates 
by the duckweed Lemna minor. Hydrobiologia 188/189,361-366. 

Johnston G 1995. The study of interactive effects of pollutants: a biomarker approach. Sci. 
Tot. Environ. 171,205-212. 

Kloepper-Sams PJ & Owens JW 1993. Environmental biomarkers as indicators of chemical 
exposure. J. Hazard. Mat. 35, 283-294. 

Kramer KJ, Jenner HA & de Zwaart D 1989. The valve movement response of mussels: a 
tool in biological monitoring. Hydrobiologia 188/189,433-443. 

Lewis MA 1995. Use of freshwater plants for phytotoxicity testing: A review. Environ. Poll. 
87,319-336. 

Livingstone DR 1993. Biotechnology and pollution monitoring: Use of molecular 
biomarkers in the aquatic environment. J. Chem. Technol. Biotechnol. 57, 195-211. 

Markich SJ & Camilleri C (in press). Investigation of metal toxicity to tropical biota: 
Recommendations for revision of the Australian water quality guidelines. SSR, 
Supervising Scientist for the Alligator Rivers Region, Canberra. 

McConnick PV & Cairns J 1994. Algae as indicators of environmental change. J. Appl. 
Phycol. 6, 509-526. 

McQuade CV, Arthur JT & Butterworth IJ 1996. Climate and hydrology. In CM Finlayson 
& I von Oertzen (eds), Landscape and Vegetation Ecology of the Kakadu Region. 
Northern Australia. Kluwer Academic Publishers, Dordrecht, NL. 17-36. 

Munawar M & Weisse T 1989. Is the 'microbial loop' an early warning indicator of 
anthropogenic stress? Hydrobiologia 188/189, 163-174. 

Munawar M, Munawar IF & Leppard GO 1989. Early warning assays: an overview of 
toxicity testing with phytoplankton in the North American Great Lakes. Hydrobiologia 
1881189,237-246. 

Munawar M & Legner M 1993. Detection of metal toxicity using natural phytoplankton as 
test organisms in the Great Lakes. Water Poll. Res. J. Canada. 28(1), 155-176. 

Munawar M, Munawar IF, Weisse T, Leppard GG & Legner M 1994. The significance and 
future potential of using microbes for assessing ecosystem health: The Great Lakes 
example. J. Aquat. Ecosystem. Health 3, 295-310. 

Northern Land Council, Environmental Research Institute of the Supervising Scientist 1997. 
A joint submission on the future management of Mimosa pigra. IR 236, Supervising 
Scientist for the Alligator Rivers Region. Canberra, Australia. 14 pp. 

NRPMPIMRHI 1994. River Bioassessment Manual, Version 1.0. Department of the 
Environment, Sport and Territories, Canberra, Australia. 

Olafson RW & Sim R 1979. An electrochemical approach to quantitation and 
characterisation of metallothioneins. Anal. Biochem. 100, 343-351. 

Paijmans K, Galloway RW, Faith DP, Fleming PM, Haantjens HA, Heyligers PC, Kalma JD 
& Loffler E 1985. Aspects of Australian wetlands. Technical Paper No. 44, CSIRO 
Division of Water and Land Resources. 

Pascoe GA 1993. Wetland risk assessment. Environ. Toxicol. Chem. 12,2293-2307. 

20 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Payne JF 1984. Mixed-function oxygenases in biological monitoring programs: Review of 
potential usage in different phyla of aquatic animals. In G Persoone, E Jaspers & 
C Claus (eds), Ecotoxicological Testing for the Marine Environment, Vol. 1. State Univ. 
Ghent and Inst. Mar. Scient. Res., Bredene, Belgium. 798 p. 

" Resh VH, Norris RH & Barbour MT 1995. Design and implementationof rapid assessment 
approaches for water resource monitoring using benthic macroinvertebrates. Aust. J. 
Ecol. 20, 108-121. 

Reteuna C, Vasseur P & Cabridenc R 1989. Performances of three bacterial assays in 
toxicity assessment. Hydrobiologia 1881189, 149-153. 

Roesijadi G 1992. Metallothioneins in metal regulation and toxicity in aquatic animals. 
Aquat. Toxieo!. 22, 81-114. 

Schofield NJ & Davies PE 1996. Measuring the health of our rivers. Water, May-June, 39-
43. 

Sluyts H, van Hoef F, Comet A & Paulussen J 1996. A dynamic new alarm system for use in 
biological early warning systems. Environ. Toxieol. Chem. 15(8), 1317-1323. 

Smith S & Kwan MKH 1989. Use of aquatic macrophytes as a bioassay method to assess 
relative toxicity, uptake kinetics and accumulated forms of trace metals. Hydrobiologia 
188/189,345-351. 

Sortkjaer 0 1984. Macrophytes and macrophyte communities as test systems 10 

ecotoxicological studies of aquatic systems. Ecol. Bull. 36, 75-80. 

Sprules WG & Munawar M 1986. Plankton size spectra in relation to ecosystem 
productivity, size and perturbation. Can. J. Fish. Aquat. Sci. 43, 1789-1794. 

Stauber JL 1995. Toxicity testing using marine and freshwater unicellular algae. Aust. J. 
Ecotoxicol. 1(1), 15-24. 

Storrs MJ & Finlayson. CM 1997. Overview of the conservation status of wetlands of the 
Northern Territory. Supervising Scientist Report 116, Jabiru, Australia. 

Thomulka KW. McGee DJ & Lange JH 1992. Evaluation of organic compounds using 
Photobaeterium phosphoreum and Vibryo harveyi bioassays. Fresenius Environ. Bull. 1, 
815-820. 

Walker CH 1995. biochemical biomarkers in ecotoxicology - some recent developments. 
Sci. Tot. Environ. 171, 189-195. 

Weeks BA, Anderson DP & DuFour A 1992. Immunological biomarkers to assess 
environmental stress. In: Huggett, Kimerie, Merhle & Bergman (eds.), Biomarkers -
Biochemical, Physiological and Histological Markers of Anthropogenic Stress. Lewis 
Publishers, Ann Arbor, USA, 211-234. 

Wright JF 1995. Development and use of a system for predicting the macroinvertebrate 
fauna in flowing waters. Aust. J. Eeol. 20, 181-197. 

Zakharov VM & Clarke GM(eds) 1993. BIOTEST: A new integrated biological approach 
for assessing the condition of natural environments. Moscow Affiliate of the 
International Biotest Foundation, Moscow, Russia. 59 pp. 

21 


	IR282
	Title
	Summary
	Contents
	1 Introduction
	2 Early warning indicators
	3 Examples of early warning indicators
	4 Early warning indicators and ecological risk assessment
	5 Conclusions
	References



