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Abstract
Almost half of the world‟s wetlands have disappeared as a result of anthropogenic
influences, with few wetlands remaining in an undisturbed condition in temperate regions.
Conservation and restoration of extant wetlands need programs that can assess wetland
condition and report on change. Rapid assessment methods are increasingly seen as central
for the implementation of freshwater bioassessment and monitoring programs, with protocols
well established for rivers and Great Lakes. Bioassessment programs that use the reference
condition approach (RCA) and predictive models to assess river health, are common in the
United Kingdom, North America, Australia and Canada. In this thesis, I develop and
implement the RCA to biological assessment of lentic wetlands, using macroinvertebrates as
indicators. My study is based in Tasmania, Australia (a temperate climate zone) where many
wetlands are regarded as having high conservation values with more than 60% located within
protected areas.
From an initial dataset of approximately 20 000 mapped wetlands and waterbodies, 80
were identified to be in best available condition and suitable for sampling macroinvertebrates
for the purposes of my research. Using a Geographic Information System (GIS), existing
spatial data, expert local knowledge and ground-truthing, sites located in a range of
landforms in protected areas were selected. Sites were categorised using a broad scale
classification, refined using a hierarchical rule set, then selected based on the absence of
human disturbance and the presence of four habitats considered to be optimal for
macroinvertebrate communities. Of these wetlands, multivariate analysis identified six
groups, based on 40% similarity. The environmental attributes of land tenure, water regime,
dominant habitat and protection zone were significantly associated with the six groups of
wetlands. This method of site selection provided an accurate, rapid and cost-effective
selection of sites required for this study and would be suitable for other monitoring programs
to use.
To consider the influence of spatial and temporal variability on the application of field
sampling methods, 48 macroinvertebrate samples were collected from two Ramsar wetlands
over a three year period. Samples were collected from four discrete habitats at each wetland,
from the austral spring 2009 to autumn 2011.A rapid assessment method was used,
employing live picking in the field and family-level identification in the laboratory. No
significant differences were detected in the composition of macroinvertebrate assemblages
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between habitats within wetlands, between seasons or between years. However, assemblages
differed significantly between the wetlands. I concluded that a protocol based on the
collection of a single (austral spring), macroinvertebrate sample (representing a composite of
four within-wetland habitats) was appropriate for the rapid assessment of wetlands in this
region.
The rapid assessment protocol was used to collect macroinvertebrates from 66
protected wetlands. Two hundred and eighteen taxa were identified with an average of 33
species (or morphospecies) and 18 families recorded per wetland. The wetland assemblages
were idiosyncratic, four families contributed 21% of the total recorded and only two families
contributed greater than 10%. Wetlands were not significantly nested on the basis of the
composition of their macroinvertebrate assemblages. No single environmental attribute had a
strong relationship with macroinvertebrate richness or assemblage composition and neither
species richness nor assemblage composition varied significantly between different types of
protected areas. The state of the proximal zone and the type of aquatic habitat present were
the most important determinants of macroinvertebrate richness and assemblage composition
across all types of protected wetlands.
Using the acquired data, four RCA models were tested. The best model was
developed from 46 wetlands, using macroinvertebrate data at the family level with rare
families removed. The four predictor variables identified to group similar wetlands were:
type of aquatic habitat present, water colour, electrical conductivity and average annual
rainfall. Model performance was evaluated using both independent reference-site data and
simulated biological impairment data to test both Type 1 and Type 2 errors. The model
performed well with respect to Type 1 errors by correctly assigning independent referencesites to band A and Type 2 errors by correctly detecting three levels of simulated impairment.
The adoption of the RCA to bioassessment of temperate lentic wetlands has been
limited, this thesis adds to the global knowledge of the bioassessment of freshwaters using
the RCA. Finding environmental attributes associated with macroinvertebrate assemblages
and predictor variables to group similar wetlands, is important for the global understanding of
wetland macroinvertebrates. The findings have a crucial role in improving our understanding,
management and protection of: freshwater ecosystems in Tasmania; wetlands in temperate
regions of the world and, macroinvertebrate communities on a global scale. Results suggest
that for temperate austral wetlands, bioassessment can be undertaken using
macroinvertebrates as indicators and the reference condition approach.
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Chapter 1 Introduction
1. Background
Lentic wetlands are recognised globally as habitat for a diverse range of plant and
animal species, for their supply of food and water to communities, and for their beauty and
recreational uses. Wetlands are valued for their ability to use and transform nutrients. Some
transformations of nutrients create toxic conditions (for example acid sulphate soils) and
others are highly valued because they improve water quality and the global carbon balance
(Mitsch and Gosslink 2015). Around the world, interest is growing in the conservation of
wetlands and more specifically the maintenance of the ecological character of important
wetlands, especially in areas under pressure from agricultural practices, urban development
and, more recently, climate change. If we strive to understand the effects of anthropogenic
stressors on wetlands (and wetland biota), protection and restoration efforts can be
strategically targeted, preserving biodiversity. However, before we protect and restore, we
need to be able to assess and document physical, chemical and biological character to gauge
condition as has been done for other ecosystems (Edgar et al. 2000, Chessman et al. 2002,
Bailey et al. 2004, Batzer et al. 2015).
Globallythere are different approaches to the assessment of freshwaters. In lotic
environments, biological assessment have been adopted in many countries (including
Australia where this study is based)(Reynoldson et al. 2014). In lentic environments, methods
tend to be developed around local issues or program outputs and often site or region
specific(DSE 2006, Fennessy et al. 2007). The selection of assessment methods and the
indicators used to assess condition (accommodating site issues and program outputs), often
result in variations in scale, techniques and indicators. This means that many different
approaches to assessing wetlands have evolved and continue to evolve.
Biological assessment represents a robust means of assessing and monitoring the
condition of an ecosystem, particularly for wetlands when used in conjunction with other
indicators such as vegetation and water quality (Davis et al. 2006). Biological assessment
methods using macroinvertebrates as indicators, are often built around the reference condition
approach (RCA)(Reynoldson et al. 1997). The knowledge and tools for using the RCA for
biological assessment of rivers and Great Lakes are well established(Bailey et al. 2014).The
RCA using macroinvertebrates as indicators, is used to assess the condition of: rivers in
Australia(Simpson and Norris 2000), the United Kingdom (Wright et al. 1984), Spain (Pardo
et al. 2014), Portugal (Feio et al. 2006) and Scandinavia (Johnson 2003), and Great Lakes in
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Canada (Reynoldson et al. 1999) and North America (Hawkings et al. 2010). Global
approaches to wetland assessment exist and vary according to specific sites, regions and
project outputs (DSE 2006, Sutula et al. 2006, Fennessy et al. 2007, Haering and Galbraith
2009, DEHP accessed 06/12/2015), but the knowledge and tools for using the RCA for
biological assessment, as is done for other freshwater environments, are limited for lentic
wetland(Davis et al. 2006).
In this thesis I outline the development of a RCA for wetland (freshwater shallow
standing water-body) assessment based on the biological assessment of freshwater
ecosystems (Bailey et al. 2004).I do this by i) identifying wetlands in best available condition
with optimum habitat for sampling macroinvertebrates, to use as a reference dataset; ii)
determining whether similar wetlands can be grouped according to physical environmental
attributes; (iii) adapting a rapid assessment method for sampling macroinvertebrates; (iv)
identifying spatial and temporal factors to influence macroinvertebrate assemblages; (v)
examiningthe relationships between the environmental attributes and macroinvertebrate
assemblages; (vi)investigating the value of protected area types to wetland biodiversity and;
(vii) using all acquired knowledge and information to test combinations of data to build an
RCA predictive model using macroinvertebrates as indicators.
The study is located in Tasmania, an island state of Australia. Tasmania has a land
area of 68,000 km2, and is located at 42oS and has a cool temperate climate with four distinct
seasons. The island has a range of shallow, standing water-bodies (which I refer to as
wetlands from now on), deflation basins, wetlands of combined marine, glacial and aeolian
origin, interconnected coastal basins and riverine floodplain wetlands (Dunn 2005). Tasmania
has 10 Ramsar sites (wetlands of international significance;Ramsar 2016). Many of
Tasmania‟s wetlands are in near-pristine condition as a consequence of the unique
combination of climate, geology, geomorphology and low human population density.
This thesis is presented as six chapters. In this first chapter, I introduce freshwater
wetlands, review major wetland assessments, identify condition indicators commonly used to
assess wetland condition, introduce the RCA to bioassessment using macroinvertebrates as
indicators, state the knowledge gaps and outline the thesis structure. Chapter 2 demonstrates
an objective method for selecting sites in best available condition (that I refer to as reference
condition) with optimum habitat for collecting macroinvertebrates, and identifies
environmental attributes that are similar amongst groups of wetlands. Existing spatial data,
expert local knowledge and ground-truthing, are used to select wetlands, located in a range of
2

landforms in protected areas. Fourteen environmental attributes, were hierarchically arranged
in a Geographic Information System (GIS) and used to select sites. Sites were initially
categorised using a broad scale classification, refined using a hierarchical rule set, then
selected based on the absence of human disturbance and the presence of four habitats
considered to be optimal for macroinvertebrate communities. In Chapter 3 my aim was to
consider the influence of spatial and temporal variability on the application of a rapid
bioassessment sampling method that I adapted from Davis et al. (2006). Chapter 4 describes
macroinvertebrate richness and assemblage responses (from wetlands identified in Chapter 2,
and sampled using the bioassessment method developed in Chapter 3), to a range of
environmental attributes. I also examine the influence of differing types of protected area
status on macroinvertebrate assemblages in the same wetlands. In Chapter 5, I use data
collected from chapters 2-4 to test four RCA models, using the most appropriate
macroinvertebrate dataset for model development. I created three levels of simulated
biological impairment to test the final model for its‟ ability to detect known biological
impairment.
2. Natural lentic wetlands
The most common locations for wetlands are at the interfaces of terrestrial and
aquatic ecosystems, where ecosystems are different from, yet dependent on, each other
(Figure 1). Lentic wetlands can be found as stand-alone water-bodies, in the flood zones of
rivers or in the littoral zones of large, deep water-bodies. Basin wetlands form on an array of
landforms with different water regimes, internal physical and chemical processes (Semeniuk
and Semeniuk 1995). Wetlands are commonly defined by the following three attributes: i) the
substrate is non soil and is saturated with water or covered by shallow water at some time
during the growing season of each year; ii) the substrate is predominantly undrained hydric
soil (a soil formed under saturated conditions); or iii) at least periodically, the land supports
predominantly hydrophytes (plants with part or all of their life cycle in water) (Cowardin et
al. 1979).
While we have definitions for the features that constitute a wetland, and their
ecological and economic benefits have been determined, wetlands still remain difficult to
precisely define because of their geographical extent and the variety of hydrologic conditions
in which they are found (Mitsch and Gosselink 2015). In this thesis I define wetlands as
freshwater (non-tidal) shallow, standing water-bodies with either permanent or temporary
water regimes.
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Wetlands usually have a sequence of ecological zones from the vegetation at the edge
of the wetland to macrophytes living in the water, to the open water zone which is dispersed
with free floating plants (Figure 1;Boulton et al. 2014). Theoretically, the structure and
function of a freshwater ecosystem at any time, is influenced by processes and conditions
from within its catchment, determining the habitats for aquatic flora and fauna. The depth,
volume, water chemistry and location of the wetland, in combination with the light and heat
that filter through the water column, create a range of diverse habitats. The variety of habitats
provide for a wide range of flora and fauna from algae and invertebrates to migratory water
birds and woody vegetation (Boulton et al. 2014). Aquatic biota have adapted to survive in a
range of habitats according to: water depth, water temperature, degree of oxygenation, and
level of nutrient toxicity in the water (Mitsch and Gosslink 2015). Aquatic biota feed on algae
and the breakdown of organic matter (detritus) in a wetland, which is predominantly found in
the littoral and benthic zones. In the littoral and benthic zones, the productivity of collector
and filterer invertebrates is often high because of the large supply of detritus and nutrients
(Boulton et al. 2014). In the open water zone, where aquatic plants have adapted for survival,
invertebrates are found collecting, shredding, scraping and being predators moving among
habitats (Cheal et al. 1993, Gooderham and Tsyrlin 2003, Boulton et al. 2014, Furlonge et al.
2015). For many freshwater ecosystems, especially in Tasmania where many wetlands are in
near-pristine condition (Dunn 2005), there is still time to prevent serious loss of diversity and
irreversible damage (Boulton et al. 2014) through the monitoring and assessment of wetland
condition.
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Fig. 1 The terrestrial and aquatic zones of a freshwater shallow standing wetland in north
eastern Tasmania.
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3. Global management of wetlands
Wetlands have been recognised since the 1960s for the range of ecosystem services
they provide to humanity. Prior to this time, it was common practise to drain and fill wetlands
for agricultural and other anthropogenic benefits (Mitsch and Gosselink 2015). Yet during the
twentieth century freshwater and coastal wetlands have become some of the most rapidly
degraded and destroyed ecosystems in the world (MEA 2005). The loss and degradation of
wetlands is predicted to increase with climate change and thus, significant changes in aquatic
species composition and ecological condition are expected to change in the future (DPIPWE
2010, Bush et al. 2014, Chessman and Hardwick 2014, Mitsch and Gosselink 2015).
On a global scale, important wetlands became recognised through the forming of the
Ramsar Convention on Wetlands in 1971. Ramsar is an intergovernmental treaty that
provides the framework for national action and international cooperation for the conservation
and wise use of wetlands and wetland resources. Parties contracted to the Ramsar Convention
are expected to notify the Ramsar Secretariat of any change in ecological character of
wetlands under their management. There are currently 168 contracting parties, conserving
2208 wetlands covering a surface area of 210 734 270 ha(Ramsar 2016). The ecological
character of a wetland is defined as the combination of ecosystem components, processes and
benefits (services) that characterise the wetland at a given point in time. Hence, countries
signatory to the Ramsar Convention have committed to the ongoing monitoring and
assessment of wetland ecological character (Davidson 2013).
Ecological character can be estimated and described using indicators. Indicators are
also used to measure change caused through human induced stressors, and the amount of
stress the indicator is exposed to. A monitoring program measures any change in
indicators.Indicators used in a monitoring program are those that are known to represent a
response to stressors (Breckridge et al. 1995, Bailey et al. 2004).
In the early twentieth century, biological indicators were used for surface water
quality assessments in Europe. From the 1950s environmental awareness started to become
more important and various biotic indices and scoring systems were developed for
monitoring water quality in freshwaters (Bailey et al. 2004). Benthic macroinvertebrates have
become the most widely used group of aquatic biota for the assessment of water condition
(Resh et al. 2006) because they are present in almost all freshwater systems, are easy to
collect and identify, and their assemblages are known to change in response to humaninduced stressors (Bailey et al. 2004). Macroinvertebrate richness (the number of taxa
6

collected) can be a robust indicator of ecological condition, with poorer conditions usually
identified by a loss of taxa (Norris and Thoms 1999).
4. Wetland assessment
Important wetlands are protected through Ramsar listing, and in Australia they are
recognised in the Directory of Important Wetlands (DIWA 2014), and protected through
various types of protected area status, including World Heritage, National Parks, public and
private land covenants. The assessment of wetlands is often required to gauge the „health‟,
„state‟ or „condition‟ of a site or an entire region (Bailey et al. 2004). This means assessment
tools that can be used to assess ecological character, provide early warning of ecosystem
stress, determine the effectiveness of management actions, and track changes in condition in
response to rehabilitation, are an essential component of best management practises.
Globally, there are different methods to monitor and assess wetlands. Many methods
use indicators that are based on characteristics and components that define wetlands, for
example: hydrology, soils, vegetation and biotic communities; threats known to damage
wetlands; biotic groups and indices that measure the state of the biotic group or combinations
of groups (Chessman et al. 2002, Davis et al. 2006, DSE 2006, Boulton et al. 2014, Mitsch
and Gosselink 2015).The International Union of Conservation of Nature (IUCN) has an
integrated assessment toolkit for the monitoring and assessment of wetlands. The aim of the
wetland toolkit is to implement sustainable water and wetland management to support
humanity and the conservation of biological diversity. The toolkit has assessment tools for:
physical characteristics, ecosystem services, local community needs, policies and institutional
requirements and biodiversity. The biodiversity toolkit includes tools for fish, mollusc,
dragonfly and damselfly, plant and non fish vertebrates surveys (IUCN accessed 06/12/2015).
The Canadian wetland-network is conserving the remaining wetlands in the Great Lakes
basin and provides/recommends tools and resources, including functional assessment
methods. Assessment methods are available for water, sediment and plant indicators
(Canadian-WetlandNetwork accessed 06/12/2015). Bioassessment using reference sites, was
discussed for habitats of the St Lawrence River, concluding that some habitats showed
difference in macroinvertebrate assemblage between reference and impacted sites, with
emergent vegetation habitats providing the best model (Tall et al. 2008).Bioassessment using
macroinvertebrates and the RCA is used for wetlands of the Great Lakes (Reynoldson et al.
1999). Many regions of North America have invested in developing rapid assessment
methods for physical, chemical and biological surveys of riverine, estuarine and wetland
7

systems. These assessment methods are used for regulatory decisions, land use planning and
condition assessment. The main groups of indicators used in rapid assessment surveys are
hydrology, soils/substrate, vegetation and landscape setting (Fennessy et al. 2007,Stein et al.
2009, OHIO-EPA accessed 06/12/2015). Biological indicators (macroinvertebrates) are used
for wetland assessments in North America. Bioassessment using macroinvertebrates as
indicators and the RCA are used in the Great Lakes of North America (Hawkings et al. 2010).
Some jurisdictions in Australia have developed wetland mapping, classifications,
monitoring and assessment tools (Chessman et al. 2002, DSE 2005, Davis et al. 2006,
Conrick and Edgar 2007, DEHP accessed 06/12/2015, EPA Victoria 2010) which are often
limited to specific programs and climatic zones. Davis et al. (2006) used macroinvertebrates
as indicators and the RCA for her work in seasonal, saline wetlands in the Swan Coastal
Plains of Western Australia.The most common indicators used in rapid assessment methods
were summarised in a review by Fennessy et al (2007; Table 1).
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Table 1 Main groups of indicators used in wetland rapid assessment methods reviewed by
Fennessy et al. (2007).
Hydrology
Hydrologic
alterations

Soils/Substrate
Soil type

Vegetation
Number of vegetation
classes

Landscape setting
Surrounding land use
cover

Hydroperiod

Substrate
disturbance

Degree of interspersion

Connectivity to other
wetlands or corridors

Outlet
restriction

Presence of
mottles

Extent of invasive species

Extent of or vegetation
type in buffer zone

Water quality

Depth of A
horizon

Vegetation alterations

Extent of human land use
in buffer

Surface water
connectivity

Munsellcolour

Habitat value to wildlife

Wetland size

Flood storage
potential

Micro-topography

Ratio of wetland to
watershed size

Groundwater
recharge/discha
rge
Water source

Sediment
composition

Endangered threatened
species, habitat or
communities
Coarse woody debris

Dominant vegetation

Wetland morphology

Degree of water
level fluctuation

n/a

Plant species diversity

Position of wetland in
watershed

Maximum
water depth

n/a

Area of open water

n/a

Land use in watershed

Australia is a large continent (7.7 million km2) and its climate varies from temperate
in the south east (where this study is located), to tropical in the north with the greater inland
areas being desert or semi-arid. Davis et al. (2006) notesthat the diversity of Australia‟s
climate suggest monitoring and assessment protocols and tools may need to be developed for
each climatic region. There are 40 freshwater wetland assessment methods, frameworks and
guidelines documented in Australia. Of these methods, six have social and recreational
importance, five have an economic importance and six have management and planning
objectives (Table 2). Thirty nine have an ecological importance of which two (from Western
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Australia) use macroinvertebrates as indicators of condition (Chessman et al. 2002,Davis et
al. 2006, DEHP accessed 06/12/2015).
Table 2 Australian freshwater wetland assessment methods with management and planning
objectives as listed by Department Environment Heritage and Planning(DEHP accessed
06/12/2015).
Title
Framework for environmental
water allocations for wetlands
(Davis et al. 2001)

Description
A framework method for freshwater
wetlands for management purposes

Scale
Regional

Guidelines for protecting
Australian waterways:
ecological sustainability
(Bennett et al. 2002)

A framework method for estuarine
and freshwater wetlands for function,
management and priority purposes

Aggregation,
regional and sub
regional

Guidelines for protecting
Australian waterways:
evaluation (Bennett et al. 2002)

A framework method for freshwater
wetlands for function and priority
purposes

Aggregation,
habitat and sub
regional

PBH – Assessing the
conservation value and health of
New South Wales rivers
(Chessman 2002)

A rapid assessment method for
freshwater wetlands for function and
value purposes

Aggregation and
sub regional

Statewide waterways needs
assessment for Western
Australia
(Water_and_Rivers_Commissio
n 2002)

A rapid assessment method for
freshwater wetlands for management
and priority purposes

Aggregation and
sub regional

Wetland rehabilitation for New
South Wales (Collins 2000)

A rapid assessment method to assess
freshwater and estuarine wetlands

Aggregation and
habitat

Aquatic invertebrates (with macroinvertebrates being the most commonly used;
Bailey et al. 2004) are suitable biological indicators for the monitoring of freshwaters,
because their response is a measure of the exposure to stress that cause changes in the
environment (Norris et al. 1982, Reynoldson et al. 1997, Bailey et al. 2004). Using
macroinvertebrates for condition assessment is a valuable way for managers to track the
progress of rehabilitation activities. There is benefit in further developing biological
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assessment methods for wetlands to use with soils, hydrology, vegetation and water quality
indicators, providing a holistic approach to monitoring and assessment.
5. Bioassessment of freshwater ecosystems using the reference condition approach
The RCA for assessing biological condition using predictive models are key
components to many river bioassessment monitoring methods around the world including:
the Australian River Assessment System (AUSRIVAS; (Simpson et al. 2000); the River
Invertebrate Prediction and Classification System (RIVPACS) used in the United Kingdom
(Wright et al. 1984); the Canadian Aquatic Bio-monitoring Network (CABIN) in Canada
(Reynoldson et al. 1999). Similar approaches are also used in the Great Lakes of North
America (Hawkings et al. 2010), Spain (Pardo et al. 2014), Portugal (Feio et al. 2006) and
Scandinavia (Johnson 2003). The approach compares the macroinvertebrate assemblages in
test sites to sites with similar environmental characteristics in reference condition. Central to
the approach are data from sites in reference condition. These are defined as sites with no (or
minimal) exposure to human-induced stressors, such as changes to land cover, productive
land use or the diversion or extraction of water. If sites are not available in reference
condition, then sites in best available condition are used instead. Test sites are matched to
groups of reference-sites based on the similarity of environmental attributes (environmental
variables that are unrelated to human activities), and the biological assemblages
(macroinvertebrates are commonly used) observed, is compared to the biological assemblage
expected, if the site were in reference condition (Reynoldson et al. 2014).
A RCA model using macroinvertebrates as indicators was trialled in seasonal saline
wetlands of south-western Australia, a region with a Mediterranean climate (Davis et al.
2006). The success of that model suggested that it would be possible to develop RCA models
for other parts of Australia, to increase the capacity for monitoring wetland condition. Models
provide a valuable tool for the monitoring and assessment of Ramsar wetlands and all
wetlands undergoing rehabilitation activities and; the effectiveness of protected area types. If
we are going to develop regional RCA predictive models for Australian wetlands, there are
many knowledge gaps that need to be investigated first.
6. Knowledge gaps
The factors driving macroinvertebrate community structure in rivers are well
understood and has resulted in the worldwide adoption of using macroinvertebrates as
biological indicators for river condition assessment (Bailey et al. 2014, Reynoldson et al.
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2014). As a result, the RCA using macroinvertebrates as indicators, have been used for
assessing the condition of rivers for more than 20 years (Bailey et al. 2004, Bailey et al.
2014). A review of wetland macroinvertebrate studies by Batzer et al. (2013), found factors
controlling communities often to be contradictory, inconclusive or with multiple
interpretations. In addition, there was reason to believe that wetland macroinvertebrate
communities may lack responses to environmental variation (Batzer 2013).
While macroinvertebrates and the RCA are used globally for the bioassessment of
rivers, including those in the area of this study, macroinvertebrates and the RCA have not
been commonly adopted for shallow standing water-bodies (wetlands). Hence, there is an
opportunity to develop approaches that enable the use of the RCA with macroinvertebrates as
indicators, for the condition assessment of lentic wetlands.
The knowledge gaps I address in this thesis: i) are there enough sites in reference
condition suitable for sampling macroinvertebrates, to create a reference dataset; ii) will
reference wetlands be grouped by similarities of environmental attributes; iii) what protocol
should be used for collecting macroinvertebrates from Tasmanian wetlands; iv) are
macroinvertebrate assemblages influenced by different habitats; v) is there a difference in
macroinvertebrate assemblages according to seasons; vi) is site a suitable scale for replication
for the RCA to biological assessment; vii) are there any measurable environmental attributes
that influence macroinvertebrates assemblages; viii) what taxonomic level is required for
changes in assemblages to be identified by a RCA predictive model; ix) will rare taxa need to
be included in assemblage datasets to enable predictive models to identify changes in
assemblages caused by impairment; x) will a RCA model be able to detect known biological
impairment in wetlands.This thesis is directed at addressing these knowledge gaps for
temperate austral wetlands.
In Chapter 1, I introduce lentic wetlands, common wetland assessment methods, and the
RCA to biological assessment using macroinvertebrates as indicators. The aim of this chapter
is to provide background information that has not been included elsewhere as two of the four
chapters of my thesis, are written as journal papers containing very specific background
information.
Chapter Two “Selecting wetlands in best available condition for developing a predictive
model”. The aim of this chapter is to determine if: i) a desktop GIS and existing spatial data,
is sufficient to select the range of accessible wetland types with optimum habitat for sampling
macroinvertebrates and minimal exposure to human induced stressors, to form a reference
12

condition dataset representing the landscape of the study area and: 2) wetlands can be
grouped by similarities in physical environmental attributes. Hypothesis: wetlands will be
grouped on the basis of a similarity of physical attributes. The rationale for this work: i)
Tasmania does not have a reference dataset for wetlands containing macroinvertebrate or
water quality information and; ii) no studies have reported the physical environmental
attributes to group similar wetlands in Tasmania.
Chapter Three “Determining spatio-temporal variation in macroinvertebrate assemblages
to inform bioassessment of temperate austral wetlands: a pilot study”. The aim of this chapter
is to examine three years of macroinvertebrate data collected from two Ramsar wetlands, to
determine if assemblages are significantly associated with years, seasons, sites or habitats. In
achieving this aim, I adapted a rapid assessment method to form a macroinvertebrate
sampling protocol. Hypothesis: macroinvertebrate assemblages will be structured by multiple
influences. The rationale for this work: i) there is no rapid assessment method described for
Tasmanian wetlands and; ii) few studies have investigated the spatial and temporal factors to
influence macroinvertebrate assemblages in temperate austral wetlands.
Chapter Four “The influence of differing protected area status and environmental factors
on the macroinvertebrate fauna of temperate austral wetlands”.The aim of this chapter is to
determine what environmental attributes influence macroinvertebrate assemblages,
representing landforms in the study area, when sampled using the protocol developed in the
pilot study (Chapter 3). Hypothesis: environmental attributes and protected area types will be
associated with macroinvertebrate assemblages. The rationale for this work: few studies have
reported environmental attributes or protected area types to be associated with
macroinvertebrate assemblages in temperate austral wetlands.
Chapter Five “Applying predictive modelling using a reference condition approach for
the biological assessment of temperate austral wetlands”. The aim of this chapter is to
determine if a RCA predictive model could be built using the wetlands sampled in chapter 4
and determine the taxa resolution required for such a model. Hypothesis: A RCA predictive
model using macroinvertebrates as indicators, will detect known biological impairment. The
rationale for this work: bioassessment programs that use the RCA and predictive models to
assess river health are common in the United Kingdom, Australia, and the Great Lakes of the
North America and Canada. Few studies have reported RCA models for shallow, standing
water-bodies (wetlands).
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Fig. 2 Map of the study area with Tasmania and Australia as inserts, showing the wetlands
sampled in Chapter 4 and used to develop the RCA model in Chapter 5. World Heritage
Areas are shown by solid diagonal lines and contours are shown by light grey lines.
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7. Thesis structure and summary of chapters
In addressing the knowledge gaps, this thesis comprises 6 chapters. Chapters 2–5
detail a stage of data gathering, examination, analysis and model development. Chapter 2
identifies wetlands to meet my research criteria. Chapter 3 is my pilot study. Chapters 4 and 5
are written as journal papers, Chapter 4 has been published and Chapter 5 is being prepared
for publication. Chapter 6 is a synthesis of my research.
In Chapter 1, I introduce wetlands, major assessment methods, macroinvertebrates
and the reference condition approach to the bioassessment of freshwater ecosystems.Chapter
2 describes an objective method for selecting sites in best available condition, with optimum
habitat for collecting macroinvertebrates and minimal exposure to human induced stressors
using a rapid assessment method, for use in developing a RCA model. Site selection used
existing spatial data, expert local knowledge and ground-truthing. Selected wetlands were
located in the range of landforms and water regimes of central and north eastern Tasmania.In
Chapter 3, I consolidate a rapid assessment method for collecting macroinvertebrates. I
describe the three year pilot study I conducted on behalf of Natural Resource Management
North monitoring two Ramsar wetlands. This study considers the influence of spatial and
temporal variability on the application of a rapid assessment method of wetland
macroinvrtebrates. I did this because rapid assessment methods are increasingly seen as
central for freshwater bioassessment and monitoring programs, which are well established for
rivers, but not established for wetlands in Tasmania. In Chapter 4, I collected
macroinvertebrates and tested water quality parameters at 80 wetlands identified in Chapter
2, using the sampling protocol from Chapter 3.I identified macroinvertebrate taxa to the
lowest possible taxonomic level. I tested macroinvertebrate richness and assemblage
responses to a range of environmental attributes and differing types of protected area status at
66 protected wetlands. In Chapter 5, I apply the RCA to biological assessment of wetlands,
using macroinvertebrates as indicators. I trialled four single-season combined-habitat
predictive models, using the data collected in Chapter 4. I created three levels of biological
impairment in a test dataset, to test the final model for its ability to detect know biological
impairment. Chapter 6 is a synthesis of my major findings, discussion and conclusion. This
final chapter provides an overview and discussion of the results from Chapters 2–5 along
with the applications of these results and ideas for further work.
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8. Study context, aims and hypotheses for each chapter
Chapters 2 and 3 have been prepared in paper format for consistency with Chapters 4 and 5
that have been published (Chapter 4) or being prepared for publication (Chapter 5). Chapters
2 and 3 are not being considered for publication.

Given the time and resources available for this project, the study was limited by:
i)

existing GIS data for site selection;

ii)

wetlands in central and north eastern Tasmania;

iii)

most of Tasmania‟s lentic and lotic waterbodies have been regulated for power
generation, recreational fishing and are located in protected areas. The selected
sites subjected to recreational fishing and power generation, were not omitted
from the study because the majority were in protected areas, there were no other
obvious human induced stressors and few other sites would have been available;

iv)

no analysis was done to demonstrate whether all wetland types were represented
by the reference sites, but wetlands on all landforms were selected, nor was there a
comparison between reference sites and non reference sites;

v)

no analysis was implemented to compare the site selection method employed to
other methods for lotic systems. (Chapter 2);

vi)

spatio-temporal macroinvertebrate and water quality data collected over a three
year period prior to the commencement of this project (Chapter 3);

vii)

the number of wetlands I was able to be sample in spring 2012 and complete
macroinvertebrate identification to lowest taxonomic level possible. Data analysis
relevant to the development of a RCA model (Chapter 4);

viii)

sites sampled in this project (Chapter 5).
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Chapter 2 Selecting wetlands in best available condition for sampling
macroinvertebrates
Abstract
This chapter demonstrates an objective method for selecting sites in best available
condition for sampling macroinvertebrates for use in the development of a reference
condition approach for wetland assessment. Existing spatial data, expert local knowledge and
ground-truthing, were used to select wetlands located in a range of landforms and water
regimes in a relatively undisturbed environment in Tasmania, Australia. Fourteen
environmental attributes in raster and vector format, were hierarchically arranged in a
Geographic Information System and used to select sites. Sites were initially categorised using
a broad scale classification, refined using a hierarchical rule set, then selected based on the
presence of four habitats considered to be optimal for macroinvertebrate communities, and
the absence of human disturbance. From the resulting set of 80 wetlands, multivariate
analysis identified two groups based on 50% similarity, and six based on 40% similarity. The
environmental attributes of land tenure, water regime, dominant habitat and protection zone
were significantly associated with the six groups of wetlands. This method of site selection
provided an accurate, rapid and cost-effective selection of sites in best available condition to
use as candidate reference sites and would be suitable for other bio-monitoring programs.

21

1.Introduction
Wetlands provide a wide range of ecosystem services that contribute to human wellbeing. They supply fresh water and coastal protection, assist in climate regulation and flood
mitigation, contribute to regional biodiversity, sequester carbon and provide recreational
opportunities (MEA 2005). However, until the 1970s the combined values of wetlands were
not recognised (Mitsch and Gosslink 2015) and many wetlands were modified, drained and
polluted. Few wetland systems now remain in pristine condition, particularly in temperate
climatic zones (Kirkpatrick and Tyler 1988, Dunn 2005). Important wetlands are recognised
and protected globally by the Ramsar Convention (Ramsar Convention 1987) and the
International Union of Conservation of Nature (ICUN 2015). Central to these efforts are
programs able to report on the effectiveness of management actions and track wetland
condition over time. Such programs are underpinned by methods that can be used to assess
the biological condition or integrity of wetlands.
Worldwide, river management is supported by protocols for the rapid bioassessment
of ecosystem condition (Bailey et al., 2004). The Reference Condition Approach (RCA)
(Reynoldson et al. 1997) is one widely accepted approach to bioassessment(Bailey et al.
2004) which has been used in regional and national programs for more than ten years (Bailey
et al. 2014, Feio et al. 2014, Nichols et al. 2014, Reynoldson et al. 2014, Reynoldson and
Strachan 2014, Webb et al. 2014). Bioassessment compares the biological assemblage
(usually macroinvertebrates) from test sites to a set of assemblages from reference sites to
determine the condition of the test site. Predictive models match the data from the test site to
a suitable group of reference sites through the use of known relationships between biological
assemblages and environmental variables (Reynoldson et al. 1997).
The RCA with predictive modelling is used for bioassessment of freshwaters in
Australia, Canada, North America and the United Kingdom and has been tested and applied
in Spain, Portugal and Scandinavia (Reynoldson et al. 2014). It draws on a wealth of
understanding about the relationship between environmental variables (physico-chemical
attributes) and macroinvertebrate assemblages in river systems (Norris and Thoms 1999,
Davis et al. 2000, Bailey et al. 2004, Chessman et al. 2007). However, apart from a study in
Western Australia by Davis et al. (2006) there have been no similar assessment protocols
developed for wetlands in Australia, in part because the influence of physico-chemical
variables on macroinvertebrate assemblages in wetlands (shallow standing waters) is not as
well understood as it is for rivers (Boulton et al. 2014).
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Within RCA assessments, the reference sites serve as a control or a quality target and
their selection provides the foundation for the assessment system. Reference condition means
„best available condition‟ and, ideally, it represents an ecosystem that is not affected by
human-induced stressors (Bailey et al. 2014, Reynoldson et al. 2014). Sites deemed to be in
reference condition have most likely been subjected to very early post European settlement
ecosystem degradation (Gell 2012). Therefore, reference sites are considered to be sites that
are not affected by agriculture, mining or urban development. Sites also need to have some
similarities in measurable attributes, so they can be grouped during the model development
process. To ensure comparability between groups of reference sites (grouped by similar biotic
and abiotic characters) and test sites, the reference sites must represent the natural variability
of each type of wetland within the region of interest (Reynoldson et al. 1997).
Guidelines for the identification of candidate reference sites exist (Bailey et al. 2004,
Whittier et al. 2007, Pardo et al. 2012), but processes for selecting reference sites are more
vague, and specific techniques generally involve expensive sampling of entire regions (Yates
and Bailey 2010). In Australia (and Tasmania where this study is located), reference sites
have been selected for rivers and used to develop RCA models (Krasnicki et al. 2002).
Freshwater ecosystems tend to be controlled by their watershed attributes (Hynes
1975), and the natural variability of sites in a study area can be tracked from information on
environmental variables, including water quality and macroinvertebrates. Combining
environmental variables into a typology is an essential component of developing a referencebased ecological assessment. It ensures all available information is used when selecting
reference sites, so that the best range of reference sites are comparable to test sites
(Reynoldson et al. 1997).
Globally, wetlands have been difficult features to classify because the name „wetland‟
can encompass a large range of natural systems, and consequently different criteria and terms
have been used to describe them. The most widely used wetland classification is the Ramsar
classification. The Ramsar classification uses mixed criteria to separate wetlands, and not all
natural inland wetland basins are included (Semeniuk and Semeniuk 1995). An earlier
classification, by Cowardin et al. (1979), based on a hierarchical approach, is also often used
to classify wetlands. The Cowardin (1979) classification describes five broad wetland
systems with subsystems, classes, subclasses and modifiers added to refine the classification.
The Brinson HGM classification (Brinson 1993), another wetland classification system,
takes a more generic approach, classifying wetlands according to their relationship with
hydrology,
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geomorphology and wetland function. In Australia, the Semeniuk and Semeniuk (1995)
classification system offers a geomorphic and systematic approach. This classification covers
a wide range of inland wetland basins and uses a naming convention based on combinations
of landform and hydroperiod (Semeniuk et al. 1995). More recently, the Australian National
Wetland Indicators (Conrick and Edgar 2007) project has identified wetland attributes based
on lacustrine and palustrine characteristics at specific scales.
In this chapter I use existing spatial information to: (i) compile a dataset of minimally
disturbed wetlands and (ii) identify associations between groups of minimally disturbed
wetlands and physico-chemical attributes. I predicted that by using GIS as a platform for
combining existing spatial data and expert local knowledge, I would be able to (i) select the
best available wetlands, suitable for sampling macroinvertebrates, in my study area to use as
a reference dataset for developing a predictive model using macroinvertebrates as indicators,
and (ii) find environmental variables associated with groups of wetlands. Given the time and
resources available for this project, the study was limited to existing GIS data for site
selection and reference wetlands in central and north eastern Tasmania. In addition, most of
Tasmania‟s lentic and lotic waterbodies located in protected areas have been regulated for
power generation and are used for recreational fishing. Sites subjected to recreational fishing
and power generation, were not omitted from the study if there were no other signs of human
induced stressors as few sites would have been available otherwise.
1.1Study Area
The focus area was central and north-eastern Tasmania (Fig. 1). Tasmania has a land
area of 68 000 km2 and a stable population of approximately 515 000 (7 people/km2) (ABS
2014). The island is characterised by annual rainfall varying from 600 mm in the north-east to
3000 mm in the south-west. The island‟s diverse topography, geology and geomorphology
have resulted in a range of shallow standing waters, including glacially formed wetlands in
the highlands, and deflation basins, interconnected coastal wetlands of combined marine,
glacial and aeolian origin and riverine floodplain wetlands in the lowlands (Dunn 2005).
Approximately 60% of Tasmania‟s mapped wetlands occur in state and public reserves
(DPIPWE 2010), which may be regarded as a unique situation at a global scale. Many
wetlands in Tasmania contain distinct wetland plant communities and have a high proportion
of endemic plant species (Kirkpatrick and Harwood 1983). Many of the wetlands are in nearpristine condition (Dunn 2005), most likely because of the island‟s unique combination of
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climate, geology, geomorphology and low human population density. The high proportion of
wetlands that are minimally disturbed, and the desire of local agencies to report and track
wetland condition, make Tasmania an ideal place in which to develop and test the RCA
approach to wetland bioassessment.

Fig. 1 Location of Tasmania in relation to Australia (inset). Black diagonal lines
denote World Heritage Areas and grey lines are rainfall isohyets at 100 mm intervals
below 2000 mm per annum and at 20 mm intervals above 2000 mm per annum. Data
were provided by courtesy of Department of Primary Industries in 2014.
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2.Methods
Reference-sites must represent the wide range of minimally disturbed sites in a study
area. The condition of the reference sites then becomes a control against which test-site
conditions are compared (Reynoldson et al. 1997). I used a six-step process to select wetlands
for a reference dataset to use in the development of predictive models for wetland
bioassessment using macroinvertebrates as indicators. I looked for wetlands in best available
condition, representing the natural variation of the landscape in the study area and having
optimum habitat for macroinvertebrate sampling. The first step was to compile existing
spatial data for use in selecting best available wetlands. The second step was to categorise
wetlands by exploring mapped wetlands with environmental variables to identify possible
sites. In the third and fourth steps, I selected a subset of wetlands based on a rule set, and then
refined the selection of sites based on the presence of wetland habitats considered to be
optimum for macroinvertebrate sampling. Next I defined criteria that could indicate effects of
human-induced stressors on selected wetlands. The final step was to select multiple wetlands
representing each landform and water regime of the study area, to form the candidate
reference sites (Fig. 2).
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Table 1 Hierarchical arrangement of environmental variables used to assist in categorising
wetlands and determine extent and scale of mapped wetlands. Listed in order of large scale to
small scale (1:500 000 to1:25 000 respectively), grouped by resolution (ecosystem through to
local respectively). All environmental variables were accessed as spatial data from the
Tasmanian Government (DPIPWE 2008). Aerial photography was provided by one of the
authors (J D, unpublished).
Resolution
Ecosystem

Environmental
variable
Wetland system

State

Position

Variable
attribute
Marine
Estuarine
Lacustrine
Palustrine
Reservoir
Coordinates

State

Rainfall

Rainfall zone

State

Wetland type

Tyler zone

State

n/a
n/a

n/a

Region

Land cover
imagery
Land cover
imagery
Landsystems

East
West
Corridor
n/a

Rock type

Region

Landsystems

Landform

Region

Landuse

Land tenure

Region

CFEV

Hydrology

Rock type
description
Coastal
Undulating plains
Flat plains
Low slope
Mid slope
High slope
Floodplain
National Park
Tasmanian Land Conservancy
Directory of
Important -wetlands
Aust.
Private land covenant
Public reserve
World heritage area
Forestry
River name

Region

Vegetation

TasVeg2

Vegetation groups

Local

Soil order

Soils

Description

Region

Attribute descriptor
Lacustrine
Palustrine

Easting
Northing
Elevation
Rainfall range
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Method of acquisition
and mapped scale
Existing GIS
1:500 000

Existing GIS
1:500 000
Existing GIS
1:250 000
Existing GIS
1:250 000
Orthophoto mosaic
1:25 000
Aerial photographs
1:25 000
Existing GIS
1:100 000
Existing GIS
1:100 000

Existing GIS
1:25 000

Existing GIS
1:25 000
Existing GIS
1:25 000
Existing GIS

Local

ASS atlas code

ASS atlas description

Local

Acid sulphate
soils
Disturbance

50 meter
Protection zone

Disturbed
Undisturbed
Rehabilitated

Local

Water regime

Water
permanence

Seasonally holds
water or permanently
holds water

Local

Habitat

Dominant habitat

Macrophytedominated or
Rock-dominated
substratum
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1:25 000
Existing GIS
1:25 000
Local knowledge
and
Site assessment
1:25 000
Local knowledge
and
Site assessment
1:25 000
Local knowledge
and
Site assessment
1:25 000

Compile existing data into GIS (Table 1; step i)
Mapping and inventory exercise to categorise wetlands and
waterbodies into major groups (step ii)

Refine the categorisation using a range of data (step iii)
Wetland / waterbody
Tidal

non tidal

<30% surface water

>30% surface water
palustrine

Waterbody not suitable

fringing vegetation

4 habitats

lacustrine

no fringing vegetation

< 4 habitats

<3meters deep
4 habitats

>3meters deep

< 4 habitats
Waterbody not suitable

Wetland is suitable

Wetland is suitable

Identify human activities (step v)

Sites to represent wetlands in landforms and water regimes of study area (step vi)

Final set of candidate reference sites

Fig. 2 Process used to select candidate reference sites. Aerial photography provided by J D,
2011. Data were provided by courtesy of Department of Primary Industries in 2014 .
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i) Compile existing spatial data
I compiled a database of existing spatial data held by the Tasmanian State
Government and relevant to wetlands, using Environmental Systems Research Institute
Geographic Information Systems ArcMap10 (GIS). A review of these data indicated that
sufficient environmental and wetland data were available for the identification of candidate
reference sites. Environmental variables ranging in scale from 1:500 000 to 1:25 000, and
format (raster and vector) were hierarchically arranged by scale and grouped according to
resolution (Table 1). Each environmental variable contained a set of attributes and attribute
descriptors providing categorical information about the variable. Aerial photography (J.D,
unpublished data) of the north-eastern coast of Tasmania were used to augment existing
spatial data. Additional local environmental variables (disturbance, water regime, habitat and
water quality) were collected as part of the larger project when candidate reference sites were
ground truthed to verify selection, and added to the spatial dataset.
ii) Categorise wetlands
I used GIS to implement mapping and inventory (Mitsch and Gosselink 2007) as part
of the process of categorising wetlands.The mapping and inventory process involved viewing
the data I had compiled (in step i) to examine „wetlands and waterbodies‟ in the Conservation
of Freshwater Ecosystems Values (DPIPWE 2008) spatial dataset. There were approximately
20 000 polygons representing wetlands and waterbodies in this dataset. These polygons had
been spatially derived, predominantly using vegetation layers and had not been groundtruthed. Tasmania has an extremely variable landscape and selecting a set of reference
condition wetlands using this level of information alone was not reliable. The data were
examined to determine the spread of wetland types over the study area and to determine a
suitable way to capture and describe the wetland and habitat variability. The broad scale
classifications of Cowardin et al. (1979) and Brinson (1993) had been applied in part to the
Conservation of Freshwater Ecosystems Values (DPIPWE 2008) dataset, providing largescale categorisation. At this level I selected lacustrine littoral wetlands in the study area
representing each landform as evenly as possible.
iii) Refine the wetland selection
A knowledge of wetland characteristics is important for the selection of suitable sites
for sampling macroinvertebrates. The dataset has many types of wetlands including, but not
limited to, floodplains, glacially formed basins, deflatation basins, interconnected coastal
basins, basins of marine and aeolian origin, and karst systems. To identify wetlands with the
30

characteristicsrequired using GIS, the hierarchical rule set (step iii; Fig. 2), was applied to the
possible candidate wetlands identified in step ii. Ortho-photo mosaic imagery and aerial
photography was most useful for identifying areas of surface water and fringing vegetation
although this was not available across all areas. Non tidal (freshwater) wetlands with > 30%
surface water were identified, using ecosystem and state resolution attributes. Vegetation
surrounding wetlands was identified using a combination of state and regional resolution
data, from Table 1. Watershed area did not form part of the selection process, but many of the
regional attributes were based on catchment boundaries and catchment area was viewed in
map overlays. The geomorphic approach to wetland classification (Semeniuk et al. 1995) was
found appropriate for identifying wetland basins at regional and local scale when used in
combination with data from Table 1. Wetlands were then considered in conjunction with
transport and location information to identify accessible sites. Resource limitations prevented
me from getting to wetlands that were not accessible within a single day of travel. The
selected set was refined in subsequent steps.
iv) Describe a wetland habitat classification
Habitat availability and diversity are important features to consider when sampling
macroinvertebrates in wetlands, and the presence of multiple habitats, based on vegetation
zones defined by Cowardin et al. (1979), is considered to maximise the diversity of
macroinvertebrates present (Cheal et al. 1993, Chessman 1995, Nicolet et al. 2004, Davis et
al. 2006, Kratzer and Batzer 2007, Cremona et al. 2010, Batzer 2013, Sim et al. 2013). To
ensure that the reference wetland dataset included all habitats from the vegetation zones, I
described individual habitats using the distinguishing features of broad ecological vegetation
zones in wetlands (Cowardin et al. 1979, Williams 1980) (Table 2). As data relating to
wetland vegetation was not available digitally, each wetland in the currently selected set
(from step iii) was viewed with environmental data (Table 1), orthophoto mosaic and aerial
photography imagery. Assessment of sites were made in consultation with staff from the
Tasmanian Department of Primary Industries, Parks, Water and Environment (which I refer
to as expert local knowledge). During this process, I was able to ascertain wetland vegetation
and accordingly, habitats. Based on the presence of these four habitats, the set of wetlands
from step iii) was refined to those in which all four habitats were present because I
decided that a representative sample of macroinvertebrates should be taken from each of the
four habitats to ensure wetlands were sampled as a single entity. Habitats were visually
confirmed by a single site assessment.
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Table 2 Description of the four habitats identified in temperate Tasmanian wetlands.

Habitat

Definition

Fringing
Vegetation

An area approximately one
metre wide extending into the
waterbody from the land-water
interface

Emergent
Vegetation

Water column dominated by
emergent macrophytes

Emergent macrophytes, mixed
species

Submerged
Vegetation

Water column dominated by
submerged macrophytes

Fully submerged macrophytes,
mixed species.

In from the submerged zone
where macrophyte growth has
ended to max depth of 1.5 m.

Water column from the
substrate surface and through
the water column.

O Open water

Vegetation
Structure
Trees/shrubs (high water level)
Grasses (low water level)

v) Define criteria for identifying human-induced stressors
The focus was the selection of wetlands in reference condition, therefore sites affected
by human disturbance had to be removed. Human disturbance information was partially
obtainable from land use information, however this was not an accurate account of
disturbance proximal to the wetland. To quantify the potential extent of human disturbance at
wetlands, I defined three criteria. These criteria had to readily identify human activity and be
relatively simple to determine through a single site visit. Wetlands meeting these criteria were
retained from the set in step iv. The criteria were: i) a form of protected area status existed
that included and surrounded the wetland; ii) the immediate watershed surrounding the
wetland had no soil or vegetation disturbance; and iii) there were undisturbed soils and
vegetation in a proximal zone extending 50 meters from the wetland. I used regional
resolution data (outlined in Table 1; step vi - Fig 2) which included aerial photography (step v
- Fig.2) where available, to determine the protected area status for watersheds surrounding
wetlands. In addition, further assessment was made in consultation with expert local
knowledge. Disturbance resulting from anthropogenic stressors in the wetland proximal zone
and the immediate catchment, was visually confirmed by field validation.
vi) Ensure wetland types represent landforms of the study area
To build a RCA predictive model, I need to biologically sample as many reference
sites from as many types of wetland as possible while ensuring that sites thoroughly represent
the landscape under study. My goal was to select approximately 80 sites with multiple sites
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representing each landform and water regime in the study area. This number was considered
to be large enough to accommodate the range of biological variation likely to be present and
to allow for the removal of any wetlands that might be deemed unsuitable upon a site
inspection. Based on the Semeniuk (1995) geomorphic classification for inland basins, I used
regional and local resolution data from Table 1, primarily landform and water regime, to reselect wetlands (step vi - Fig. 2). The final set of selected wetlands were distributed (as
evenly as possible) across seven landforms: floodplains, coastal, flat plains, undulating
plains, low mid and high slopes and two water regimes: seasonal and permanent.
vii) Analysis of groups of candidate reference wetlands and environmental variables
One of the processes when building RCA models requires reference sites to be
grouped by similarities in environmental attributes (Bailey et al. 2004). I needed to determine
whether my wetlands displayed similarities in environmental attributes that would enable
them to be grouped for RCA model development. Environmental variables that have
significant variation across the landscape in relation to groups of wetlands can be identified
using multivariate analysis. To identify sites with high compositional similarity, I used cluster
analysis (group average, Bray-Curtis similarity), and to view groups of sites defined by
cluster analysis, I used Multi-Dimensional Scaling (nMDS, Bray-Curtis similarity, 25
restarts, Kruskal fit 1, minimum stress 0.01). This is a straight forward way of comparing
sites, as those that grouped together are similar and those far apart are different (Clarke and
Warwick 2006). The significance of the observed groups and the influence of environmental
variables on groups of wetlands were tested using Analysis of Similarities (ANOSIM, one
way, single factor, 999 permutations). Environmental variables (Table 1) were transformed
(square root) to place all variables on relatively similar scales, then normalised and used in
the form of a resemblance matrix with a Euclidean distance measure (Euclidean distance is
used for environmental data and Bray Curtis is used for biological data). The software
package Primer + Permanova (V6.1.13/PRIMER-E Ltd., Plymouth, UK) was used for all
multivariate analyses.
3.Results
The final selected set of 80 candidate reference wetlands contained wetlands from:
coastal, undulating plains, flat plains, low slope, mid slope, high slope, and floodplains within
the study area (Final set of reference sites - Fig. 2). Of these, 69 had a permanent water
regime and 11 a seasonal water regime (Table 3). The spatial attributes of landform (1:100
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000), soils and vegetation (1:25 000) were the most useful for selecting wetlands containing
the four habitats I required. These three attributes also aided in identifying land formation,
water regimes and surrounding vegetation.

Table 3 The number of Tasmanian wetlands, representing seven landforms and two water
regimes and determined to be in best available condition.
Landform
Floodplain

Number of
wetlands
12

No. with permanent
water regime
Varies with years

No. with seasonal
water regime
Varies with years

Coastal basin

12

11

1

Inland basin: Flat plain basin

1

1

Inland basin: Undulating plain basin

26

22

4

Inland basin: Low slope

13

9

4

Inland basin: Mid slope

14

13

1

Inland basin: High slope

2

2

-

80

69

TOTAL

11

The accuracy and practical use of a dataset selected using a GIS relies on the quality
of the data used and the selection criterion applied. I used a combination of database queries
and individually viewed sites (in GIS) to meet my selection criteria. I found the combination
of land-form, surrounding vegetation and soil type in raster and vector format, provided
information at a wetland scale, which supplied enough detail to ascertain site suitability (step
vi - Fig. 2). This was important because my site selection did not include site visits (site visits
confirmed features of selected wetlands when macroinvertebrates were sampled as part of a
larger project). Where quality imagery (satellite and aerial photography) was available, it
would often identify the presence of wetland vegetation, human activities and vegetation
proximal to the wetland which was useful for identifying habitats and human induced
stressors (Steps iv and v - Fig. 2). Local knowledge was used to verify data poor areas.
Ground-truthing of the final dataset through site visits, found a small number of selected
wetlands (5%) were not suitable for my purposes because they were: (i) infested with
Cyprinidae Cyprinus spp. (carp), (ii) dry (on the flat plains), or (iii) did not exist (although
their presence was mapped on high slopes).
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3.1 Analysis of groups of candidate reference wetlands and environmental variables
Using environmental attributes, six groups of wetlands with a similarity of 40% or
greater were identified by cluster analysis (Bray-Curtis similarity; Fig. 3). Two of the six
groups consisted of a single wetland and so represented outliers. Two main groups of
wetlands were identified at a similarity of 51% or greater. Group one was a mixture of inland
basins, coastal basins and floodplain basins spread across watersheds; and group two was
dominated by seasonal, lower watershed inland basins. nMDS ordination revealed three
groups: i) floodplain wetlands; ii) coastal basin wetlands; and iii) inland basin wetlands
(Fig. 4). Eight attributes (water regime, land tenure, dominant habitat, proximal zone,
surrounding vegetation, watershed land-use, landform and rainfall) were associated with six
groups of wetlands. ANOSIM showed highly significant P values and moderate Global R
values (Table 4) for water regime, land tenure, proximal zone and dominant habitat and the
six groups of wetlands. The same test showed highly significant P values and very small
Global R values for landform, surrounding vegetation and watershed land-use and their
association with six groups of wetlands (Table 4).
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Fig. 3 Dendrogram (Cluster, group average) showing similarities of wetlands using nine
environmental attributes (water regime, land tenure, dominant habitat, protection zone,
surrounding vegetation, catchment land-use, landform, rainfall, and distance to river). Slice is
shown at 51% similarity.
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Fig. 4 Ordination (MDS, 25 restarts, Kruskal fit) of wetlands selected for sampling
macroinvertebrates in spring 2012, sites are colour coded with symbols by landform. All
inland basin wetlands (undulating plains, low slopes and mid slopes) are shown as green
circles; floodplain wetlands are shown as blue triangles; coastal basin wetlands are shown as
orange squares.
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Table 4 ANOSIM results for the seven environmental attributes that were associated with six
groups of wetlands identified by cluster analysis. Attributes are listed in order of most
significant to least significant. Landform and land tenure attributes are from the Tasmanian
State Government (DPIPWE 2008), and other attributes were determined through expert local
knowledge.

Environmental variable

Global R

P value

Water regime

0.57

<0.001

Land tenure

0.43

<0. 001

Dominant habitat

0.36

<0. 001

Proximal zone

0.31

<0. 001

Surrounding vegetation

0.24

<0. 001

Watershed land-use

0.21

<0. 001

Landform

0.13

<0. 001
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4.Discussion
Environmental spatial data was used in different scales and formats to examine
mapped wetlands and select sites in best available condition for use in the development of
RCA predictive models. The number of wetlands identified was relatively high (80) and sites
spanned a variety of landforms across the study area. My prediction that I would be able to
identify sites in best available condition, using existing data in a GIS was supported, through
combining methods of grounded theory and visualisation (Knigge and Cope 2009). Groundtruthing of the selected set of sites, through a single site visit, confirmed the information
provided by combining GIS data and local knowledge. Results suggest that wetlands can be
grouped according to the similarity of environmental variables, which is an important finding.
This is because the process of building RCA models requires reference-sites be grouped by
similarities in environmental variables(Bailey et al. 2004).
Many of Tasmania‟s wetlandsare in pristine condition (Dunn 2005). The criteria I
used to select sites in best available condition was similar to that used by Krasniki et al.
(2002) in that I set selection criteria to find sites with the least amount of exposure to human
induced stressors.
The process I have described could be undertaken as the first step in developing an
ecological character description (ECD) for wetlands. ECDs are the combination of ecosystem
components, processes, benefits and services that characterise a wetland at a given point in
time (Ramsar Convention 2005). ECDs are required to be completed for all Ramsar listed
wetlands. The process used and the resulting data would be useful in the development of
ECDs.
Regardless of methods used, the identification and subsequent selection of reference
condition sites should use all available landscape and environmental information, and sites
need to represent the entire landscape of interest. The selection of reference sites underpins
the development of any freshwater bioassessment program (Yates et al. 2010, Nichols et al.
2014), and it is the basis for the assessment of ecosystem condition (Bailey et al. 2004) using
the Reference Condition Approach (RCA) (Reynoldson et al. 1997). The process I used for
identifying sites suitable for a reference condition dataset used all available GIS data, and
some site data, providing a very good database of site condition. Site condition was observed
during a site visit, ground-truthing the database. Using GIS and existing data, allowed sites to
be replicated by landform (Semeniuk et al. 1995) and water regimes, providing representative
sites across the landscape.
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River classifications for reference sites are based on geomorphological characteristics
(Davis et al. 2000, Parsons 2001). Results suggest that Semeniuk and Semeniuk‟s (1995)
combined geomorphological (landform) and hydroperiod approach to wetland classification
was suitable for the wetlands that were the focus of this chapter, because Tasmania‟s wetland
basins are formed on an array of landforms. The broader first tier approaches to classification
by Cowardin (1979) and Brinson (1993) were useful for categorising wetlands across the
entire island of Tasmania. Despite the existence of wetland spatial data at this scale, it was
not possible to select sites in best available condition and identify within-wetland habitats
because the necessary information (habitat detail, proximal zone condition, disturbance and
seasonal variation) was not available in a suitable format across all areas. Therefore using
landform to replicate types of wetlands at a regional scale was appropriate for the purposes of
this study.
An important hierarchical trend emerged from the examination of environmental
variables with sites during the selection of best available wetlands. Local level data
(1:25 000) in-combination with local knowledge, were the important data for: i) identifying
wetlands in best available condition; ii) identifying types of within wetland habitats; and iii)
finding associations with groups of wetlands and environmental variables. Environmental
variables vary as a result of geomorphological processes operating hierarchically, and may be
used to define spatial scales of system organisation (for rivers; Parsons 2001). Previous
studies have demonstrated that physical and biological patterns occur at characteristic scales
in river systems (Parsons 2001) and can be used in combination to accurately represent
biological patterns (Edgar et al. 2000). Environmental variables were also found to have more
significant effects in close proximity to survey sites (streams) than at catchment scale
(Peterson et al. 2011). I found the variables of dominant habitat and proximal zone at local
resolution (site scale) were more useful for identifying wetland features than variables at a
larger resolution (watershed scale).Selecting sites using regional and watershed variables did
not accurately describe wetland features or proximal disturbance. Therefore I conclude that
for wetlands, site scale variables are more useful for identifying wetland features than
watershed scale variables.
This chapter has identified the scales at which environmental variables can be
associated with and used to select sites in best available condition. I have shown how, using
a combination of data and data acquisition methods (Knigge et al. 2009), accuracy in site
selection using a desktop GIS may be achieved (we measured accuracy by validation of the
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rule set and selection criteria via a site visit). The process used in this chapter and by others
(Conrick et al. 2007, Yates et al. 2010) could be applied to derive outputs for different
ecosystems.
5.Acknowledgements
This work was supported by Natural Resource Management North (NRM North) with
assistance from the Institute for Applied Ecology, University of Canberra. Ann Milligan is
thanked for proof reading and providing editorial advice regarding language and consistency.

41

6.References
ABS. (2014) Australian Bureau of Statistics. http://www.abs.gov.au. Accessed 02 December
2014.
Batzer, DP. (2013) The Seemingly Intractable Ecological Responses of Invertebrates in North
American Wetlands: A Review. Wetlands 33:1-15.
Bailey RC, RH Norris, TB Reynoldson. (2004) Bioassessment of Freshwater
Ecosystems:Using the Reference Condition Approach. Kluwer Academic Publishers,
Dordrecht, The Netherlands.
Bailey, R. C., L. Simon, and A. G. Yates. (2014) Bioassessment of freshwater ecosystems
using the Reference Condition Approach: comparing established and new methods
with common data sets. Freshwater Science 33:1204-1211.
Boulton AJ, MA Brock, BJ Robson, DS Ryder, JM Chambers, JA Davis. (2014) Australian
Freshwater Ecology. John Wiley & Sons, Ltd.
Brinson MM. (1993) A Hydrogeomorphic Classsication for Wetlands. Wetlands Research
Program Technical Report WRP-DE-4.
Clarke KR, RM Warwick. (2006) PRIMER v6: User manual and tutorial. PRIMER-E:
Plymouth 2nd edition
Cheal, F., JA. Davis, JE. Growns, J. Bradley, and FH. Whittles. (1993) The influence of
sampling method of the classification of wetland macroinvertebrate communities.
Hydrobiologia 257:47-56.
Chessman, B., SA Williams., C. Besley. (2007) Bioassessment without reference sites: Use
of environmental filters to predict natural assemblages of river macroinvertebrates.
Journal of North American Benthological Society. 23: 599-615.
Chessman, B. (1995) Rapid assessment of rivers using macroinvertebrates: A procedure
based on habitat-specific sampling, family level identification and a biotic index.
Australian Journal of Ecology. 20: 122-129.
Conrick D, G Edgar, J. (2007) Development of National Indicators for Wetland Ecosystem
extent, distribution and condition. Final Report. Report for National Land and Water
Resouces Audit. http://www.environment.gov.au Accessed 01/09/2015
Cowardin LM, V Carter, FC Golet, ET LaRoe. (1979) Classification of wetlands and
deepwater habitats of the United States. U.S Department of the Interior, Fish and
Wildlife Service, Washington, D.C.
Cremona F., D Planas., M Lucotte. (2010) Influence of functional feeding groups and
spatiotemporal variables on the d15N signature of littoral macroinvertebrates.
Hydrobiologia. 61: 51-61.
Davis JA, P Horwitz, R Norris, Chessman B, M McGuire, B Sommer. (2006) Are
wetland bioassessment methods using macroinvertebrates applicable to wetlands?
Hydrobiologia DOI 10.1007/s10750-005-1033-4:115-128.
Davis N, R Norris, M Thoms. (2000) Prediction and assessment of local stream habitat
features using large scale catchment characteristics. Freshwater Biology 45:343-369.
DPIPWE. (2008) Department of Primary Industries Parks Water and Environment
Tasmania:Conservation of Freshwater Ecosystem Values (CFEV) Project Technical
Report: Appendices:Conservation of Freshwater Ecosystem Values Project.
DPIPWE. (2010) Department of Primary Industries Parks Water and Environment
Tasmania:Vulnerability of Tasmania's Natural Environment to Climate Change: An
overview.
Dunn H. (2005) Assessing the condition and status of Tasmania's wetlands and riparian
vegetation. Nature Conservation Branch Technical Report 02/09.
42

Edgar GJ, NS Barret, DJ Gradden, PR Last. (2000) The conservation significance of
estuaries: a classification of Tasmanian estuaries using ecological, physical and
demongraphic attributes as a case study. Biological Conservation 90:383-397.
Feio, M. J., T. B. Reynoldson, and M. A. Graça. 2006. Effect of seasonal and inter-annual
changes in the predictions of the Mondego River model at three taxonomic levels.
International Review of Hydrobiology 91:509-520.
Gell P. (2012) Palaeoecology as a means of auditing wetland condition. Centre for
Environmental Managment, University of Ballarat, Ballarat, Victoria, Australia.
Hynes HBN. (1975) The stream and its valley. Verhandlungen der Internationalen
Vereinigung fur Theoretische und Angewandte Limnologie 19:1-15.
ICUN. (2015) International Union of Conservation of Nature https:cmsdata.iucn.org
Accessed 02 September 2015.
Krasnicki, T., R. Pinto, and M. Read. 2002. Australia-Wide Assessment of River Health:
Tasmanian Bioassessment Report (TAS Final Report), Monitoring River Health
Initiative Report no 5. Commonwealth of Australia and Department of Primary
Industries, Water and Environment, Canberra and Newtown.
Kratzer EB, DP Batzer. (2007) Spatial and temporal variation in aquatic macorinvertebrates
in the Okefenokee Swamp, Georgia,USA. Wetlands 27:127-140.
Kirkpatrick J, C Harwood. (1983) Plant Communities of Tasmanian Wetlands. Australian
journal of Botany 31:437-451.
Kirkpatrick JB, PA Tyler. (1988) Tasmanian wetlands and their conservation. In McComb
and Lake (Eds). The conservation of Australian wetlands, 1-16. Surrey Beatty and
Sons, Sydney.
Knigge L, M Cope. (2009) Qualitative GIS. Chapter 6: Grounded Visualization and Scale: A
Recursive Analysis of Community Spaces. SAGE Publications Ltd, London.
http://dx.doi.org/10.4135/9780857024541.d11:95-113.
MEA. (2005) Ecosystems and Human Well-being: Wetlands and Water Synthesis.
Ecosystems and Human Well-Being: Wetlands and Water Synthesis. World
Resources Institute, Washington, DC.
Mitsch MJ, GJ Gosselink. (2007) Wetlands fourth edition. John Wiley & Sons, Inc.
Mitsch WJ, JG Gosslink. (2015) Wetlands Fifth edition. John Wiley and Sons, Inc.
Nichols SJ, TB Reynoldson, ET Harrison. (2014) Evaluating AUSRIVAS predictive model
performance for detecting simulated eutrophication effects on invertebrate
assemblages. Freshwater Science 33:1212-1224.
Nicolet P, J Biggs, G Fox, M Hodson, J., C Reynolds, M Whitfield, P Williams. (2004) The
wetland plant and macroinvertebrate assemblages of temporary ponds in England and
Wales. Biological Conservation 120:261-278.
Norris, R. H., and M. C. Thoms. 1999. What is river health? Freshwater Biology 41:197-209.
Pardo I, C Gomez-Rodrigues, J-G Wasson, R Owen, W van de Bund, M Kelly, C Bennett, S
Birk, A Buffagni, S Erba, N Mengin, J Murray-Bligh, G Ofenboeck. (2012) The
European reference condition concept: A scientific and technical approach to identify
minimally-impacted river ecosystems. Science of the Total Environment 420:33-42.
Parsons M. (2001) Scales of macroinvertebrate distribution in relation to the hierarchical
organisation of river systems. PhD Thesis.
Peterson EE, F Sheldon, R Darnell, SE Bunn, BD Harch. (2011) A comparison of spatially
explicit landscape representation methods and their relationship to stream condition.
Freshwater Biology 56:590-610.

43

Ramsar Convention. (1987) Article 3.2 and further clarified by the Parties in Resolution
V111.8,2002;Ramsar Convention 2005, Resolution IX.1 Annex B.
http://www.ramsar.org
Ramsar Convention. (2005) Article 3.2 and further clarified by the Parties in Resolution
V111.8,2002;Ramsar Convention 2005, Resolution 1.1 Annex A.
http://www.ramsar.org
Reynoldson T, B., S Strachan, J Bailey, L. (2014) A tiered method for discriminant function
analysis models for the Reference Condition Approach: model performance and
assessment. Freshwater Science 33:1238-1248.
Reynoldson TB, RH Norris, VH Resh, KE Day, DM Rosenberg. (1997) The Reference
Condition: A comparison of multimetric and multivariate approaches to assess waterquality impairment using benthic macroinvertebrates. Journal of the North American
Benthological Society 16:833-852.
Semeniuk CA, V Semeniuk. (1995) A Geomorphic Approach to Global Classification for
Inland Wetlands. Vegatatio 118:103-124.
Sim, LL., JA. Davis, K. Strehlow, M. McGuire, KM. Trayler, S. Wild, PJ. Papas, and J.
O'Connor (2013). The influence of changing hydroregime on the invertebrate
communities of temporary seasonal wetlands. Freshwater Science 32:327-342.
Webb, JA., EL. King., TB.Reynoldson., M. Padgham. (2014) Bayesian reference condition
Freshwater Science 33: 1272-1285.
Whittier T, R., J Stoddard, L., D Larsen, P., AT Herlihy. (2007) Selecting reference sites for
stream biological assessments: best professional judgment or objective criteria.
Journal of American Benthological Society 26:349-360.
Williams DD. (1980) Australian Freshwater Life: The Invertebrates of Australian Inland
Waters. Macmillan Education Australia Pty. Ltd.
Yates AG, RC Bailey. (2010) Selecting objectively defined reference sites for stream
bioassessment programs. Enviromental Monitoring and Assessment 170:129-140.

44

Chapter 3 Determining spatio-temporal variation in macroinvertebrate
assemblages to inform bioassessment of temperate austral wetlands: a pilot
study
Background
Chapter 3 contains the pilot study for my thesis. Additional supporting material is
presented as Appendix A. The pilot study explores spatio-temporal variation in
macroinvertebrate assemblages, collected using a rapid assessment method. I have presented
this chapter in paper format for consistency with the other chapters.
Tasmania is located in the temperate climate zone of the southern hemisphere and has four
distinct seasons. The influence of spatial and temporal variability on the application of a rapid
assessment method in freshwater, temperate wetlands, is limited in Australia although very
well established for lotic environments (Krasnicki et al. 2002). A sampling method for
collecting macroinvertebrates from Tasmania‟s freshwater, permanent and seasonal, lentic
wetlands, required testing because the only available method described by Davis et al.
(2006), is for saline wetlands in a Mediterranean climate.
The influence of: site (the position of the wetland in the landscape), habitats, years
and seasons on macroinvertebrate assemblages, is explored over two seasons, in a three year
period (pilot study). At the conclusion of the three year study, I sampled more wetlands over
a larger area, in a six month period (austral spring and autumn). Here I aimed to consolidate
the findings from the pilot study, with results from additional wetlands. I summarise the
results from the additional wetlands and present this material as Appendix A.
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Abstract
Almost half of the world‟s wetlands have disappeared as a result of anthropogenic
influences, with few wetlands remaining in an undisturbed condition in temperate regions.
Conservation and restoration of extant wetlands needs programs that can assess wetland
condition and report on change. Rapid assessment methods are increasingly seen as central
for the implementation of freshwater bioassessment and monitoring programs and protocols
based on macroinvertebrates are well established for rivers. In this pilot study, my aim was to
consider the influence of spatial and temporal variability on the application of a rapid
bioassessment protocol for temperate wetlands in Tasmania, Australia. To do this
macroinvertebrate samples were collected using a rapid method employing live picking in the
field and family-level identification in the laboratory. Samples were collected from four
discrete habitats in two Ramsar wetlands, in the austral spring and autumn from 2009- 2011.
No significant differences were detected in the composition of macroinvertebrate assemblages
between habitats within wetlands, between seasons or between years. However, assemblages
did differ significantly between the two wetlands. I concluded that a protocol based on the
collection of a single, annual macroinvertebrate sample (representing a composite of four
within-wetland habitats) was appropriate for the rapid bioassessment of wetlands in this
region.
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1.Introduction
Lentic wetlands are among the most degraded ecosystems worldwide and many are
under threat from urban, industrial and agricultural pressures (MEA 2005). A wetland in
good condition provides many essential ecosystem services including water purification,
flood regulation, coastal protection and climate regulation. Wetlands are also vital habitat for
a range of terrestrial and aquatic fauna and flora. Important wetlands are recognised and
protected globally by the Ramsar Convention (Ramsar Convention 1987).Parties contracted
to the Ramsar Convention on wetlands are expected to notify the Ramsar Secretariat of any
change in ecological character of the wetlands under their management. The ecological
character of a wetland is defined as the combination of the ecosystem components, processes
and benefits (services) that characterise the wetland at a given point in time (Davidson 2013).
Understanding the ecological character of wetlands is integral to maintaining and protecting
their values. Best management practice of wetlands requires bioassessment tools to assess the
ecological character of wetlands, provide early warning of ecosystem stress or degradation,
determine the effectiveness of management actions and track changes in wetland condition in
response to restoration and mitigation.
Wetland assessment methods have been documented (DSE 2005, Davis et al. 2006,
Sutula et al. 2006, Fennessy et al. 2007) with rapid assessment methods increasingly seen as
central for the implementation of wetland monitoring and assessment programs (Davis et al.
2006). Bioassessment protocols based on macroinvertebrates are well established for rivers in
the UK (Wright et al. 1984), Australia(Norris et al. 2001) and the United States (Collins et al.
2008, Stein et al. 2009, Sifneos et al. 2010) and lakes in Canada (Reynoldson et al. 1995).
These are often used in conjunction with predictive models and reference sites, to assess
biological condition of rivers and lakes. Various methods for sampling wetland
macroinvertebrates have been described by multiple researchers(Cheal et al. 1993, King and
Richardson 2002, Fennessy et al. 2007, Stein et al. 2009). Rapid bioassessment approaches
for sampling wetlands have been described by US researchers (Collins et al. 2008, Stein et al.
2009, Sifneos et al. 2010). Davis et al. (2006) described a rapid bioassessment protocol for
sampling macroinvertebrates in wetlands in southwestern Australia, a region with a
mediterranean climate. The use of macroinvertebrates for wetland assessment in the
temperate regions of Australia has been limited however a bioassessment program would
increase the capacity for monitoring wetland condition.
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Spatial and temporal variation on aquatic invertebrates is well documented for rivers
and lakes (Wright et al. 1984, Reynoldson et al. 1999, Coysh et al. 2000, Johnson 2003, Feio
et al. 2006, Pardo et al. 2014) and has informed the establishment of biological monitoring
protocols. However, less information is available for seasonal wetlands (Neckles et al. 1990,
Cheal et al. 1993, Hillman and Quinn 2002) and for permanent wetlands (Kratzer and Batzer
2007, Batzer 2013). Understanding spatio-temporal variation has been an important
component in the development and establishment of biological monitoring of rivers in
Australia, with the type of habitat and season having a strong influence on the composition of
macroinvertebrate assemblages. The establishment of similar biological monitoring
approaches for wetlands requires an understanding of the influence of spatio-temporal
variation on aquatic invertebrates.
The aim of this pilot study was to determine the variation in the composition of
wetland macroinvertebrate assemblages in response to spatial and temporal factors. This was
the first step in the establishment of a rapid bioassessment protocol, based on
macroinvertebrates, to investigate the condition of wetlands in Tasmania, a region with a
cool, temperate climate. The establishment of a rapid bioassessment protocol, in turn, was
part of a larger project to develop a predictive model for evaluating wetland condition, using
macroinvertebrates as indicators as part of a reference condition approach (Reynoldson et al.
1997). I used a rapid bioassessment method that had been developed for wetlands in southwestern Australia.(Cheal et al. 1993, Davis et al. 2006). I hypothesisedthat the composition of
wetland macroinvertebrate assemblages within the same climatic zone and geographical
region (northern Tasmania) would not vary significantly between wetland habitats, seasons
and years. Testing this hypothesis would provide the information needed to design a
sampling program to assess the condition of northern Tasmanian wetlands. To investigate this
hypothesis I sought to detect significant differences between the composition of
macroinvertebrate assemblages in two wetlands based on the season of sampling (spring or
autumn), the year of sampling (2009-11) and differing within-wetland habitats (fringing
vegetation, emergent vegetation, submerged vegetation and open water).
2. Methods
2.1 Study area
Tasmania is an island state of Australia characterised by diverse topography, geology,
geomorphology and a temperate climate. Annual rainfall ranges from 600 mm on the east
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coast to 3000 mm on the west coast. The island has 10 Ramsar-listed wetlands and 86
wetlands listed in the Directory of Important Wetlands of Australia (DIWA 2014). A further
281 wetlands are considered important by regional managers (Dunn 2005). The low and
stable population density (7 people/km2;(ABS 2014) makes Tasmania an ideal location for
investigating the spatial and temporal variability of macroinvertebrate assemblages of
temperate wetlands in a region relatively free of major anthropogenic impacts. Direct
stressors on Tasmanian wetlands include the removal of fringing and wetland vegetation,
recreational use and fishing, while indirect stressors may arise from land clearing, tree
farming, cropping, grazing, dairying or the presence of industrial areas within a watershed.
The study wetlands (Little Waterhouse Lake, LWL, and Ringarooma Wetland, RW)
are Ramsar-listed sites with Ecological Character Descriptions (ECDs) prepared at the time
of listing. ECDs are the combination of the ecosystem components, processes, benefits and
services that characterise a wetland at a given point in time (Ramsar Convention 2005).
ECDs must be compiled for all Ramsar listed wetlands. The study wetlands are freshwater
systems representative of coastal basins (LWL) and undulating plain basins (RW)
respectively, in the region. The wetlands have similar rudosol soils, sedimentary geology,
elevation and average annual rainfall (Table 1) but differ in surrounding land-use. Neither
wetland was instrumented to record water level, however, visual water level observations
were recorded. Annual rainfall in north-eastern Tasmania was below average or the lowest
recorded from 2006 through to late 2008 (RPDC 2003). Accordingly, water levels in both
wetlands were observed to be very low in 2009 but increased over the study period to high
levels in spring 2011.
Little Waterhouse Lake is a popular recreational site located within a conservation
reserve (Fig. 1). The wetland is an inter-dunal depression with extensive sand deposits
overlying granite bedrock, the underlying area is strongly mottled with a layer of
impermeable coffee rock (Lloyd et al. 2010). The wetland receives water via local watershed
runoff from surrounding pastoral and cropping land and any flow is in an east–west direction.
The waterbody is relatively shallow, varying in depth to a maximum of 4 meters. The extent
of different habitats varies according to the bathymetry and depth of inundation. The fringing
vegetation comprises predominantly native grasses, native heath, scrub and coastal
complexes (DPIPWE 2008).
The Ringarooma Wetland is located in an area that is now used for intensive irrigated
dairying but was formerly used for dryland pastoral agriculture. It is partially fenced for
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protection from livestock. The wetland occurs on a floodplain dominated by upper watershed
sediments originating from mining operations in the late 1800s and early 1900s (Lloyd et al.
2010). The wetland receives runoff from locally irrigated dairy pastures and flow is in a
south–north direction. The wetland is shallow, with a maximum depth of one meter. Similar
to Little Waterhouse Lake, the extent of different habitats varies according to the bathymetry
and depth of inundation. Fringing vegetation is dominated by sedges, rushes and swamp
forest (DPIPWE 2008).
Table 1 Physical attributes of Little Waterhouse Lake and the Ringarooma wetland. Data
were provided by courtesy of Department of Primary Industries in 2014 .
Attribute

Little Waterhouse Lake

Ringarooma Wetland

Waterbody

standing

floodplain

Landform

coastal

inland – undulating plains

Elevation (ASL)

17 metres

22 meters

Easting

551493

5475100

Northing

579765

5479773

Catchment size

18000 kms2

42000 kilometre2

Rainfall (long-term average)

676 milli-litres

733 milli-litres

Soil

hydrosol/organosol/

organosol/ rudosol

rudosol
Shape of waterbody

oval

oval

Area of wetland complex

10 hectares

3500 hectares
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Little Waterhouse
Lake
Ringarooma
Wetland

Fig. 1 The location of Tasmania in relation to mainland Australia (top left inset).Black
diagonal lines denote World Heritage Areas (WHA) and rainfall isohyets (grey lines) are
shown at 100 mm intervals below 2000 mm and at 20 mm intervals above 2000 mm. The
location of Little Waterhouse Lake and the Ringarooma Wetland are indicated by arrows.
Data were provided by Department of Primary Industries in 2014.
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2.2 Water quality and environmental attributes
A permanent sampling station (100 m x 30 m) was established at each wetland.
Electrical conductivity, pH and turbidity were measured at each station during each
macroinvertebrate sampling event, using hand-held meters (Table 2). Water samples were
collected for measurement of total nitrogen (TN) and total phosphorus (TP) concentrations.
Analyses were undertaken using standard methods (A.P.H.A. 2005) at the Institute for
Applied Ecology, University of Canberra, Australia. At the time of this study there was no
simple to use colour chart for describing tannins in temperate wetlands. I collected and
retained water samples representing the five levels of tannins I described. The environmental
attributes of geology, soil type and surrounding vegetation were obtained from existing GIS
data and all other attributes were recorded on site using Ausrivas methods or information
supplied in Chapter 5; Appendix C (Table 2).
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Table 2 Environmental attributes recorded at Little Waterhouse Lake and Ringarooma
wetland from 2009 to 2011.Surrounding vegetation, Geology and Soil Type attributes were
provided by courtesy of Department of Primary Industries in 2014 .
Environmental variable

Equipment or method

Monitoring
frequency

Physicochemical
Water temperature

Thermometer

Monthly

pH

WTW 3110 meter

Monthly

Conductivity

WTW 3210 meter

Monthly

Turbidity

HACH 2100Q

Monthly

Colour

On site observation/colour

Annually

chart
Total Nitrogen

APHA Standard Method,

Annually

University of Canberra
laboratory
Total Phosphorus

APHA Standard Method,

Annually

University of Canberra
laboratory
Wetland Habitat
Habitat depth

On site measurement

Annually

Habitat shading

On site observation

Annually

Substrate material

On site observation

Annually

Substrate strength

On site observation

Annually

Dominant macrophytes

On site observation

Annually

Surrounding vegetation

GIS record

Annually

Width of surrounding vegetation

On site observation

Annually

Surrounding landuse

On site observation

Single

General disturbance

On site observation

Single

Geology type

GIS record

Single

Soil type

GIS record

Single

Wetland

2.3 Macroinvertebrate sampling
Four habitats (fringing vegetation, emergent vegetation, submerged vegetation and
open water) were sampled in each wetland in autumn and spring from 2009 to 2011 (Table
3). Sampling sites were selected within the permanent station according to habitat
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availability. Macroinvertebrates were sampled using the rapid assessment protocol described
by Davis et al. (2006). This involved sweeping a long-handled D-shaped net 250-µm
diameter mesh), in a zig-zag motion from the substrate through the water column to the
surface, in each habitat at each wetland, for two minutes. The 250-µm mesh was small
enough to retain macroinvertebrates and some microinvertebrates (Ostracoda, Copeoda,
Cladocera and Collembola). During autumn and spring sampling, wetlands did not have
quantities of algae or silt sufficient to hinder the clarity of samples, or clog the mesh. Samples
were gently agitated and the entire sample was rinsed from the D net into shallow white trays
for live picking for a minimum of 30 minutes. The procedure for the onsite sorting of
macroinvertebrates was based on Ausrivas sampling methods and previous studies (Davis et
al. 2006, Cheal et al. 1993). Testing was performed by Ausrivas accredited people
maintaining a consistent data standard with the field sorting process. Collection was initially
limited to 20 individuals of plentiful taxa to ensure all types of taxa were sorted and to avoid
bias toward picking larger, more mobile taxa. Common taxa were initially limited to 20
individuals to prevent the bigger, more mobile taxa that often obscure the smaller or less
mobile taxa, from being over picked and the other taxa missed. Once the entire contents of
the sample had been examined, previously limited taxa were then added to the sample.
Common taxa were not limited to 20. Any remaining taxa after the minimum picking period
of 30 mins, were estimated into abundance categories and later used to calculate relative
abundance. A minimum number of 200 individuals was collected, unless there were
insufficient specimens present to achieve this. All samples were sorted on site and preserved
in 80% ethanol. All sampling and macroinvertebrate identification was undertaken by the
same individual (lead author) to maintain consistency. Macroinvertebrate samples were later
identified, with the aid of a stereomicroscope and published keys, to family level, with the
exception of Oligochaeta and Hydracarina which were identified to order and Chironomidae
which were identified to sub-family.
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Table 3 Description of the four discrete habitats at Little Waterhouse Lake and Ringarooma
Wetland and the number of macroinvertebrate samples collected from each habitat.

Habitat type

Wetland zone

Vegetation type

Water depth

No. of samples

Fringing

Along the waters edge

Trees or shrubs at the high

0.1-0.5

13

amongst vegetation

water level.

metres

approx zone = 1metre

Grasses at the low water

wide

level.

In from waters edge

Emergent macrophytes.

Emergent

amongst emergent

0.5-

13

1.5metres

macrophytes
Submerged

Adjacent to the

Submerged macrophytes.

<1.5 metres

9

Adjacent to the

Water column from the

<1.5 metres

13

submerged zone where

substrate surface and

macrophyte growth

through the water column.

emergent zone
amongst and above
submerged
macrophytes.
Open water

has ended to max
depth of 1.5 metres.

2.4 Data analyses
Environmental attributes for each wetland (where site refers to a wetland)(Table 1)
were obtained from existing spatial datasets (DPIPWE 2008) using Environmental Systems
Research Institute ArcMap10 (GIS). Summary statistics were complied on the numbers of
taxa and individuals per site. ANOVA‟s were used to test for significant differences
between family richness between sites, between habitats, between years and between
seasons. Scatterplots were used to investigate relationships between environmental variables
and richness (number of families).
To explore patterns in the macroinvertebrate assemblage data and relationships
between assemblages and spatio-temporal variables and water quality attributes, we used
routines in the Primer + Permanova (V6.1.13/PRIMER-E Ltd., Plymouth, UK) software
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package. The four macroinvertebrate samples from each wetland were combined to produce a
single resemblance matrix (Bray-Curtis dissimilarity) for analysis of macroinvertebrate
assemblages (richness and abundance) between sites, between years and between seasons but
they were not combined for comparing habitats between wetlands and within wetlands. Site
name, habitat type, sample year and sample season were added to the resemblance matrix as
factors, and individually tested in all multivariate routines. The water quality attributes were
transformed (square root), then normalised before creating the resemblance matrix for testing
for relationships with the macroinvertebrate resemblance matrix. Measures of the nestedness
of macroinvertebrate families between samples collected at each site, over the three year
period (based on presence-absence data) were calculated using the program ANINHADO
(Guimaraes and Guimaraes 2006). The NDOF metric (Almeida-Neto et al. 2008) calculates
nestedness independently among rows and among columns which allows the calculation of
nestedness among sites or taxa. Multi-dimensional Scaling (nMDS, Bray-Curtis similarity, 25
restarts, Kruskal fit 1, minimum stress 0.01 and configuration plot selected) was used to
visually contrast wetlands based on macroinvertebrate assemblages for each factor. This is a
straight forward way of comparing sites, as those grouped are similar and those far apart are
different (Clarke and Warwick 2006). To test for assemblage differences between each factor,
Analysis of Similarities (ANOSIM, one way, single factor, 999 permutations) was used. The
SIMPER routine (Bray-Curtis, single layout) was used to identify the main taxa contributing
to the compositional differences between each factor. I used the routine BEST (BioEnv,
resemblance matrix, 99 permutations, rank correlation = Spearman, maximum number of best
results = 10) to determine the most influential water quality attributes and the percentage each
attribute contributed to the composition of the assemblage. Distance-based Redundancy
Analysis (dbRDA, number of RDA axes = 10) was used to determine the greatest
discrimination among groups of macroinvertebrate samples and to assess the statistical
significance of the relationships between macroinvertebrate richness and water quality
attributes.
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3.Results
Table 4 Summary of water quality attributes (mean +/- standard error) recorded at Little
Waterhouse Lake and Ringarooma Wetland from spring 2009 to spring 2011.

Attribute (unit)

LWL (mean)

RW(mean)
(+/-SE)

(+/-SE)

pH

7.9

0.09

6.8

0.15

Conductivity (µS/cm)

2364

0.28

585

0.17

Turbidity (NTU)

3.6

0.49

21.7

6.7

Total Nitrogen (mg/L)

0.01

single sample

3.15

1.4

Total Phosphorus (mg/L)

0.85

single sample

0.97

0.75

Water Colour (tannins)

medium

dark

Over the 2009-11 study period, Little Waterhouse Lake was characterised by a high
electrical conductivity, a basic pH, medium water colour (tannins) and low turbidity. Over the
same period, Ringarooma Wetland was fresher, with a lower electrical conductivity, a lower
pH, darker water colour (tannins) and was more turbid. None of these parameters differed
significantly between the two wetlands (P> 0.05). However, Ringarooma Wetland was more
nutrient-enriched than Little Waterhouse Lake, displaying higher concentrations of both TP
and TN (Table 4).
A total of 48 macroinvertebrate samples were collected from 2009 to 2011.
Macroinvertebrate richness ranged from 20 to 33 (mean = 24; SE ± 2.3) taxa at Little
Waterhouse Lake and 25 to 31 (mean = 28; SE ± 1.1) taxa at Ringarooma Wetland. A total of
51 macroinvertebrate families were recorded from the two wetlands combined. These
included six Mollusca, two Crustacea and 43 Insecta (including three Coleoptera and six
Hemiptera). Autumn samples had an average richness of 27 (SE ±2.9) and spring samples
had average richness of 26 (SE ± 1.5). The dominant macroinvertebrate families differed
between wetlands, with Little Waterhouse Lake characterised by Chiltoniidae, Leptoceridae
and Hydrobiidae and the Ringarooma Wetland characterised by Chironominae, Corixidae and
Chiltoniidae, but in lower numbers than at Little Waterhouse Lake (Table 5). The dataset
(based on family presence-absence) was not significantly nested (P = 0.87 Er model; P = 0.96
Ce model).
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Macroinvertebrate richness (predominantly families) was not significantly different
between wetlands (Fig. 2a), between habitats (Fig. 2b), between years (Fig. 2c) or between
seasons (Fig. 2d; P> 0.05). Ordination based on family presence-absence data shows clear
differences in the composition of the macroinvertebrate assemblages in the two wetlands
(Fig.3). The ANOSIM results indicated that the differences in macroinvertebrate assemblages
between wetlands were significant, however differences between habitats, years and seasons
were not (Table 5). The BEST (BioEnv) combination of water quality variables for predicting
the variation in the macroinvertebrate assemblage at the Ringarooma Wetland was pH (P =
0.224) and at Little Waterhouse Lake it was pH, total N and total P (in combination) (P =
0.600) and pH, turbidity and total N (in combination) (P = 0.358). The influence of all the
water quality attributes on macroinvertebrate assemblages is displayed visually in the dbRDA
plot (Fig. 4).

Table 5 Results of ANOSIM pairwise tests (using Bray Curtis dissimilarities) for
macroinvertebrate communities in four habitats, at two sites in northern Tasmania (Little
Waterhouse Lake and Ringarooma Wetland) in two seasons (autumn and spring) and three
years (2009-2011). Results are given as Global R with 1= greatest dissimilarity and 0 = least
dissimilarity.
Factor

Global R

P value

Wetland

0.67

<0.001

Year

0.09

0.02

Season

0.01

0.36

Habitat

0.03

0.70
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Table 6 Results of similarity percentages (SIMPER) analysis (Sorensen‟s similarity index,
999 permutations, single layout with site as factor).Twenty macroinvertebrate families were
considered to discriminate between the assemblages in Little Waterhouse Lake (LWL) and
Ringarooma Wetland, (RW) by contributing consistently to dissimilarity between wetlands
(Average Dissimilarity/SD ≥ 1).The average abundance of each family in each wetland
(LWL, RW), their contribution to between-wetland dissimilarity (Average Dissimilarity) and
the consistency of these contributions to dissimilarity (Dissimilarity/SD) are shown. Families
are listed in descending order according to their individual contribution to between wetland
dissimilarity.
Taxon

LWL
Average
abundance

RW
Average
abundance

Average
Dissimilarity/SD
Dissimilarity

Chiltoniidae

47.37

14.10

13.61

1.24

Leptoceridae

16.63

2.45

6.01

1.25

Chironominae

6.04

17.65

5.89

1.26

Corixidae

3.78

15.55

5.79

0.95

Hyrobiidae

14.30

0.00

5.55

0.91

Hydracarina

7.04

14.80

4.66

1.04

Planorbidae

9.07

4.05

3.51

0.86

Coenagrionidae

9.48

1.20

3.40

0.80

Lestidae

6.15

0.40

2.23

0.85

Pleidae

4.67

3.95

2.19

0.94
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Hirudinea

0.78

4.05

1.54

0.51

Veliidae

0.00

3.75

1.38

0.79

Tanypodinae

3.22

1.75

1.31

0.76

Oligochaeta

0.19

2.75

1.20

0.86

Orthocladiinae

0.07

3.25

1.19

0.64

Scirtidae

0.00

3.15

1.18

0.55

Dytiscidae

1.85

2.75

1.17

0.90

Notonectidae

0.74

2.10

0.94

0.54

Hydrophilidae

0.07

2.35

0.86

0.62

Physidae

0.00

2.50

0.85

0.45

60

Fig. 2a
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Fig. 2b

Fig. 2c

Fig. 2d
Fig. 2 The mean number of macroinvertebrate families recorded at the Little Waterhouse
Lake (LWL) and Ringarooma Wetland (RW) from 2009 to 2011; (a) between wetlands; (b)
between habitats (fringing vegetation, emergent macrophytes, submerged macrophytes and
open water); (c) between years (2009, 2010 and 2011); and (d) between seasons (austral
spring and autumn). The horizontal lines inside the boxes represent the medians, the top and
bottom edges of the boxes represent 25–75% quartiles, whiskers represent the range of the
data and the star shows a maximum outlier.
62

Fig. 3 Ordination (nMDS) plot of spatial variability of the macroinvertebrate assemblages
collected from 2009 to 2011.Little Waterhouse Lake (LWL) = solid triangles and
Ringarooma Wetland (RL) = open squares.

63

Fig. 4 The dbRDA plot of macroinvertebrate assemblages at Little Waterhouse Lake (LWL;
solid triangle) and Ringarooma Wetland (RL; solid circle) from 2009 to 2011. Vectors
indicate the influence of water quality attributes: pH, electrical conductivity (EC), Total
Phosphorus concentration (Total P), Total Nitrogen concentration (Total N) and turbidity on
explaining the variation in assemblages (richness and abundance).
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4.Discussion
Results indicated that the composition of macroinvertebrate assemblages (based on
family data) differed between wetlands but not between habitats (within wetlands), between
seasons or between years. The lack of significant variation in the composition of
macroinvertebrate assemblages among habitats was unexpected, because some studies have
found that wetland macroinvertebrates are responsive to variation in the composition of plant
communities, which are often used to define within-wetland habitats (Nicolet et al. 2004,
Stenert et al. 2008, Batzer 2013).However, results agree with Kratzer and Batzer (2007) who
found little variation among habitats. The two study wetlands were relatively shallow and the
fact that many wetland taxa are highly mobile and can easily move (swim) between shallow
habitats (Cheal et al. 1993) may explain results.
We did not detect significant variation in water quality between seasons or between
years but there were some differences between wetlands. Little Waterhouse Lake was more
saline and had a higher pH while Ringarooma Wetland had higher concentrations of total N
and total P. These differences are displayed in the dbRDA plot (Fig 5). The differences in
assemblages may be attributed to the differing conductivities of the wetlands, with
Chiltoniidae (the most dominant family at Little Waterhouse Lake and more dominant than at
Ringarooma Wetland) being more tolerant of saline conditions(MDFRC 2015).
The lack of temporal variation was somewhat unexpected because the wetlands are
within a climatic region that experiences distinct seasons. Macroinvertebrates have been
found to change seasonally in temporary wetlands (Brooks 2000, Hillman et al. 2002, Davis
et al. 2010, Sim et al. 2013), however, no clear seasonal patterns have been observed in some
permanent wetlands (Kratzer and Batzer 2007, Batzer 2013). Results may be explained by the
fact that although considerable variation in depth was observed over the study period, both
wetlands displayed permanent water regimes, i.e., neither wetland dried completely.
We did not observe significant inter-annual variation in the composition of
macroinvertebrate assemblages, despite 2009 following a drier than average trend (RPDC
2003) with depths returning to maximum levels in spring 2011. A study of the Great Lakes
wetlands in Canada found year to be a significant temporal factor in macroinvertebrate
community structure (Cooper et al. 2013). However, the Great Lakes study was conducted
over a much longer period than ours (15 years). I hypothesised that the observed variation
was most likely caused by lake-scale environmental drivers that included a decline in water
levels, with responses of macroinvertebrate communities delayed by one to two years.
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Earlier studies of the macroinvertebrate fauna of Australian wetlands recommended
that multiple habitats should be sampled to represent the variability present within a wetland
(Cheal et al. 1993, Davis et al. 2006). I found no significant differences between the habitats
sampled in this study indicating that a single sample incorporating a minimum of the four
habitats may be sufficient when using a rapid bioassessment method to assess wetland
condition. In accordance with Kratzer&Batzer (2007) I suggest that the extra effort required
to collect and process individual samples from different wetlands habitats is not warranted for
the purpose of bioassessment in permanent temperate wetlands. Instead, a composite sample
can be collected that encompasses the full range of habitats present. However, the
information provided by sampling and analysing multiple wetland habitats is likely to be
important if working at the local wetland scale, for example, to assess the success of wetland
restoration activities, or to describe the ecological character of a specific wetland. Results
support the suggestion of Reynoldson et al. (1997) for bioassessment of rivers and lakes, i.e.
considering each waterbody to be a single entity, rather than sampling multiple sites within a
waterbody, appears to be the most efficient and cost effective means of assessing the
condition of a large number of wetlands over regional or continental scales.
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5.Conclusion
We collected macroinvertebrate samples from four habitats, in two permanent
freshwater wetlands in northern Tasmania, in the austral spring and autumn, over three years
(2009-11) using a rapid bioassessment protocol. Results indicated that there were significant
differences in the composition of macroinvertebrate assemblages between the two wetlands
but not between habitats within a wetland, between seasons and between years. This
suggested that I could use „wetland‟ as the main sampling unit in a larger project to develop a
predictive model for evaluating wetland condition, using macroinvertebrates as indicators and
a reference condition approach.
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Appendix A
Rapid assessment methods are increasingly seen as central for the implementation of
freshwater bioassessment and monitoring programs. Rapid assessment methods for sampling
macroinvertebrates are established worldwide for lotic environments but are limited for lentic
wetlands, especially in the temperate regions of south eastern Australia.In this study, my aim
was to consider the influence of spatial and temporal variability on the application of a rapid
assessment method for wetlands in a range of landforms, building upon the knowledge
acquired from the pilot study. To do this, macroinvertebrates were collected using the rapid
assessment method described in Chapter 3 but from wetlands representing a range of
landforms, and two seasons. The six month sampling period included the austral spring and
autumn. Macroinvertebrate data were examined to identify any relationships between
assemblages and site (the position of the wetland in the landscape), habitat, seasons or
landform using the methods outlined in sections 2.2, 2.3 and 2.4.To do this, 40 samples were
collected from four discrete habitats in five wetlands, in the austral spring 2011 and autumn
2012. Sites represented basin wetlands on flat plains, undulating plains, low, medium and
high hills in central and north eastern Tasmania. These wetlands were considered to be in
best available condition in spring 2011. Best available condition was defined as: 1) the
wetland was located in a catchment with minimal soil and vegetation disturbance; and 2) all
soils and vegetation proximal (the terrestrial zone within 50m of the wetland edge) to the site
were undisturbed.
Wetlands were characterised by reasonably low turbidity (< 9.43NTU), and low total
nitrogen and total phosphorus concentrations. While, electrical conductivity ranged from
0.039mS/cm in high hills to 1.812mS/cm on the flat plains and water colour (tannins) ranged
from clear in the high hills to medium coloured on the flat plains.
Site was the only factor to significantly discriminate between the macroinvertebrate
assemblages of all wetlands (Table 1).The difference in assemblages between habitats was
greater between wetlands than it was within wetlands.
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Table 1 ANOSIM test results of macroinvertebrate richness for site, season,habitat and
landform at five Tasmanian wetlands sampled during spring 2011 and autumn 2012
Factor

Wetland dataset

Global R

P value

Site

2 (5 wetlands)

0.60

P 0.10

Season

2 (5 wetlands)

-0.24

P 94.4

Habitat

2 (5 wetlands)

0.13

P 0.60

Landform

2 (5 wetlands)

0.56

P 0.37

The results of this independent second dataset support the findings from the three year
study of Little Waterhouse Lake and the Ringarooma Wetland. I collected macroinvertebrate
samples from four habitats, at five permanent freshwater wetlands, in the austral spring 2011
and autumn 2012, using the same rapid assessment method employed at Little Waterhouse
Lake and the Ringarooma Wetland. Results suggest that there are significant differences in
the composition of macroinvertebrate assemblages between wetlands but not between
habitats within wetlands, or between seasons. This suggests that I could use „wetland‟ as the
sampling unit to collect macroinvertebrate data from a larger quantity of wetlands, for the
development of a predictive model for evaluating wetland condition, using
macroinvertebrates as indicators and the reference condition approach.
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Abstract
One means of conserving wetlands is to designate the area around them as „protected‟.
Although many different types of protected areas exist, ranging from international (Ramsarlisted) to local importance, there is little information on how the type of protection influences
biodiversity conservation. Studies of the effectiveness of protected area systems are a
priority, if we are to understand their importance and design systems effectively. Many
Tasmanian wetlands are regarded as having high to very high conservation values with more
than 60% located within protected areas. This study tested macroinvertebrate richness and
assemblage responses to a range of environmental attributes and differing types of protected
area status at 66 protected Tasmanian (Australian) wetlands. Two hundred and eighteen taxa
were identified with an average of 33 species (or morphospecies) and 18 families recorded
per wetland. The wetland assemblages were idiosyncratic, four families contributed 21% of
the total recorded and only two families contributed greater than 10%. Wetlands were not
significantly nested on the basis of the composition of their macroinvertebrate assemblages.
No single environmental attribute had a strong relationship with macroinvertebrate richness
or assemblage composition and neither species richness nor assemblage composition varied
significantly between different types of protected areas. Although the majority of protected
area types were designed to support terrestrial conservation objectives rather than wetland
values, our results suggest that the latter were also afforded protection. The state of the
proximal zone (the terrestrial zone within 50m of the wetland edge) and the type of aquatic
habitat present (macrophyte or sediment-dominated substrates) were the most important
determinants of macroinvertebrate richness and assemblage composition across all types of
protected wetlands. These results suggest that for temperate austral wetlands located within
protected areas, the macroinvertebrate fauna will be best conserved by minimal disturbance
of proximal lands.

Keywords: Ramsar wetlands, World Heritage Area, wetland conservation
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1.Introduction
Wetlands are globally important ecosystems, occupying 6% of the Earth‟s surface and
supporting approximately 20% of all living organisms (Zhao and Song 2004). Yet in the last
century almost half of the world‟s wetlands have disappeared as a result of urban and
agricultural development (MEA 2005). Many types of wetlands exist. They may be natural or
artificial, permanent or temporary, with water that is static or flowing, fresh, brackish or
saline (Ramsar Convention 1987). Wetlands provide vital habitats for a range of biota as well
as ecosystem services for human communities. Wetland basins form on an array of
landforms, with different water regimes, and their hydrology influences physical and
chemical processes within the water column. Wetlands often have a well-defined zonation
with terrestrial and semi-aquatic fringing vegetation at the landward edge of the wetland,
emergent and submerged macrophytes in shallow habitats and floating plants and open water
regions in deeper areas (Boulton and Brock et al., 2014). Wetland ecosystems span a gradient
between terrestrial uplands and truly aquatic habitats but the ecological patterns and
processes in wetlands differ from those of both terrestrial environments and deeper waters
(Mitsch and Gosselink 2007).
Direct drivers of wetland loss (estimated to be 50% globally since 1900) and
degradation, worldwide, include changes in land use and land cover, water extraction and
changes in water regimes, infrastructure development, pollution, invasive species and climate
change (MEA, 2005). The fundamental drivers of these impacts are global population growth
and increasing economic development. For wetlands in the southern Australian island state,
Tasmania, where this study was located, Kirkpatrick and Tyler (1988) found that many
wetlands, particularly in the central highlands region, had been „drowned‟ by artificial
impoundments created for the generation of hydroelectricity in the first half of the 19th
century. Wetlands elsewhere in the state had been drained for agricultural purposes and
estuarine wetlands had been lost through urban landfill. Many wetlands were grazed by
domestic stock and affected by a variety of recreational pursuits including fishing, duck
shooting, boating and off road vehicle use. Urbanisation, mining, agriculture and forestry
have increased surface run-off from exposed soils, elevating the sediment and nutrient loads
entering Tasmanian waterways (Edgar and Barret et al., 2000). Water quality and aquatic
habitats of both standing and flowing waters have been negatively affected, especially in
lower watershed areas (Edgar et al., 2000).
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The Australian federal and state governments support biodiversity conservation
through various types of land protection, which, either directly or indirectly, includes the
protection of wetlands (Table 1). Tasmania has approximately 2.5 million hectares of
reserved (protected) land. The Tasmanian Wilderness World Heritage Area (WHA) covers
about 20% of the island state and is one of the largest conservation reserves in Australia
(PWS 2014).The WHA includes many wetlands. Important wetlands in Australia are listed in
the Directory of Important Wetlands Australia (DIWA 2014) which is a useful database for
natural resource planners and wetland managers. Australia has 65 wetlands listed as Ramsar
sites, 10 of which are in Tasmania and are managed for conservation. Other forms of
designated protected areas in Tasmania that contain wetlands include national parks, forestry
reserves and several forms of public and private land reserves (Table 1). Sixty per cent of
Tasmanian wetlands are identified as having high to very high conservation value and are
located in protected area reserves, with 26% in other public land and 14% in private land
(DPIPWE 2010).
Species level information is required to maximise conservation planning, however, at
a global level, information on species is often lacking (Westgate and Barton et al., 2014).
Environmental attributes influencing patterns of species richness and distribution differ
among taxa (Kirkman and Smith et al., 2012). Congruence among taxa is often related to
environmental gradients with most major terrestrial and freshwater groups richer in tropical
regions than in temperate, at low elevations than at high and in forests than in deserts(Gaston
2000).In addition to environmental factors, a range of taxa should be used for assessing
conservation practises as a subset of taxa may not accurately represent biodiversity (Westgate
et al., 2014). Recent studies have sought to determine congruence among wetland
macroinvertebrate taxa (Ruhí and Batzer 2014) and to identify core wetland taxa globally
(Batzer and Ruhí 2013).
Macroinvertebrates are a diverse group of taxa and they occur in a wide range of
wetland types, however, knowledge of the factors that influence the structure and function of
wetland macroinvertebrate assemblages is inconsistent (Batzer 2013). The location, depth,
volume and water quality of the wetland, drive the physical processes that in turn define the
habitats that support aquatic biota (Boulton and Brock et al., 2014). Various factors,
including hydroperiod, wetland vegetation, water quality, disturbance and biotic interactions
such as predation have all been found to influence the composition of wetland
macroinvertebrate assemblages (Pinder et al. 2004, Stenert et al. 2008, Davis et al. 2010,
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Maltchik et al. 2010, Batzer 2013, Sim et al. 2013, Chessman and Hardwick 2014, Meyer et
al. 2015). Macroinvertebrates are considered to be useful ecological indicators, because they
are present in almost all freshwater systems, are easy to collect and identify and assemblages
are known to change in response to human-induced stressors (Bailey and Norris et al., 2004).
The concept of using macroinvertebrates indicators for ecological condition assessment,
especially rivers has evolved rapidly since the 1970s, with national river bioassessment and
monitoring programs used in Australia, Canada, North America and the UK and smaller
programs applied in Spain, Portugal and Scandinavia (Bailey and Simon et al., 2014,
Reynoldson and Strachan et al., 2014).
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Table 1 Definitions and descriptions of Protected Area Types (PAT) for Tasmanian wetlands
sampled in the austral spring, 2012.
Protected
Area

Definition

Region

Description

World
Heritage
Area

Areas of land formally
recognised through World
Heritage listing. Most areas
were listed in 1982. Managed
under the Tasmanian
Wilderness World Heritage
Area Management Plan 2002
according to the International
Union for Conservation of
Nature (IUCN).

Central
highlands

Wet sclerophyll
state forest
dominated by
Eucalyptus spp.
Restricted seasonal
public access for
recreational
purposes, stock
exclusion, marginal
soils, cold climate.

National
Park

National Parks and other
Reserves are declared under
the Nature Conservation Act
2002 that sets values and
purposes of each reserve class.
They are managed according
to the National Parks and
Reserves Management Act
2002 and the International
Union for Conservation of
Nature (IUCN).

Coast to
central
highlands

Wet sclerophyll
state forest
dominated by
Eucalyptus spp.
Limited public
access for
recreational
purposes, stock
exclusion, marginal
soils, cold climate.

High-moderate species
richness, highmoderately diverse
assemblages

Public Land
Reserve

Areas of governing districts
reserved land created under
the Crowns Land Act 1976 in
an order signed by the
Minister.

Lower
watershed

Dominated by
native vegetation.
Limited public
access for
recreational
purposes, stock
exclusion, varied
climate and soils,
varied watershed
land use, generally
in agricultural or
urban areas.

High-moderate species
richness, moderately
diverse assemblages

Directory of
Important
Wetlands in
Australia

A database (established in
1993) that identifies nationally
important wetlands, providing
a knowledge base for land
managers. The criteria for
inclusion were agreed by
ANZECC Wetlands 1994.

Coast and
lower
watershed

High-moderate species
richness, moderately
diverse assemblages

Private Land
Covenant

Wetlands are protected
through a perpetual
conservation covenant, signed

Central
and north
eastern

Dominated by
native vegetation.
May have limited
access, stock
exclusion, varied
climate and soils,
varied watershed
land use, generally
in agricultural or
urban areas.
Regeneration of
native vegetation.
May have limited
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Predicted
macroinvertebrate
richness and
assemblage
composition
High species richness,
very diverse
macroinvertebrate
assemblages

Intermediate species
richness, lowmoderately diverse

by the landowner and the State
Government to manage the
land for nature conservation.
Covenants are legally binding
under the Nature Conservation
Act 2002 and registered on the
land title.

Tasmania

access, stock
exclusion, varied
climate and soils,
varied watershed
land use, generally
in agricultural or
urban areas.

assemblages

Forestry
Reserve

Areas managed under the
Tasmanian Forest Practises
code (Forest Practices
Board1997/2000), a code of
environmental practice
enforced under the Tasmanian
Forest Practices Act (1995).
Mandatory riparian reserves
and limited public access.

Lower
watershed
to central
highlands

Native wet
sclerophyll state
forest dominated by
Eucalyptus spp.
Mandatory riparian
reserves, stock
exclusion, limited
public access.

Low species richness,
homogenous
assemblages

Tasmanian
Land
Conservancy
property

Lands that have been
purchased specifically to
protect areas of high
conservation value. This
delivers long-term security for
native species and ecosystems
that are not adequately
protected by other means.

Central
highlands

Wet sclerophyll
state forest
dominated by
Eucalyptus spp.
Year round
restricted access,
stock exclusion,
marginal soils, cold
climate.

Intermediate species
richness, lowmoderately diverse
assemblages.

The aim of this study was to determine the influence of differing types of protected
area status and environmental attributes on the richness and composition of wetland
macroinvertebrate assemblages. This was done by analysing data collected from 66
Tasmanian wetlands in best available condition. The results of our study will help guide the
development of policy, planning and management to support wetland conservation both
locally and further afield. Information from this study will provide a baseline dataset for
future wetland monitoring undertaken to determine the effectiveness of conservation actions
and the impacts of climate change.
We would expect wetlands located within the Tasmanian World Heritage Area
(WHA) to be in near pristine condition and support the richest and most diverse
macroinvertebrate assemblages because they are subject to the lowest levels of human
influence and afforded the greatest management effort. Wetlands within National Parks and
Public Reserves are also expected to be in good condition but may support less rich and
diverse assemblages than those located within the WHA because they are less remote and
subject to a greater amount of human activity The condition of wetlands listed with the
DIWA and within Private Land Covenants, could vary considerably because the
responsibility for wetland management belongs to a variety of different types of land81

managers (both public and private), although guidelines are in place to assist with best
conservation management practices. We find it difficult to predict the richness and diversity
of wetlands on properties owned and managed by Tasmanian Land Conservancy (TLC)
because although these properties now have strict management guidelines, many were
acquired following forestry activities (logging). We would expect wetlands in Forestry
Reserves to be moderately to highly disturbed when logging operations occur. These
wetlands would be expected to recover well when there are long intervals (rotations) between
logging episodes. The wetlands in this study were in Forest Reserves that had not been
logged within last 20 years. Overall, we predicted that macroinvertebrate richness and
diversity would be highest in wetlands located within areas with the highest levels of
protection (World Heritage Areas and National Parks), lower richness and diversity in
wetlands with less protection from human activities, and lowest in wetlands that are afforded
no legal protection, are managed privately or are periodically disturbed (state forests).We also
acknowledge that macroinvertebrate richness and diversity may be unrelated to levels of
protection or disturbance but may vary according to changes in climate, topography or
hydrological regime across the study region.
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2.Materials and methods
2.1. Study area and selection of wetlands

Fig. 1 Map of Tasmania showing the location of 66 wetlands sampled for macroinvertebrates
and environmental attributes in the austral spring, 2012.Wetlands are labelled with a unique
number which is linked to wetland attributes in Appendices A, B and C. Black diagonal lines
denote World Heritage Areas (WHA). Rainfall isohyets (grey lines) are shown at 100 mm
intervals below 2000 mm and at 20 mm intervals above 2000 mm. The location of Tasmania
in relation to mainland Australia is shown on the upper map.
Tasmania (Fig. 1) has a land area of 68 000 km2 and a stable population of
approximately 515 000 (7 people/km2) (ABS 2014). Annual rainfall varies across the island
from 600 mm in the north-east to 3000 mm in the south-west. A range of shallow, standing
waters are present, including glacially formed wetlands in the highlands, and deflation basins,
interconnected coastal wetlands of combined marine, glacial and aeolian origin and
floodplain wetlands in the lowlands (Dunn 2005). These wetlands contain distinct wetland
plant communities and a high proportion of endemic plant species (Kirkpatrick and Harwood
1983, Kirkpatrick and Tyler 1988). Many of the wetlands are in near-pristine condition, most
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likely because of the island‟s unique combination of climate, geology, geomorphology and
low human population density (Dunn 2005).
The focus of this study was on wetlands in best available condition or reference
condition, in protected areas. Sites in reference condition are considered to those minimally
exposed to human stressors (Bailey et al., 2004). Best available condition is a term coined to
capture the reality of selecting sites in reference condition, i.e. sites that are not affected by
human-induced stressors (Bailey et al. 2014, Reynoldson et al. 2014) for bioassessment
purposes and recognises that almost all accessible sites have been subject to some form of
human-induced stress. We used three selection criteria to select wetlands in best available
condition: i) a form of protected area status existed that included and surrounded the
wetland; ii) the immediate watershed had no or minimal soil or vegetation disturbance; and
iii) there were undisturbed soils and vegetation in a proximal zone of 50 meters from the
wetland. As part of a larger study, an attribute-based typology and ground truthing were
used to select wetlands meeting these criteria.

Wetland / waterbody
Tidal

non tidal

<30% surface water

>30% surface water
palustrine

Waterbody not suitable

fringing vegetation

4 habitats

lacustrine

no fringing vegetation

< 4 habitats

<3meters deep
4 habitats

>3meters deep

< 4 habitats
Waterbody not suitable

Wetland is suitable

Wetland is suitable

Fig. 2 Decision tree illustrating the hierarchical rule set developed for selecting freshwater
wetlands for inclusion in this study.
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A total of 66 protected wetlands in best available condition were selected, from
approximately 20 000 polygons representing wetlands and waterbodies, in spatial datasets
held by the state government (DPIPWE 2008). Freshwater wetlands in best available
condition, with optimum macroinvertebrate habitat were identified according to a hierarchical
rule set (Fig. 2). The presence of multiple habitats based on vegetation zones defined by
Cowardin et al. (1979) was considered to maximise the diversity of macroinvertebrates
present (Table 2). A mapping and inventory process was undertaken to obtain a set of
wetlands encompassing the variation in landforms and water regimes across the study area.
Some wetlands selected in the central highlands are surface water resources regulated for the
generation of hydroelectricity and are stocked with exotic fishes: brown trout (Salmo trutta)
and rainbow trout (Oncorhynchus mykiss), to support recreational fishing. These wetlands
were included in this study because there was little evidence of major negative impacts and
very few wetlands would have been available for study otherwise. Our study design did not
enable us to investigate differences in the composition of macroinvertebrate assemblages
between protected and non-protected wetlands. We subsequently added a family level dataset
(available from a preceding study) that had been collected with identical methods for a small
number of non-protected wetlands (six) that were also in best available condition. This
additional dataset was included to support a preliminary assessment of the effect of protected
area status versus no formal protection on wetland macroinvertebrate assemblages.
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2.2 Protected area types and environmental attributes
Table 2 Wetland attributes recorded and watershed attributes collated for each wetland.The
categories for Protected Area Type, Proximal Zone, Water Regime and Dominant Habitat
variables are defined in Tables 1 and 3. The GIS database is held by the Conservation of
Freshwater Ecosystems Values program within the Tasmanian State Government (DPIPWE
2008).
Attribute
scale

Attribute

Attribute measure

Instrument/analytical
method/ data source

Wetland

Water temperature

0 Celsius

Thermometer

Wetland

pH

pH

WTW 3110 meter

Wetland

Conductivity

µS/cm

WTW 3210 meter

Wetland

Turbidity

NTU

HACH 2100Q

Wetland

Total nitrogen

mg/L

APHA Standard Method,
University of Canberra

Wetland

Total phosphorus

mg/L

APHA Standard Method,
University of Canberra

Wetland

Substrate composition

Categorical

Field assessment

Wetland

Surrounding vegetation

Categorical

Field assessment

86

Wetland

Proximal zone

Categorical:

Field assessment

Wetland

Protected area type

Categorical

Fieldassessment

Wetland

Water regime

Hydoperiod

Field assessment

Wetland

Dominant habitat

Macrophyte-dominated or
Sediment-dominated

Field assessment

Watershed Surrounding subwatershed landuse

Categorical

Field assessment

Watershed Soils

Acid Sulphate Soil type

GIS

Watershed Site Coordinates

latitude and longitude

GIS

Watershed Rainfall zone

mm per annum

GIS

Watershed Landform

type

GIS

Watershed Land tenure

Protected area type

GIS

Watershed Vegetation

group

GIS

Watershed Watershed land-use

type

GIS
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Table3 Description of Water Regime, Dominant Habitat and Proximal Zone categories
defined for wetlands sampled in the austral spring 2012 in central and north eastern
Tasmania.
Category

Description of category

Water Regime

Permanent

Water is always present.

Seasonal

Contains water on a predictable seasonal cycle and dries during summer
or autumn each year.

Dominant Habitat

Macrophytes

Habitat is dominated by emergent or submerged plants.

Sediments

Habitat is sediment (not plant) dominated, substrate sediments include:
silt, sand, gravel, pebble, cobble or boulder.

Proximal Zone

Undisturbed

No obvious signs of human activities in proximal area (50 meters).

Disturbed

None of the following activities present within 50 meters of the wetland:
visible signs of recreational activity; vegetationclearing; earthworks;
cropping; grazing or contains CyprinidaeCyprinus sp.(carp).

Rehabilitated

Proximal protection provided by fencing or planting of vegetation and
no obvious human activities.
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Using Environmental Systems Research Institute ArcMap10 (GIS), watershed and
wetland attributes were collated for protected and non-protected wetlands (Table 2) from
existing spatial data from the Conservation of Freshwater Ecosystem Values database held by
the Tasmanian government (DPIPWE 2008), some of the attributes that were not available
spatially were determined from a range of other sources (French 1987,
Environment_Australia 2001).For attributes not available from these sources (Water Regime
(WR), Dominant Habitat (DH) and Proximal Zones (PZ); Table 3), data were collected at the
same time as the macroinvertebrates were sampled and water quality parameters were
measured. Using GIS, seven categories of Protected Area Type (PAT) were derived primarily
from land tenure data and staff from Tasmanian Government agencies, and assigned for each
wetland (Table 1). We did not have the resources to quantitatively sample wetland fish
assemblages in our wetland study, however, we were able to determine the presence of
introduced fish (Salmo sp.) from a range of sources. These included visual observations made
whilst sampling macroinvertebrates, advice provided to trout fisherman (French 1987),
information provided on websites (www.bonzle.com accessed 2015;
www.environment.gov.au accessed 2015; www.parks.tas.gov.au accessed 2015) and local
knowledge provided by members of fishing clubs.
2.3. Collection of macroinvertebrate samples and water quality data
All protected wetlands (66) were sampled in the austral spring of 2012 and the six nonprotected wetlands in the austral spring of 2011. Two macroinvertebrate samples were
collected from each study wetland using a rapid assessment method, described as follows.
Samples were collected by sweeping a long-handled, D-shaped, 250-µm mesh net, in a zigzag motion from the substrate and through the water column to the water surface for two
minutes per habitat. The 250-µm mesh was small enough to retain macroinvertebrates and
some microinvertebrates (Ostracoda, Copeoda, Cladocera and Collembola). The substrate
was not actively disturbed beyond moving the D net among macrophytes. Four habitats were
sampled: i) fringing vegetation samples were taken from the waters-edge and approximately
one meter into the waterbody, containing trees or shrubs at the high water mark or
macrophytes and grasses at the low water mark; ii) emergent macrophyte samples were taken
from deeper water, moving away from the fringing zone and among the emergent
macrophytes, containing a mixture of plants; iii) submerged macrophyte samples were taken
from deeper water moving away from the emergent zone, containing mixed plants to a depth
where light ceased to penetrate sufficiently to sustain plant growth (in shallow wetlands, this
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was to a depth were the plants life cycle was entirely underwater); and iv) open water column
samples were taken from deeper water lacking submerged macrophytes to a depth of 1.5
meters (in shallow wetlands this was above submerged macrophytes). Samples from the
fringing and emergent habitats were combined to form sample 1 and the submerged
macrophyte and the open water habitat samples were combined to form sample 2 (Table 2).
The procedure for the onsite sorting of macroinvertebrates was based on Ausrivas sampling
methods and previous studies (Davis et al. 2006, Cheal et al. 1993). Testing was performed
by Ausrivas accredited people maintaining a consistent data standard with the field sorting
process. Collection was initially limited to 20 individuals of plentiful taxa to ensure all types
of taxa were sorted and to avoid bias toward picking larger, more mobile taxa. Common taxa
were initially limited to 20 individuals to prevent the bigger, more mobile taxa that often
obscure the smaller or less mobile taxa, from being over picked and the other taxa missed.
Once the entire contents of the sample had been examined, previously limited taxa were then
added to the sample. Common taxa were not limited to 20. Any remaining taxa after the
minimum picking period of 30 mins, were estimated into abundance categories and later used
to calculate relative abundance. A minimum number of 200 individuals was collected, unless
there were insufficient specimens present to achieve this. All samples were sorted on site and
preserved in 80% ethanol. All sampling and macroinvertebrate identification was undertaken
by the same individual (lead author) to maintain consistency. The relative abundance of any
unpicked taxa was estimated and recorded into four categories: 0–20, 21–50, 51–100 and
>100 individuals. All samples were sorted on site and preserved in 80% ethanol. All
sampling was undertaken by the same individuals (lead author and assistant) to maintain
consistency across all sites. Electrical conductivity, pH and turbidity were measured at each
macroinvertebrate sampling site, using hand-held meters (Table 2). Water samples were
collected for the analysis of total nitrogen and total phosphorus concentrations using standard
methods at the Institute for Applied Ecology, University of Canberra, Australia. At the time
of this study there was no simple to use colour chart for describing tannins in temperate
wetlands. I collected and retained water samples representing the five levels of tannins I
described.
Macroinvertebrates were subsequently identified to the lowest taxonomic level with the
aid of a stereo-microscope and macroinvertebrate keys. Oligochaeta were identified to order
only. Hydracarina, Ancylidae, Lymnaeidae, Glacorbidae, Phreatoicidae, Elmidae, Scirtidae
and Turbellaria were identified to family or sub-family. All other specimens were identified
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to genus, species or morpho-species, using relevant keys (Hynes 1989, Harvey and Growns
1998, Dean 1999a,b, St Clair 2000a,c,b, Hawking 2001, Lansbury and Lake 2002,
Theischinger 2002, Watts 2002, Gooderham and Tsyrlin 2003, Dean and St Clair et al., 2004,
Madden 2010, EPA 2012) and assistance from taxonomic experts.
2.4. Data analysis
We used ANOVA‟s and Tukey multiple comparisons of means (95% confidence
level) using pairwise differences, to compare macroinvertebrate richness (at taxonomic levels
of species and family) between categories of protected area types, between dominant habitats,
between proximal zones and between water regimes as described in Table 3 (Quinn and
Keough 2002). A Bartlett test was used to ensure assumptions of homogeneity of variances
were met prior to each ANOVA. All univariate statistical analyses were performed with R
(R_Development_Core_Team 2014). Multivariate analysis was undertaken using routines in
the Primer + Permanova (V6.1.13/PRIMER-E Ltd., Plymouth, UK) software package to
explore patterns in the macroinvertebrate assemblage data and to identify relationships
between assemblages and the 19 environmental attributes listed in Table 2.The two
macroinvertebrate samples taken from each wetland were combined to produce a single
resemblance matrix (Bray-Curtis dissimilarity) based on presence-absence data and using
individual wetlands as replicates. We compiled summary statistics on the numbers of taxa
and individuals per site.We did exploratory analysis on the macroinvertebrate dataset to
quantify any variation in composition, to identify the nature of this variation and to determine
any overlap between species that occur in species-rich and species-poor wetlands. Measures
of the nestedness of species (based on presence-absence data) were calculated using the
nestedness program ANINHADO (Guimaraes and Guimaraes 2006). The NDOF metric
(Almeida-Neto and Guimaraes et al., 2008) calculates nestedness independently among rows
and among columns which allows the calculation of nestedness among sites or taxa.
The environmental attributes listed in Table 2 were added as factors to the
macroinvertebrate resemblance matrix in Primer + Permanova and individually tested in all
multivariate routines. Multi-dimensional Scaling (MDS, Bray-Curtis similarity, 25 restarts,
Kruskal fit 1, minimum stress 0.01 and configuration plot selected) was used to visually
contrast wetlands based on macroinvertebrate assemblages at family and species levels for
each factor. This is a straight forward way of comparing sites, as those grouped are similar
and those far apart are different (Clarke and Warwick 2006). To test for assemblage
differences between groups of wetlands and each factor, Analysis of Similarities (ANOSIM,
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one way, single factor, 999 permutations) was used. We then used the SIMPER routine
(Bray-Curtis, single layout) to identify the main taxa contributing to the compositional
differences between groups of wetlands for each factor. Prior to testing for significant
relationships between groups of environmental attributes (Table 2) and macroinvertebrate
assemblages, the attributes were added to Primer + Permanova as a data matrix with a square
root transformation, followed by normalisation to place all attributes on similar scales in a
resemblance matrix with a Euclidean distance measure. Permanova, is a routine for testing
simultaneous responses of variables to factors (Anderson and Clark et al., 2008) and we used
Permanova to identify any significant variation between categories of Protected Area Types,
Proximal Zones, Dominant Habitats and Water Regimes.We used the routine BEST (BioEnv,
resemblance matrix, 99 permutations, rank correlation = Spearman, maximum number of best
results = 10) to determine the most influential environmental attributes and the percentage
each attribute contributed to the composition of the assemblage. Distance based Redundancy
Analysis (dbRDA, number of RDA axes = 10) was used to determine the greatest
discrimination among groups of wetlands and to assess the statistical significance of the
relationships between macroinvertebrate richness and relative abundance data resemblance
matrices and environmental attributes.
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3. Results
Table 4 Number of study wetlands in categories of Protected Areas, Water Regime,
Dominant Habitats and Proximal Zones.
Category

Number of wetlands in study

Protected Area
National Park

19

Tasmanian Land Conservancy

7

Directory of Important Wetlands in Australia

10

Private Land Covenant

10

Public Reserve

12

World Heritage Area

5

Forestry Reserve

4

Water Regime
Permanent

57

Seasonal

9

Dominant habitat
Macrophytes

45

Sediments

21

Proximal Zone
Undisturbed

32

Disturbed

14

Rehabilitated

20

The 66 protected Tasmanian wetlands (Appendix A) sampled in spring 2012 included
representatives from seven different types of protected areas and the landforms present across
the study region (floodplains, undulating plains, low, mid and high slopes; Table 4). Three
wetlands were listed as Ramsar sites (these were included within Protected Area Types).
Rainfall ranged from 451 to 1668 mm per year and elevation ranged from sea level to 1161
metres above sea level. The majority of wetlands (56) sampled had a permanent water regime
while ten displayed a seasonal drying pattern. More wetlands were macrophyte-dominated
(45) than sediment-dominated (21) (Table 4), only small patches of mixed macrophyte
species were present in the latter. The proximal zone was undisturbed at 32 wetlands, while
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14 wetlands displayed some evidence of disturbance from human activities, mainly from
vehicle access. Rehabilitation of the proximal zone in the form of fencing to allow natural
regeneration had occurred at one third of the wetlands (Table 4). The six non-protected
wetlands sampled in spring 2011 were located on floodplains, undulating plains and low
slopes within lower areas of the study watersheds. All had a permanent water regime,
macrophyte-dominated habitats and an undisturbed proximal zone.

Table 5 Macroinvertebrate taxa occurring in > 50% of wetlands, listed in order of dominance.
Taxon

Percentage of wetlands that taxa occur in order of dominance

Chironominae

90.9

Dytiscidae

87.9

Leptoceridae

86.4

Tanypodinae

84.8

Ceinidae

80.3

Corixidae

78.8

Orthocladiinae

66.7

Hydrachnidae

63.6

Oligochaeta

56.1

Planorbidae

53.0

Coenagrionidae

51.5

Hydrophilidae

51.5

Lestidae

51.5

Two hundred and eighteen macroinvertebrate species (or morpho-species) belonging
to 95 families were recorded from the 66 protected wetlands (Appendix C). These included
eight families of Mollusca, seven Crustacea and 79 Insecta. An average of 33 species were
collected per site, with a range of 9 - 55 taxa. An average relative abundance of 496
individuals per wetland was recorded and richness increased with abundance. Wetlands with
a permanent water regime contained from 9 to 55 species and wetlands with a temporary
water regime contained from 18 to 55 species. Sixty one per cent of the species occurred at
four or less sites and so were considered rare (Norris and Lake et al., 1982, Marchant 2002)
(Table 5). Seventy one species occurred only once. Twenty one species occurred at 30% of
the sites and could be considered the „core‟ macroinvertebrates for the 66 wetlands
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(Batzerand Ruhí, 2013).Overall our dataset (species presence-absence) was not significantly
nested (P = 0.98 Er model;P = 1.00 Ce model).
The most commonly recorded families were Leptoceridae, Ceinidae, Hydrachnidae and
Corixidae. These families, in combination, accounted for 21% of the total abundance.
Chironominae and Dytiscidae were the most widespread taxa occurring at 91% and 88%
respectively of wetlands. There was little evidence of dominance by any particular family
across the wetlands, with 25 families accounting for 90% of the total families present. Over
the 66 protected wetlands we recorded eight families of Mollusca, seven Crustacea and 79
Insecta.Of the Insecta families, four were Coleoptera and eight were Hemiptera (Appendix
C). Thirty five wetlands contained at least one family of Mollusca, 53 at least one family of
Crustacea and 60 contained Insecta. A number of species in the families Leptophlebiidae and
Phreatoicidae and order Trichoptera appeared to be new, having not been described or
confirmed from elsewhere in Australia. Some species of Ostracoda and Gyrinidae had been
recorded from the Australian mainland but represented new records for Tasmania.
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Fig. 3a

Fig. 3b
Fig. 3 (a) Differences in the number of macroinvertebrate taxa recorded from the 66
Tasmanian wetlands sampled in the austral spring, 2012 with different types of protected area
status (x-axis); and (b) Differences in the number of families of macroinvertebrates recorded
at wetlands with different types of protected area status (x-axis). The horizontal lines inside
the boxes represent the medians, the top and bottom edges of the boxes represent 25–75%
quantiles, and whiskers represent the range of the data.
96

Fig. 4 Differences in the number of macroinvertebrate taxa recorded from the 66 Tasmanian
wetlands sampled in the austral spring, 2012, with differing proximal zones(x-axis). The
horizontal lines inside the boxes represent the medians, the top and bottom edges of the boxes
represent 25–75% quantiles, and whiskers represent the range of the data.
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Fig. 5 Differences in the number of species of macroinvertebrates recorded from the 66
Tasmanian wetlands sampled in the austral spring, 2012 dominated by macrophytes or
sediments. The latter includes combinations of clay, silt, sand, gravel, pebble, cobble or
boulder. The horizontal lines inside the boxes represent the medians, the top and bottom
edges of the boxes represent 25–75% quantiles, and whiskers represent the range of the data.
The highest number of species were collected from Forest Reserves (mean = 42, SE ±
13.3) (Fig. 3a) and the highest number of families from Tasmanian Land Conservancy
reserves (mean = 21, SE ± 4.8). In contrast, the lowest number of species were recorded from
wetlands in World Heritage Areas (mean = 26.6, SE ± 7) (Fig. 3a) and Private Land
Covenants (mean = 27, SE ± 5.2) (Fig. 3a, 3b). However, Tukey tests revealed no significant
differences in species or family richness among Protected Area Types or Water Regimes (P >
0.05).Species occurring at a single site were most prevalent at wetlands in Tasmanian Land
Conservancy properties where 21 species were recorded, Public Reserves contained 14, all
other Protected Area Types had either five or eight single occurrences of a species.
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Macroinvertebrate species richness was significantly higher (P < 0.05) in wetlands with an
undisturbed Proximal Zone (mean = 38, SE± 1.6) compared to those with disturbance present
(mean = 24, SE ± 1.9). The species richness at wetlands where rehabilitation had occurred
within the Proximal Zone was intermediate between these two (Fig. 4).Wetland habitat
significantly influenced species richness, with macrophyte-dominated habitats richer than
sediment-dominated habitats (P < 0.05; Fig. 5). Fewer families (46 less) were recorded in the
non-protected wetlands than protected wetlands, however, the low sample size of the
former(six wetlands) means that we cannot attribute any statistical significance to this
result.Macroinvertebrate family richness was not significantly different between wetlands
with and without exotic fishes (Salmo spp.) or between protected and non-protected wetlands
(P >0.05).
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Protected Area Type
National Park
Tasmanian Land Conservancy
Directory Important Wetlands
Australia
Private Land Covenant
Public Reserve
World Heritage Area
Forestry Reserve

Transform: Presence/absence
Resemblance: S17 Bray Curtis similarity
3D Stress: 0.21

Fig. 6a

Dominant Habitat
Substrate sediments
Macrophyte

Transform: Presence/absence
Resemblance: S17 Bray Curtis similarity
3D Stress: 0.2

Fig. 6b
Fig. 6 Multi-dimensional Scaling (MDS) ordination of macroinvertebrate assemblages
(presence-absence transformation) from 66 Tasmanian wetlands sampled in the austral
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spring, 2012. Wetlands are coded by symbols for: a) Protected Area Types: open triangles =
National Park; closed squares = Tasmanian Land Conservancy, closed circles = Directory
Important Wetlands Australia (includes Ramsar); closed triangles = Private Land Covenant,
X = Public Reserve; star = World Heritage Area and + = Forestry Reserve; and b) Dominant
Habitat: X = sediments -dominated; and open circle = macrophyte-dominated.
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Non-protected wetland
Protected wetland

3D Stress: 0.18
Resemblance: S17 Bray Curtis similarity

Fig. 7 Three dimensional ordination (MDS) of 66 protected wetlands and 6 non-protected
wetlands showing macroinvertebrate taxa at family level.
Ordination based on species presence-absence data showed no distinct grouping of
wetlands suggesting there was no „Core‟ group of macroinvertebrates. There were no major
differences in macroinvertebrate assemblages associated with Protected Area Types (Fig. 6a),
Proximal Zones or Water Regimes. However, a separation was visible between the two types
of Dominant Habitats (Fig. 6b). The MDS ordination plot (Fig.7) indicated that the six nonprotected wetlands tended to group separately to those of the protected wetlands but
ANOSIM (Global R = 0.117, P = > 0.1) indicated that the difference between the two groups
was not significant. Thirteen taxa that occurred in more than 50% of wetlands were identified
(using SIMPER) as contributing to the compositional differences between wetlands (Table 5).
The response of wetland assemblages varied with the different categories of Dominant
Habitat and the different categories of Water Regime (Permanova: Pseudo-F 4.2, P< 0.001,
102

ANOSIM Global R = 0.254, P< 0.001;Pseudo-F 2.6, P< 0.003, Global R = 0.306, P< 0.003
respectively), Proximal Zone (Pseudo-F2.0, P< 0.001, Global R =0.159, P< 0.001 ) and to a
lesser extent Protected Area Types (Pseudo-F 1.1, P< 0.3). The assemblage patterns were
weakly related to these factors and the correlation between factors was low (Rho = 0.20, P<
0.1). Types of wetlands described by landform (Appendix A) were not significantly different
(richness or assemblage) and richness did not change significantly with latitude, longitude or
elevation (P > 0.05). No single water quality attribute had a strong relationship with the
among sample patterns of the macroinvertebrate assemblages, although in combination a
small match was evident (BEST (Bio-Env) P< 0.26). dbRDA showed fitted variation of the
water quality attributes, 31% on the X axis and 25% on the Y axis. At a watershed level,
again there was no strong relationship with any single attribute, although the combination of
landform, rainfall, latitude, elevation and longitude provided the strongest match (BEST
(Bio-Env) P< 0.2). dbRDA showed fitted variation to these attributes, 28% on the X axis and
18% on the Y axis. Relationships between macroinvertebrate assemblages (macroinvertebrate
richness and relative abundance resemblance matrices) were most influenced by the
combination of Dominant Habitats, Protected Area Types, Proximal Zones and Water
Regimes (Fig. 6) with dbRDA showing a fitted variation of 41% on the X axis and 31% on
the Y axis.Assemblages were not significantly different across the different types of
landforms (Appendix A).
4. Discussion
We used data on aquatic macroinvertebrates collected at the habitat, wetland and
regional scales to examine the influence of protected area type (Table 1) and other
environmental attributes (Table 2) on wetland biodiversity (Table 5). The number of wetlands
included in our study was relatively high (66) and they spanned a variety of landforms. None
of the watershed attributes or physico-chemical wetland attributes(Table 2) measured were
strongly associated with groups of wetlands. However, we did find small relationships with
combined water quality attributes, watershed attributes and assemblage composition. Our
prediction that we would detect higher species richness and differences in assemblage
composition between the most highly protected (global treaties and national parks) and least
protected (local reserves and private ownership) was not supported. The lack of statistically
significant differences between macroinvertebrate richness at both the species and family
level, across all types of protected areas (Fig 3a; 3b) and the lack of a discernable pattern in
the composition of macroinvertebrate assemblages between categories of protection (Fig.6a)
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suggested that all types of protection had a similar influence on aquatic invertebrates.
Although many different types of protected areas exist, there is little information on how the
type of protection influences conservation outcomes. The relatively high number of taxa
(species and morpho-species) recorded at the 66 study wetlands suggest that all types of
protected areas in Tasmania support the conservation of wetland macroinvertebrates.
We did not have sufficient data to rigorously test the effect of protected versus nonprotected area status on macroinvertebrate diversity partially because a large proportion of
the Tasmanian landscape is in some form of protection. The inclusion of six non-protected
wetlands revealed no significant difference between the composition of macroinvertebrate
assemblages or richness in wetlands with or without a formal protected area status (Fig. 7).
However, this result needs to be confirmed in a future study that includes a larger number of
non-protected wetlands. Our result may also have been influenced by the fact that the six
non-protected wetlands were also considered to be in best available condition.
The majority of protected area categories included in our study were chosen and managed
to support terrestrial conservation objectives, rather than wetland values. However, our
results suggest that the latter were also afforded protection. Accordingly, our results suggest
that areas reserved primarily to protect terrestrial biodiversity may also be of value in
protecting wetland biodiversity. This is an important finding because few protected areas are
created specifically for the protection of fresh waters (Saunders and Meeuwig et al., 2002,
Hermoso and Kennard 2012).
When wetlands are highly nested, conservation priorities can be directed to protect
species-rich wetlands because protecting these will maximise biodiversity
outcomes. However, we found that the study wetland assemblages were idiosyncratic, rather
than nested, with a low dominance of individual families. We were not able to predict
composition based on richness indicating that management actions could not be targeted to
protect specific wetlands. Mollusca were considered to have the greatest potential to act as a
surrogate indicator of macroinvertebrate richness in a global study that included both
permanent and temporary wetlands (Ruhí and Batzer 2014). Simple congruence analysis of
our dataset suggests this was not the case for Tasmanian wetlands because Mollusca were
recorded in only 53% of wetlands. Our results tend to support the findings of (Westgate et
al., 2014) who suggested that a range of taxa should be considered for conservation planning
where the goal is to prioritize locations or actions for biodiversity conservation.
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The number of macroinvertebrate species and morphospecies (218) recorded in our study
appears to be high in comparison to the results of other studies. For example, we recorded 95
families from 66 wetlands in comparison to a global study by Batzer and Ruhí (2013) which
listed 175 families across 477 wetlands. Direct comparisons with individual wetland studies
are difficult because of differing taxonomic resolution, differences in sampling methods and
differing spatial and temporal sampling intensities. Our finding of 218 species or morphospecies from a comparably low number of wetlands (66) suggests that it is likely that
Tasmanian wetlands are species rich on a global scale.
The state of the proximal zone (the terrestrial zone within 50m of the wetland edge)
and the type of aquatic habitat present (macrophyte or sediment-dominated substrates) were
the most important determinants of macroinvertebrate richness and assemblage composition
across all types of protected wetlands in our study. A study of rivers in south-eastern
Queensland found that variables acting proximal to stream survey sites were more suitable
for predicting macroinvertebrate assemblage composition than variables acting at the
watershed scale (Peterson and Sheldon et al., 2011). Our results support this finding;
wetlands with undisturbed proximal zones had richer macroinvertebrate communities than
those with disturbed proximal zones (Fig. 4). Other studies have identified watershed land
use as an important determinant of freshwater biodiversity patterns (Stendera and Adrian et
al., 2012).Our results did not show this, possibly because we had chosen wetlands in best
available condition rather than wetlands located along a land use gradient. Human
disturbance is known to have a major impact on wetland invertebrate diversity (Batzer, 2013)
and our results supported this finding with respect to human influences on the proximal zone.
The
wetlands
with the highest amount of human disturbance in the proximal zone were the least
species-rich. Fencing of the proximal zone, which acted to reduce stock and vehicle access,
represented a form of rehabilitation that appeared to be effective. The species richness
recorded at wetlands where this had occurred was intermediate between those of wetlands
with disturbed and undisturbed proximal zones.
Many studies have shown that the composition of wetland macroinvertebrate
assemblages is influenced by water regime (Neckles et al., 1990, Wellborn et al.,
1996,Robson and Clay 2005, Vanschoenwinkel and Waterkeyn et al., 2010, Sim and Davis et
al., 2013, Chessman and Hardwick 2014). However, specific relationships between
invertebrate community structure and hydrology are considered to be difficult to interpret
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(Batzer 2013). No significant differences were detected between macroinvertebrate richness
in permanent and seasonal wetlands in this study.
The wetlands in Forest Reserves contained large amounts of terrestrial plant material
(mainly leaves and bark of Eucalyptus spp.) as benthic detritus. Terrestrially-derived organic
material is known to increase in streams and rivers following forest harvesting (Stone and
Wallace 1998, Smith and Davies et al., 2009). Fuchs et al. (2003) found that
macroinvertebrate abundance and biomass tend to increase as a result of forest harvesting.
Silsbee and Larson (1983) related macroinvertebrate abundance in logged streams to
increased stream organic matter derived from terrestrial plant material. Leptoceridae (caddis
flies) use detritus as case-building materials and the ready availability of detritus in Forest
Reserve wetlands may explain the high number of caddis species recorded from these
wetlands. The wetlands we sampled in Forest Reserves had not been logged for at least 20
years and our results indicate that over this period of time, assemblages had become diverse
with a high richness.
In an earlier study, Kirkpatrick and Tyler (1988) noted that the nature conservation
values of many Tasmanian wetlands had been compromised, even when wetlands were
located within National Parks. The main focus of their study was wetland plant communities
and they noted that many fringing marshes had been lost when wetlands were drowned within
hydroelectric impoundments. Recreational fishing in Tasmanian National Parks and World
Heritage Areas is encouraged through the stocking of wetlands, deep lakes and rivers with
predominantly Salmo spp. (brown and rainbow trout). The composition of the invertebrate
assemblages of standing waters is known to be altered by fish predation (Wellborn and Skelly
et al., 1996) and Salmo spp. are considered to be detrimental to native aquatic fauna
(Kirkpatrick and Tyler 1988). Our study did not detect a significant difference in the
composition of macroinvertebrate assemblages or macroinvertebrate richness in wetlands
with or without Salmo spp. We were not able to compared wetlands with and without fish
(regardless of native or introduced status). A further study that accurately assessed wetland
fish populations and their effect on macroinvertebrates would be useful.
Studies of riverine macroinvertebrate assemblages suggest that high species richness
and diverse community composition are indicative of good ecological condition (Norris and
Thoms 1999). Accordingly, the richness and diversity of macroinvertebrate assemblages
recorded in Tasmanian wetlands, across different rainfall zones, topography and protected
area types, suggest that these wetlands are in very good ecological condition. Our results will
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be useful for future analyses of wetland biodiversity across gradients of human disturbance,
particularly urbanisation, as we have described biodiversity patterns in a region of the world
that has a relatively low human population density. The results of this study contribute to the
understanding of the macroinvertebrate component of wetland biodiversity within a
temperate region of the world and more broadly to global wetland biodiversity. Our data
come from an understudied region (Tasmania, Australia) and provides macroinvertebrate
species and family lists from wetlands in good condition. This information provides baseline
dataset which can be used in future wetland bioassessment and monitoring programs. Our
results indicate that for Tasmanian wetlands within protected areas, it is local factors that
most influence macroinvertebrate richness and composition. Namely the presence of aquatic
plants within the wetland, and the lack of human impacts in the terrestrial zone immediately
adjacent to the wetland. These results suggest that for these wetlands, the macroinvertebrate
fauna will be best conserved by minimal disturbance of proximal lands.
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Abstract
Bioassessment programs that use predictive models and the reference condition
approach to assess river health are common in the United Kingdom and Australia, and for
Great Lakes in North America and Canada. In this study, we apply the reference condition
approach to develop a predictive model for the biological assessment of lentic wetlands,
using macroinvertebrate data. To build models, we used macroinvertebrate data and
environmental variables from freshwater wetlands representing a range of landforms in the
temperate region of Tasmania, Australia. Macroinvertebrate data were combined with a data
set of 12 environmental variables, and used to trial 4 single-season, combined-habitat
predictive models. Model one had 48 macroinvertebrate families with rare families removed;
model two had 92 families; model three had 85 species; and model four 197 species. Model
one, the „Family-Rare-Removed‟ developed from 46 reference wetlands had an acceptable
model (cross-validation) error from discriminant function analysis and was developed
through to completion. The predictor variables that best discriminated between groups of
reference wetlands were: the type of aquatic habitat present (macrophyte or sedimentdominated substrates), water colour (tannins), electrical conductivity (µS/ cm), and average
annual rainfall (mm per annum). We evaluated model performance using independent
reference-site data to test Type 1 errors. Type 2 errors were tested by using independent
reference-site data that were subjected to simulated impairment by varying the proportions of
sensitive, intermediate and tolerant taxa to represent 3 levels of simulated degradation. The
model performed well with respect to Type 1 errors by assigning independent reference-sites
to band A. The model identified sites with simulated impairment, indicating low Type 2
error. In addition to providing an ecological condition assessment and a measure of the
degree of degradation, model outputs include a list of macroinvertebrate taxa expected to
occur at a wetland if it were in reference condition. This information can be used for setting
targets in rehabilitation programs. These results indicate that a bioassessment program using
predictive modelling incorporating macroinvertebrates as indicators and the reference
condition approach could be developed for temperate austral wetlands.

Keywords: bioassessment, reference condition, AUSRIVAS, wetlands, macroinvertebrates
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1. Introduction
Lentic wetlands are sources, sinks and converters of many chemical and biological
components of our environment. A wetland in good condition provides essential ecosystem
services including water purification, flood regulation, coastal protection and climate
regulation. Wetlands also contain vital habitat for a range of terrestrial and aquatic fauna and
flora(Mitsch and Gosselink 2015).
Wetlands are recognised for the range of ecosystem services they provide to
humanity. Yet during the twentieth century, freshwater and coastal wetland systems have
become some of the most rapidly degraded and destroyed ecosystems in the world (MEA
2005). The loss and degradation of wetlands is predicted to increase with climate change and
thus, significant changes in aquatic species composition and ecological condition are
expected to occur in the future (DPIPWE 2010, Bush et al. 2014, Chessman and Hardwick
2014, Mitsch and Gosselink 2015).
Important wetlands are recognised and protected globally by the Ramsar Convention
(Ramsar Convention 1987), an intergovernmental treaty that promotes the conservation and
wise use of important wetlands. Parties contracted to the Ramsar Convention are expected to
notify the Ramsar Secretariat of any change in ecological character of wetlands under their
management. The ecological character of a wetland is defined as the combination of the
ecosystem components, processes and benefits (services) that characterize the wetland at a
given time (Davidson 2013). Hence, countries signatory to the Ramsar convention have
committed to the ongoing monitoring and assessment of wetland ecological character
(Davidson 2013). This means tools for the monitoring and assessment of ecological condition
of wetlands (and all freshwaters) are an essential component of best management practises.
Monitoring and assessment can also provide early warning signs of change, track responses
to rehabilitation and protection, and help with assessing progress of rehabilitation targets.
Globally, there are different approaches to the monitoring and assessment of
wetlands. Approaches range from partnerships with the International Union for the
Conservation of Nature (ICUN 2015) and Ramsar (Ramsar 2016), to methods designed for
specific projects and climate zones(DSE 2006, Fennessy et al. 2007). Approaches may
involve assessing the entire wetland or specific biotic groups. Physical and chemical
indicators based on wetland characteristics such as soils, hydrology, vegetation and the biotic
communities that define wetlands, are often the major components of condition assessment
methods (Bailey et al. 2004, DSE 2006, Mitsch and Gosselink 2015). Biological assessments
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are an important component of condition assessments because measuring physical and
chemical characteristics alone, do not necessarily provide an assessment of ecological
condition. Effective conservation requires assessment and monitoring of ecological condition
to guide protection and rehabilitation efforts (Edgar et al. 2000, Chessman et
al.2002,Batzer et al. 2015).
Biological assessments are used globally to monitor change caused by human
disturbance in freshwaters (Bailey et al. 2004). Many national studies have documented the
use of macroinvertebrates in river bioassessments (Bailey et al. 2014) but less have explored
the use of macroinvertebrates in wetland bioassessments (Chessman et al. 2002, Helgen
2002, Davis et al. 2006, Tall et al. 2008, Batzer 2013). A predictive model using
macroinvertebrates as indicators was trialled in wetlands of south-western Australia, a
Mediterranean climatic zone (Davis et al. 2006). The success of that model suggested that it
would be possible to develop models for other parts of Australia, to increase the capacity for
monitoring wetland condition.
Macroinvertebrates are a commonly used indicator for biological assessment because
their response is a measure of the exposure to changes in the environment and ecological
stressors (Norris and Hawkings 2000, Bailey et al. 2004). The factors driving
macroinvertebrate community structure in rivers are well understood and this knowledge
underpins the worldwide adoption of macroinvertebrates as biological indicators for
condition assessments of freshwaters and the use of predictive models (Bailey et al. 2014).
The reference condition approach (RCA) (Reynoldson et al. 1997), uses predictive models to
compare relationships between biological assemblages (commonly macroinvertebrates), and
environmental attributes at a group of reference sites to a test site. An assumption is then
made as to what the assemblage would be at the test site, if the test site were in reference
condition, resulting in a condition score and list of expected taxa for the test site.
A possible limitation to using the RCA with macroinvertebrates as indicators for the
bioassessment of wetlands, is the requirement for a strong relationship between
macroinvertebrate assemblages and environmental attributes at sites that are minimally
disturbed by human induced stressors. The fundamental understanding about the drivers of
macroinvertebrate communities in temperate lentic wetlands is not as well understood as it is
for rivers. A review by Batzeret al. (2013), found factors controlling wetland communities
often to be contradictory, inconclusive or with multiple interpretations. In addition, there was
reason to believe that wetland macroinvertebrate communities may lack responses to
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environmental variation (Batzer 2013). In Australia, drivers of macroinvertebrate
communities in wetlands have been associated with habitats, water quality and location
(Chessman et al. 2002, Pinder et al. 2004, Davis et al. 2006, Sim et al. 2013, Chessman and
Hardwick 2014, Furlonge et al. 2015). Furlonge et al. (2016) examined macroinvertebrate
data, with results indicating assemblages, were not significantly different according to habitat
type (fringing vegetation, emergent macrophytes, submerged macrophytes and open water
column) or seasons (austral spring and autumn). Biological assessments of wetlands, using
macroinvertebrates as indicators, are common (Davis et al. 2006, Batzer 2013, Sim et al.
2013, Ruhí and Batzer 2014) but apart from Tall et al. (2008) and Davis et al. (2006),
examination of using the RCA for wetland assessment, has been limited. In Tasmania (where
this study is located), 6 RCA models based around habitat type and seasons, are used to
assess the biological condition of rivers (Krasnicki et al. 2002).
Macroinvertebrate communities found in rivers have a mixture of sensitive,
insensitive and tolerant taxa which can provide indications of pollution levels. However some
wetland communities are different to those in rivers (Chessman et al. 2002, Chessman 2003).
Studies of communities in Tasmanian wetlands are limited (Furlonge 2016), and it is
relatively unknown as to whether communities will be sufficiently diverse (comprised of
sensitive, insensitive and tolerant taxa), or predictable (by environmental attributes or
location) to enable RCA models to predict changes in community structure caused through
human disturbance.
The RCA has not been commonly adopted for shallow standing water-bodies
(referred to as wetlands in this paper). Hence, there is an opportunity to develop the RCA
using macroinvertebrates as indictors, for the condition assessment of wetlands. In this paper,
we test the suitability of macroinvertebrate datasets representing different taxonomic
resolution, with and without rare taxa, from wetlands in a range of landforms to develop a
RCA model. We also test the ability of the model to identify 3 levels of known biological
impairment using a recently established method to test Type 2 model error (Bailey et al.
2014).
This study aims to: i) develop a RCA predictive model for the assessment of
ecological condition of Tasmanian lentic wetlands, and ii) use independent reference-sites
and simulated impairment to evaluate model performance (Bailey et al. 2014). Evaluating
model performance using artificial impairment provides us with a means to test the ability of
the model to detect known impairment.
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2. Methods
2.1 Study area
Tasmania is an island state of Australia (Fig. 1) with a land area of 68,000 km2 and a
stable population of approximately 515,000 (ABS 2014). Located at 42oS, the study area has
a cool temperate climate with distinct seasonal variation. Annual rainfall varies across the
study area from 600 mm in the north-east to 2,500 mm in central Tasmania. A range of
shallow, standing waters, including glacially formed wetlands in the highlands, deflation
basins and interconnected coastal wetlands of combined marine, glacial and aeolian origin
and riverine floodplain wetlands in the lowlands are found across Tasmania, including 10
Ramsar sites (Dunn 2005). Many lentic wetlands in Tasmania contain distinct plant
communities with a high proportion of endemic plant species (Kirkpatrick and Harwood
1983).
The study area includes wetlands from one of the largest conservation reserves in
Australia where there are approximately 2.5 million hectares of reserved (protected) land, of
which World Heritage Area (WHA) covers about 20% (PWS 2014). Sixty per cent of
Tasmanian wetlands are identified as having high to very high conservation value and are
located in protected area reserves, with 26% in other public land and 14% in private land
(DPIPWE 2010). Tasmania has many wetlands in near-pristine condition as a consequence of
the combination of climate, geology, geomorphology and low human population density
( people/km2) (ABS 2014; Dunn 2005).
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Fig. 1 Wetlands in best available condition and in accessible areas, sampled in spring 2012,
representing landforms in central and north eastern Tasmania. Black diagonal lines denote
World Heritage Areas (WHA). Rainfall isohyets (grey lines) are shown at 100 mm intervals
below 2000 mm and at 20 mm intervals above 2000 mm. The location of the study area in
relation to mainland Australia is shown on the left. Data were provided by courtesy of
Department of Primary Industries in 2014.
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2.2 Identification of reference wetland sites and test sites
When using the RCA and developing predictive models for condition assessment, the
selected reference sites should be representative of all the types of wetlands present within
the region of interest. This is to ensure that the resulting model will contain an appropriate
reference for comparison of any test sites. The more accurately reference sites represent the
variation inherent in the regional landscape, the more likely RCA models will correctly
assign test sites to correct groups of reference-sites (Bailey et al. 2004).
As part of a larger study (Furlonge 2016) freshwater wetlands expected to be in
reference condition were identified from spatial datasets (DPIPWE 2008) from central and
north eastern Tasmania (Fig. 1). To ensure selected wetlands had minimal exposure to human
induced stressors and optimum habitat for macroinvertebrates, all sites had: i) a form of
protected area status (for example World Heritage listing); ii) minimal disturbance of soils
and vegetation in the surrounding catchment; iii) undisturbed soils and vegetation in a 50
meter wide zone proximal (adjacent) to the wetland; and iv) fringing vegetation, emergent
and submerged macrophyte habitat zones in the littoral zone the wetland.
2.3 Sampling macroinvertebrates
Field methods were adapted from Davis (2006) and used to sample reference,
validation and test wetlands for macroinvertebrates. Macroinvertebrates were collected from
4 habitats at each wetland in the austral spring of 2011 and 2012. The habitats sampled were:
i) fringing vegetation habitat at the water‟s edge and approximately 1meter into the
waterbody, including the water that inundated the trees or shrubs at the high water mark or
macrophytes and grasses at the low water mark; ii) emergent macrophyte habitat, adjacent to
the fringing zone and among the emergent macrophytes containing a mixture of plants; iii)
submerged macrophyte habitat in water adjacent to the emergent zone with mixed plants, to a
depth where light ceased to penetrate sufficiently to sustain plant growth and the plant‟s life
cycle was entirely underwater; and iv) the open water column where samples were taken in
areas lacking submerged macrophytes to a depth of 1.5 meters. Sampling stations were
selected within each wetland, according to habitat availability and access.
Macroinvertebrates sampling involved sweeping a long-handled D-shaped net (250µm diameter mesh), in a zig-zag motion from the substrate through the water column to the
surface, for two minutes in each habitat at each wetland. The 250-µm mesh was small enough
to retain macroinvertebrates and some microinvertebrates (Ostracoda, Copeoda, Cladocera
and Collembola). During spring 2011 and spring 2012 wetlands did not have quantities of
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algae or silt sufficient to hinder the clarity of samples or clog the mesh. Samples were gently
agitated and the entire sample was rinsed from the D net into shallow white trays for live
sorting for a minimum of 30 minutes. The procedure for the onsite sorting of
macroinvertebrates was based on Ausrivas sampling methods and previous studies (Davis et
al. 2006, Cheal et al. 1993). Testing was performed by Ausrivas accredited people
maintaining a consistent data standard with the field sorting process. Collection was initially
limited to 20 individuals of plentiful taxa to ensure all types of taxa were sorted and to avoid
bias toward picking larger, more mobile taxa. Common taxa were initially limited to 20
individuals to prevent the bigger, more mobile taxa that often obscure the smaller or less
mobile taxa, from being over picked and the other taxa missed. Once the entire contents of
the sample had been examined, previously limited taxa were then added to the sample.
Common taxa were not limited to 20. Any remaining taxa after the minimum picking period
of 30 mins, were estimated into abundance categories and later used to calculate relative
abundance. A minimum number of 200 individuals was collected, unless there were
insufficient specimens present to achieve this. All samples were sorted on site and preserved
in 80% ethanol. All sampling and macroinvertebrate identification was undertaken by the
same individual (lead author) to maintain consistency.
Macroinvertebrates were identified to the lowest possible taxonomic level with the
aid of a stereo microscope. Oligochaeta were identified to order only. Hydracarina,
Ancylidae, Lymnaeidae, Glacidorbidae, Phreatoicidae, Elmidae, Scirtidae and Turbellaria
were identified to family or sub-family. All other specimens were identified to genus, species
or morpho-species, using macroinvertebrate taxonomic keys (Hynes 1989, Harvey and
Growns 1998, Dean 1999a, b, St Clair 2000a, c, b, Hawking 2001, Lansbury and Lake
2002, Theischinger 2002, Watts 2002, Gooderham et al. 2003, Dean et al. 2004, Madden
2010, EPA 2012) and assistance from taxonomic experts. The single season (austral spring),
combined habitat (fringing vegetation, emergent macrophytes, submerged macrophytes and
open water column) assemblage (richness and abundance) data were transformed to presenceabsence data for model development.
2.4 Datasets
From the wetlands sampled in the austral spring of 2011 and 2012, 52 became the
training-site wetlands, 11 became the validation-site wetlands and 14 with some assumed
ecological disturbance, became the test-site wetlands. Sites represent wetlands on the
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different landforms of the study area (floodplains, undulating plains, flat plains, low slopes,
mid slopes and high slopes). We used presence-absence data in all datasets.
Attribute values for environmental variables unrelated to human activities, were
obtained for each wetland using Environmental Systems Research Institute Geographic
Information Systems ArcMap10 (GIS) (Table 1). Watershed-scale variables were taken from
existing spatial data (DPIPWE 2008) and local-scale variables were recorded on site during
macroinvertebrate sampling. At the time of this study there was no simple to use colour chart
for describing tannins in temperate wetlands. I collected and retained water samples
representing the five levels of tannins I described (Table 1; Chapter 4). For model
development, categorical figures were used for Dominant Habitat and Water Colour (tannins)
as described in Table 1.
2.5 Training and validation dataset
The training and validation dataset (Appendix A) contained macroinvertebrate
assemblage data from sites in reference condition. The ecological condition of wetlands
represented reference (best available) condition in the study area. Training sites were used as
benchmarks to define the reference biological condition and to compare the biotic
assemblages of test sites.
The validation dataset (sites in reference condition that were not used for model
creation) was used to test the model‟s ability to correctly assign sites to band A, testing for
Type 1 errors (sites incorrectly classified as degraded, when they are in reference condition).
Using data from sites in reference condition not used to create models (validation dataset) is a
robust method of measuring of Type 1 errors (Bailey et al. 2014).
2.6 Artificial impairment dataset
To test for Type 2 errors and the ability of our model to identify sites not in reference
condition, we artificially impaired data from each validation site, to represent 3 levels of
degradation to simulate eutrophication effects on the assemblage (Table 2), adapted from
methods described by Bailey et al. (2014). We used presence-absence data because we did
not measure abundance in our live sorted macroinvertebrate field sampling program. The
impairment was generated by randomly removing some taxa within tolerance categories
(sensitive, insensitive and tolerant) based on the Stream Invertebrate Grade Number
(SIGNAL) (Chessman 2003). SIGNAL was used to designate each taxon as sensitive (SG =
7–10), insensitive (SG = 4–6), or tolerant (SG = 1–3). Mild impairment resulted in the
removal of 1 sensitive taxa; moderate impairment removed 2 sensitive, 4 insensitive and 3
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tolerant taxa; and severe impairment removed all sensitive (4), 50% of insensitive (10) and
20% (5) of tolerant taxa. For each level of simulated impairment, the validation sites retained
the same values for each of the predictor variables. This means that the removal of taxa for
impairment purposes, did not affect the predicted taxa in the model.
2.7 Test dataset
The test dataset comprised macroinvertebrate assemblage data from sites of unknown
condition. This fourth data set was used to assess the ability of the model to assign sites of
unknown biological condition to a quality band representing the condition of the wetland. It
was assumed that test sites were unlikely to be in reference condition or contain maximum
habitat for macroinvertebrates, because wetlands were either: located in a lower catchment
with agricultural areas or near urban areas; had disturbance in a 20 metres proximal zone
(accessed by sheep, cattle or humans); contained Salmo spp. or CyprinidaeCyprinus spp. (an
introduced fish) or were dominated by rocky substrates where wetlands may have lost
macrophyte cover or not contain maximum habitat for macroinvertebrates.
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Table 1 The 12 environmental variables unrelated to human induced stressors, used in
Discriminant Function Analysis to define the variation among the training-sites. Catchment
variables and variable measures were provided courtesy of Tasmanian Government
(Department of Primary Industries Parks Water Environment Tasmania 2008)using
Environmental Systems Research Institute Geographic Information Systems ArcMap10
(GIS). Wetland variables were recorded on site in spring 2012.
Variable

Variable

Variable measure

Method

Dominant habitat

1 (macrophyte dominated)

Site assessment

scale
Wetland

2 (substrate rocks dominated)

Water colour (levels

1 (clear)

Site assessment

of visible tannin

2 (turbid)

colour intensity)

3 (low tannin)
4 (medium tannin)

Electrical

µs/cm

WTW 3210 meter

Permanently holds water or

Site assessment

conductivity

Catchment

Water regime

seasonally holds water

Proximal vegetation

Bare ground, grasses, heath, shrubs,

Site assessment

trees or a combination

Landform

Coastal, riverine floodplain, flat

GIS

plains, undulating plains, low slopes,
mid slopes or high slopes
Elevation

Metres

GIS

Rainfall

Average milli-metres per annum

GIS

Distance to river

Metres

GIS

Site coordinates

Latitude

GIS

Longitude
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Table 2 Simulated impairment criteria (richness only) used to create 3 levels of artificial
impairment in the validation dataset.
Level of Impairment

Degradation criteria applied to validation dataset

Reference
(validation dataset)

Unchanged

Mild

Sensitive taxa: eliminate 10% of taxa
Intermediate taxa: unchanged
Tolerant taxa: remains unchanged

Moderate

Sensitive taxa: eliminate 50% of taxa
Intermediate taxa: eliminate 20% of taxa
Tolerant taxa: eliminate 10% of taxa

Severe

Sensitive taxa: eliminate all taxa
Intermediate taxa: eliminate 50% of taxa
Tolerant taxa: eliminate 20% of taxa

2.8 AUSRIVAS modeling methods
We constructed 4 AUSRIVAS-style models according to methods described by Smith
et al. (1999) and Simpson et al. (2000) using the training-site data. Data that included
combinations of macroinvertebrate taxonomic levels, both with and without rare taxa, were
used to construct the models. We defined rare taxa as those taxa occurring in fewer than 5%
of sites and not representing greater than 5% of individuals at any single site (Norris et al.
1982, Marchant 2002).
The first model (the „Family‟ model) used macroinvertebrate taxa predominantly
identified to family and the second model (the „Family-Rare-Removed‟ model) used the same
data as the Family model after removal of rare taxa. The third model (the „Species‟ model)
used macroinvertebrate taxa identified to species where possible, and the fourth model (the
„Species-Rare-Removed‟ model) used the same data as the Species model after removal of
rare taxa. All models were constructed using presence-absence macroinvertebrate data. For
each model, we grouped reference sites based on the similarity of their invertebrate
assemblages using cluster analysis on presence–absence data (V6.1.13/PRIMER-E Ltd.,
Plymouth, UK). Any small groups containing ≤ 6 sites (identified as representing a particular
type of wetland that was poorly represented in the data set based on their environmental
attributes or spatial location) or outlier sites were reviewed and either deleted from the dataset
(if their environmental variables and/or spatial location was very different) or combined with
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another more similar group of sites according to their similarity in biota, (Bailey et al. 2004).
Multi-dimensional Scaling (MDS, Bray-Curtis similarity, 25 restarts, Kruskal fit 1, minimum
stress 0.01 and configuration plot selected) was used to visually contrast wetlands based on
macroinvertebrate assemblages for each model. This is a straight forward way of comparing
sites, as those grouped are similar and those far apart are different (Clarke and Warwick
2006).
Stepwise discriminant function analysis (SAS-Institute 1989) was used to determine
which environmental variables from Table 1 best discriminated among the training-site
groups (defined from cluster analysis). These became the predictor variables (Smith et al.
1999, Simpson et al. 2000). We used the discrimination cross-validation procedure as an
internal model check regarding error rates when assigning the training-sites to the correct
groups (Smith et al. 1999).
The number of taxa expected (E) to occur at a site are calculated by summing the
individual probabilities of occurrence for all taxa predicted to have ≥ 50% probability of
occurring (Simpson et al. 2000). This process results in a site specific list of expected taxa.
During the model development phase, data were reviewed. Training-sites that were
incorrectly assigned to groups were examined, and removed if they appeared to be atypical in
terms of location or characteristics (Smith et al. 1999). The acceptable cross-validation error
for AUSRIVAS models is generally considered to be < 0.3 (Simpson et al. 2000). If the error
of our models remained > 0.5 after reviewing the training-site data then further development
of the model was abandoned. Models with low cross-validation errors (< 0.3) were
constructed through to completion (Wright et al. 1984, Moss et al. 1987).
2.9 O/E scores and bands of biological condition
The distribution of the training-site observed (O) over expected (O/E) scores defines
the quality condition band for reference sites, and the width of the other bands, making the
width of bands specific to each model. The variation of the observed macroinvertebrate
assemblage (O) from the expected (E) assemblage is a measure of the environmental
condition of a site (Nichols et al. 2014a). AUSRIVAS assigns O/E scores to a maximum of 5
bands, representing different levels of biological condition (Coysh et al. 2000). Sites with
O/E scores in: i) band A are considered to be similar to reference condition; ii) band B are
considered to be impaired; iii) band C severely impaired; iv) band D extremely impaired; and
v) sites assessed as having more taxa than expected are assigned to band X (Bailey et al.
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2004, Nichols et al. 2014b). We used the central 80% range of reference site O/E scores to
define band widths.
2.10 Model validation and performance
Data from validation wetlands were used to assess Type 1 errors (classified as not in
reference condition when they are) and simulated impairment of the validation wetlands were
used to assess Type 2 errors (sites that have been classified as reference when they are not)
(Bailey et al. 2014). This was done by assessing the ability of each model to assign the
validation-sites to band A and the artificially impaired sites to quality bands below band A
according to impairment.
When using the model to assess wetland condition, if a wetland‟s environmental
variables significantly differed from reference wetlands, and no appropriate reference group
was available for comparison, the site may be identified as „outside the experience of the
model‟ (Nichols et al. 2014b). This may result if a particular „type‟ of wetland is underrepresented in the reference data set and has no matching group for comparison (Nichols et
al. 2014a).
We tested the ability of our model to detect the 3 levels of simulated impairment,
basing the Type 2 error rate on the ability of the model to detect a disturbance gradient. The
O/E scores of validation-sites were expected to become smaller as levels of impairment
increased, with sites assigned across bands according to impairment.
3. Results
3.1 Macroinvertebrates
One hundred and ninety seven macroinvertebrate taxa (species or morpho-species)
belonging to 92 families were recorded from all wetlands. Thirty seven of the 92 families
occurred in ≤ 4% of the sites and 29 single occurrences of a species. An average of 33 taxa
(range 9-55) were recorded per wetland. Eighty-two per cent of the wetlands contained 10-50
species, and 13 families occurred at 50% or more of the sites. The most abundant families,
ranked by order were Leptoceridae, Ceinidae, Hydrachinidae and Corixidae. These
families,in combination, accounted for 21% of the total abundance. Chironominae and
Dytiscidae were the most widespread taxa occurring at 91% and 88% respectively of
wetlands.
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3.2 Model summaries
The number of training-sites removed from each model during the development phase
varied with each model. A review of the spatial location, environmental variables and
macroinvertebrate assemblages of outlying sites highlighted 6 that were atypical to the
majority of training sites (Fig 3a; Appendix B). Three groups of sites with low group
membership, similarities in assemblages, environmental variables or spatial location were
combined for all models.
The datasets for models differed in the total number of taxa and total taxa used for
modelling (Table 3).The predictor variables that best discriminated between groups of
training-sites related to: the type of aquatic habitat present (macrophyte or sedimentdominated substrates), water colour (tannins), electrical conductivity (mS/ cm) and average
annual rainfall (mm per annum). The cross-validation error for each model, other than
Family-Rare-Removed, was greater than acceptable (> 0.3). Based on cross-validation errors,
only the Family-Rare-Removed model was developed to completion and all the subsequent
results pertain to the Family-Rare-Removed model.
The model had 6 outlying sites removed and in its final form was developed from
46 wetlands with 4 groups of reference sites, containing 48 macroinvertebrate
families in total. Four environmental variables: dominant habitat (macrophyte-dominated or
substrate-rocks-dominated); electrical conductivity (mS/cm); water colour (visible tannins);
and rainfall (mm per annum), were identified as predictor variables (Table 4).
3.3 Bands of biological condition
The Family-Rare-Removed model generated,2 wide condition quality bands (bands A
and B = 0.43), a narrow band (band C = 0.17) and band X (richer than reference) scores =
>1.04.
3.4 Model validation and testing
The model assigned validation-sites to band A with O/E scores ranging from 0.76 to
1.30 (Fig. 2). Ordination suggests the macroinvertebrate assemblages of validation-sites were
similar to training-sites with test-sites distributed among training-sites with some sites on the
external perimeter of the main cluster (Fig. 3b). The Family-Rare-Removed model assigned
seven of the fourteen test-sites to band A, 6 to band B and 1 to band X (Fig. 4).
3.5 Model performance for detecting simulated impairment
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The Family-Rare-Removed model identified a gradient of the simulated impairment
of validation-sites, assigning all but 3 sites to band B (Fig. 2). O/E scores for 8 sites with
severe impairment were lower than sites with mild and moderate impairment. O/E scores for
seven sites with mild impairment were higher than sites with moderate and severe
impairment. The central cluster of sites in band B) contained severe, moderate and mild
impairment.

129

Species

52

197

85

52

Species-Rare-

Removed

92

48

52

52

of taxa

Sites

51

48

51

46

of Sites

Number

Number

Number of

52

48

51

23

of taxa

Number

Model dataset

Initial dataset

Family

Removed

Family- Rare-

Model name

130

5 (9, 8, 10, 6, 18)

4 (10, 9, 12, 17)

4 (14, 11, 8, 18)

4 (7, 8, 19, 12)

(and sites per group)

Groups

Model details

0.55

0.59

0.55

0.15

error

validation

Cross-

-

-

-

9-16

taxa range

Predicted

-

-

-

8.4-12.6

range

taxa

Expected

Table 3 Summary details for the AUSRIVAS-style predictive models for the Family-Rare-Removed, Family, Species-Rare-Removed and
Species models tested for Tasmanian wetlands. O/E = observed/expected taxa.

4

3

15

11–20

range

15–23

range

Mean (SD)

19.3

14–21

range

Mean (SD)

17

Mean (SD)

12–17

range

2

15

Mean (SD)

1

Macroinvertebrate
taxa richness

Statistic

Training-site
group
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cobble,boulder or bedrock)

silt,sand,pebble,gravel,

1-2 (macrophyte -

cobble,boulder or bedrock)

2 (silt,sand,pebble,gravel,

cobble,boulder or bedrock)

silt,sand,pebble,gravel,

1-2 (macrophyte -

1 (macrophyte)

1 (macrophyte)

1 (macrophyte)

cobble,boulder or bedrock)

silt,sand,pebble,gravel,

1-2 (macrophyte -

1 (macrophyte)

Dominant substrate

Predictor variable

19–638

105 (172)

20–1222

251 (402)

242–2400

2070 (2006)

38–180

Electrical
conductivity (µS/
cm)
59 (54)

1 (low)

1 (low)

1-2 (low-medium)

1 (low)

1-2 (low-medium)

2 (medium)

1 (low)

1 (low)

Water colour
(tannins)

496–1319

879 (256)

450–1298

891(265)

742–807

652 (128)

1218–1668

1346 (153)

Average annual
rainfall (mm)

Table 4 Predictor variable summary statistics and the number of macroinvertebrate taxa per group for each group of training-sites the Tasmanian
wetland „Family-Rare-Removed‟ model.

Fig. 2 Distribution of observed / expected (O/E) taxa values for the validation sites and sites with 3 degrees
of simulated impairment for the „Family-Rare-Removed‟ Tasmanian wetland model. The horizontal dotted
lines represent bands of biological condition (central 80% of sites in each of the bands). Band A is
equivalent to reference condition, B mild impaired condition and C moderate/severe impaired condition.
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Fig. 3 Ordination of macroinvertebrate presence-absence data for training sites and training sites removed
from model development (atypical sites), validation sites and test sites used to develop and test the „FamilyRare Removed‟ model for Tasmanian wetlands.
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Fig. 4 Observed / Expected taxa values for 14 test-sites distributed to band A and band B in the „FamilyRare Removed‟ model for the Tasmanian wetlands. The horizontal dotted lines represent bands of biological
condition (central 80% of sites in each of the bands). Band A is equivalent to reference condition, band B
mildly impaired condition.
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4. Discussion
We built an AUSRIVAS-style predictive model using macroinvertebrates as indicators from
wetlands in best available condition, in a relatively undisturbed temperate region of the world. We used
simulated impairment data sets in addition to a test dataset, to evaluate the ability of the model to detect
known biological impairment. Results show that the RCA to biological assessment, using
macroinvertebrates as indicators, can be used to detect known biological impairment in lentic wetlands. The
single season (austral spring), combined habitat (fringing vegetation, emergent macrophytes, submerged
macrophytes and the open water column) model using macroinvertebrate data at predominantly family
taxonomic level, with rare families removed (Norris et al. 1982, Marchant 2002), performed well detecting a
gradient of artificial impairment (Fig. 2). The model detected biological impairment by assigning a range of
higher O/E scores to mildly impaired sites (0.89-1.35), lower O/E scores to moderately impaired sites, and
the lowest O/E scores to severely impaired sites (0.44-0.81).O/E scores resulted in a gradient of sites in band
B according to impairment. Validation sites that were assumed to be in reference condition were assigned to
band A (Fig. 2).
A product of the model‟s site assessment, is a list of taxa expected at a site, if the site were in
reference condition. This list of taxa is useful for comparing taxa at a site during phases of rehabilitation,
monitoring any change and providing biological targets for rehabilitation programs. The model is valuable
for the monitoring and assessment of wetland condition, which is important for Tasmania, when a large
proportion of the landscape is under some form of protection (predominantly World Heritage Areas), and
considering the predicted effect of climate change on freshwater biodiversity in Australia (MEA 2005,
Palmer et al. 2009, DPIPWE 2010, Chessman and Hardwick 2014).
Large taxa lists provide more taxa for model predictions, which makes models robust to small
differences in the variations in collected taxa (Simpson et al. 2000). The wetland training-sites have a wide
range of taxa (11-23; 5 - 15), by comparison, the Tasmanian spring edge model (Krasnicki et al. 2002)has a
range of 7 – 16 (NTC50). Prior to the removal of rare taxa from model development, there were 51 taxa at
the family level, although with rare taxa removed this decreased to 23. By comparison, the Tasmanian river
model (spring edge), contains 50 taxa.
The wetland model has different O/E taxa bands to Tasmania‟s river models. Tasmania‟s river
models (autumn and spring) have very narrow O/E taxa bands (Band A: 1.18-0.83, Band B: 0.82-0.48, Band
C: 0.47-0.13, Band D: 0.12-0). Models with narrow bands are considered to have good resolution because
only a few taxa can be lost before an impairment will be detected (Simpson et al. 2000). Although our
wetland model has wide bands, the resulting O/E scores of artificially impaired sites, demonstrated a
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disturbance gradient showing that the model can detect known biological changes in site disturbance (or site
rehabilitation).
Tasmanian river models are very sensitive to an expected taxon being absent and this is reflected in
the allocation of test sites to bands. The group of the training-sites in the Tasmanian river model (spring
edge) with the largest expected range has 7.8 – 12.3 taxa, and the group with the largest predicted range
has 10-16 taxa. The group of training-sites with the largest expected range in the wetland model, has 7.8 –
12.1 taxa, and a predicted range of 9 – 16 taxa. Although the wetland model does not have as many taxa as
the river model, and has 2 wide bands (and the river model has 4 narrow bands), the wetland model
detected known biological impairment (by assigning a lower O/E score) even when a single taxon was
removed (in mild impairment).
Models with wide bands have poorer resolution than models with narrow bands, because more taxa
have to be lost for an impairment to be detected (Simpson et al. 2000).An additional consequence of wide
bands is that bands may have lower probabilities of mis-banding (Barmuta et al. 2003). It is interesting to
note that the wetland model‟s training-data only contained 4 sensitive taxa, yet the model was able to detect
impairment when a single taxon were removed. Impairment of test-sites was evident from the O/E scores but
not always by band allocation. Therefore for monitoring purposes, O/E scores should be used in
combination with band allocations to track changes in site taxa.
Current research in Tasmania (Furlonge et al. 2015, Furlonge 2016) has found macroinvertebrate
assemblages to be significantly different according to site. Accordingly a single season, combined habitat
model with 4 predictor variables was built. By comparison, Tasmania has 6 river models that vary according
to season (autumn or spring) and habitat (riffle or edge), containing up to 8 predictor variables (each model
has a different set of variables). Further research of wetlands in areas outside of the study area, may reveal
the need for different models to accommodate any different types of wetlands in these areas.
Predictor variables are used by models to group sites according to similarities of environmental
attributes. Therefore each model may have a different set of predictor variables because every model has a
unique set of training-sites (reference-sites). Electrical conductivity was the only common predictor variable
between our wetland model, Davis et al. (2006) wetland model, and Tasmanian river models. This lack of
commonality between models, supports the recommendation by Davis et al. (2006) that specific models will
need to be developed for different climate zones.
The wetland model uses macroinvertebrate data collected from 4 habitats combined to a single
sample, with an equal sampling effort used in each habitat. Combining habitats may lead to the taxa
predicted by a model to be an indication of habitat type, rather than the condition of water quality (Parsons
and Norris 1996). Habitats were combined because habitats have been shown to not significantly vary within
a wetland, only between wetlands (Furlonge 2016). In the United Kingdom, river habitats are combined in
proportion to their occurrence without impacting on model results (Rivpacs; Wright et al. 1984).
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The 6 atypical training-sites removed during model development were unique in terms of their
macroinvertebrate assemblages and spatial location when compared to the other training-sites.
Macroinvertebrate richness of the atypical sites ranged from 22 to 38 which is within the range of richness
of the training-sites (average richness is 33). The atypical sites were in 3 different areas of Tasmania and in
ordination (Fig. 3) assemblages were on the perimeter of training-sites, suggesting some variation to the
main group of training-sites. Tasmania‟s landscape and climate varies tremendously according to geographic
regions. For example, there are extremes in cold weather in the central highlands (location of two atypical
sites), low rainfall, higher salinity and agricultural stressors in the lower catchment midlands area (location
of two atypical sites) and coastal soils and milder weather on the east coast (location of two atypical sites).
The combination of spatial location and the predictor variables of atypical sites, meant that these sites were
mis-classified during model development and then removed from further model development. Previous
research has found spatial location to be the only significant factor to influence assemblages in Tasmanian
wetlands (Furlonge 2016).
Model enhancement would be obtained by adding new sites in the same location and with the same
range of predictor variables as the 6 atypical sites. The addition of more sites of the same type and location,
would increase the group membership of wetlands of this type and in these locations. This would enable
similar test-sites, to be assessed by the model and possibly increase the sensitivity to detecting impairment.
While macroinvertebrates in rivers are predictable and contain sufficient numbers of sensitive taxa to
enable predictive modeling(Bailey et al. 2014), macroinvertebrate communities in wetlands are comprised of
different assemblages and research to date suggests them to be unpredictable (Chessman et al. 2002, Batzer
2013, Ruhí et al. 2014).A total of 4 sensitive taxa were recorded from the training-sites. In comparison,
Tasmania‟s river edge model has 18 sensitive taxa. In a recent study comparing the effectiveness of river
models, models identified mild impairment from the removal of 10% of taxa (Bailey et al. 2014). The
removal of such small numbers of taxa in creating mild and moderate impairment, may explain the wide
range of O/E scores for the mild impairment sites, and why 3 sites were assigned to band A (Fig. 2). The
model identified a gradient of O/E scores, therefore, if the simulated impairment of data sets accurately
represented disturbance through nutrient enrichment, eutrophication, or other stressors, our model detected
such disturbance through distributing the impaired sites along a gradient, and by putting all but 3 impaired
sites to band B (all O/E scores were < 0.71; Fig. 2). We did not use abundance data in model development,
and we used the central 80% of sites to set the band widths which may contribute to band widths.
Another option for testing the ability of the model to detect known biological impairment, would be
to use the sensitivity grades from SWAMPS (Chessman et al. 2002) instead of the sensitivity grades from
SIGNAL (Signal was developed for east Australian rivers). SWAMPS (Swan Wetlands Aquatic
Macroinvertebrate Pollution Sensitivity) was developed as a biotic index for wetlands near Perth in Western
Australia, a Mediterranean climate. Tasmania is located in eastern Australia, making SIGNAL appropriate
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according to climate and location, and the model testing approach described by Bailey et al. (2015), but
SWAMPS was developed for wetland invertebrates although in a climate and location very different to
Tasmania‟s. Add in EPA Vlakes Ex 2 page 131
The model detected more disturbance in some test-sites than in others. Authors visually identified
disturbance at test-sites because there had been no previous condition assessments defined, or implemented
for these wetlands. Of the 6 test-sites assigned to Band-B, 3 (2 without introduced Salmo spp.) were in lower
catchment areas and the other 3 (with Salmo spp.) were in upper catchment areas and accessed for
recreational fishing. Of the 3 lower catchment sites (without Salmo spp.) 1 was subjected to some urban road
runoff and another was accessed in part by sheep. The other 4 sites had introduced Salmo spp., 2 also had
introduced Cyprinidae Cyprinus spp.Test-sites assigned to Band A were not access by sheep, did not contain
Cyprinidae Cyprinus spp. (but some contained Salmo spp.), and were generally more isolated, (hence
subjected to less human access) than sites assigned to Band-B. The site assigned to Band-A, that may
receive urban road runoff was very well vegetation in the proximal zone moving away from the waters‟
edge. The site assigned to Band-X (richness of 33) had no obvious indications as to why it may be more
diverse than training-sites. Sites assigned to Band B (and with the lowest O/E scores) had 2 or more
observable reasons (as described above) for having impairment.
In the development of AUSRIVAS models (for rivers), typically families found in ≤ 10% of sites
(Marchant 2002) are removed. In our dataset, removing 10% of rare taxa, meant that more than half of the
taxa were removed from training-sites, prior to model development (where more families are removed with
the removal of atypical training-sites). We removed ≤ 6% at the start of model development because
wetlands had so many taxa in small numbers across the range of wetland types and we did not know what
the effect of removing this many families would be on model development. For wetland models in other
parts of the world, the quantity of rare taxa removed will be dependent on the number of rare taxa in the
dataset. The relationships between taxa and environmental attributes may also influence the percentage of
rare taxa to be removed. We found that removing 6% of rare taxa built the better model.
5. Conclusion
Worldwide, RCA models have been a robust component of river bioassessment and monitoring
programs. We have shown that the RCA to biological assessment, using macroinvertebrates as indicators,
will also detect known biological impairment in freshwater, shallow wetlands. This suggests that there is a
strong enough link between environmental attributes and macroinvertebrate communities to enable models
to predict taxa expected at a wetland, if the wetland were in reference condition. This study found
macroinvertebrate at the family level with rare taxa removed was the best dataset to build models. In its
current form, the model is satisfactory for monitoring wetlands in the study area, the model will need further
work to enable it to be used outside of this area. A rapid bioassessment method using macroinvertebrates as
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indicators and the RCA, should be used in combination with other monitoring tools including vegetation and
water quality parameters when assessing wetland condition.
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Appendices
Appendix A List of Training sites used in model development
Name

Code

Alans Marsh Great Lake

R002

Big Waterhouse Lake

Group

Easting

Northing

Landform

5

486082

5368623

Undulating
plains

R003

9

551921

5472652

Coastal

Blackman river

R004

11

534300

5334548

Riverine

Blackmans Lagoon

R005

9

550193

5471017

Coastal

Bradys lake

R006

14

460298

5324175

Mid slope

Bronte lake

R007

14

459239

5328535

Low slope

Bruisers lagoon

R008

11

481881

5351508

Mid slope

Brumbysbroadwater

R009

10

505639

5378645

Riverine

Camerons lagoon

R010

12

473235

5354859

Undulating
plains

Cascade dam

R011

13

568487

5442987

Low slope

Cider gum lagoon

R012

12

443759

5342970

Undulating
plains

Curries dam

R013

11

496216

5449968

Undulating
plains

Dee Lagoon

R014

14

464576

5322510

Mid slope

Double lagoon

R015

14

463284

5363173

Undulating
plains

Fattening paddock soldiers marsh

R016

12

501125

5331573

Mid slope

Gunns lake

R017

12

497443

5361392

Undulating
plains

Hardwicks Lagoon

R018

11

577919

5469254

Coastal

Kenneth lagoon

R022

12

445014

5344411

Undulating
plains

Lake Binney

R023

14

457545

5320270

Undulating
plains

Lake Botsford

R024

5

458924

5363020

Undulating
plains

Lake Dulverton

R025

8

531123

5316796

Low slope

Lake Leake

R026

10

566811

5348171

Mid slope

Lake Samuel

R027

14

463049

5330906

Low slope

Lake Yalleema

R028

14

568043

5345761

Mid slope

Little Lake

R029

12

498191

5360805

Undulating
plains

Maa Mon Chin Dam

R031

11

574642

5438184

Low slope
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MacQuarie at Ross

R032

14

540541

5346515

Riverine

Matts underwater fairy garden black
snake rd

R033

10

506902

5330310

Undulating
plains

Minnie Jessop Dam

R034

6

574182

5436121

Mid slope

Narawntapu spring lawn

R035

8

467281

5445052

Coastal

NE Park

R036

13

543252

5441419

Low slope

Old St Helens water supply

R037

8

604550

5430577

Riverine

Penstock lagoon

R038

12

480733

5340280

Mid slope

Pine Lake

R039

7

475372

5378796

Low slope

Pine Tier Lagoon

R040

12

457690

5341396

Undulating
plains

Rocky Lagoon

R041

14

458212

5363843

Undulating
plains

SandygateMertonvale

R042

8

538588

5356676

Low slope

Seymour swamp

R043

8

607451

5377770

Low slope

Skemps/Bobs bog

R044

6

530175

5428395

Coastal

Tooms lake

R045

14

564431

5324906

Mid slope

Tregaron Lagoon 2

R046

8

582094

5485085

Coastal

Tregaron Lagoon cemetry northern

R047

8

582314

5485868

Coastal

Tuckers Ck NE Park Riverine

R048

9

543445

5442074

Riverine

Viormi floodplain single sample

R049

7

450841

5342648

Mid slope

Viormi riverine

R050

7

449170

5342867

Riverine

White lagoon

R051

8

537141

5339014

Low slope
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Appendix B List of 6 atypical sites removed from model development
Site
Easting Northing Landform Location Distinguishing characteristic
Isisvale
large
Isisvale
small

Ada
riverine
Little
Pine
Lagoon
Windmill
Lagoon
Jocks
Lagoon

522372

Undulating
5365770 plains
Midlands

Macrophyte dominated substrate - ec
83 - seasonal

522549

Undulating
5365664 plains
Midlands

Macrophyte dominated substrate - ec
107 - seasonal

Rock dominated substrate lacking
Central
macrophyte floodplain-ec 22 highlands permanent

454981

5362191 Riverine

467293

Undulating Central
Rock dominanted substrate - ec 30 5349742 plains
highlands permanent

609719

609508

5423576 Coastal

East
coast

Macrophyte dominated substrate - ec
447 - permanent

5421802 Coastal

East
coast

Macrophyte dominated substrate - ec
363 - permanent
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Appendix C Wetland model sampling proforma

Tasmanian Wetland Model
This model has been developed from 46 wetlands in best available condition during
spring 2012. Test sites must be within the boundary of these sites. See Figure 1.
For more information about the model and detailed sampling methods, see Applying
predictive modeling using a reference condition approach for the biological
assessment of temperate austral wetlands (Furlonge et al. 2016).

How to sample
Sampling should be done by Ausrivas accredited people (to maintain data
consistency and standards).
Take 1 macroinvertebrate sample at each site. Use a 250µm mesh D shaped net.
Sweep the net for 2 minutes in each of 4 habitats (fringing vegetation, emergent
vegetation, submerged vegetation & the open water column), ensure that the areas
sampled represent the entire wetland (you may move to other areas of the wetland to
obtain a representative sample).
If the resulting sample contains alot of vegetation or detritus the sample should be
split into 2 for picking for a combined minimum time of 1 hour.
Do a live pick on site for a minimum of 1 hour.
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Required information- Collect these attributes when sampling macroinvertebrates

Site Name
Site Description
Easting (latitude)
Northing (longitude)

What is the dominant substrate?

rocks (combination of sand, pebbles,
cobbles and boulders)
or macrophytes (vegetation)

Electrical conductivity (d/s)

Average annual rainfall

Water colour (intensity of tannin)

(obtainable from GIS data)

1= Clear

clear no
colour

2=Turbid

not clear

3=Light

clear

4=Medium

clear

5=Dark

clear
these colours are a
guide to colour
intensity not the actual
colour

Is the proximal distance 50m from
the waters edge disturbed?

1=Yes, 2 = No
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Additional useful information
Water temperature
pH
Turbidity
Dissolved Oxygen

Site map - draw the wetland features and mark the areas sampled
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Figure 1 boundary for test sites. Diagonal lines denote World Heritage Areas and
small black circles represent sites used to develop the model.
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Chapter 6 Discussion
6.1 Overview
Wetlands are recognised globally as important ecosystems (Ramsar 2016) and they contain vital
habitat for many terrestrial and aquatic flora and fauna. The loss and degradation of wetlands has been more
rapid than that of many other ecosystems and freshwater and coastal wetland species are deteriorating faster
than in other ecosystems (MEA 2005). In Australia, important wetlands are protected through Ramsar
listing, recognised in the Directory of Important Wetlands (DIWA 2014), and protected through various
types of protected area status, including World Heritage, National Parks, public and private land covenants.
The influence of climate change and the appropriate use of wetlands has been investigated in Australia and
suggests major challenges for wetland managers being faced with water use restrictions and a drying
environment (Finlayson 2013, Chessman and Hardwick 2014). A better understanding about the effects of
less water in ecosystems, and the effect this will have on biodiversity, will aid in the sustainable
management of wetlands and wetland species.
The understanding of freshwater ecosystems and biodiversity is well documented for rivers (Bailey
et al. 2004, Boulton et al. 2014). The monitoring and assessment of rivers is also well established (Bailey et
al. 2014). Worldwide for more than 20 years, biological assessments using the reference condition approach
(RCA;Reynoldson et al. 1997) have been used in freshwater ecosystems (Bailey et al. 2004, Bailey et al.
2014). However, apart from the Swan Coastal Plain of Western Australia (Davis et al. 2006) and the Great
Lakes of Canada (Reynoldson et al. 1999) and North America (Hawkings et al. 2010), biological
assessments using the RCA for lentic wetlands remain limited.
In Australia, considerable funds are allocated for the protection and restoration of natural assets.
Accordingly, we need to know if our efforts at protection and restoration are making a positive difference
and this can be done through monitoring and reporting. An important component to monitoring and
reporting is supporting information. Information gathered from tools that assess biological, physical and
chemical attributes, providing a holistic appraisal of natural assets (Edgar et al. 2000, Chessman et al.
2002,Batzer et al. 2015).
This study has developed two tools and examined biological, physical and chemical data, to assist
with the monitoring and reporting of lentic wetlands. A rapid assessment method for collecting
macroinvertebrates has been consolidated, a RCA model for biological assessment has been built and, the
links between biodiversity (macroinvertebrates) and environmental attributes have been examined. In
summary: a rapid assessment method for collecting macroinvertebrates from wetlands was tested and used
to sample 80 wetlands; relationships between macroinvertebrate assemblages, dominant habitats and
proximal disturbance from a relatively large number (66) of protected wetlands were identified; the
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influence of different types of protected area status on macroinvertebrate assemblages was examined and; a
RCA model was built and tested for its ability to detect known biological impairment. The study‟s findings
indicate that RCA assessment methods used globally for rivers, can be successfully used for temperate,
lentic wetlands. In the following sections, I summarise each Chapter, state whether hypotheses were met and
discuss the outcomes of my findings. I then put forward ideas for future research.
6.2 Chapter 2 identified wetlands in best available condition suitable for collecting macroinvertebrates
and physical attributes common between wetlands
A group of sites in „best available‟ condition showing no (or minimal) human disturbance and fully
capturing the physical and biological variation of the landscape is referred to as reference sites. The RCA to
biological assessment uses reference sites as benchmarks against which test sites are assessed. I used
environmental data, in spatial format, from different scales and type, to examine mapped wetlands. I did this
to select sites in best available condition with optimum habitat for collecting macroinvertebrates, to use in
the development of a RCA predictive model. The number of identified wetlands was relatively high (80) and
sites spanned the range of landforms (6) across the study area. The desktop study used methods to identify
wetlands that were similar to the Australian government‟s, National Aquatic Ecosystem classification
(ANAE; Conrick and Edgar 2007). I showed how sites can be identified using a combination of GIS queries
with existing data and local knowledge (incorporating field visits) the identification process combined
grounded theory and visualisation (Knigge and Cope 2009).
I have shown how the output of my work is a time and cost effective method for identifying sites to
meet specific criteria. However, to be successful, all data must be compiled into databases where all data are
compatible in format, scale and naming conventions. Through good management, Tasmanian Government
staff have achieved this with their GIS database, and it meets the needs of scientists selecting sites.
Methods documented in the ANAE were a useful tool for identifying sites. My prediction that I would be
able to identify candidate reference sites using a process of combined grounded theory and visualisation in a
GIS was supported. I have shown that wetlands can be grouped according to similarities in environmental
attributes. This is an important finding because the early phase of RCA model development requires sites to
be grouped according to environmental attributes.
6.3 Chapter 3 tested a rapid method for sampling macroinvertebrates, investigating spatio-temporal
factors that may influence a sampling strategy.
Detecting degradation in the real world depends on the assessment methods used. Importantly,
datasets collected with different sampling methods at the same site may give different responses to
disturbance because of the methods used (Ostermiller and Hawkins 2004). Sampling methods influence
which taxa are observed in samples (Clarke and Murphy 2006), and as sites become increasingly stressed,
sensitive taxa disappear (Cao and Hawkins 2005). Methods that only collect the presence and absence of
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taxa may result in predictive models not being able to detect mild disturbance (Nichols et al. 2006), but
methods using a relative abundance will enable models to detect change (Nichols et al. 2000).
In chapter 3 I described how I adapted the rapid method for collecting macroinvertebrates in
wetlands, by Davis et al. (2006). I tested the spatial and temporal variation in macroinvertebrate
assemblages between two Ramsar wetlands. Four discrete habitats were sampled in the austral spring and
autumn from 2009 to spring 2011. I examined these data for relationships between macroinvertebrate
assemblages (richness and abundance) with year, season, site and habitat. My results indicated that the
composition of macroinvertebrate assemblages (based on family-level data) differed between wetlands but
not between habitats (within wetlands), seasons or years. The lack of significant variation in the composition
of macroinvertebrate assemblages among habitats was unexpected, because some studies have found that
wetland macroinvertebrates are responsive to variation in plant communities, which are often used to define
within-wetland habitats (Nicolet et al. 2004, Stenert et al. 2008, Batzer 2013). However, such a finding is
consistent with Kratzer and Batzer (2007), who found little variation in macroinvertebrates among habitats.
The two study wetlands were relatively shallow and the fact that many wetland taxa are highly mobile and
can easily move (swim) between habitats (Cheal et al. 1993) may partially explain our results. I have shown
that macroinvertebrate assemblages were structured by site.
On the basis of these results, I determined that a single sample of macroinvertebrates would represent
the temperate basin wetlands of north east Tasmania. The single composite sample being collected using the
rapid sampling method I describe, from four habitats (fringing vegetation, emergent vegetation, submerged
vegetation and the open water column), during a single season (austral spring) in coastal, flat plains,
undulating plains, low, medium and high hills, basin wetlands. These methods was then used for
macroinvertebrate sampling at sites identified to be in best available condition (from Chapter 2) and used for
analysis in Chapters 4 and 5. Research to date suggests that this method should be used when sampling both
seasonal and permanent freshwater wetlands in Tasmania. This method would also be suitable for temperate
wetlands outside of Tasmania. If wetlands, habitats or climates are significantly different from those of my
study, these factors should be taken into consideration and the method adjusted accordingly.
6.4 Chapter 4 sampled macroinvertebrates at 66 protected wetlands using the rapid assessment
method from Chapter 3 and identified relationships between assemblages, environmental attributes
and different types of land protection.
The importance of wetlands means that there are worldwide efforts to protect and conserve them.
Species-level information is required to maximise conservation planning, but at a global level this
information is often lacking (Westgate et al. 2014). Environmental attributes influencing patterns of species
richness and distribution differ among taxa (Kirkman et al. 2012) and congruence among taxa is often
related to environmental gradients (Gaston 2000).Macroinvertebrates are the most commonly used
organisms for condition assessment of freshwaters (Bailey et al. 2004) but an understanding of the factors
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controlling wetland communities is not well developed (Batzer 2013, Boulton et al. 2014). Recent studies
have sought to determine congruence among wetland macroinvertebrate taxa (Ruhí and Batzer 2014) and to
identify core wetland taxa globally (Batzer and Ruhí 2013).
Chapter 4 looked for environmental attributes controlling macroinvertebrate assemblages in
protected wetlands and examined the effectiveness of different protected area types on wetlands. The
number of wetlands included in my study was relatively high (66), the wetlands spanned a variety of
landforms (six) and two water regimes. None of the watershed attributes or physico-chemical wetland
attributes measured, were strongly associated with macroinvertebrate assemblages (richness and abundance).
However, I did find weak relationships with combined water-quality attributes, watershed attributes and
assemblage composition. I found strong relationships between a wetland‟s dominant habitat, proximal
disturbance and protected area type. My prediction that protected area types would have a relationship with
macroinvertebrate assemblages was supported, however I did not detect higher species richness and
differences in assemblages between the most highly protected (through global treaties and in national parks)
and least protected (in local reserves and under private ownership) was not supported. I showed how the
environmental attributes of dominant habitat and proximal disturbance influence macroinvertebrate
assemblages. This was an important finding because it adds to the global knowledge of wetland invertebrate
community structure. This finding was also important for the development of RCA models. It is important
because models need to be able to group sites according to similarities in measurable environmental
attributes, and through the combined results of Chapters 2 and 4, attributes have been identified.
The lack of statistically significant differences between macroinvertebrate richness at both the
species and family level, across all types of protected areas, and the lack of a discernible pattern in the
composition of macroinvertebrate assemblages between categories of protection suggested that all types of
protection had a similar influence on macroinvertebrates. Although many different types of protected areas
exist, there is limited information on how the type of protection influences conservation outcomes(Batzer et
al. 2015). The relatively high number of taxa (species and morpho-species) recorded at the 66 study
wetlands suggest that all types of protected areas in Tasmania support the conservation of wetland
macroinvertebrates.
The macroinvertebrate dataset was not significantly nested, unlike datasets from other parts of the
world (Batzer 2013). The study by Batzeret al. did not include wetlands from a temperate climate zone such
as found in Tasmania. I also found no significant relationships between richness and latitude (or a range of
factors) that are known to be related to biodiversity patterns (Gaston 2000).In Tasmania, where a large
portion of the state is under a form of land protection, knowing that land protection measures are
successfully preserving some freshwater biodiversity is valuable. If such protection and actions were found
not to sustain ecosystem condition, then management could change its practices instead of continuing to
practise (and spend money on) activities lacking positive outcomes.
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The research outlined in Chapter 4 has added to the global knowledge of wetlands: it has identified
environmental attributes found to control macroinvertebrate assemblages, and found that Tasmanian
wetlands are not significantly nested – unlike groups of wetlands documented in other parts of the world.
Further national or global research may determine reasons explaining the lack of nestedness in wetlands of
central and north eastern Tasmania or may find similarities with other temperate wetlands. Alternatively, the
dataset may simply reflect the high conservation-value of Tasmania‟s wetlands, which may be a unique
feature.
6.5 Chapter 5 developed and tested an RCA model using macroinvertebrates as indicators.
As explained in Chapter 1, predictive models and the RCA are key components of many river
bioassessment protocols around the world. Samples taken at test sites are compared to samples from
reference sites (sites in reference condition, having had no or minimal exposure to human-induced stressors)
and the results of the comparison depend on the similarity of environmental attributes and the biological
assemblages observed (Reynoldson et al. 2014). Prior to the start of this study, few studies had reported on
RCA for freshwater standing waterbodies (lentic) (Davis et al. 2006).
Chapter 2 identified reference sites and physical environmental attributes associated with groups of
wetlands, Chapter 3 tested a rapid assessment method for collecting macroinvertebrates, and searched for
spatio-temporal influences on macroinvertebrate assemblages. Chapter 4 sampled wetlands for
macroinvertebrates and water quality, and identified environmental attributes associated with assemblages.
The steps described in those three chapters led to the final product of this thesis: the development of a RCA
predictive model using macroinvertebrates as ecological indicators for condition assessment, supporting my
hypothesis and overall aim of the project.
Prior to my research, there were no models to compare the biodiversity of Tasmanian wetlands
against reference sites with known assemblages. A large proportion of Tasmania‟s landscape is in some
form of protection (60%), therefore being able to determine the effectiveness of protection will aid in the
reporting of projects with land and water conservation targets. In times of disaster (for example 2016 fires)
the dataset provides a baseline to compare sites post events, to enable a „damage assessment‟ to be done.
Considering the predicted effect of climate change on freshwater biodiversity, my dataset provides a
snapshot of taxa distribution from which to monitor change (MEA 2005, Palmer et al. 2009, DPIPWE 2010,
Finlayson 2013, Chessman and Hardwick 2014).
The model I built is an AUSRIVAS-style predictive model using macroinvertebrates as indicators. I
tested macroinvertebrate data using a high taxonomic resolution, from sites in a relatively undisturbed
temperate region of the world. I used a test dataset of unknown condition and three simulated impairment
datasets to evaluate the ability of the model to detect unknown and known biological impairment. This has
value for land managers, in terms of optimising biodiversity monitoring in this region.
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I showed that RCA models can be used to detect biological impairment in wetland basins in a range
of landforms (coastal, flat plains, undulating plains, low, mid and high hills) and water regimes (permanent
and seasonal). The single season (austral spring), combined habitat (fringing vegetation, emergent
macrophytes, submerged macrophytes and open water column), model using macroinvertebrates at family
taxonomic level, with rare families removed, performed well, detecting three simulated levels of artificial
impairment.
The model can be used to assess the biological condition of wetlands in the study area. The model
has wide quality-bands which with the addition of a few more atypical sites (atypical in terms of spatial
location and wetland type), may make band widths narrower, potentially making the model more sensitive to
impairment (Barmuta et al. 2003). However, models with wide bands can also be a reflection of a wide
range of environmental characteristics (Nichols et al. 2014). The model did well in detecting three levels of
simulated biological impairment, therefore I conclude that the wide bands are most likely a result of the
wide range of environmental conditions of the reference sites.
Adding further reference sites from near locations and different wetland types would be of benefit
because the types of wetlands and spatial extent that the model is capable of evaluating will be extended.
The fact that this model (and that of Davis et al. 2006) could be built and perform well, and that the model
identifies sites with simulated biological impairment, implies that RCA models could be used for wetlands
in other regions of the world if suitable reference wetlands are available for model creation. For Australia, it
means that the biological condition of freshwater wetlands in Tasmania can be assessed, monitored and have
a condition rating applied, as we do nationally for rivers.
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6.6 Recommendations for future research
In this study I have identified and gathered abiotic and biotic data from 80 wetlands in best available
condition, predominantly from protected areas that are relatively undisturbed in Tasmania. This dataset
forms a snapshot of wetland character for 2011 and 2012 and is in the same spatial format as spatial datasets
held by the Tasmanian Government. This fact alone ensures that the data collected in this study, can be used
for future monitoring and research. I have used this information to draw conclusions to spatial, temporal and
environmental factors controlling macroinvertebrate assemblages and to develop a RCA model. My research
has added value to the global understanding of wetlands and macroinvertebrates, and to the knowledge and
understanding of the RCA to freshwater assessment.
Below are areas of research I believe further work could be done using the biotic and abiotic datasets
from this study:
i) thenestedness and congruence of macroinvertebrates in wetlands. Current research suggests wetland
macroinvertebrates to be nested (Batzer 2013), but mine did not. Combining the dataset from this
study with others from temperate areas, could help us understand the nature of nestedness in
temperate wetlands. The same could be done at a global level similar to other studies (Batzer 2013,
Ruhí et al. 2014). Examining my dataset with other similar datatsets from elsewhere in Australia,
would give indications to the nature of invertebrates at a continental scale;
ii) mechanisms controlling macroinvertebrate assemblages by identifying associations with
environmental attributes. The addition of more sites from the area outside of my study area, may
provide further in-site into the mechanisms controlling macroinvertebrate assemblages;
iii) difficulty in predicting macroinvertebrate communities in wetlands. Unlike in rivers,
macroinvertebrate communities are proving difficult to predict (Batzer 2013). I have found some
factors to be similar to those in other parts of the world (for example some water quality parameters)
and others to differ (for example habitats and water regimes). Importantly I have identified dominant
substrate and proximal disturbance to be the primary drivers of macroinvertebrate assemblages in
temperate austral wetlands. Further examination of my datasets may find important answers about
how macroinvertebrate community structure is influenced by environmental attributes (including
stressors);
iv) community structure in different habitats. The lack of significant variation in the composition of
macroinvertebrate assemblages among habitats was unexpected, because some studies have found
that wetland macroinvertebrates are responsive to variation in plant communities, which are often
used to define within-wetland habitats (Nicolet et al. 2004, Stenert et al. 2008, Batzer 2013).
However, my finding is consistent with Kratzer and Batzer (2007), who found little variation in
macroinvertebrates among habitats. In the pilot study, the two study wetlands were relatively shallow
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and the fact that many wetland taxa are highly mobile and can easily move (swim) between habitats
(Cheal et al. 1993) may explain results. The addition of more sites from the area outside of the study
area may provide further in-site into the association between wetland habitats and macroinvertebrate
assemblages;
v) using a RCA predictive model for wetlands assessment. To enhance the model produced from this
thesis, focus should be on the additional sampling of reference wetlands. Adding more sites of
similar type and location to the six atypical sites (identified in Chapter 5; Appendix B), will extend
the spatial extent of the model and the types of wetlands the model can assess. The addition of more
reference sites within the study area may also mean that the model will be more sensitive to
degradation and rehabilitation efforts, possibly by narrowing the width of condition quality bands;
vi) time constraints limited the reference dataset to the dataset I created. The addition of more sites
outside of my study area would mean that wetlands in the areas of the new sites, will be suitable for
analysis by the model;
vii) time constraints also limited the test dataset used for testing the models ability to detect degradation.
The addition of more test sites would test the model‟s performance along gradients of degradation
providing further opportunity for model enhancement.
viii)

rank abundance based Ausrivas models have been developed for river bioassessment in

Tasmania (Davies 2010). Whilst I did not attempt to build such a model, my macroinvertebrate
dataset includes abundance data and could be manipulate to build and test rank abundance models
for wetland assessment;
ix) baseline data to monitor climate change. The fact that Tasmania now has a baseline dataset is an
important asset for monitoring the effects of climate change. These data could also be used for
assessing biological change resulting from disaster events, for example 2016 fires;
x) undescribed taxa. Studied wetlands contained un-described taxon and taxon that had not been
recorded previously in Tasmania. Further research could describe and document these taxa and;
xi) watercolour chart for describing tannins. At the time of this study there was no simple to use colour
chart for describing tannins in temperate wetlands. I collected and retained water samples
representing the five levels of tannins I described, however these samples could be further assessed
for colour and a colour chart developed to be used for describing tannins in wetlands.
6.7 Conclusion
This thesis contributes to the global knowledge of the bioassessment of freshwater ecosystems using
the RCA, wetland macroinvertebrate community structure and provides baseline data and assessment
tools for Tasmanian wetland managers. The macroinvertebrate sampling protocol described is
suitable to sample wetlands of central and north eastern Tasmania, and areas beyond this region
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according to review. The RCA predictive model using macroinvertebrates as indicators, detects
known biological impairment. The state of the proximal zone (the terrestrial zone within 50m of the
wetland edge) and the type of aquatic habitat present (macrophyte or sediment-dominated substrates)
are the most important determinants of macroinvertebrate richness and assemblage composition
across all types of protected wetlands. Results suggest that for temperate austral wetlands located
within protected areas, the macroinvertebrate fauna will be best conserved by minimal disturbance of
proximal lands.

The successful development of the RCA model for lentic wetlands, is new for the bioassessment of
freshwaters. Finding environmental attributes associated with macroinvertebrate assemblages and predictor
variables to group similar wetlands is important for the global understanding of wetland macroinvertebrates.
To date, a lack of knowledge about what the drivers of macroinvertebrate communities are, has limited the
development of the RCA for monitoring and assessment in lentic wetlands. The findings and outputs of this
thesis have a crucial role in improving our understanding and subsequent management and protection of
freshwater lentic ecosystems.
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Appendices
Appendix A- Chapter 4
Watershed and wetland attributes of the 66 Tasmanian wetlands sampled the austral spring 2012. Watershed attributes were obtained from the database held by the Tasmanian Department of Primary Industry and
Fisheries in 2008 and wetland attributes were measured in situ in spring 2012.

Wetland
ID

Site

Landform

Eastin
g

Northin
g

Elevatio
n (m)

1

Ada lagoon

Undulating plains

455342

5362950

1143

2

Ada riverine

Riverine

454981

5362191

3

Alans Marsh Great Lake

Undulating plains

486082

4

Argonaut rd mine hole

Undulating plains

5

Bells lagoon

6

Average
annual
rainfall
(mm)

Vegetation type

Vegetation group

Surrounding landuse

Water
Regime

Dominant
Habitat

Proximal
zone

Protected Area Type

1355

Fresh water aquatic herbland

Saltmarsh and Wetland

Biodiversity

Permanent

Cobble

Disturbed

World Heritage Area

1146

1355

lacustrine herbland

Saltmarsh and Wetland

Biodiversity

Permanent

Cobble

Rehabilitate
d

World Heritage Area

5368623

1047

1209

saline aquatic herbland

Saltmarsh and Wetland

Surface water supply

Seasonal

Cobble

Undisturbed

National Park

585035

5431825

342

1107

Saline grassland

Saltmarsh and Wetland

Production forestry

Permanent

Macrophyte

Disturbed

Public Reserve

Undulating plains

529220

5340251

241

488

Fresh water aquatic sedgeland and rushland

Saltmarsh and Wetland

Lake

Permanent

Macrophyte

Disturbed

Directory of Important Wetlands
Australia

Big Waterhouse Lake

Coastal

551921

5472652

6

676

Succulent saline herbland

Saltmarsh and Wetland

Managed resource protection

Permanent

Macrophyte

Undisturbed

Directory of Important Wetlands
Australia

7

Blackman river

Riverine

534300

5334548

209

451

Saltmarsh (undifferntiated)

Saltmarsh and Wetland

Grazing modified pastures

Permanent

Macrophyte

Rehabilitate
d

Public Reserve

8

Blackmans Lagoon

Coastal

550193

5471017

15

676

wetland (undifferentiated)

Saltmarsh and Wetland

Managed resource protection

Permanent

Macrophyte

Undisturbed

Directory of Important Wetlands
Australia

9

Bradys lake

Mid slope

460298

5324175

649

1108

Eucalyptus amygdalina coastal forest and
woodland

Dry Eucalypt Forest and
Woodland

Reservoir/dam

Permanent

Cobble

Undisturbed

National Park

10

Bronte lake

Low slope

459239

5328535

685

959

Eucalyptus amygdalina forest and woodland
on dolerite

Dry Eucalypt Forest and
Woodland

Protected landscape

Permanent

Cobble

Undisturbed

National Park

11

Bruisers lagoon

Mid slope

481881

5351508

1054

862

Eucalyptus amygdalina inland forest and
woodland (undifferentiated)

Dry Eucalypt Forest and
Woodland

Residual native cover

Seasonal

Macrophyte

Undisturbed

National Park

12

Brumbysbroadwater

Riverine

505639

5378645

146

671

Eucalyptus amygdalina forest and woodland
on mudstone

Dry Eucalypt Forest and
Woodland

Surface water supply

Permanent

Macrophyte

Rehabilitate
d

Public Reserve

13

Camerons lagoon

Undulating plains

473235

5354859

1043

941

Eucalyptus amygdalina forest and woodland
on sandstone

Dry Eucalypt Forest and
Woodland

Residual native cover

Permanent

Macrophyte

Undisturbed

National Park

14

Cascade dam

Low slope

568487

5442987

220

1142

Eucalyptus amygdalina inland forest and
woodland on Cainozoic deposits

Dry Eucalypt Forest and
Woodland

Residual native cover

Permanent

Cobble

Undisturbed

Forestry Reserve

15

Cider gum lagoon

Undulating plains

443759

5342970

964

955

Eucalyptus barberi forest and woodland

Dry Eucalypt Forest and
Woodland

Other conserved area

Permanent

Macrophyte

Undisturbed

Tasmanian Land Consevancy

16

Collier degraded

Low slope

461609

5440743

9

793

Eucalyptus coccifera forest and woodland

Dry Eucalypt Forest and
Woodland

Grazine natural vegetation

Seasonal

Macrophyte

Disturbed

Private Land Covenant

17

Collier good

Low slope

461730

5440535

9

793

Eucalyptus cordata forest

Dry Eucalypt Forest and
Woodland

Grazing modified pastures

Seasonal

Macrophyte

Disturbed

Private Land Covenant

18

Curries dam

Undulating plains

496216

5449968

77

827

Eucalyptus delegatensis dry forest and
woodland

Dry Eucalypt Forest and
Woodland

Grazing modified pastures

Permanent

Macrophyte

Undisturbed

Forestry Reserve

19

Dee Lagoon

Mid slope

464576

5322510

656

1149

Reservoir/dam

Permanent

Cobble

Undisturbed

Public Reserve

Eucalyptus dalrympleana - Eucalyptus

Dry Eucalypt Forest and

165

pauciflora forest and woodland

Woodland

Eucalyptus globulus dry forest and woodland

Dry Eucalypt Forest and
Woodland

Reservoir/dam

Seasonal

Macrophyte

Disturbed

Private Land Covenant

20

Diprose lagoon

Undulating plains

530680

5370866

200

564

21

Double lagoon

Undulating plains

463284

5363173

1144

1238

Eucalyptus gunnii woodland

Dry Eucalypt Forest and
Woodland

Reservoir/dam

Permanent

Cobble

Disturbed

World Heritage Area

22

DrsCkbreona

Riverine

474541

5373964

1038

1544

King Island Eucalypt woodland

Dry Eucalypt Forest and
Woodland

Marsh/wetland

Permanent

Cobble

Disturbed

Public Reserve

23

Fattening paddock soldiers
marsh

Mid slope

501125

5331573

850

732

Eucalyptus morrisbyi forest and woodland

Dry Eucalypt Forest and
Woodland

Biodiversity

Permanent

Macrophyte

Disturbed

Tasmanian Land Consevancy

24

Great Lake
miennaliaweenerd

Mid slope

474017

5353384

1036

941

Midlands woodland complex

Dry Eucalypt Forest and
Woodland

Biodiversity

Permanent

Cobble

Disturbed

National Park

25

Gunns lake

Undulating plains

497443

5361392

987

1107

Eucalyptus nitidaFurneaux forest

Dry Eucalypt Forest and
Woodland

Production forestry

Permanent

Macrophyte

Undisturbed

National Park

26

Hardwicks Lagoon

Coastal

577919

5469254

22

735

Eucalyptus nitida dry forest and woodland

Dry Eucalypt Forest and
Woodland

Grazing modified pastures

Permanent

Macrophyte

Undisturbed

Directory of Important Wetlands
Australia

27

Isisvale large

Undulating plains

522372

5365770

169

557

Eucalyptus obliqua dry forest and woodland

Dry Eucalypt Forest and
Woodland

Reservoir/dam

Seasonal

Macrophyte

Rehabilitate
d

Private Land Covenant

28

Isisvale small

Undulating plains

522549

5365664

169

557

Eucalyptus ovata forest and woodland

Dry Eucalypt Forest and
Woodland

Rural residential

Seasonal

Macrophyte

Rehabilitate
d

Private Land Covenant

29

Jocks Lagoon (Ramsar)

Coastal

609508

5421802

9

759

Eucalyptus ovata heathy woodland

Dry Eucalypt Forest and
Woodland

Surface water supply

Permanent

Macrophyte

Rehabilitate
d

Private Land Covenant

30

Kenneth lagoon

Undulating plains

445014

5344411

963

955

Eucalyptus pauciflora forest and woodland on
dolerite

Dry Eucalypt Forest and
Woodland

Managed resource protection

Permanent

Macrophyte

Undisturbed

Tasmanian Land Consevancy

31

Lake Binney

Undulating plains

457545

5320270

649

1108

Eucalyptus perriniana forest and woodland

Dry Eucalypt Forest and
Woodland

Marsh/wetland

Permanent

Cobble

Rehabilitate
d

National Park

32

Lake Botsford

Undulating plains

458924

5363020

1146

1320

Eucalyptus pauciflora forest and woodland not
on dolerite substrates

Dry Eucalypt Forest and
Woodland

Marsh/wetland

Permanent

Macrophyte

Undisturbed

World Heritage Area

33

Lake Cresent marsh
(Interlaken Ramsar)

Undulating plains

512591

5334763

803

707

Eucalyptus pulchella forest and woodland

Dry Eucalypt Forest and
Woodland

Managed resource protection

Permanent

Macrophyte

Disturbed

Directory of Important Wetlands
Australia

34

Lake Dulverton

Low slope

531123

5316796

400

534

Eucalyptus risdonii forest and woodland

Dry Eucalypt Forest and
Woodland

Biodiversity

Permanent

Macrophyte

Rehabilitate
d

Directory of Important Wetlands
Australia

35

Lake Leake

Mid slope

566811

5348171

570

838

Eucalyptus rodwayi forest and woodland

Dry Eucalypt Forest and
Woodland

Reservoir/dam

Permanent

Macrophyte

Undisturbed

Public Reserve

36

Lake Samuel

Low slope

463049

5330906

724

959

Eucalyptus amygdalina - Eucalyptus obliqua
damp sclerophyll forest

Dry Eucalypt Forest and
Woodland

Biodiversity

Permanent

Cobble

Undisturbed

National Park

37

Lake Yalleema

Mid slope

568043

5345761

591

752

Eucalyptus sieberi forest and woodland on
granite

Dry Eucalypt Forest and
Woodland

Surface water supply

Permanent

Cobble

Undisturbed

Public Reserve

38

Little Lake

Undulating plains

498191

5360805

985

954

Eucalyptus sieberi forest and woodland not on
granite substrates

Dry Eucalypt Forest and
Woodland

Other conserved area

Permanent

Macrophyte

Undisturbed

National Park

39

Little Pine Lagoon

Undulating plains

467293

5349742

945

978

Eucalyptus tenuiramis forest and woodland on
dolerite

Dry Eucalypt Forest and
Woodland

Biodiversity

Permanent

Cobble

Undisturbed

National Park

40

Maa Mon Chin Dam

Low slope

574642

5438184

474

1298

Eucalyptus tenuiramis forest and woodland on
granite

Dry Eucalypt Forest and
Woodland

Protected landscape

Permanent

Cobble

Rehabilitate
d

Forestry Reserve

41

MacQuarie at Ross

Riverine

540541

5346515

178

497

Eucalyptus tenuiramis forest and woodland on
sediments

Dry Eucalypt Forest and
Woodland

Residual native cover

Permanent

Macrophyte

Rehabilitate
d

Directory of Important Wetlands
Australia

166

42

Matts underwater fairy
garden black snake rd

Undulating plains

506902

5330310

803

673

Eucalyptus viminalis - Eucalyptus globulus
coastal forest and woodland

Dry Eucalypt Forest and
Woodland

Reservoir/dam

Permanent

Macrophyte

Undisturbed

Tasmanian Land Consevancy

43

Minnie Jessop Dam

Mid slope

574182

5436121

582

1298

Eucalyptus viminalisFurneaux forest and
woodland

Dry Eucalypt Forest and
Woodland

Residual native cover

Permanent

Macrophyte

Undisturbed

Forestry Reserve

44

Moulting lagoon swan
river end (Ramsar)

Coastal

591287

5340304

0

594

Eucalyptus viminalis grassy forest and
woodland

Dry Eucalypt Forest and
Woodland

Reservoir/dam

Permanent

Macrophyte

Disturbed

National Park

45

Murdochspt silver plains

Undulating plains

512937

5341695

803

727

Eucalyptus viminalis shrubby/heathy
woodland

Dry Eucalypt Forest and
Woodland

Reservoir/dam

Permanent

Cobble

Disturbed

Tasmanian Land Consevancy

46

Narawntapu spring lawn

Coastal

467281

5445052

0

767

Agricultural land

Agricultural, Urban and Exotic
Vegetation

Reservoir/dam

Permanent

Macrophyte

Rehabilitate
d

Directory of Important Wetlands
Australia

47

NE Park

Low slope

543252

5441419

166

1132

Marram grassland

Agricultural, Urban and Exotic
Vegetation

Managed resource protection

Permanent

Cobble

Rehabilitate
d

Public Reserve

48

Old St Helens water
supply

Riverine

604550

5430577

53

807

Permanent easements

Agricultural, Urban and Exotic
Vegetation

Grazing modified pastures

Permanent

Macrophyte

Rehabilitate
d

Public Reserve

49

Penstock lagoon

Mid slope

480733

5340280

919

829

Pteridiumesculentumfernland

Agricultural, Urban and Exotic
Vegetation

Production forestry

Permanent

Macrophyte

Undisturbed

National Park

50

Pine Lake

Low slope

475372

5378796

1161

1668

Plantations for silviculture

Agricultural, Urban and Exotic
Vegetation

Grazing modified pastures

Permanent

Cobble

Rehabilitate
d

National Park

51

Pine Tier Lagoon

Undulating plains

457690

5341396

669

955

Unverified plantations for silviculture

Agricultural, Urban and Exotic
Vegetation

Production forestry

Permanent

Macrophyte

Undisturbed

National Park

52

Quamby Brook village
green

Riverine

485425

5402598

165

844

Regenerating cleared land

Agricultural, Urban and Exotic
Vegetation

Production forestry

Permanent

Macrophyte

Disturbed

Public Reserve

53

Rocky Lagoon

Undulating plains

458212

5363843

1149

1320

Spartina marshland

Agricultural, Urban and Exotic
Vegetation

Grazing modified pastures

Permanent

Cobble

Rehabilitate
d

World Heritage Area

54

SandygateMertonvale

Low slope

538588

5356676

194

526

Extra-urban miscellaneous

Agricultural, Urban and Exotic
Vegetation

Reservoir/dam

Seasonal

Macrophyte

Rehabilitate
d

Private Land Covenant

55

SESK Longford

Riverine

509813

5396896

131

644

Urban areas

Agricultural, Urban and Exotic
Vegetation

Managed resource protection

Permanent

Macrophyte

Disturbed

Public Reserve

56

Seymour swamp

Low slope

607451

5377770

6

770

Weed infestation

Agricultural, Urban and Exotic
Vegetation

National park

Seasonal

Macrophyte

Undisturbed

National Park

57

Shannon lagoon

Mid slope

479442

5351879

1016

932

Lowland grassland complex

Native Grassland

Recreation and culture

Permanent

Cobble

Disturbed

National Park

58

Skemps/Bobs bog

Coastal

530175

5428395

494

1347

Coastal grass and herbfield

Native Grassland

Natural feature protection

Permanent

Macrophyte

Undisturbed

Private Land Covenant

59

Tooms lake

Mid slope

564431

5324906

462

676

Highland Poa grassland

Native Grassland

Reservoir/dam

Permanent

Cobble

Undisturbed

National Park

60

Tregaron Lagoon 2

Coastal

582094

5485085

7

680

Lowland Poalabillardierei grassland

Native Grassland

Biodiversity

Permanent

Macrophyte

Rehabilitate
d

Directory of Important Wetlands
Australia

61

Tregaron Lagoon cemetry
northern

Coastal

582314

5485868

8

661

Rockplate grassland

Native Grassland

Surface water supply

Permanent

Macrophyte

Rehabilitate
d

Directory of Important Wetlands
Australia

62

Tuckers Ck NE Park
Riverine

Riverine

543445

5442074

151

992

Lowland sedgy grassland

Native Grassland

Other conserved area

Permanent

Macrophyte

Rehabilitate
d

Public Reserve

63

Viormi floodplain single
sample

Mid slope

450841

5342648

800

1218

Lowland Themeda grassland

Native Grassland

Grazing modified pastures

Permanent

Macrophyte

Undisturbed

Tasmanian Land Consevancy

64

Viormi riverine

Riverine

449170

5342867

856

1218

Alpine coniferous heathland

Highland Treeless Vegetation

Residual native cover

Permanent

Grass

Undisturbed

Tasmanian Land Consevancy

65

White lagoon

Low slope

537141

5339014

201

472

Cushion moorland

Highland Treeless Vegetation

Biodiversity

Seasonal

Macrophyte

Rehabilitate
d

Private Land Covenant

167

66

Windmill lagoon

Coastal

609719

5423576

8

759

Eastern alpine heathland

Highland Treeless Vegetation

168

Grazing modified pastures

Permanent

Macrophyte

Undisturbed

Public Reserve

Ada lagoon

Ada riverine

Alans Marsh Great Lake

Argonaut rd mine hole

Bells lagoon

Big Waterhouse Lake

Blackman river

Blackmans Lagoon

Bradys lake

Bronte lake

Bruisers lagoon

Brumbysbroadwater

Camerons lagoon

Cascade dam

Cider gum lagoon

Collier degraded

Collier good

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Site

1

Wetland
ID

dark

dark

low

low

low

low

low

low

low

low

medium

low

low

dark

low

low

low

Water colour
(Tannins)

5.5

6.09

7.52

8.05

7.2

6.6

7.08

6.71

6.72

6.98

7.45

6.61

8.3

6.72

7.7

7.23

7.23

pH

6.57

47.7

1.67

7.46

3.78

9.85

7.09

0

0

1.05

25.1

5.33

4.17

9.78

1.65

1.58

1.58

Turbidity(NTU)

169

373

427

31.7

100.4

47.4

82

37

21

33

1212

957

1222

2140

259

179.5

22.7

22.7

Conductivity(dS/cm)

12

12

20

7.5

13

11

7

14.93

15.96

10

14

13.5

11

20

11

10

12

Temperature(0C)

0.05

0.05

0.01

0.02

0.01

0.01

0.01

0.04

0.01

0.11

0.08

0.04

0.03

0.09

0.01

0.02

0.02

TP(mg/L)

Water quality data recorded at the 66 Tasmanian wetlands sampled for macroinvertebrates in the austral spring, 2012.
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1.55

1.55

0.32

0.38

0.46

0.23

0.2

0.07

0.12

2.02

1.15

1.5

1.5

1.82

0.16

0.49

0.49

TN(mg/L)

Curries dam

Dee Lagoon

Diprose lagoon

Double lagoon

DrsCkbreona

Fattening paddock soldiers marsh

Great Lake miennaliaweenerd

Gunns lake

Hardwicks Lagoon

Isisvale large

Isisvale small

Jocks Lagoon

Kenneth lagoon

Lake Binney

Lake Botsford

Lake Cresent marsh

Lake Dulverton

Lake Leake

Lake Samuel

Lake Yalleema

Little lake

Little Pine Lagoon

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

low

low

low

low

low

low

low

low

low

low

5

medium

low

dark

low

low

low

low

low

medium

low

low

7.56

6.66

6.34

7.38

6.51

8.1

6.33

7.6

7.34

8.43

7.21

7.17

6.922

6.62

6.35

7.3

7.42

7.31

7.5

7.15

7.09

7.22

6.14

0

5.73

18.8

14.3

4.06

16.5

2

3.41

1.8

7.71

47

30

5.05

0

1.94

4.2

1.13

3.09

99

3.46

3.25

170

30

20

102.2

59

65.6

2100

96.6

39.1

24.9

298

363

107.4

82.7

35.2

24

22.5

54.3

21.1

19.5

185

45

300

13

13.81

7.5

17.43

7

7.5

5

10.5

9.5

20.5

17

12

15.5

10

11.61

11

16

14

5

15

13

12

0.03

0.02

0.03

0.02

0.03

0

0.05

0.02

0.01

0.06

0.03

0.1

0.06

0.08

0.02

0.02

0.04

0.01

0.03

0.16

0.02

0.01

0.29

0.64

0.42

0.30

0.24

0.95

0.56

0.17

0.12

0.56

0.94

1.21

0.86

0.7

0.21

0.23

0.53

0.07

0.24

2.23

0.24

0.41

Minnie Jessop Dam

Moulting lagoon swan river end

Murdochspt silver plains

Narawntapu spring lawn

NE Park

Old St Helens water supply

Penstock lagoon

Pine Lake

Pine Tier Lagoon

Quamby Brook village green

Rocky Lagoon

sandygatemertonvale

SESK Longford

Seymour swamp

Shannon lagoon

Skemps/Bobs bog

Tooms lake

Tregaron Lagoon 2

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

low

low

Matts underwater fairy garden black
snake rd

42

low

low

low

low

dark

dark

low

medium

low

low

medium

dark

low

dark

medium

low

low

low

MacQuarie at Ross

41

low

Maa Mon Chin Dam

40

8.199

7.85

6.871

7.51

7.2

6.78

8.2

7.7

6.77

7.7

7.38

7.36

7.36

6.73

6.526

7.76

9.19

6.78

7.409

7.74

5.93

4.27

10.7

1.59

8.17

3.6

7.14

9.27

1.6

32.8

2.76

0.87

9.65

2.35

4.72

1.82

32.6

5.76

2.98

1.19

8.84

6.21

171

4820

61.5

55.8

44.4

2400

110.1

178.2

24

195.1

40.8

13.7

95.4

242

131

729

73.9

1002

56.2

71.3

638

66.2

12

10

6

6

20

6

9.5

11

7.5

13

14

13

20

7

13

7

17

5

13

8.5

5

0

0.03

0.09

0.03

0.02

0.03

0.07

0.02

0.11

0.03

0.01

0.06

0.07

0.02

0.03

0.05

0.12

0.02

0.02

0.03

0.03

1.19

0.26

0.57

0.23

1.08

0.1

1.29

0.2

1.35

0.26

0.13

0.88

0.54

0.51

0.68

0.62

1.63

0.4

0.45

0.6

0.4

Tregaron lagoon cemetry northern

Tuckers Ck NE Park Riverine

Viormi floodplain single sample

Viormi riverine

White lagoon

Windmill lagoon

61

62

63

64

65

66

dark

low

low

low

low

low

7.08

8.5

7.43

7.43

6.509

6.398

2.07

4.18

0.82

0.82

7.23

7.45

172

447

5270

37.8

37.8

121.4

824

19

14.5

12

12

7.5

12

0.03

0.01

0

0.03

0.02

0.05

1.28

0.66

0

0.48

0.51

0.87
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List of macroinvertebrate taxa recorded at the 66 Tasmanian wetlands sampled in the austral spring, 2012.
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Appendix D – Chapter 4
Macroinvertebrate family and species (including morpho-species) richness recorded at
the 66 Tasmanian wetlands sampled in the austral spring, 2012. Means and standard
errors are shown for Protected Area Type, Proximal Zone, Dominant Habitat, and
Water Regime attribute categories, listed in descending order of the highest family
richness

Category

Mean family
richness (standard error)

Mean species
richness (standard
error)

20.6 (4.8)

36.7 (9.6)

19.1 (2.0)

33.8 (4.3 )

17.5 (2.0)
17.5 (2.4)
16.3 (5.0)
15.2 (3.1)
15.1 (2.1)

33.6 (5.1 )
32.5 (5.2 )
41.8 (13.3 )
26.6 (7.0 )
26.6 (5.2 )

Proximal Zone
Undisturbed
Rehabilitated
Disturbed

19.6 (0.7)
17.1 (0.9)
13.4 (0.9)

37.6 (1.6)
31.3 (1.9 )
23.8 (1.9 )

Dominant Habitat
Macrophytes
Sediments

18.8 (0.6)
15.1 (0.7)

35.1 ( 1.5)
28.6 (1.6 )

Water Regime
Permanent
Seasonal

17.7 (0.6)
16.0 (1.4)

33.6 (1.4 )
27.2 (2.7 )

Protected Area Type
Tasmanian Land
Conservancy
Directory of Important
Wetlands Australia
National Parks
Public Reserve
Forestry Reserve
World Heritage Area
Private Land Covenant
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Appendix E Site Photos
This appendix contains photographs of all the wetlands sampled during this thesis. Wetlands
with a ‘Wetland ID’ were photographed during spring 2012 and were used in Chapters 4 and
5. Wetlands without a ‘Wetland ID’ were photographed during spring 2011 and were used for
the spatial and temporal analysis forming part of the pilot study in Chapter 3. There were a
few wetlands that were not used in this study but I have included the photographs.
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Wetland ID 3 Alans marsh, Great Lake

178

Wetland ID 4 Argonaut rd mine hole

179

Wetland ID 5 Bells Lagoon

180

Wetland ID 6 Big Waterhouse Lake

181

Wetland ID 7 Blackman River floodplain (near Ross)

182

Wetland ID 8 Blackmans Lagoon

183

Bridport Wildflower reserve (omitted from study)

184

Wetlands ID 10 Bronte Lagoon

185

Wetland ID 11 Bruisers Lagoon

186

Wetland ID 12 Brumbys creek broadwater

187

Brushy Lagoon

188

Wetland ID 13 Camerons Lagoon

189

Wetland ID 14 Cascade Dam

190

Wetland ID 15 Cider Gum Lagoon (previously un-named)

191

Clearview Bishopsbourne

192

Wetland ID 16 Collier degraded (contains drain runoff)

193

Wetland ID 17 Collier good

194

Cow Paddock road end

195

Wetland ID 18 Curries dam

196

Wetland ID 19 Dee Lagoon

197

Wetland ID 20 Diprose Lagoon

198

Wetland ID 21 Double Lagoon

199

Wetland ID 22Drs Creek Breona

200

Wetland ID 23 Fattening Paddock Soldiers Marsh

201

Wetland ID 24 Great Lake MiennaLiaweene Rd

202

Stone-flies
Wetland ID 25 Gunns Lake

203

Wetland ID 26 Hardwicks Lagoon

204

Wetland ID 27 Isisvale large

205

Wetland ID 28 Isisvale small

206

Wetland ID 34 Lake Dulverton

207

Wetland ID 35 Lake Leake

208

Wetland ID 37 Lake Yalleema

209

Wetland ID 41 MacQuarie River at Ross

210

Wetland ID 47 North East Park riverine

Wetland ID 47 North East Park spring fed

211

Wetland ID 52 Quamby Brook at Village Green

212

Ringarooma Wetland

213

Wetland ID 54 Sandygate at Mertonvale

214

Wetland ID 55 South Esk River at Longford bridge

215

Wetland ID 56 Seymour Swamp

216

Wetland ID 57 Shannon Lagoon

217

Wetland ID 58 SKEMPS Bobs Bog

218

West Tamar Wetlands

219

Wetland ID 59 Tooms Lake

220

Wetland ID 60 Tregaron Lagoon 2

221

Wetland ID 61 Tregaron Lagoon north cemetery end

222

Wetland ID 63 Viormi floodplain

223

Wetland ID 64 Viormi riverine

224

Wetland ID 65 White lagoon

225

Wetland ID 66 Windmill lagoon

226

Woods lake

227

Woodstock lagoon

228

