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Introduction to the guide
Western Australia’s unique and diverse wetlands are rich in ecological and cultural values 
and form an integral part of the natural environment of the state. A guide to managing 
and restoring wetlands in Western Australia (the guide) provides information about the 
nature of WA’s wetlands, and practical guidance on how to manage and restore them for 
nature conservation. 

The focus of the guide is natural ‘standing’ wetlands that retain conservation value. 
Wetlands not addressed in this guide include waterways, estuaries, tidal and artifi cial 
wetlands. 

The guide consists of multiple topics within fi ve chapters. These topics are available in 
PDF format free of charge from the Western Australian Department of Environment and 
Conservation (DEC) website at www.dec.wa.gov.au/wetlandsguide. 

The guide is a DEC initiative. Topics of the guide have predominantly been prepared by 
the department’s Wetlands Section with input from reviewers and contributors from a 
wide range of fi elds and sectors. Through the guide and other initiatives, DEC seeks to 
assist individuals, groups and organisations to manage the state’s wetlands for nature 
conservation. 

The development of the guide has received funding from the Australian Government, the 
Government of Western Australia, DEC and the Department of Planning. It has received 
the support of the Western Australian Wetlands Coordinating Committee, the state’s 
peak wetland conservation policy coordinating body.

For more information about the guide, including scope, purpose and target audience, 
please refer to the topic ‘Introduction to the guide’.

DEC welcomes your feedback and suggestions on the guide. A publication feedback 
form is available from the DEC website at www.dec.wa.gov.au/wetlandsguide.
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INTRODUCTION 
The natural physical and chemical conditions in wetland waters significantly influence 
the characteristics of wetlands, including the living conditions for plants, animals and 
microbes that live in or visit them. These conditions determine the ability of these 
organisms to produce or seek out energy sources, and to get, or be exposed to, suitable 
amounts of light, oxygen, salts, heavy metals and other important substances from water 
and sediment. 

Important physical and chemical conditions in wetland waters include:

• light availability (including shade, turbidity and colour)

• water temperature

• dissolved oxygen

• salinity, conductivity and ionic composition

• stratification

• acidity/alkalinity

• redox potential

• carbon

• nitrogen 

• phosphorus

• sulfur

These conditions are an important determinant of a wetland’s ecological character. The 
natural variety in these conditions amongst wetlands contributes to the diversity of WA 
wetlands and their biodiversity. 

In order to manage a wetland, whether it is relatively natural or altered, it is important to 
understand these physical and chemical conditions and the processes driving them. 

➤	 Managers of wetlands with altered wetland conditions will find this topic a useful 
foundation for management techniques outlined in the topics ‘Water quality’ and 
‘Secondary salinity’ in Chapter 3.

The physical and chemical characteristics of a wetland are often referred to as its 
‘physico-chemical environment’. The way in which the physico-chemical environment 
interacts with other aspects of a wetland is illustrated in Figure 1. 

 

Ecological character: the sum 
of a wetland’s biotic and abiotic 
components, functions, drivers 
and processes, as well as the 
threatening processes occurring 
in the wetland, catchment and 
region

Physico-chemical: relating 
to physical chemistry. In this 
guide, used in reference to 
the physical and chemical 
characteristics of wetland 
waters. 

Before you beginh
Before embarking on management and restoration investigations and 
activities, you must consider and address the legal requirements, safety 
considerations, cultural issues and the complexity of the ecological processes 
which occur in wetlands to ensure that any proposed actions are legal, safe 
and appropriate. For more guidance, see the topic ‘Introduction to the guide’.
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The plants, animals and microbes of a particular wetland are adapted to specific 
chemical and physical conditions, which can be critical to their ability to survive, grow 
and reproduce. They may not be able to adjust readily if these conditions change. For 
example, if water salinity levels get too high, many freshwater wetland plants and 
animals can no longer survive, or if dissolved oxygen levels become too low, animal 
deaths such as fish kills may result. 

The physico-chemical conditions of wetland waters vary naturally. As shown in Figure 1,  
this is due to a wetland’s hydrology and setting, which influences the types and qualities 
of inflow waters and whether the wetland holds water on a permanent, seasonal or 
intermittent basis. It is also influenced by plants, animals and microbes that inhabit 
the wetland, for example, the composition and structure of the vegetation in and 
surrounding the wetland. Changing any of these factors can alter the physical and 
chemical characteristics of wetland waters.

In this topic, two main types of wetland waters are referred to:  

• those with free standing water columns, which are present in wetlands subject 
to inundation – these water columns can be either permanently present (in lakes), 
seasonally present (in sumplands) or intermittently present (in playas and barlkarras) 
(Figure 2a, c)

• sediment pore water (also called interstitial waters) – water which is present 
in the spaces between sediment grains at or just below the surface and occur in 
all wetland types including those that are only subject to waterlogging but not 
inundation, and therefore never develop a distinct water column (in damplands, 
palusplains, paluslopes and palusmonts) (Figure 2b, d). 
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Figure 1. The physico-chemical environment has an important effect on the living conditions of a wetland (adapted from Mitsch 
and Gosselink 2007).1

Microbe: an organism that 
can be seen with a microscope, 
including bacteria and fungi

Water column: the water 
within an inundated wetland 
that is located above the 
surface of the wetland soils 
(as distinct from sediment 
pore waters of inundated and 
waterlogged wetlands)

Sediment pore waters: water 
which is present in the spaces 
between wetland sediment 
grains at or just below the land 
surface. Also called interstitial 
waters.
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Wetland pore waters and the solid sediments the pore waters surround are closely 
related but may have quite different chemistries. Substances that are very soluble 
may end up in pore waters, while some substances will be attached to (adsorbed on 
to) sediment particles. This topic focuses on the conditions occurring in wetland water 
columns and pore waters, but in some cases, where conditions in pore waters are 
most strongly influenced by those in the sediments, or where a parameter is commonly 
measured in the sediments rather than the pore waters, some discussion of sediments is 
also included.

The characteristics of pore waters and sediments can be more difficult to measure 
than those of the water column, and therefore they tend to be sampled less often. 
Consequently, recognised and feasible methods for the characterisation of waterlogged 
wetland types such as damplands and palusplains may not be available. Despite this, 
an effort to summarise approaches for the sampling and measurement of both water 
column and pore waters have been described, except where sampling techniques are 
very complex or expensive. More detailed descriptions of sampling techniques are 
presented in the topic ‘Monitoring wetlands’ in Chapter 4.

Water column chemistry, and less commonly the chemistry of sediment pore waters, is 
used to measure the condition of wetlands and to monitor their state or characteristics 
over time. Understanding the physical and chemical conditions in wetland waters and 
the way they vary between wetland types is critical to understanding how the ecosystem 
operates and how to restore or rehabilitate degraded wetlands. Effective management 
or restoration of wetland ecosystems is not possible without an understanding of what 
these physical and chemical conditions mean and how they interact.

The following sections describe some of the key chemical and physical characteristics of 
natural wetland waters and the factors that influence these characteristics in Western 
Australian wetlands. 

Water column

(a) Inundated basin

Water column

(c) Inundated flat (d) Waterlogged flat

(b) Waterlogged basin

Interstitial water

Sediment grain

Figure 2. Water columns and sediment pore waters of different types of wetlands: (a) inundated basins; (b) waterlogged basins; 
(c) inundated flats; and (d) waterlogged flats (also applicable to slopes and highlands). Image – J Higbid/DEC.

Sediment: in general terms, 
the accumulated layer of 
mineral and dead organic 
matter forming the earth 
surface of a wetland. Used 
interchangeably in this guide 
with the terms ‘wetland soil’ 
and ‘hydric soil’, although all 
three of these terms have more 
specific meaning in wetland 
pedology

Soluble: able to dissolve
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Sources of general information on wetland water 
characteristics
ANZECC & ARMCANZ (2000) ‘8.2 Physical and chemical stressors in Volume 2 Aquatic 
ecosystems — rationale and background information (Chapter 8)’ of Australian and New 
Zealand guidelines for fresh and marine water quality.2

Boulton A and Brock M (1999) Australian freshwater ecology: processes and 
management.3

Chambers J, Davis J and McComb A (2009) ‘Inland aquatic environments – wetland 
diversity and physical and chemical processes’ in Environmental Biology.4

Davis J et al. (1993) Wetlands of the Swan Coastal Plain Volume 6 ‘Wetland classification 
on the basis of water quality and invertebrate data.5

Wrigley T, Rolls S and Davis J (1991), ‘Limnological features of coastal-plain wetlands 
on the Gnangara Mound, Perth, Western Australia’ in Australian Journal of Marine & 
Freshwater Research.6
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Marine & Freshwater Research, vol. 42, pp. 761-773.
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LIGHT AVAILABILITY (INCLUDING SHADE, 
TURBIDITY AND COLOUR)

Contents of the ‘Light availability’ section
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What is meant by light availability in wetlands? 
Light availability is considered in terms of the quality, quantity and timing of light 
reaching wetland waters. Light availability in aquatic ecosystems is quite different to 
that of terrestrial systems, because once light reaches wetland waters it is rapidly altered 
and reduced, so that both the quality and quantity of light available is quite different to 
what first reached the surface of the water. Light availability is really only an important 
parameter in wetland water columns, since it is only able to penetrate to 0.2–2 
millimetres into the sediments.1  

Why is light availability important in wetlands? 
Light plays several critical roles in wetland ecosystems. It is the primary source of energy 
that is captured, assimilated and flows through wetland food webs, and is also the major 
source of heat.2 The availability of light therefore influences the degree to which these 
modes of energy capture and heat transfer can occur, and this controls the productivity 
of the ecosystem, and the suite of metabolic processes taking place in it.2

Photosynthesis
Light is critical for photosynthesis; the process of energy capture by ‘primary 
producers’: photosynthetic algae, plants and some bacteria. Plants and photosynthetic 
algae and bacteria contain light-capturing pigments within their cells (such as the 
chlorophylls) which use the energy from light to generate biochemical energy and to 
convert carbon dioxide and water to carbohydrates.3 This process directly or indirectly 
supports the rest of the wetland food chain through its conversion to biomass, as a 
food source for secondary consumers (herbivores), as food for the predators that feed 
on the lower order consumers, and ultimately for the detritivores that break down 
and decompose dead organic matter (as described in the topic ‘Wetland ecology’ in 
Chapter 2). Some wetlands, usually those in ‘extreme’ environments (such as very high 
temperature, very acidic) are driven by ‘chemosynthesis’ (a process of energy capture that 
does not rely on light) rather than photosynthesis, but this is much less common.2 

The ‘euphotic’ zone of wetlands (Z
eu

) is the section of a water mass that is penetrated 
by light of sufficient intensity and of suitable wavelength to enable photosynthesis by 
aquatic plants. It approximates the minimum light intensity required for photosynthesis 
and is delineated by the depth to which 1 per cent of the surface incident light can 
penetrate4,5 (Figure 3). It is also known as the ‘photic zone’.

Metabolic: the processes 
occurring within a living 
organism that are necessary to 
maintain life

Photosynthesis: the process 
in which plants, algae and 
some bacteria use the energy 
of sunlight to convert water 
and carbon dioxide into 
carbohydrates they need for 
growth and oxygen

Biomass: the total quantity or 
weight of organisms in a given 
area or volume

Figure 3. The euphotic zone of an inundated wetland. 
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Heat
The role that solar radiation plays in providing heat to wetland waters is also critical to 
wetland ecosystem function, since infra-red radiation, together with visible light (both 
from the sun), are the primary sources of heat to wetlands.3,2 This radiation warms 
wetland waters and can control wetland ecology directly, for example by influencing 
which species can occur in an ecosystem (due to physiological tolerances, the limits on 
an organism’s ability to function), and the rate at which metabolic processes (such as 
enzyme activity) are able to occur (see ‘Temperature’ in this topic for more information). 
In addition to its direct effects on organisms, water temperature also influences many 
other physico-chemical parameters including dissolved oxygen and pH (see ‘Dissolved 
oxygen’ and ‘pH’ in this topic for more information). 

What are acceptable levels of light availability in 
Western Australian wetlands? 
The Australian and New Zealand Guidelines for Fresh and Marine Water Quality4  
(known as ‘the ANZECC guidelines’ in reference to the author institute) trigger values 
for light in wetlands are focused on the depth of the euphotic zone (depth to which 
photosynthesis can occur), rather than the quality of light. They recommend that where 
reference information on the wetland (or a similar site) exists, that the euphotic zone 
depth should not change by more than 10 per cent.4 Trigger values for turbidity and 
colour are addressed later in this section.

What affects the light availability in wetland 
waters and how variable is it? 
Four of the major factors involved in controlling the amounts and type of light that is 
able to penetrate wetland waters are:

• geographic location of the wetland and time of year

• the amount of shading of/in the wetland

• the level of water turbidity (caused by suspended particles including algae)

• the ‘colour’ of the water. 

The availability of light within an aquatic system is a product of these combined factors 
and varies between geographic regions, wetland types, and over time, and is influenced 
strongly by land use and degrading processes occurring at or near wetlands. 

Geographic location and time of year
The incidence of light to wetlands varies depending on latitude and season, as both of 
these factors affect the sun’s angle relative to the earth, and therefore alter the amount 
of radiation reaching wetlands.2 The large size of WA means that it covers a wide range 
of latitudes, and different regions are subject to different amounts of solar radiation as a 
result. Light availability to wetlands also varies dramatically over a 24 hour cycle.3

Shading 
Shading of wetland waters can occur both from within and outside a wetland, and 
is not always facilitated by large objects or organisms such as shrubs or trees (Figure 
4a); for example, shading of submerged wetland plants by epiphytic (attached to the 

Trigger values: quantified 
limits that, if exceeded, 
would indicate a potential 
environmental problem, and 
so ‘trigger’ a management 
response, e.g. further 
investigation

Epiphyte: a plant or algae that 
grows upon or attached to a 
larger, living plant



8  Conditions in wetland waters 

Chapter 2: Understanding wetlandsA guide to managing and restoring wetlands in Western Australia

plant surface) microalgae (Figure 4b). This can cause aquatic plant decline by decreasing 
the amount of light reaching the plant’s photosynthetic pigments.6 Floating wetland 
vegetation (such as waterlilies, Nymphaea; duckweed Lemna; floating fern, Azolla) 
can also greatly reduce or almost eliminate the penetration of light into the wetland 
(Figure 4c). Almost all wetland vegetation and planktonic organisms shade the benthic 
(bottom) areas of wetlands, reducing the light available for photosynthetic benthic 
microbes7 and low-growing wetland vegetation. Algal blooms are one of the most well-
known and problematic forms of shading in wetlands with a water column (Figure 4d).

The primary effects of shade on wetland waters are: 

• a decrease in the amount of light reaching underlying waters

• a change in the dominant wavelengths of available light (particularly if the wetland 
is being shaded by wetland vegetation as opposed to inorganic objects such as rocks 
or buildings)

• a lowering of the temperature of receiving waters.8,9,2 

The reduction of light and alteration of dominant wavelengths caused by shading means 
that the more shaded the environment, the more that surface-dwelling organisms (such 
as floating wetland vegetation and phytoplankton) are advantaged, and conversely, the 
more benthic (bottom)-dwelling organisms (such as many submerged wetland vegetation 
species or microalgae) are disadvantaged.

Plankton: aquatic organisms 
floating or suspended in 
the water that drift with 
water movements, generally 
having minimal ability to 
control their location, such as 
phytoplankton (photosynthetic 
plankton including algae and 
cyanobacteria) and zooplankton 
(animals)

Benthic: the lowermost region 
of a wetland water column

Phytoplankton: 
photosynthetic plankton 
including algae and 
cyanobacteria

(a) overstorey vegetation (b) epiphytes on Vallisneria australis  
 (an introduced macrophyte)

(c) floating macrophyte Azolla filiculoides (d) phytoplankton bloom (North Lake)

Figure 4. Shading of wetland waters. Photos - (a) J Higbid/DEC, (b) P Novak, (c) C Prideaux/DEC 
and (d) J Davis.
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Turbidity 
The availability of the light penetrating into wetland waters also depends on the 
amounts and types of substances present in the water to absorb or reflect it.3 Suspended 
particulate materials have a major influence on light availability as they can change both 
the scattering and absorption of light.2 The cloudy appearance of water (turbid water) 
can be caused both by suspended inorganic (non-biological) particles such as sediment, 
or by biological materials such as phytoplankton.10 Varying degrees of inorganic 
turbidity occurs naturally in many Australian wetland systems.5 In some ecosystems in 
WA such as claypans, high turbidities occur naturally almost all of the time because of 
the clay soils (Figure 5a). ‘Biogenic’ turbidities, such as phytoplankton blooms, are more 
commonly an effect of human-induced change to wetlands through increased nutrient 
loading (Figure 5b). Many introduced species of animals promote turbid conditions. Feral 
pigs like to wallow in water in hot weather, livestock stir up the sediment when drinking 
and cooling off, and carp and goldfish vigorously stir up sediment while feeding. Fire can 
also increase turbidity in the short term in catchments where burning of vegetation is 
followed by a large increase in catchment erosion.11

High turbidities have a number of effects on the light environment in wetland 
ecosystems, and these effects are closely related to shading. Turbidity restricts growth 
of wetland vegetation by decreasing the amount and quality of light available for 
photosynthesis. Due to the different photosynthetic adaptations to light and shade of 
different plant and algal species, high levels of turbidity or shade can change species 
dominance, especially in phytoplankton. For example, cyanobacteria are quite often 
moderately shade-tolerant, and are also problem species in algal blooms due to the 
toxins produced by many species.5 On the other hand, aquatic plants that grow close to 
the sediment can be severely disadvantaged by turbid conditions.

In addition to the effects on photosynthesis, high turbidities reduce the ability of visual 
predators to see prey, and therefore may also change habitat use by prey animals, since 
they no longer need to seek shelter to avoid visual detection.12 For example, the naturally 
high turbidity of many claypans in the Avon region protects tadpoles and crustaceans 
such as clam shrimp, fairy shrimp and shield shrimp from predation by waterbirds, so 
these wetlands are particularly important for these animals13 (Figure 6). The Wheatbelt 
frog, Neobatrachus kunapalari, mates in milky pools (Figure 7) in which the resulting 
tadpoles are usually hidden from view.  

Particulates: in the form of 
particles (small objects)

Turbidity: the extent to which 
light is scattered and reflected 
by particles suspended or 
dissolved in the water column

Biogenic: produced by 
organisms

Cyanobacteria: a large and 
varied group of bacteria which 
are able to photosynthesise

(a) (b) 

Figure 5. Turbid wetland waters: (a) inorganic (sediment/particle) turbidity (b) biogenic 
(biological/algal) turbidity. Photos - L Sim.
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The low light conditions caused by high turbidities may prevent the establishment of 
bottom-dwelling (benthic) communities (for example, submerged wetland vegetation, 
benthic microbes), or lead to the loss of previously-established communities. This can 
often lead to ‘positive feedback loops’ in which sediments are not consolidated by 
benthic communities, leading to further turbidity and so on (Figure 8). This continual 
resuspension of inorganic sediments can also lead to elevated water column nutrient 
levels, since nutrients in the sediments are constantly resuspended, and sequestration 
(taking up) by rooted plant material does not occur. This feedback process forms part of 
the mechanism for maintaining a ‘turbid, phytoplankton-dominated state’.

Figure 6. Shield shrimp in turbid water in Miamoon Lake, near Wubin in the northern 
Wheatbelt.  

Figure 7. Turbid pools provide protection for tadpoles of the Wheatbelt frog, Neobatrachus 
kunapalari. Photo – courtesy of FrogWatch http://frogwatch.museum.wa.gov.au/

Figure 8. Feedback loop promoting turbid conditions in wetlands. Image – M Bastow/DEC.

High turbidity

Unconsolidated 
sediment

Lowlight

No benthic 
community
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Turbidity caused by human-induced processes can have additional effects on ecosystems 
beyond its influence on light, such as the increased sedimentation of benthic surfaces 
and organisms. 

➤	 For more information on human-induced sedimentation and siltation, refer to the 
topic ‘Water quality’ in Chapter 3. 

Guidelines for turbidity in Western Australian 
wetlands
The Australian and New Zealand Guidelines for Fresh and Marine Water Quality4 (known 
as ‘the ANZECC guidelines’ in reference to the author institute) provide very broad 
ranges for turbidity (Table 1) and include the following explanatory text:

‘Most deep lakes and reservoirs have low turbidity. However, shallow lakes and 
reservoirs may have higher turbidity naturally due to wind-induced resuspension of 
sediments. Lakes and reservoirs in catchments with highly dispersible soils will have high 
turbidity. Wetlands vary greatly in turbidity depending upon the general condition of 
the catchment or river system draining into the wetland and to the water level in the 
wetland.’

Table 1. Default trigger values for turbidity (risk of adverse effects) from ANZECC & 
ARMCANZ.4

Ecosystem type Nephelometric turbidity units (NTUs)

Tropical Australia Lower limit Upper limit

Wetlands 2 200

South-west Australia

Wetlands 10 100 

Colour
When used in reference to wetland waters, the term ‘colour’ has a more specific 
meaning than its everyday meaning. It is used to refer to dissolved substances that impart 
colour to wetland water, rather than other sources of colour such as phytoplankton 
blooms.15 Most commonly it refers to dissolved organic materials such as humic and 
fulvic acids derived from plant material that in high concentrations can impart a yellow 
or tea colour to wetland waters16 (Figure 10). Humic substances are formed from the 

Figure 9. During a 2009 study, Lake Guraga near Cataby was found to have elevated turbidity 
levels (290 NTU) attributed to suspension of clay sediments by wind.14  Photo – G Daniel/DEC.

Colour: the concentration of 
dissolved organic materials and 
dissolved metals in water

Humic: substances formed from 
the decomposition products of 
polyphenols such as tannins, which 
are complex organic compounds 
derived from plant materials
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decomposition products of polyphenols such as tannins, which are complex organic 
compounds derived from plant materials.17 However, water ‘colour’ technically refers to 
more than dissolved organic materials and also includes dissolved metals such as iron, 
manganese and copper.18 

Colour plays another important role in the availability of light in wetland waters. The 
presence (particularly in high concentrations) of humic materials or dissolved metals 
in wetland waters affects which wavelengths of light are able to penetrate to deeper 
waters (humic materials absorb light at the blue end of the spectrum3, and also 
reduces the total incidence of light reaching aquatic photosynthesisers5,3). This reduced 
photosynthetic capability has led coloured systems to be referred to as ‘dystrophic’ 
(compare with the terms ‘oligotrophic’, ‘mesotrophic’ and ‘eutrophic’) in indicating that 
instead of supporting increased algal and plant growth as nutrient levels increase, they 
are able to suppress this production, even at high nutrient levels, due to light inhibition.19 
This natural suppression can be altered by clearing of wetland and surrounding dryland 
vegetation, which reduces the input of organic material into the wetland. Clearing of 
vegetation that provides shade can also speed up the chemical breakdown of humic 
substances. Many humic substances may be susceptible to chemical breakdown caused 
by UV light, called ‘photodegradation’ or ‘photo-oxidation’, which is likely to occur more 
quickly in shallow wetlands.2 

Coloured water does not appear to occur in saline systems although the reasons for this 
are unclear.20,2

Guidelines for colour in Western Australian 
wetlands
Levels of colour vary naturally depending on the type of wetland. Researchers have 
proposed that the wetlands on the Swan Coastal Plain are considered ‘coloured’ 
beyond 52 g

440
/m (gilvin).20 Given the natural variation, the Australian and New Zealand 

Guidelines for Fresh and Marine Water Quality4 (known as ‘the ANZECC guidelines’ in 
reference to the author institute)  have not published guidelines for ‘acceptable’ levels of 
colour in wetland waters. 

Figure 10.  A groundwater-fed wetland near Yarloop in the south west of WA. The water is 
highly coloured and has a pH of around 5, due to the concentration of tannins (humic acid). 
Photo - M Morley/DEC.
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How is light availability measured, and what 
units are used? 
Many different aspects of ‘light’ in wetland water columns can be measured including 
clarity, wavelength, irradiance, reflectance, absorbance (including colour), and each 
of these factors provides different information about the light climate.16 The most 
commonly measured parameters are clarity (including turbidity), irradiance and colour.

Clarity or visibility is often measured 
using a Secchi disc (Figure 11). This is a 
simple technique and can quickly provide 
an estimate of the depth (in metres) 
of the euphotic zone (the zone within 
which photosynthesis occurs), since Z

eu
 

is approximately equal to three times the 
Secchi depth.5 In highly turbid or coloured 
lakes, the photic zone may be very small 
(not far below the surface of the water).

Another surrogate for water clarity is 
turbidity, which measures the extent to 
which light is scattered and reflected by 
particles suspended or dissolved in the 
water column. A water sample is taken and 
the light penetration through the sample is 
measured using a turbidity meter.21 Turbidity 
is measured in ‘nephelometric turbidity 
units’ (NTU) or the roughly equivalent 
‘formazine turbidity units’ (FTU) (depending 
on the type of calibration used). 

Total suspended solids (TSS) can also be measured by filtering a water sample through 
filter paper to determine the weight of sediment per unit volume of water.15

The amount of light available at different water column depths is usually measured as 
irradiance (‘radiant flux’ per unit area) with a light meter.3 Irradiance is used to calculate 
the depth of the euphotic zone. This is a more accurate means of determination than 
Secchi disk depth. Light meters are expensive and accurate readings can be difficult to 
obtain, since they are affected by wave action, clouds and other shading.3

Water colour can be measured in a number of different ways, depending on which 
component of colour is perceived to be most important in a particular wetland. ‘Gilvin’ 
measures the absorbance of light by humic substances at a wavelength of 440 nm (after 
filtration through a 0.2 μm filter) and is expressed in units of g

440
/m (absorbance at 440 

nanometres per metre). However a more comprehensive standard measure of colour 
(which includes the influence of other dissolved substances such as iron) is ‘true colour’ 
(measured in true colour units, TCU).18 The pH of the water may influence the colour of 
the sample, therefore pH should be recorded at the same time as TCU.18 Measurements 
in gilvin cannot be converted to true colour units (or vice versa), because the two 
measures account for different suites of dissolved substances and therefore do not 
represent the same thing. 

➤	 For more information on monitoring transparency, colour, turbidity and suspended 
solids in wetlands, refer to the topic ‘Monitoring wetlands’ in Chapter 4.

Figure 11. A Secchi disk being lowered into 
water. Photo – DEC.
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Sources of more information on light availability 
in wetlands
ANZECC & ARMCANZ (2000) ‘8.2 Physical and chemical stressors in Volume 2 Aquatic 
ecosystems — rationale and background information (Chapter 8)’ of Australian and New 
Zealand guidelines for fresh and marine water quality.4

Kirk, JTO (1994) Light and photosynthesis in aquatic ecosystems. 2nd edition.3

Water on the Web (2004) ‘Water on the Web, monitoring Minnesota lakes on the 
internet and training water science technicians for the future, a national on-line 
curriculum using advanced technologies and real-time data’.10

Wetzel, R (2001) Limnology. Lake and river ecosystems.2

Glossary
Benthic: the lowermost region of a wetland water column

Biogenic: produced by organisms

Biomass: the total quantity or weight of organisms in a given area or volume

Colour: the concentration of dissolved organic materials and dissolved metals in water

Coloured wetlands: wetlands with dissolved organic materials and dissolved metals; on 
the Swan Coastal Plain, nominally those wetlands with more than 52 g

440
/m (gilvin)

Dystrophic: wetlands that suppress increased algal and plant growth even at high 
nutrient levels due to light inhibition

Epiphyte: a plant or algae that grows upon or attached to a larger, living plant

Euphotic zone: (also known as the ‘photic zone’ and ‘photozone’) the section of a 
water mass penetrated by light of sufficient intensity and of suitable wavelength to 
promote photosynthesis by aquatic plants

Gilvin: a measure of the absorbance of light by humic substances at a wavelength of 
440 nm (after filtration through a 0.2 μm filter), expressed in units of g

440
/m (absorbance 

at 440 nanometres per metre)

Humic: substances formed from the decomposition products of polyphenols such as 
tannins, which are complex organic compounds derived from plant materials

Metabolic: the processes occurring within a living organism that are necessary to 
maintain life

Particulates: in the form of particles (small objects)

Photodegradation: chemical breakdown caused by UV light

Photosynthesis: the process in which plants, algae and some bacteria use the energy of 
sunlight to convert water and carbon dioxide into carbohydrates they need for growth 
and oxygen

Phytoplankton: photosynthetic plankton including algae and cyanobacteria

Plankton: aquatic organisms floating or suspended in the water that drift with 
water movements, generally having minimal ability to control their location, such 
as phytoplankton (photosynthetic plankton including algae and cyanobacteria) and 
zooplankton (animals)
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Trigger values: quantified limits that, if exceeded, would indicate a potential 
environmental problem, and so ‘trigger’ a management response, e.g. further 
investigation

True colour: a measure of colour which includes the influence of humic substances and 
other dissolved substances such as iron, measured in true colour units (TCU)

Turbid: the cloudy appearance of water

Turbidity: the extent to which light is scattered and reflected by particles suspended or 
dissolved in the water column
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What is meant by water temperature? 
‘Water temperature’ refers to the in situ (field) temperature of wetland waters (usually 
surface waters) and is usually measured in degrees Celsius (˚C).

Why is water temperature important in wetlands? 
Water temperature is critical to the survival and functioning of wetland plants, animals 
and microbes as: 

• it directly affects metabolism

• higher temperatures can be fatal, while low temperatures may slow physiological 
(mechanical, physical, and biochemical) processes

• temperature may be a cue for spawning or reproduction.1

The low temperatures experienced in Western Australian wetlands are unlikely to 
be lethal, although they can have more severe effects in areas of the world in which 
wetlands freeze over winter. Instead, the high temperatures that wetland waters may 
reach in the Western Australian arid zone are of more concern. As is the case for many 
physical or chemical parameters, the tolerance limits of plants and animals to different 
water temperature ranges may depend on their life stage, with juveniles often being 
more susceptible to large changes than adults.2 

In addition to the direct effects on organisms, water temperatures also significantly 
influence chemical processes in the wetland, such as oxygen solubility3, leading 
to secondary impacts on the plants, animals and microbes of wetlands (for more 
information see the ‘Dissolved oxygen’ section of this topic). The activity of microbes is 
directly influenced by temperature, which in turn has a critical effect on biogeochemical 
processes.4,5 Its strong influence on other physico-chemical parameters means that water 
temperature must be measured to allow accurate determination of factors such as pH, 
electrical conductivity (EC) or dissolved oxygen (DO).6,7

The ecological effects of natural temperature changes can be quite dramatic if a wetland 
is also suffering from other kinds of degradation, for example, warm water temperatures 
during low rainfall season in nutrient enriched wetlands are likely to lead to an increased 
chance of algae growing to nuisance proportions (algal ‘blooms’).

What is the natural temperature range of wetlands 
in Western Australia? 
Due to the variability in temperatures across seasons, times of day and with water 
level, even within the one wetland, it is difficult to set acceptable ranges for wetlands 
with regard to temperature. No specific guidelines for acceptable changes in water 
temperature exist for Australian wetlands. The Australian and New Zealand Guidelines 
for Fresh and Marine Water Quality (known as ‘the ANZECC guidelines’ in reference to 
the author institute)4 water quality guidelines state that:

‘…salinity, pH and temperature are three toxic direct-effect stressors that are naturally 
very variable among and within ecosystem types and seasonally, and natural biological 
communities are adapted to the site-specific conditions. This suggests that trigger 
values for these three stressors may need to be based on site-specific biological effects 
data.’ 

The ANZECC guidelines suggest that where reference information is available, 
temperatures should not drop below the 20th percentile (bottom 20 per cent of values) 
or rise above the 80th percentile (top 20 per cent of values), based on seasonal data.4 

Metabolism: the chemical 
reactions that occur within 
living things that are necessary 
to maintain life, including the 
digestion of food

Organism: an individual living 
thing

Biogeochemical: the chemical, 
physical, geological, and 
biological processes and 
reactions that govern the 
composition of the natural 
environment, and in particular, 
the cycles in which material 
is transferred between living 
systems and the environment

Trigger values: quantified 
limits that, if exceeded, 
would indicate a potential 
environmental problem, and 
so ‘trigger’ a management 
response, e.g. further 
investigation
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What affects the temperature of wetland waters and 
how variable is it? 
The natural factors that can affect the temperature of wetland waters include:

• change in air temperature over the 24 hour day/night cycle

• seasonal changes in temperature (particularly in temperate areas of the state) 

• changes in water level.

These are discussed below. The temperature of wetland water can also be affected by 
human activities including thermal pollution, clearing of wetland vegetation or clearing 
of vegetation of waterways that feed into a wetland, and global climate change. 

➤	 Human-induced changes in temperature and their management are discussed in the 
topic ‘Water quality’ in Chapter 3.

Much of the warmth of wetland waters originates from solar energy, and is derived 
from the infrared portion of the sun’s rays being absorbed by the water itself and the 
suspended and dissolved material it contains.8,3 Water temperature is also affected by 
ambient air temperature.9 Solar inputs also vary greatly over the daily 24 hour cycle, with 
wetland waters warming during the day, and cooling at night.10

During the day (and during the warm season(s) of the year) the water column warms 
up and may either form layers (see the ‘Stratification’ section in this topic) or be mixed 
(usually by wind). Regular mixing prevents the surface layers from becoming too warm, 
and allows bottom layers to increase in temperature, but even without the development 
of distinct stratification, the water is often warmest at the top of the water column. 

Daily temperature fluctuations are greatest in the top layers of the water column or 
sediment pore waters (if the sediments are exposed). In contrast to water columns, 
sediment pore waters remain largely unmixed, causing temperatures to be different in 
deep versus surface sediments. Sediment pore water temperatures stabilise quickly with 
depth and daily 24 hour fluctuations are very small below the top 50 centimetres of 
sediment.11 Temperature changes in sediment pore waters may be buffered further if 
there is a layer of surface water on top of the sediments. 

Water temperature and related parameters (including pH, dissolved oxygen, salinity) 
all change markedly with wetland water level, partly because temperature varies more 
widely when water levels are low.6 When the volume of water is smaller, its capacity 
to absorb energy is reduced, and it heats and cools more rapidly. The presence of 
dissolved (for example, tannins) or suspended material in the water column increases the 
absorption of heat.3 In seasonally-drying wetlands, the annual drying phase can lead to 
extremely high water temperatures and the yearly decline of plants and animals.6 Low 
temperatures could cause slowing of processes and inhibition of reproduction in some 
cases (such as occurs in many wetland plants). The temperature of most WA waters 
would not often drop below 0°C, so freezing is not commonly an issue.

Temperature interacts with other aspects of climate (for example, rainfall and 
evaporation) and geology to determine the dominant physical conditions within 
wetlands.

Sediment pore waters: water 
which is present in the spaces 
between wetland sediment 
grains at or just below the land 
surface. Also called interstitial 
waters.
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How is water temperature measured, and what units 
are used? 
Water temperature can be measured both in water columns and in sediment pore 
waters, but it is not often measured in wetland sediment pore waters except in 
conjunction with related parameters such as pH. Nevertheless, even small changes 
in sediment temperatures can significantly affect microbial processes and impact 
on biogeochemical cycling.12 In Australia, water temperature, like air temperature is 
measured in degrees Celsius (°C), with zero degrees indicating the freezing point of 
water. Water column and sediment pore water temperatures can be measured very 
simply and easily using a thermometer. In stratified systems, the water temperature may 
be different at the top and bottom of the water column, and may need to be measured 
at regular depth intervals (for details see ‘Stratification’ in this topic and the topic 
‘Monitoring wetlands’ in Chapter 4). Depth interval measurements may also need to be 
made in pore waters, where temperature is likely to be more stable with depth.

Where possible, wetland water temperatures within a wetland should always be 
measured at the same time of day to allow comparisons over time. Temperatures taken 
at different times of day may vary widely due to daily temperature changes. Due to the 
potentially severe physiological effects of the daily cycle temperature fluctuations on 
wetland plants, animals and microbes, temperature extremes within a system may need 
to be monitored using a min–max thermometer or temperature sensor and datalogger (a 
device that records data over time or in relation to location, which can be left unattended 
to automatically measure and record information on a 24-hour basis). 

➤	 For more information on monitoring temperature in wetlands, refer to the topic 
‘Monitoring wetlands’ in Chapter 4.

Sources of more information on wetland water 
temperature
ANZECC & ARMCANZ (2000) ‘8.2 Physical and chemical stressors in Volume 2 Aquatic 
ecosystems — rationale and background information (Chapter 8)’ of Australian and New 
Zealand guidelines for fresh and marine water quality.4

Florida LAKEWATCH (2004) ‘A beginner’s guide to water management - oxygen and 
temperature’.2

IFAS (2005) ‘Temperature in the aquatic realm, plant management in Florida waters’.9

Wetzel, R (2001) Limnology. Lake and river ecosystems.3 

Glossary
Biogeochemical: the chemical, physical, geological, and biological processes and 
reactions that govern the composition of the natural environment, and in particular, the 
cycles in which material is transferred between living systems and the environment

Organism: an individual living thing

Sediment pore waters: water which is present in the spaces between wetland 
sediment grains at or just below the land surface. Also called interstitial waters.

Trigger values: quantified limits that, if exceeded, would indicate a potential 
environmental problem, and so ‘trigger’ a management response, e.g. further 
investigation
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What is meant by dissolved oxygen? 
‘Dissolved oxygen’ refers to the very small bubbles of oxygen gas that occur in wetland 
waters, and which are derived from the atmosphere and photosynthesis by wetland 
plants, algae and cyanobacteria. Oxygen exists in much lower proportions in water 
(about 1 per cent) than in air (about 21 per cent).1

Why is dissolved oxygen important? 
Oxygen is critically important for the function of wetland ecosystems, as it controls and 
interacts with a wide range of biological and chemical processes. The concentration of 
dissolved oxygen in wetland waters can determine whether or not plants and animals 
and different groups of bacteria are able to survive there and what species can survive, as 
well as influencing many of the chemical characteristics of the aquatic environment. 

Oxygen is essential to the basic metabolic processes of almost all wetland organisms, 
since it is needed for respiration. Respiration is a process that consumes oxygen and 
releases carbon dioxide, through which all plants and animals, including humans, and 
the aerobic (oxygen-dependent) microbes break down nutrients and generate energy.2 
Deoxygenation of waters can therefore quickly result in mortality of oxygen-dependent 
organisms, since they are unable to undertake basic energy-generating processes.

The levels of tolerance of particular species to different dissolved oxygen concentrations 
may differ depending on whether the organisms are adapted to cold or warm waters, 
with cold water species often requiring higher levels of dissolved oxygen than warm 
water species.2,1 In addition, the life stage (for example, adult or juvenile, reproductive or 
growing) also changes an organism’s oxygen requirements.2 Low-oxygen conditions pose 
a problem for large animals; for example, fish cannot survive in water with less than 30 
per cent oxygen saturation.3 On the other hand, aquatic worms (oligochaetes) and midge 
larvae (chironomids) can be common in low oxygen conditions.3 Many wetland plants 
have adaptations that allow them to survive in low oxygen conditions (Figure 12). 

➤	 For more information on the oxygen requirements of wetland plants and animals, and 
adaptations to low-oxygen conditions, see the topic ‘Wetland ecology’ also in Chapter 2.

Photosynthesis: the process 
in which plants, algae and 
some bacteria use the energy 
of sunlight to convert water 
and carbon dioxide into 
carbohydrates they need for 
growth and oxygen

Cyanobacteria: a large and 
varied group of bacteria which 
are able to photosynthesise

Metabolic: the chemical 
reactions that occur within 
living things that are necessary 
to maintain life, including the 
digestion of food

Respiration: the process in 
which oxygen is taken up by a 
plant, animal or microbe, and 
carbon dioxide is released

Figure 12. Schoenoplectus validus is one of a number of sedges of south-western WA that use 
pressurised gas flow to transport air from the surface to the roots, allowing them to survive 
in deeper water than other species. Photo – J F Smith. Images used with the permission of the 
Western Australian Herbarium, DEC. 
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In addition to its direct effects on organisms, dissolved oxygen concentrations also 
affect the solubility of many nutrients and other chemicals in wetland waters and 
sediments.4 The effect of dissolved oxygen levels on nutrient availability is significant, and 
is covered in detail in the ‘Nutrients’ section later in this topic. When dissolved oxygen 
concentrations are low, the toxicity of heavy metals and pesticides may also increase, 
compounding the stress on plants and animals.2 

What is the natural dissolved oxygen level of 
Western Australian wetlands?
The Australian and New Zealand Guidelines for Fresh and Marine Water Quality (known 
as ‘the ANZECC guidelines’ in reference to the author institute) for freshwater systems 
are presented in Table 2. These trigger values apply only to water columns, since 
sediments are naturally variable and are also often naturally anoxic.

Table 2. Default trigger values for dissolved oxygen (DO) (risk of adverse effects) from 
ANZECC & ARMCANZ.2

Ecosystem type DO per cent saturation

Freshwater lakes No data

Tropical Australia Lower limit Upper limit

Wetlands 90 120

South-west Australia

Wetlands 90 120 

Note: dissolved oxygen values were derived from daytime measurements

These trigger values should be used with caution because they have been derived from 
a limited set of data from a small area. The trigger values for the south-west of WA have 
been derived from two years of data collected at forty wetlands within and near Perth 
and are only representative of basin wetlands of this region that are permanently or 
seasonally inundated5, rather than wetlands across the entire south-west of the state. 
The trigger values from the north-west of the state are derived from an even more 
restricted study (less than one year) in the Pilbara region.2 

The lower acceptable limits of dissolved oxygen in wetland waters are relatively high 
to protect wetlands from reaching low dissolved oxygen saturation, which can rapidly 
result in mortality of animals. Upper limits for wetland waters are also given, because 
elevated saturation or concentrations may affect wetland animals or may indicate high 
rates of photosynthesis, such as those generated by an algal bloom. Florida LAKEWATCH 
suggests that ‘normal’ dissolved oxygen concentrations for freshwater environments 
range from 6 to 10 mg/L, with 3–4 mg/L likely to be stressful for animals.6  

What affects the dissolved oxygen of wetland 
waters and how variable is it? 
Dissolved oxygen varies widely over time (over a daily 24 hour cycle and across the year) 
and depends on water regime, biological activity, temperature, salinity and altitude 
(air pressure).4 In the lower water column and upper sediment pore waters, it is also 
strongly affected by the movement of the overlying waters (degree of mixing). These are 
described in more detail below.

Water regime
The dissolved oxygen levels fluctuate in wetlands that wet and dry. The sediments of dry 
wetlands are exposed to atmospheric oxygen. As these sediments wet up, the sediment-
air interface is replaced with a sediment-water column interface, and the dissolved 

Solubility: a measure of how 
soluble a substance is

Trigger values: quantified 
limits that, if exceeded, 
would indicate a potential 
environmental problem, and 
so ‘trigger’ a management 
response, e.g. further 
investigation

Anoxic: deficiency or absence 
of oxygen



25  Conditions in wetland waters 

Chapter 2: Understanding wetlandsA guide to managing and restoring wetlands in Western Australia

oxygen that is initially present in the water column typically rapidly decreases due to 
oxygen consumption by organisms during respiration, notably microbial consumption in 
the initial wetting-up phase. 

Biological activity
Variations in the dissolved oxygen concentration in wetlands occur on two different 
temporal scales; daily and seasonally. The dissolved oxygen concentration of water tends 
to be higher during the day (due to net photosynthesis, which produces oxygen) and 
lower at night (due to net respiration, which consumes oxygen), and in some wetlands 
can reach very low levels over night.1 The rise in concentration begins again as soon as 
the sun rises and wetland plants, algae and cyanobacteria can photosynthesise.4 In fact, 
it is often possible to see oxygen beading on benthic mats during the middle of the day 
when photosynthesis is highest.3

Emergent wetland plants improve the dissolved oxygen levels within wetland sediments 
by transferring oxygen from their leaves to their roots. The area around the roots 
where oxygen leaks out and aerates the sediment is called the ‘rhizosphere’ and this 
environment is important for sustaining microbes important for cycling materials in 
wetlands.3 

These effects of oxygen generation and consumption tend to override any diurnal (night 
and day) influence of temperature on solubility caused by the warming of waters during 
the day.

Temperature
As stated above, there may be some diurnal (night and day) influence of temperature on 
solubility caused by the warming of waters during the day. However, in temperate areas 
of the state, seasonal temperature changes have a noticeable effect on dissolved oxygen 
concentrations, since oxygen dissolves much more readily in colder water4, making 
oxygen concentrations in wetlands generally higher in winter and lower in summer, 
except when there are algal blooms present. This also means that water is more likely to 
be well-oxygenated in cooler climates6,1 (Figure 13). 

Figure 13. Angove wetland, on the South Coast, is an example of a high oxygen wetland in 
WA (cool climate, freshwater, clear water). Photo - K Hopkinson/Department of Environment, 
Green Skills Inc.
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Dissolved or suspended solids
Oxygen is less soluble in waters with high levels of dissolved or suspended solids7 
meaning that highly saline, highly coloured or highly turbid waters may pose several 
interacting stresses for the plants and animals (Figure 14). In addition, dissolved oxygen is 
often present in lower concentrations in the water column of coloured lakes, due to the 
reducing properties of the humic substances dissolved in the water.4 In many seasonally 
inundated Western Australian wetlands, as the wetland dries down the stresses of higher 
temperatures, lower dissolved oxygen, higher salinity and possibly also higher light levels 
may occur together.8 

Rapid deoxygenation of wetland water columns, driven by microbial processes, can occur 
if large amounts of decaying organic matter enter a wetland, such as through the decay 
of an algal bloom or the inflow of sewage.1 This can also occur seasonally, when annual 
wetland vegetation dies at the end of autumn, but is more likely if a wetland is nutrient-
enriched.2 This deoxygenation occurs because the aerobic microbial decomposition of 
organic matter consumes oxygen.9 This relationship is so important that often when 
monitoring wetland condition, the ‘biological oxygen demand’ (BOD) of waters may 
be measured in addition to the level(s) of dissolved oxygen.10 The biological oxygen 
demand refers to the amount of oxygen required by microbes to break down organic 
matter in a sample over a five day period, and is a measure used to estimate how 
polluted the wetland is.2,10

Altitude
The concentration of dissolved oxygen in water decreases with increasing altitude (height 
above sea level) due to lower air pressure.4 This effect is more applicable in areas of high 
altitude such as alpine regions. As most of WA sits between about 300 metres and 450 
metres above sea level11 there are few high altitude locations in the state, so the effects 
of altitude on dissolved oxygen in WA are considered to be minor. 

Figure 14. This salt lake near Jurien is an example of a lower oxygen wetland in WA (warm 
climate, saline coastal wetland). Photo - J Davis.

Colour: the concentration of 
dissolved organic materials and 
dissolved metals in water

Turbid: the cloudy appearance 
of water due to suspended 
material

Humic: substances formed 
from the decomposition 
products of polyphenols such 
as tannins, which are complex 
organic compounds derived 
from plant materials

Aerobic: an environment in 
which oxygen is present; an 
organism living in or a process 
occurring only in the presence 
of oxygen

Biological oxygen demand: 
the amount of oxygen required 
by microbes to break down 
organic matter in a sample over 
a five day period
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How is dissolved oxygen measured, and what units 
are used? 
Dissolved oxygen can be measured in both water columns and sediment pore waters 
using a dissolved oxygen meter for water columns or a specialised ‘microelectrode’ or 
oxygen chamber for the sediments. Note that not all oxygen meters are designed for 
use in salt water.3 Water column dissolved oxygen is a commonly used parameter for 
monitoring wetland condition, but sediment pore water dissolved oxygen is rarely used, 
since redox is often a more useful measure in this context.

Dissolved oxygen in water columns is usually measured in either concentration (for 
example, parts per million, ppm or milligrams per litre, mg/L) or percent saturation, which 
is the water concentration measured relative to both the atmospheric concentration 
at a particular altitude (air pressure) and water temperature.8 This means that the 
concentration of oxygen that represents 100 per cent saturation is lower at higher 
temperatures.1 To convert per cent saturation to a concentration (such as milligrams 
per litre, mg/L) requires knowledge of the barometric pressure (or altitude) and water 
temperature. If these were not measured at the time of sampling, then values cannot be 
converted.1

The temporal variability of dissolved oxygen in wetland waters and its rapid response to 
biological processes means that snapshot measurements are not particularly useful, and 
regular monitoring is required to understand and characterise the dissolved oxygen of a 
particular wetland’s waters.2

➤	 For more information on monitoring dissolved oxygen in wetlands, refer to the topic 
‘Monitoring wetlands’ in Chapter 4.

Sources of more information on wetland 
dissolved oxygen
ANZECC & ARMCANZ (2000) ‘8.2 Physical and chemical stressors in Volume 2 Aquatic 
ecosystems — rationale and background information (Chapter 8)’ of Australian and New 
Zealand guidelines for fresh and marine water quality.2 

Boulton, A & Brock, M (1999) Australian freshwater ecology: processes and 
management.8 

Murphy, S (2005c), ‘General information on dissolved oxygen’.7

Water on the Web (2004) ‘Water on the Web, monitoring Minnesota lakes on the 
internet and training water science technicians for the future, a national on-line 
curriculum using advanced technologies and real-time data’.1

Wetzel, R (2001) Limnology. Lake and river ecosystems.4 

Glossary
Aerobic: an environment in which oxygen is present; an organism living in or a process 
occurring only in the presence of oxygen

Anoxic: deficiency or absence of oxygen 

Biological oxygen demand: the amount of oxygen required by microbes to break 
down organic matter in a sample over a five day period, and is a measure used to 
estimate how polluted the wetland is
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Colour: the concentration of dissolved materials (including organic materials and metals) 
in water

Cyanobacteria: a large and varied group of bacteria which are able to photosynthesise

Humic: substances formed from the decomposition products of polyphenols such as 
tannins, which are complex organic compounds derived from plant materials

Metabolic: the chemical reactions that occur within living things that are necessary to 
maintain life, including the digestion of food

Photosynthesis: the process in which plants, algae and some bacteria use the energy of 
sunlight to convert water and carbon dioxide into carbohydrates they need for growth 
and oxygen

Respiration: the process in which oxygen is taken up by a plant, animal or microbe, and 
carbon dioxide is released

Saline: water that has a high concentration of ions

Turbid: the cloudy appearance of water due to suspended material

Trigger values: quantified limits that, if exceeded, would indicate a potential 
environmental problem, and so ‘trigger’ a management response, e.g. further 
investigation
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What are salts?
Common table salt, or sodium chloride (NaCl), is a well-known salt. In chemical terms, 
salts are ionic compounds comprised of cations (positively charged ions) and anions 
(negative ions). Cations that are commonly present in wetland waters include sodium: 
Na+, potassium: K+, calcium: Ca2+ and magnesium: Mg2+. Anions include chloride: Cl-, 
sulfate: SO

4
2- and bicarbonate: HCO

3
-. Australian wetlands tend to be dominated by 

sodium and chloride, and sometimes bicarbonate, whereas in many other regions of the 
world, calcium and bicarbonate dominate.1,2 The dominance of sodium and chloride in 
Australian inland wetlands is due to the inland transport of sea spray on rain and dust.2

What is meant by salinity, conductivity and ionic 
composition? 
Salinity and total dissolved salts (TDS) are equivalent measures of the concentration 
of ions in wetland water.1 These measurements are used to describe the differences 
between waters that are considered ‘fresh’ (with very low concentrations of ions) and 
those that are considered ‘saline’ (with high concentrations of ions). A salinity scale 
is given in Table 5. Total dissolved solids (confusingly also called TDS) is a measure 
used to approximate the concentration of ions in wetland water, but which will usually 
over-estimate salinity since it also accounts for dissolved organic compounds.1 Ionic 
composition refers to the particular ions making up a solution, usually discussed in 
terms of the relevant dominances of the major (most abundant) positively charged and 
negatively charged ions in the water of a particular wetland.3

Electrical conductivity (EC) is the ability of a solution to conduct an electric current, 
and is measured as ‘specific conductance’; the rate of flow of ions between two 
electrodes a fixed distance apart, measured at a known temperature.1,4 Conductivity is 
generally only used to measure salinity of less than 5000 millisiemens per centimetre (mS/
cm).2 A relationship between salinity and conductivity can be derived but it is not always 
accurate in very fresh waters (due to the influence of organic acids)1 or in very saline 
waters.5

Why are salinity and ionic composition important in 
Western Australian wetlands? 

Effects on wetland species
Salinity (and therefore electrical conductivity) is a natural part of wetlands, although 
the concentrations and compositions of salts may vary widely between wetlands.3,5 All 
wetland species are adapted to particular ranges and types of salts in their environment; 
some, such as salt marsh or saline wetland species may actually rely on a high level of 
salinity to function.6,7 Many of the ions dissolved in wetland water columns and pore 
waters are essential to life and play important roles in the functioning of particular 
species and the ecosystem. 

In particular, dissolved ions have important functions in the cells and membranes of 
plants and animals.6,7 Some species, such as the brine shrimp Parartemia, are able 
to regulate the concentration of their internal fluids in relation to the environment 
(osmoregulators), while others have no ability to do this, and their internal 
concentrations reflect that of the solution they are immersed in (osmoconformers).6 
Many of the common ions (such as sodium: Na+, chloride: Cl-, potassium: K+, calcium: 
Ca2+) and some of the less common ones are important as mineral nutrients for plant 
and animal growth.6,7 This applies both to organisms in wetland water columns, and 
also to those in the sediments that are bathed in saline pore waters and/or ingesting salt 
associated with waters and sediments.

Ion: an atom that has acquired 
an electrical charge by the 
loss or gain of one or more 
electrons. 
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Wetland plants, animals and microbes tend to be physiologically adapted to particular 
ranges or concentrations of salinity meaning that if these concentrations change too 
much or too rapidly, this can cause a decline in health and even result in mortality.8,9 

Effect on physico-chemical conditions
In addition to the effects on the physiology of wetland plants and animals, salinity levels 
affect other physico-chemical conditions in wetland waters including:

• water clarity (salinity can cause aggregation and settling of particles out of solution, 
increasing water clarity)10 

• dissolved oxygen concentration (saline waters have a lower capacity for dissolved 
oxygen)1

• pH (high salinity waters can often have a low pH)

• other chemical equilibria (for example, the influence of sulfate on phosphorus 
cycling10). 

The composition of the ions that make up a salinity reading may vary from wetland to 
wetland, although in Australia, saline wetland waters usually have an ionic composition 
similar to seawater (dominated by sodium, Na+ and chloride, Cl- ions).5 Nevertheless, 
even relatively small differences in ionic composition may lead to large differences in the 
toxicity of saline waters for plants and animals.3 For example, chloride ions are believed 
to be much more toxic than carbonate (CO

3
2-) ions, making it easier for organisms such 

as invertebrates to tolerate high salinities in carbonate-dominated systems.11 

➤	 For information on the effects of secondary salinity, refer to the topic ‘Secondary 
salinity’ in Chapter 3. 

What is the natural salinity range of wetlands in 
Western Australia?
The natural salinity levels of WA wetlands range from fresh to hypersaline.12,13 Definitions 
of these salinity categories vary significantly from source to source, but often general 
usage in Australia refers to ‘freshwater’ as extending from 0 to about 3,000 milligrams 
per litre (mg/L), ‘saline’ from 3,000 mg/L to about seawater (approximately 35,000 mg/L) 
and hypersaline above this (greater than 35,000 mg/L). Salt lakes can display salinities up 
to saturation point (Figure 15). The most widely used (international) classification system 
for natural salt lakes14 defines a wider a range of categories (Table 3). The use of the 
word ‘brackish’ varies; some researchers reserve it solely for reference to estuarine waters 
and do not use it in reference to inland waters (instead using terms such as ‘subsaline’ or 
‘hyposaline’), on the basis that ‘brackish’ refers to a mix of fresh and marine water, rather 
than inland saline water.14 Others use it to describe the range between around 3,000 to 
10,000 mg/L regardless of whether the water is estuarine or not.

Table 3. Salinity ranges in Western Australian wetlands

Common usage in 

Western Australia

Salt lake category14 Minimum total 

dissolved salts (TDS) 

(milligrams per litre, 

mg/L)

Maximum total dissolved 

salts (TDS) (milligrams per 

litre, mg/L)

Fresh Fresh 0 500

Fresh Subsaline 500 3,000

Saline Hyposaline 3,000 20,000

Saline Mesosaline 20,000 50,000

Hypersaline Hypersaline 50,000 NaCl saturation (about 360,000)
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There are therefore no ‘acceptable’ limits for salinity change across wetland ecosystems 
generally, although the Australian and New Zealand Guidelines for Fresh and Marine 
Water Quality15 (known as the ‘ANZECC guidelines’ in reference to the author institute) 
specify guidelines for conductivity in freshwater wetlands and lakes (Table 4). The 
difficulty in setting acceptable limits occurs because the natural salinity level of the 
wetland determines whether salinity (or conductivity) levels are considered to be high or 
low. As mentioned earlier, changes to either higher or lower salinities can have adverse 
effects, depending on the physiology of the different plants and animals. 

Table 4. Default trigger values for conductivity (risk of adverse effects to freshwater 
systems) from ANZECC & ARMCANZ.15

Ecosystem type Electrical conductivity (microsiemens per centimetre, μS cm-1)

Tropical Australia Minimum Maximum

Lakes, reservoirs and [other] 
wetlands

90 900

South-west Australia

Lakes, reservoirs and [other] 
wetlands

300 1500a

aHigher values (greater than 3000 μS cm-1) are often measured in wetlands in summer due to 
evaporative loss.

The usual ionic composition of Western Australian saline wetlands is similar to seawater 
(dominated by sodium, Na+ and chloride, Cl- ions), but in some cases, especially in 
fresher systems, other ions such as carbonate (CO

3
2-) may be more dominant.3,5 There 

are no usual or acceptable ranges of ionic composition in Western Australian wetlands, 
although as described earlier, changes in ionic composition can potentially be stressful to 
animals.11,3

Figure 15. Salt crystals in a wetland in Jurien in the midwest of WA. Photo – J Lawn/DEC.



34  Conditions in wetland waters 

Chapter 2: Understanding wetlandsA guide to managing and restoring wetlands in Western Australia

What affects the salinity, conductivity and ionic 
composition of wetland waters and how variable 
are they? 
The natural salinity of a wetland depends on factors such as:

• geographic location

• rainfall patterns

• evaporation rate

• geology

• source of inflow water. 

In WA, naturally saline wetlands are often associated with coastal areas, where they 
are influenced by direct seawater intrusion or salt spray, and inland arid areas, where 
evaporation rates exceed rainfall, and soils are not well-flushed and consequently salts 
accumulate13 (Figure 16).

(a) Lake Coogee, a coastal saline wetland, Munster

b) Lake Goorly, an intermittently inundated inland saline wetland, Dalwallinu  

Figure 16. Naturally saline wetlands in Western Australia. Photos – (a) L Sim and (b) Wetlands 
Section/DEC
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The ‘primary’ salinisation of wetland waters is a natural process, and occurs very 
slowly.16 Many naturally-saline Western Australian wetlands are saline due to inputs of 
saline groundwater or seawater intrusion, and in many cases the geological conditions 
underlying the wetlands also influence whether they are naturally saline or fresh.16 
In contrast, claypans are ‘perched’ (not connected to groundwater) due to a layer of 
impermeable clay, and they therefore tend to be filled with rainwater, so many, but not 
all, are fresh (Figure 17). 

In contrast, many of the saline intermittently inundated wetlands (playas) of the south-
west occur in the ancient river channels (paleochannels) where saline groundwater seeps 
up through the permeable sediments.16

Wetland water salinity does not vary appreciably over a 24 hour cycle or due to biological 
activity, but is largely linked to water level (dilution and evapoconcentration) and the 
salinity of the inflowing and outflowing water. Over much longer time scales, the 
weathering of rocks and the influx of airborne marine salts also have an influence.16

‘Secondary’ salinisation occurs over much shorter time scales and is driven by large-
scale hydrological change within a landscape. The agricultural zone of south-western 
WA has experienced large increases in wetland salinity levels since clearing of the deep-
rooted native vegetation for agricultural production caused water tables to rise, bringing 
salts to the surface, and many of the wetlands in this region are now secondarily salinised 
(see the topic ‘Secondary salinity’ in Chapter 3). Both waterlogged and inundated 
wetland types have been affected. 

It is important to note that while the adverse effects of secondary salinisation on 
freshwater systems are relatively well-known, the sudden freshening of naturally saline 
wetlands, although less common, is equally stressful for the plants and animals of the 
wetland.6,7

How are salinity, conductivity and ionic 
composition measured, and what units are used? 
Salinity is expressed as a concentration and is usually measured in mass per unit volume 
(for example, milligrams or grams per litre; mg/L, g/L) or parts per thousand or million 
(ppt/ppm). These measures are roughly equivalent but at salinities of greater than about 
7 ppt, density or specific gravity also needs to be taken into account1: ppt = g/L ÷ specific 
gravity.

(a) (b)

Figure 17. (a) In a 2009 study, Muggon claypan in the Murchison was found to be fresh (TDS 80 
mg/L) while (b) the nearby Muggon lake was found to be saline (TDS 3300 mg/L).17 Photos – G 
Daniel/DEC.

Playa: a wetland with a basin 
landform that is intermittently 
inundated

Secondary salinisation: a 
human-induced degrading 
process in which the salt load 
of waters or soils increases at a 
faster rate than naturally occurs
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An understanding of the limitations of each measure can be useful when choosing a 
form of measurement, and when interpreting results (Table 5).

Table 5. Key salinity measurements 

Direct measurement or surrogate 

(substitute)

In-situ or 

laboratory 

measurement

Water 

columns and/

or pore water 

measurement

Limitations

Total dissolved 

solids (TDS)

Surrogate for total dissolved salts In-situ or 
laboratory

Both Can over-estimate salinity, as dissolved 
organic compounds are also included in the 
measurement. As such not suitable for turbid 
wetlands.

Electrical 

conductivity 

(EC)

Surrogate for total dissolved salts In-situ Both Less accurate in very fresh (due to the 
influence of organic acids) and very saline 
wetlands.

Ionic 

composition

Direct measurement of ionic composition; the 
sum total provides a direct measure of total 
dissolved salts.

Laboratory Both Very accurate but the cost of laboratory 
analysis may be prohibitive.

There are many models of electronic 
meter that can be used to measure salinity 
or electrical conductivity in situ (Figure 
18). Conductivity is a simple surrogate 
(substitute) for the measurement of salinity, 
which is particularly useful in fresher 
wetlands. It is easily measured and allows 
a rapid assessment of whether a wetland 
has crossed the boundary between fresh 
and saline. Salinity and conductivity can 
both be measured in water columns and 
pore waters. The technique for sediments 
involves adding sediment to water and 
mobilising the salts so that they can be 
measured in the same way. 

Salinity data is often presented together 
with water depths as it is directly affected by 
evapoconcentration, and water level gives 
perspective on the time of the hydrologic 
cycle that the sample was taken.

➤	 Techniques for measuring salinity, conductivity and ionic composition are presented in 
the topic ‘Monitoring wetlands’ in Chapter 4. 

Figure 18. An electronic meter used to 
measure electrical conductivity in wetlands, 
with the probe attached and a solution 
used to calibrate the meter. This model also 
measures a number of other parameters. 
Photo – J Lawn/DEC.

To convert between conductivity and salinity the following conversion is usually 

used:

mS/m x 5.5 = mg/L = ppm.

This equation assumes that sodium chloride is the only salt present; the 

multiplication factor of 5.5 increases with the addition of other common salts 

and may be as high as 6.18
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How to convert between conductivity and salinity
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Sources of more information on wetland salinity, 
conductivity and ionic composition
Department of Agriculture and Food (2004) ‘Salinity measures, units and classes’.18 

Department of Agriculture and Food (2004) ‘Salinity in Western Australia’.19 

Hammer, UT (1986) ‘Chapter 2 The saline lake concept’, Saline lake ecosystems of the 
world.14 

Radke, L, Juggins, S, Halse, S, Deckker, P & Finston, T (2003) ‘Chemical diversity in south-
eastern Australian saline lakes II: biotic implications’, Marine & Freshwater Research.3

Williams, W (1966) ‘Conductivity and the concentration of total dissolved solids in 
Australian lakes’, Australian Journal of Marine & Freshwater Research.5

Glossary
Brackish: a mix of fresh and marine water (thus not applicable to inland saline water)

Electrical conductivity (EC): the ability of a solution to conduct an electric current, and 
is measured as ‘specific conductance’; the rate of flow of ions between two electrodes a 
fixed distance apart, measured at a known temperature

Ionic composition: the relevant dominances of the major (most abundant) positively 
charged and negatively charged ions in the water of a particular wetland

Osmoconformers: species who are not able to regulate the concentration of their 
internal fluids, so their internal concentrations reflect that of the solution they are 
immersed in

Osmoregulators: species that are able to regulate the concentration of their internal 
fluids in relation to the environment

Playa: a wetland with a basin landform that is intermittently inundated

Salinity: a measure of the concentration of ions in wetland water. This measurement 
is used to describe the differences between waters that are considered ‘fresh’ (with 
very low concentrations of ions) and those that are considered ‘saline’ (with high 
concentrations of ions). 

Salts: ionic compounds comprised of cations (positively charged ions, such as sodium, 
Na+) and anions (negative ions, such as chloride, Cl-) 

Secondary salinisation: a human-induced degrading process in which the salt load of 
waters or soils increases at a faster rate than naturally occurs

Total dissolved solids (TDS): a measure used to approximate the concentration of ions 
in wetland water (that is, total dissolved salts/salinity). It will usually over-estimate these 
as TDS includes dissolved organic compounds. 

Trigger values: quantified limits that, if exceeded, would indicate a potential 
environmental problem, and so ‘trigger’ a management response, e.g. further 
investigation
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What is stratification? 
‘Stratification’ in wetlands refers to the division of the water column into distinct layers 
called the epilimnion (top), the metalimnion (middle) and the hypolimnion (bottom), 
and results from differences in water density between these layers1 (Figure 19). Most 
commonly, the differences in density are due to temperature, but stratification can also 
be caused by pressure (due to altitude), salinity, and suspended or dissolved particles.1 
Stratification is not relevant to wetlands without a water column, that is, waterlogged 
wetlands.

When a wetland is thermally-stratified (stratified due to temperature), the top layer is 
usually the warmest layer of the water column as it absorbs most of the solar radiation. 
Its position also allows it to remain well-mixed and oxygenated.2 The bottom layer is 
the coldest layer and oxygen often becomes depleted (anoxic), if no photosynthesis is 
occurring there to replenish the dissolved oxygen. The middle layer is where the most 
rapid temperature change with depth occurs.1,3

Why is stratification in wetlands important? 
The importance of stratification is directly related to its effects on other parameters 
such as temperature and dissolved oxygen. The creation of distinct layers of water with 
very different physical and/or chemical properties within one wetland can affect the 
processes occurring within each layer, and in the wetland as whole, as well as on the 
survival of plants and animals in these layers.1,3 For example, if the bottom layer becomes 
depleted of oxygen, oxygen-dependent animals and bacteria will no longer be able to 
survive there. Carbon dioxide levels will rise and the pH will fall4 and anaerobic chemical 
processes such as increased organic matter decay via methanogenesis (a kind of bacterial 
breakdown described in the ‘Carbon’ section of this topic), or the release of phosphate 
from the sediments will start to occur.5 Nitrogen and phosphorus may become more 
abundant in the bottom layer.4

Stratification can cause primary productivity to become focused in the top layer of the 
wetland, instead of occurring as far down in the water column as light can penetrate.1 
As a result, stratification can lead to the development of algal blooms, with rapid 
population growth taking place in the high light, warm conditions of the top layer, 
and anoxic conditions in the bottom layer promoting the release of nutrients from 
the sediments. Regular mixing of the water column (by wind or artificial aeration) can 
prevent the formation of algal blooms in the surface waters, as well oxygenating the 
bottom layer.1

Figure 19. Stratification of a wetland into epilimnion, metalimnion and hypolimnion. 

Epilimnion

Metalimnion

Hypolimnion

Stratification: the division of 
the water column into distinct 
layers called the epilimnion (top), 
the metalimnion (middle) and 
the hypolimnion (bottom), due 
to differences in water density 
between these layers 

Epilimnion: the top layer of a 
stratified water column
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stratified water column

Hypolimnion: the bottom layer of 
a stratified water column

Anoxic: deficiency or absence of 
oxygen 
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What is the natural stratification regime of Western 
Australian wetlands? 
There are no guidelines for the acceptable ranges or limits for stratification of waters 
in natural Western Australian wetlands. Water quality guidelines have instead been set 
for related parameters such as temperature, salinity and turbidity, as outlined in these 
respective sections of this topic.

What affects the stratification of wetland waters 
and how variable is it? 
Stratification can be caused by a number of different physico-chemical factors including 
temperature, salinity, suspended particulate matter, dissolved substances or pressure, 
which all cause the creation of distinct layers of water that differ in density.1,6 In all cases, 
the preservation of these layers relies on a lack of mixing between the layers, and the 
stratification is more ‘stable’ (less likely to mix) if larger density differences exist between 
the layers.2

The influence of wetland depth
Stable stratification, which persists for much longer than a day (often months), is only 
likely to occur in deeper waters. Researchers concluded that of the forty-one wetlands 
they surveyed on the Swan Coastal Plain, only wetlands greater than 3 metres deep 
or strongly coloured would stably stratify.7 Most natural wetlands in WA are shallow by 
world standards, and therefore stable stratification due to temperature is likely to be 
uncommon. It is likely to be more common in man-made waterbodies such as large dams 
that are deeper than 3 metres. In south-west WA, stable temperature stratification is 
most likely to occur in summer when more of a temperature differential between surface 
and benthic (bottom) waters is likely to develop, and there is not as much wind mixing.1

Stratification is rarely measured in very shallow waterbodies, as it is often assumed that 
wind mixing prevents the development of stable layers (Figure 20), but there have been 
records of regular daily stratification in shallow wetlands in WA, the eastern states of 
Australia and overseas.5,8,6 This type of unstable stratification, where layers form in the 
water column each day (usually in the afternoon) and mixing occurs over night, has not 
been studied extensively in shallow wetlands, and may be more common than previously 
thought. It makes sense, that since changes in solar radiation and the heating of wetland 
waters occur over a day or across seasons, this can also cause stratification. In temperate 
zones, such as the south-west of WA, stratification over a 24 hour daily cycle appears 
to be most common in summer–early autumn, where a few hours of solar radiation 
can lead to a significant differential in temperature between top and bottom waters.5,6 
In these same wetlands in late autumn–winter, the waters do not warm sufficiently to 
cause this difference in temperature.5,6 In equatorial areas, such as the north-west of 
WA, where the incidence of solar radiation does not vary much across the seasons, this 
seasonal difference does not occur; stratification may occur all year round, and its loss is 
more likely to be due to wind mixing8 (Figure 20). 

Particulates: in the form of 
particles (small objects)

Stable stratification: 
stratification which persists for 
much longer than a day (often 
months)

Swan Coastal Plain: a 
coastal plain in the south 
west of Western Australia, 
extending from Jurien south to 
Dunsborough, and the Indian 
Ocean east to the Gingin, 
Darling and Whicher Scarps

Unstable stratification: layers 
form in the wetland water 
column each day (usually in the 
afternoon) and mixing occurs 
over night.
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The influence of water chemistry
Natural salt lakes may undergo salinity stratification when fresh rainwater entering the 
wetland in late autumn or winter sits on top of the highly saline water left at the end 
of summer1 (Figure 21a). Unlike temperature-driven stratification (Figure 21b), the salty 
lower layer often becomes warmer than the fresh top layer.1 Stratification due to salinity 
may occur in quite shallow systems as long as there is not too much wind disturbance. 
Salinity-driven density differences are much greater than temperature-driven differences.4

Highly turbid waters, caused by the suspension of inorganic particles (such as clays) in 
the water column are common in WA (Figure 21c); (see ‘Light availability’ in this topic). 
Shallow, turbid wetlands can undergo temporary stratification on hot days, when the top 
layer of water heats up due to the absorption of heat by suspended particles.1 

The surface waters of tannin-stained wetlands can also heat up rapidly during the 
morning but tend to then undergo complete mixing once heat is lost overnight.4 
Researchers have identified this process as an important determinant of habitat for 
the endemic black-striped minnow, Galaxiella nigrostriata, at Melaleuca Park in Perth’s 
northern suburbs.9 The darkly stained water heats up in the daytime, creating a warm 
surface layer and cooler water beneath. These cooler benthic waters provide the black-
stripe minnow with suitable habitat in hot weather. 

Figure 20. Wind mixing of Rushy Swamp, a shallow wetland near Woodanilling, in the South 
Coast region. Photo - L Sim.
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How is stratification measured, and what units are 
used? 
Stratification can only be measured in water columns and is not relevant to sediment 
pore waters. The type of measurements taken to determine whether stratification is 
occurring depend on the type of stratification (that is, temperature or salinity driven), but 
since all types of stratification usually lead to a temperature differential between top and 
bottom waters, the quickest and simplest measurement used to determine stratification 
is usually temperature. To record the presence of an epilimnion and hypolimnion, 
sampling needs to include both top and bottom measurements, or for very deep systems, 
measurements at a number of depths in the water column. If the intention is to plot a 
thermocline, dissolved oxygen profile or halocline (types of graphs which show how 
temperature, dissolved oxygen or salinity change with depth, see Figure 22 for example), 
measurements are often much more regular; every 5 or 10 centimetres depending on the 
depth of the wetland. 

Figure 21. Diagrams of Western Australian stratified wetlands: (top) salinity-stratified; (middle) 
thermally-stratified; and (bottom) stratified due to suspended particulates. 
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Sources of more information on wetland 
stratification
ANZECC & ARMCANZ (2000) ‘8.2 Physical and chemical stressors in Volume 2 Aquatic 
ecosystems — rationale and background information (Chapter 8)’ of Australian and New 
Zealand guidelines for fresh and marine water quality.10

Boulton, A & Brock, M (1999), Australian freshwater ecology: processes and 
management.1

Florida LAKEWATCH (2004), ‘A beginner’s guide to water management - oxygen and 
temperature’.2

Glossary
Anoxic: deficiency or absence of oxygen 

Epilimnion: the top layer of a stratified water column

Halocline: a sharp vertical gradient in salinity between a relatively fresh water mass and 
a more saline water mass

Hypolimnion: the bottom layer of a stratified water column

Metalimnion: the middle layer of a stratified water column

Particulates: in the form of particles (small objects)

Stable stratification: stratification which persists for much longer than a day (often 
months)

Stratification: the division of the water column into distinct layers called the epilimnion 
(top), the metalimnion (middle) and the hypolimnion (bottom), due to differences in 
water density between these layers

Figure 22. Example of a thermocline, showing difference between temperatures at the top (0 
metres) and bottom (0.6 metres) of the water column
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Swan Coastal Plain: a coastal plain in the south west of Western Australia, extending 
from Jurien south to Dunsborough, and the Indian Ocean east to the Gingin, Darling and 
Whicher Scarps

Thermocline:  the narrow vertical layer within a body of water between the warmer and 
colder layers where a rapid temperature change occurs

Unstable stratification: layers form in the wetland water column each day (usually in 
the afternoon) and mixing occurs over night.
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What are acidity and alkalinity?
Acidity and alkalinity are chemical properties of water that directly affect the ability of 
organisms to function, breed and survive in water and soil water. Acidity and alkalinity 
also have an influence on many chemical reactions in wetlands which help shape their 
ecological character. 

In chemical terms, acidity is characterised by a high concentration of dissolved hydrogen 
in water. Hydrogen has the chemical symbol ‘H’, while the shorthand for the dissolved, 
ionic form of hydrogen that produces acidity is ‘H+’. 

Alkalinity, on the other hand, is often measured by the amount of carbonate (CO
3
2-) in 

solution.5 Carbonate and other bases, such as bicarbonate (HCO
3
-), react with and in 

effect ‘absorb’ hydrogen ions when the water is acidic and release them when the water 
becomes basic. This chemical property means that large or rapid changes due to an influx 
of acidity are resisted (buffered).3,1 This property is also referred to as ‘buffering capacity’ 
and ‘acid neutralising capacity’. Stable conditions can be maintained unless the supply of 
carbonate and bicarbonate ions is exhausted. 

What is pH? 
‘pH’ is a soil or water quality measure that indicates whether water is acidic, neutral or 
alkaline.1 The term ‘pH’ is shorthand for ‘the potential of hydrogen’.

pH is usually shown on a scale ranging from 0 to 14 (Figure 23). A pH of 0 is extremely 
acidic; a pH of 7 is neutral and a pH of 14 is extremely alkaline or basic. While a pH of 7 
is neutral, the term ‘circumneutral’ describes the range between mildly acidic and mildly 
alkaline conditions between roughly pH 5.5 and 7.4.2 pH can also be a negative value 
and greater than 14, although this does not occur in wetlands in WA. Some examples of 
everyday materials of different pH are shown in Figure 23. 

pH is a straightforward and commonly used measure. In some circumstances, it is more 
informative to use measures of total acidity or total alkalinity, as outlined later.

Ion: an atom that has acquired 
electrical charge by the loss or gain 
of one or more electrons

Figure 23. pH scale from acid to alkaline showing examples of acidic and alkaline solutions.
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Why are acidity and alkalinity important in 
wetlands?   
Wetland animals, plants and microbes are adapted to particular ranges of acidity/
alkalinity for survival, breeding and normal function.6 Acidity/alkalinity directly affects 
organisms by affecting the function of cells – specifically, the functions of enzymes and 
membranes. It also has strong effects on wetland organisms by affecting the quality 
of the water, especially by influencing how soluble materials are in water6,4 including 
nutrients, carbon dioxide and heavy metals. The availability and toxicity of these materials 
in a wetland can affect the function and survival of wetland organisms. 

While some wetlands in WA are naturally very acidic or alkaline, most have circumneutral 
or mildly to moderately acidic or alkaline waters, and accordingly most WA wetland 
plants, animals and microbes are adapted to within this range of acidity/alkalinity. For 
wetlands in an unaltered state, an aim of management should be to maintain the natural 
physico-chemical conditions, including the natural range of acidity/alkalinity.

An understanding of the acidity/alkalinity of a wetland, whether it is natural or altered, 
and whether it is changing over time, can provide insights regarding living conditions 
and dominant processes in the wetland. However it is important to note that acidity/
alkalinity is only one of many factors influencing how suitable a wetland is as habitat for 
a species. It may only become a dominant factor at very high or low pH, at which point 
the productivity of most plants and animals is limited.7

Importantly, wetland scientists consider that small changes in acidity/alkalinity rarely 
have large effects on biological systems.7 A large increase or decrease in pH can result 
in adverse effects to wetlands, although large decreases are likely to cause more serious 
problems.6 Human-induced changes are most commonly an increase in acidity.

Broadly speaking, at a high or low pH, the community structure of aquatic 
macroinvertebrates, which are a very important part of wetland ecosystems, may be 
affected. Extremes in acidity/alkalinity can influence the presence and abundance of 
those macroinvertebrates that are either acid or alkaline tolerant, sensitive or specialists 
(such as ‘acidophiles’). This in turn can have an influence on the food web of the 
wetland. For example, studies also indicate that many species of diatoms are sensitive 
to acidity/alkalinity.8 Diatoms are a type of algae that occur in many Western Australian 
wetlands and they play an important role in food webs. 

In more acidic wetland soils nutrients such as phosphorus, nitrogen, magnesium and 
calcium may be less soluble and therefore less bioavailable to organisms (Figure 24).9 
This may limit biological productivity in very acidic wetlands resulting in low wetland 
metabolism.7 In particular, decomposition processes may be slow7, meaning that 
more organic material is stored in forms that can’t be used by plants and algae (and 
so by extension, animals). While cyanobacteria are found in many diverse and extreme 
environments, they are not found in low pH waters.6 Researchers noted this during 
a study of forty-one wetlands on the Swan Coastal Plain (the coastal area between 
Jurien and Dunsborough), when it was observed that cyanobacterial blooms rarely 
occurred in those wetlands with a pH of less than 6.5.10 In some very acidic wetlands, 
chemosynthesis, a much less common form of energy capture, may be prevalent rather 
than photosynthesis. 

With calcium being less soluble, species which need calcium to develop shells may be 
less prevalent in very acidic wetlands.4 It has been observed that gastropods (which have 
a shell) are rare in inland waters with a low pH.11 On the other hand, species that appear 
to be acid-tolerant such as the sandfly (Ceratopogonidae) larvae12 and some mosquitoes7 

Organism: an individual living 
thing

Soluble: able to dissolve

Macroinvertebrates: animals 
without backbones that, when 
fully grown, are visible with the 
naked eye. The term is usually 
used to describe all of the 
insects, worms, molluscs, water 
mites and larger crustacea such 
as shrimps and crayfish

Food web: the feeding 
relationships of organisms 
within an ecosystem. Usually 
depicted as a diagram of a 
series of interconnecting food 
chains

Species: a group of organisms 
capable of interbreeding and 
producing fertile offspring, 
for example, humans (Homo 
sapiens)

Bioavailable: in a chemical 
form that can be used by 
organisms

Metabolism: the chemical 
reactions that occur within 
living things that are necessary 
to maintain life, including the 
digestion of food

Decomposition: the chemical 
breakdown of organic material 
mediated by bacteria and fungi, 
while ‘degradation’ refers to 
its physical breakdown.16,4 Also 
known as mineralisation

Chemosynthesis: the process 
by which organisms such as 
certain bacteria and fungi 
produce carbohydrates and 
other compounds from simple 
compounds such as carbon 
dioxide, using the oxidation of 
chemical nutrients as a source 
of energy rather than sunlight
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may be present, and some wetlands may support acidophiles such as the brine shrimp 
Parartemia contracta, which inhabits naturally acidic salt lakes.13 Acidic lakes may be 
structurally dominated by benthic microbial communities14 rather than by plants or 
algae (for more information, see the topic ‘Wetland ecology’ in Chapter 2). 

Naturally occurring amounts of arsenic and heavy metals in sediments and underlying 
rocks, such as aluminium, iron, lead, cadmium and mercury, are more soluble at a pH 
of 5 or less, and can be ‘mobilised’ under acidic conditions, and manganese availability 
can also increase.7,9 These heavy metals in the water may then be taken up by plants 
or animals in contact with the wetland4 and this may cause toxic and sometimes fatal 
effects. Fish are often very susceptible to mobilised aluminium and mass fish kills can be 
a result of toxic levels. Similarly mobilised aluminium and manganese may cause wetland 
plants to die.7,9 

At high pH levels, the availability of iron, manganese, copper and zinc and the nutrient 
phosphorus is limited.9 Meanwhile there is more conversion of the nutrient nitrogen from 
the chemical form of ammonium (NH

4
+) to ammonia (NH

3
).15 While ammonium is a form 

that can be taken up and used by plants, ammonia can be toxic in large amounts, and 
sensitive species, such as fish, may not be able to function optimally or survive in these 
conditions.4

Benthic microbial 
communities: bottom-dwelling 
communities of microbes (living 
on the wetland sediments)

Figure 24. The effect pH has upon nutrient availability under general soil conditions.  
Image – University of Minnesota.
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What is the natural acidity/alkalinity of Western 
Australian wetlands?  
The pH of most Western Australian wetlands is naturally between roughly 6.5 and 8, 
but there are many exceptions to this. Acidity/alkalinity is naturally very variable among 
and within ecosystem types and seasonally.6 Due to the existence of a wide range of 
natural maximum and minimum pH levels (as well as range between the two) in Western 
Australian wetlands, there is no definitive range for pH in WA waters. 

The guidelines available for pH are only relevant to a sub-set of Western Australian 
wetlands. These are the Australian and New Zealand Guidelines for Fresh and Marine 
Water Quality (known as ‘the ANZECC guidelines’ in reference to the author institute).6 
The ANZECC guidelines indicate that the pH in most permanently or seasonally 
inundated wetlands in WA should not drop below pH 6.0 or exceed pH 8.5 if no 
negative impact to the ecosystem is to occur (Table 6). These limits provide guidelines for 
the maintenance of acceptable conditions for plants and animals and default ‘trigger 
values’ which indicate when further investigations may be required to determine the 
possible causes for pH not being within these desirable ranges.

Table 6. Default trigger values for pH (risk of adverse effects) from ANZECC & ARMCANZ6

Ecosystem location, type pH

Tropical Australia Lower limit a Upper limit a

Wetlands 6.0 8.0

South-west Australia

Wetlandsb 6.5 8.5

a In highly coloured wetlands (gilvin greater than 52 g
440

m-1)10 typical pH range 4.5–6.5. 

b Amalgamated values; “freshwater lakes” and “reservoirs”: 6.5–8; “wetlands”: 7–8.5.

However, the trigger values for the south-west of WA have been derived from a limited 
set of data (two years) collected at forty-one wetlands within and near Perth10 and are 
only representative of basin wetlands of this region that are permanently or seasonally 
inundated rather than wetlands across the entire south-west of the state.6 The trigger 
values from the north-west of the state are derived from an even more restricted study 
(less than one year) in the Pilbara region.6 All trigger values should therefore be used with 
caution.

Therefore, it is important to consider how relevant these guidelines are for a particular 
wetland, and to identify, or have professional assistance to identify, an appropriate 
range in pH for the wetland, taking into consideration the natural factors affecting pH 
in wetlands outlined in this topic. Where possible, the aim of management should be to 
maintain the natural conditions of a wetland, including the natural range in pH.   

Researchers have established references ranges for pH of inundated wetlands of the 
Wheatbelt region.17 These reference ranges have been developed by analysing existing 
pH data from the region. Firstly, permanently or seasonally inundated wetlands in the 
region with monitoring data were identified as either saline basins, freshwater basins 
or turbid claypans. Following this, the least disturbed wetlands of each group were 
identified using expert opinion, and then the data of the least disturbed wetlands were 
analysed in order to establish a range in pH that may approximate the natural range. 
Excluding naturally acidic wetlands, the reference ranges are as follows:

• naturally saline basins: 7.8–8.7

• freshwater basin wetlands: 6.8–8.1

• turbid claypans: 8.6–8.9.

Trigger values: quantified limits 
that, if exceeded, would indicate a 
potential environmental problem, 
and so ‘trigger’ a management 
response, e.g. further investigation

Reference range: a quantitative 
and transparent benchmark 
appropriate for the type of wetland
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As per the ANZECC trigger values, these reference ranges should be used as a guide only 
and should be supported by site-specific studies if needed, due to the natural variability 
in pH between wetlands in WA.

What affects the acidity/alkalinity of wetland 
waters? 
The natural factors that can affect the pH of wetland waters include:

• carbon dioxide levels

• sediment type

• quality of incoming water

• variation over time.

With an understanding of these factors, it is often possible to infer the reasons for a 
wetland’s acidity/alkalinity. However, for some wetlands, the reasons can be complex 
and the investigations required to determine the causes can require research into the 
chemistry of groundwater, subsoil sediment and geology and an understanding of 
historical events such as drought, excavation and fire.

The acidity/alkalinity of wetland water can also be affected by human activities including 
agriculture, industry-causing acid rain, drainage of acid waters into wetlands, and 
drainage of wetlands leading to acid sulfate soils. All of these typically cause increased 
acidity. 

➤	 Human causes and their management are discussed in the topic ‘Water quality’ in 
Chapter 3.

An understanding of a wetland’s pH, and pH trends over time, can be very 

informative for wetland managers. However, initial investigations into the use 

of pH as an indicator of wetland condition in WA suggest that it could be more 

meaningful when paired with data of the total alkalinity and/or acidity at sites 

where the scale of change in pH is beyond that expected.18
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pH - an indicator of wetland condition?

Some data on the pH of wetlands in WA is available from WetlandBase19, 
the Western Australian Wetlands Database, available online. WetlandBase 
is an interactive database by DEC, with web hosting by the Department 
of Agriculture and Food WA, available via http://spatial.agric.wa.gov.au/
wetlands. WetlandBase provides an online resource of information and data 
about Western Australian wetlands. It provides spatial data, such as wetland 
mapping, and point data, such as water chemistry, waterbirds, aquatic 
invertebrates and vegetation sampling results. Note that DEC is preparing an 
alternative to WetlandBase, scheduled for release in 2013 that will continue to 
make this data publicly available.
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Sources of data on pH of WA wetlands
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Carbon dioxide
The amount of carbon dioxide (CO

2
) in wetland waters strongly influences the natural  

acidity/alkalinity of the water because it reacts chemically with hydrogen (for a brief 
technical explanation, see the text box ‘Why acidity/alkalinity is influenced by carbon 
dioxide’ below). 

Carbon dioxide is a gas that is readily available in the atmosphere, and it enters wetland 
waters directly from the atmosphere as it is quite soluble in water and dissolves easily.4 
Carbon dioxide is also produced by wetland plants, algae, animals and microbes during 
respiration. Once dissolved, it may then be taken up and used during the day by 
wetland plants, algae and cyanobacteria for photosynthesis.4,10 As a decrease in carbon 
dioxide tends to increase the pH, elevated rates of photosynthesis in highly productive 
wetlands may lead to very high pH values. The concentration of CO

2
 in wetland water 

fluctuates in response to these biological processes. 

The relationship between CO
2
 and pH also applies in sediment pore waters, but gas 

exchange in this environment is more limited, particularly in submerged sediments, and 
is not promoted by water movement as it is in surface waters. As a result, a major source 
of dissolved CO

2
 in pore waters is from respiration by animals (such as midge larvae) and 

microbes living in the sediment pore waters.

Wetland sediment type
The natural acidity/alkalinity of wetland waters in WA is strongly influenced by the 
chemistry and physical characteristics of the wetland’s sediments.3 In particular:

• Wetlands with calcium-carbonate (CaCO
3
) dominated sediments tend to be alkaline. 

They also tend to be buffered against large, rapid changes in pH.

• Wetlands on sandy soils with a lot of organic material may release humic  
substances (typically ‘coloured’ wetlands), and this can cause acidic waters  
(typically 4.5–6.5 pH).

• Wetlands with sediments which contain iron pyrite and which dry may be acidic.

These influences of sediment type generally affect pore waters first and extend to surface 
waters through diffusion. It could be expected that the acidity/alkalinity of the soil pore 
waters will typically be more extreme than the water column. The acidity/alkalinity of 
sediment pore waters may also be strongly influenced by the release of oxygen by plant 
roots, which may alter redox conditions (for more information, see the section ‘Redox 
potential’).

Wetlands with calcium carbonate (limestone, CaCO
3
) dominated sediments tend to be 

naturally alkaline (Figure 25). For this reason, many coastal wetlands are alkaline. 

When carbon dioxide (CO
2
) chemically combines with water (H

2
0), it forms 

carbonic acid (H
2
CO

3
). Most of the hydrogen ions in the waters of natural 

wetlands are derived from the chemical process in which carbonic acid 

(H
2
CO

3
) breaks down (dissociates) into hydrogen (H+) and carbonate (CO

3
2-) or 

bicarbonate (HCO
3

-) ions.4 In the form of a chemical equation, this is shown as:

CO
2
 + H

2
0  ¨  H

2
CO

3
    dissociates into   H

2
CO

3
  ¨  CO

3
2- + HCO

3
- + H+

Since this process is a major source of H+, and the effective concentration of H+ 

determines pH, the dynamics of pH in water are dependent on those of CO
2
.4 
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Why acidity/alkalinity is influenced by carbon dioxide 

Respiration: the process in which 
oxygen is taken up by a plant, 
animal or microbe, and carbon 
dioxide is released 

Photosynthesis: the process in 
which plants, algae and some 
bacteria use the energy of sunlight 
to convert water and carbon 
dioxide into carbohydrates they 
need for growth and oxygen

Sediment pore waters: water 
which is present in the spaces 
between wetland sediment grains 
at or just below the land surface. 
Also called interstitial waters.
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In addition, these wetland sediments containing calcium carbonate are often ‘buffered’ 
(stabilised) against rapid changes in pH3,1 due to their alkalinity. Carbonate acts as a 
‘buffer’ by taking up excess hydrogen ions, and high carbonate concentrations can 
prevent large or sudden changes in the pH of wetland waters from occurring.1 

Wetland waters can be naturally acidic (pH of 4–67) if their sediments are rich in organic 
matter and release humic substances (tannic, humic and fulvic acids) from decaying 
vegetation. Humic substances leach out of the organic matter (mostly decaying plant 
material) occurring in the top layers of sandy wetland sediments (such as in Bassendean 
sands on the Swan Coastal Plain) and become dissolved in the wetland waters.20 These 
wetlands are also highly coloured (see the ‘Light availability’ section of this topic for more 
information). 

Wetland waters can also be naturally acidic if they are rich in iron pyrite (FeS
2
, a yellow 

lustrous form of iron disulfide also known as ‘fool’s gold’) and release sulfuric acid 
(H

2
SO

4
) from the oxidation of this iron pyrite. Pyritic sediments occur in many coastal 

wetlands throughout Australia16, making many of the seasonally-drying wetlands 
naturally-acidic21 (Figure 26). However, wetlands may become much more acidic 
when they are exposed to particularly long or severe periods of drying, leading to the 
development of actual acid sulfate soils (AASS).21,22 Significant fire events can also 
cause oxidation and drying of sediments, leading to the development of AASS.23 

(a)  (b) 

Figure 25. Naturally alkaline wetlands: (a) Thomsons Lake, Beeliar. Photo - J Davis.  
(b) A seasonally waterlogged wetland in Port Kennedy. Photo - J Lawn/DEC.

Humic: substances formed 
from the decomposition 
products of polyphenols such 
as tannins, which are complex 
organic compounds derived 
from plant materials

Bassendean Sands: (also 
known as the Bassendean 
Dunes) a landform on the 
Swan Coastal Plain, comprised 
of heavily leached aeolian 
sands, located between the 
Spearwood Dunes to the west 
and the Pinjarra Plain to the 
east

Swan Coastal Plain: a 
coastal plain in the south 
west of Western Australia, 
extending from Jurien south to 
Dunsborough, and the Indian 
Ocean east to the Gingin, 
Darling and Whicher Scarps

Oxidation: the process of 
combining with oxygen causing 
a chemical reaction in which 
atoms or molecules gain 
oxygen or lose hydrogen or 
electrons 

Actual acid sulfate soils: (also 
known as actual acid sulphate 
soils) naturally occurring soils 
and sediments containing iron 
sulfides that are disturbed or 
exposed to oxygen, causing the 
iron sulfides to be oxidised to 
produce sulfuric acid, causing 
the soil to become strongly 
acidic (usually below pH 4) 

(a) (b)

Figure 26. Naturally acidic wetlands: (a) a seasonally waterlogged wetland on a slope in 
Bayonet Head, Albany, slightly acidic due to humic soils. Photo - L Sim/DEC; (b) Lake Gnangara, 
acidic due to iron pyrite sediments. Photo - J Davis.
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Quality of incoming water
The acidity/alkalinity and quality of water entering wetlands also influences wetland 
waters. Rainwater is naturally slightly acidic (as low as pH 5.5), due to dissolved 
atmospheric CO

2
4,3, but the acidity/alkalinity may be rapidly modified by chemical and 

biological processes once the water enters the wetland (for example, by carbonate 
buffering or photosynthesis).4 In wetlands with little biological activity and few soluble 
minerals, the ecosystem may remain mildly acidic. 

The acidity/alkalinity of inflowing surface water can be influenced by the characteristics 
of the catchment. For example, wetlands that receive surface water from granite-
dominated catchments may be acidic.4 

The natural acidity/alkalinity of groundwaters in WA is poorly known, due partly to a lack 
of data, and partly to high variability between sites. However, inflows of highly acidic or 
alkaline groundwaters would have a major influence on the acidity/alkalinity of wetland 
waters. Groundwater bores can be installed in order to determine groundwater acidity/
alkalinity but its cause may require further investigation of subsoil geology and historical 
events such as fires and drought.

Groundwater discharging from coastal dunes tends to be alkaline due to the carbonate 
minerals within the aquifer sediments, so wetlands that receive this groundwater are 
often alkaline. 

Deep groundwater in the Wheatbelt is thought to be naturally acidic24,25 with high 
iron concentrations and limited amounts of neutralising minerals such as carbonates in 
the relevant strata. It is most prevalent in the eastern (mainly Avon) and south-eastern 
(Esperance coastal) zones.25 Rising groundwater is creating a number of problems in 
wetlands in these areas including salinity and acidity, particularly in wetlands low in the 
landscape; those not affected are likely to be at very high risk over the coming decades.25 
These groundwaters contain high concentrations of dissolved aluminium, iron and trace 
metals like lead, copper and zinc leached from local geological materials by the acidic 
waters. Dissolved iron and aluminium in particular pose a threat because they represent 
a major store of hidden acidity not measured by pH alone, by reacting with water and 
releasing additional hydrogen ions into solution.25 The presence of organic matter and 
neutralising minerals like carbonates in the wetlands will affect the degree and timeframe 
of acidification of such wetlands.

➤	 The management of wetlands subject to acidification is covered in the topic ‘Water 
quality’ in Chapter 3.

Variation over time
A wetland’s pH can naturally vary over time due to:

• the day/night cycle

• water temperature

• wetland water regime

Day/night cycle
pH varies over a 24 hour day/night cycle. The daily fluctuations occur due to two 
processes; during the day, photosynthesis by algae and submerged wetland vegetation 
takes up large amounts of CO

2
 from the water and raises the pH, making it more 

alkaline. Respiration (which is predominant at night) by aquatic algae, plants, animals 
and microbes releases CO

2
 and lowers the pH.4 The alkalinity or buffering capacity of the 

wetland has an effect on how large this daily fluctuation is. A shallow, densely vegetated 
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lake in central Victoria varied by up to 2 pH units across a day, in response to the 
processes of photosynthesis and respiration.16 Wetland species are adapted to normal 24 
hour cycle variations in pH. The main implication of daily changes in pH is for surveys and 
monitoring of wetland water quality. A clearer picture of the natural pH fluctuations in a 
wetland is gained if time of day is recorded and accounted for when measuring pH. 

Water temperature
Water temperature also influences acidity/alkalinity; increased water temperature leads to 
an increase in pH.26 This means that pH is likely to fluctuate over the year in many areas 
of the state.   

Water dynamics
The acidity/alkalinity of the water in the wetland, and the acidity/alkalinity of 
groundwater and surface water entering a wetland can vary throughout the year 
because of seasonal hydrological dynamics and processes. These include dilution of the 
wetland water by progressive rainfall over the wet season; groundwater rise; downward 
saturated flow; concentration by evapotranspiration; and interactions with sediments 
such as leaching, ionic mobility and precipitation. 

In wetlands that are seasonally or intermittently wet, the pH may vary between the wet 
and dry phases. In many wetlands pH will typically rise during the ‘wetting up’ phase 
(with a brief decline during filling if there is eucalypt leachate in the first runoff) and then 
fall during the drying phase.4 

Other physical and chemical factors

Salinity
There is some evidence to suggest that pH decreases as salinity increases, but this 
appears to vary depending on the water chemistry (the relationship may be more 
prevalent where there are high concentrations of calcium ions, Ca2+)27 and biotic 
processes (for example, photosynthesis may raise the pH of saline systems).4

Fire
Fire in a wetland or its catchment can have an effect on pH, although its influence 
depends on many factors. In many, but not all wetlands, fire can produce a short-term 
increase in pH, due to flushing of alkaline ash from the catchment and the combustion 
of organic soils.23 A decrease in pH is also possible; the oxidation of sulfur following a fire 
can result in the development of actual acid sulfate soils, which can have a medium to 
long term effect on the pH of a wetland.

How is acidity/alkalinity measured?
pH is a straightforward and commonly used measure that is often, but not always, 
suitable for monitoring trends. Total titratable acidity better approximates total acidity by 
accounting for stored acidity, as outlined below.

‘pH’ is a measure of the effective concentration of hydrogen ions in water. The more 
hydrogen ions (symbol: H+) in the water, the more acidic the water and the lower the 
pH reading.3 As stated earlier, an ion is an atom that has acquired an electrical charge 
by the loss or gain of one or more electrons; it is used to refer to substances dissolved in 
solution. 

The term ‘effective concentration’ is used to refer to the concentration of hydrogen ions 
that ‘seem’ to be present in a solution. The actual concentration is difficult to measure 
because hydrogen ions are constantly interacting with water (H

2
0) molecules. The 

Salinity: a measure of 
the concentration of ions 
in wetland water. This 
measurement is used to 
describe the differences 
between waters that are 
considered ‘fresh’ (with 
very low concentrations 
of ions) and those that are 
considered ‘saline’ (with high 
concentrations of ions). 
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effective concentration measures the amount of chemical ‘effect’ they are having in the 
solution. 

As pH is represented on a log scale, a difference of one pH unit represents a tenfold 
change.4 For example, a wetland water sample with a pH of 4 is ten times more acidic 
than one with a pH of 5. A difference of 2 units, from 6 to 4, reflects acidity one 
hundred times greater, and so on.  

pH is straightforward to measure in both surface waters and sediment pore waters 
using a pH meter with different types of probes (Figure 27), depending on whether it is 
a surface or pore water measurement. In both cases, this requires water to be present, 
that is, a water column or saturation of the sediments. Since pH varies with temperature, 
most pH meters also measure temperature to take this into account. If a specialised pore 
water probe is not available, a ‘suspension’ of one part sediment to five parts water (or 
for potentially more accurate results, calcium chloride, CaCl

2
) can be made, and a surface 

water probe used instead.28

A cheaper but less accurate alternative for the measurement of surface or pore water pH 
is to use a soil or water testing kit, which involves mixing a reactive agent to the sample 
(water or soil suspended in water), then measuring the colour of the solution. 

Figure 27. A meter that measures pH. Photo – J Lawn/DEC.

pH is represented on a log scale4,3 and the scale runs from pH 0 to pH 14. The 

log scale means that each change in one pH unit (for example, from pH 4 to 

pH 3), represents a change in 10 times the concentration of hydrogen ions 

(for example, pH 3 has 10× greater [H+] than pH 4).4 This means that when 

calculating the mean (average) of pH values, it is not correct to just add the 

values and divide by the numbers of recordings, i.e. the mean of pH 6 and pH 8 

is not pH 7.4 Instead, the pH values need to be converted to anti-logs, the mean 

calculated and the result converted back to a log value, as shown:

To calculate the mean of pH 6 and pH 8:

The anti-log of pH 6 = 106 = 1,000,000

The anti-log of pH 8 = 1015 = 100,000,000

The mean of these two values is (1,000,000+100,000,000)÷2 = 50,500,000

Convert the anti-log back to a log scale: log10(50,500,000) = pH 7.7
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Calculating the mean (average) pH
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Since pH changes over time, and with temperature and biological activity, measurements 
are only representative of field conditions at the time of sampling, therefore pH samples 
cannot be stored for later analysis. As described, time of day also affects pH, often quite 
markedly, via the interaction of photosynthesis and respiration with CO

2
 dynamics. 

pH is usually measured directly and there are no commonly used surrogate measures. 
In some cases, vegetation composition or diatom community composition may be 
used as biological indicators of broadly acidic or alkaline conditions but these are 
not precise measures of pH.29,2 As diatom valves can be well preserved in soils, fossil 
diatom assemblages have the potential to be used in palaeolimnological studies to help 
reconstruct past conditions in wetlands.8 

➤	 For detail on how to monitor pH, refer to the topic ‘Monitoring wetlands’ in Chapter 4.

Total titratable acidity
In wetlands with acid sulfate soils, both pH and titratable acidity is measured to account 
for the total acidity values. It is very important to understand that the pH of water 
measures the available amount of acid in an instant of time. It does not measure acidity 
that is stored in the water in the form of dissolved iron and aluminium that can later 
react with water and release additional hydrogen ions into solution. Total acidity, on the 
other hand, accounts for this. In most natural waters, about 90 per cent of the acidity is 
stored in the form of dissolved iron and aluminium.

Total titratable acidity is a better approximation of total acidity than pH alone. It may 
be important to monitor this along with pH if a wetland is at risk of acidification. 
Commercially produced kits are available for purchase, or can be made using items from 
the supermarket and pharmacy. 

➤	 For more information on total acidity and step by step instructions on how to make 
field kits, see the topic ‘Water quality’ in Chapter 3.

Total alkalinity
Total alkalinity is a measure of a solution’s capacity to neutralise an acid, expressed as the 
amount of hydrochloric acid needed to lower pH of a litre of solution to pH 4.5. It can be 
a useful measure of how sensitive a wetland is to acidification. It can be measured in the 
field or in the lab. 

➤	 See the topic ‘Water quality’ in Chapter 3 for the US EPA’s classification of wetland 
sensitivity to acidification on the basis of total alkalinity.

Sources of more information on wetland acidity/
alkalinity
The topic ‘Water quality’ in Chapter 3.

ANZECC & ARMCANZ (2000) ‘8.2 Physical and chemical stressors in Volume 2 Aquatic 
ecosystems — rationale and background information (Chapter 8)’ of Australian and New 
Zealand guidelines for fresh and marine water quality.6

Boulton A and Brock M (1999) Australian freshwater ecology: processes and 
management.4

Murphy, S (2005a) ‘General information on pH’.3

Murphy, S (2005b) ‘General information on alkalinity’.1 
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Glossary
Actual acid sulfate soils: (also known as actual acid sulphate soils) naturally occurring 
soils and sediments containing iron sulfides that are disturbed or exposed to oxygen, 
causing the iron sulfides to be oxidised to produce sulfuric acid, causing the soil to 
become strongly acidic (usually below pH 4) 

Alkalinity: a solution’s capacity to neutralise an acid

Bioavailable: in a chemical form that can be used by organisms

Bassendean Sands: (also known as the Bassendean Dunes) a landform on the 
Swan Coastal Plain, comprised of heavily leached aeolian sands, located between the 
Spearwood Dunes to the west and the Pinjarra Plain to the east

Benthic microbial communities: bottom-dwelling communities of microbes (living on 
the wetland sediments)

Buffering capacity: a solution’s capacity to resist large or sudden changes in pH

Chemosynthesis: the process by which organisms such as certain bacteria and fungi 
produce carbohydrates and other compounds from simple compounds such as carbon 
dioxide, using the oxidation of chemical nutrients as a source of energy rather than 
sunlight (see ‘photosynthesis’)

Decomposition: the chemical breakdown of organic material mediated by bacteria 
and fungi, while ‘degradation’ refers to its physical breakdown.16,4 Also known as 
mineralisation.

Humic: substances formed from the decomposition products of polyphenols such as 
tannins, which are complex organic compounds derived from plant materials

Ion: an atom that has acquired an electrical charge by the loss or gain of one or more 
electrons 

Metabolism: the chemical reactions that occur within living things that are necessary to 
maintain life, including the digestion of food

Organism: an individual living thing

pH: a soil or water quality measure of the hydrogen ion concentration, which indicates 
whether water is acidic, neutral or alkaline 

Photosynthesis: the process in which plants, algae and some bacteria use the energy of 
sunlight to convert water and carbon dioxide into carbohydrates they need for growth 
and oxygen.

Pyritic sediments: sediments containing iron pyrite

Redox: the removal (‘oxidation’) or addition (‘reduction’) of electrons

Reference range: a quantitative and transparent benchmark appropriate for the type of 
wetland

Respiration: the process in which oxygen is taken up by a plant, animal or microbe, and 
carbon dioxide is released 

Salinity: a measure of the concentration of ions in wetland water. This measurement 
is used to describe the differences between waters that are considered ‘fresh’ (with 
very low concentrations of ions) and those that are considered ‘saline’ (with high 
concentrations of ions). 
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Sediment pore waters: water which is present in the spaces between wetland 
sediment grains at or just below the land surface. Also called interstitial waters.

Soluble: able to dissolve

Solubility: a measure of how soluble a substance is

Species: a group of organisms capable of interbreeding and producing fertile offspring, 
for example, humans (Homo sapiens)

Swan Coastal Plain: a coastal plain in the south west of Western Australia, extending 
from Jurien south to Dunsborough, and the Indian Ocean east to the Gingin, Darling and 
Whicher Scarps

Trigger values: quantified limits that, if exceeded, would indicate a potential 
environmental problem, and so ‘trigger’ a management response, e.g. further 
investigation
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What is meant by redox potential?
Redox potential refers to the potential of substances in wetland sediment pore waters 
to undergo two types of chemical change – specifically, the addition (‘reduction’) or 
removal (‘oxidation’) of electrons. Redox is a coupled reaction in which one substance is 
oxidised by another which, in turn, is reduced.1 The term redox is a combination of the 
first parts of each chemical change: reduction and oxidation. 

Gaining a detailed understanding of reduction and oxidation reactions requires a 
background understanding of chemistry. However it is possible to gain a general 
understanding of the overall effect of these reactions without such a background. In 
summary, if a substance is oxidised or reduced, its chemical form is changed, meaning 
that it may be more or less useful to living things, more or less toxic, and more or less 
reactive to other substances. Its physical form may change from dissolved in solution to a 
solid precipitated out of solution, or vice versa. 

The reduction and oxidation of substances is an extremely common, extremely important 
process in wetlands, particularly the sediment pore waters. This form of chemical change 
affects many substances that play an important role in wetlands, including nitrogen, 
phosphorus, carbon and sulfur. 

What is oxidation?
Oxidation is the removal of electrons from a ‘donor’ substance, which is a reaction that 
occurs:

• when oxygen is added to a substance

• when hydrogen is removed from a substance

• when electrons are removed from a substance.

Oxidation is a common reaction that causes effects such as the browning of an apple 
when cut and left exposed to air and the rusting of iron. A very important oxidation 
reaction is the oxidation of carbohydrates (CH

2
O)n to carbon dioxide (CO

2
) by living 

things. 

What is reduction?
Reduction is the addition of electrons to an ‘acceptor’ substance; the opposite reaction 
to oxidation. It occurs:

• when oxygen is removed from a substance

• when hydrogen is added to a substance

• when electrons are added to a substance.

The addition of hydrogen and electrons to oxygen gas (O
2
) is an example of the reduction 

of oxygen to water (H
2
O).

Why is redox potential important?
Redox conditions influences the availability of energy and concentrations of chemical 
compounds in wetlands. This in turn affects the types and health of bacteria, plants, 
algae and animals that live in wetlands.

The physical and chemical form of many substances is a result of being oxidised or 
reduced. Solid substances may become soluble, and dissolve in solution. For example, 
iron (ferric iron) in solid form can be reduced to a soluble form (ferrous iron). A nutrient 

Redox potential: the potential 
of chemical substances to 
undergo two (coupled) types 
of chemical change: the 
removal (‘oxidation’) or addition 
(‘reduction’) of electrons
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may be changed from a chemical form that cannot be used by plants and algae to one 
that can be used, creating flow-on effects through the wetland food web. It also affects 
the extent to which toxins such as heavy metals (like mercury and cadmium) will be 
available to be taken up by plants and animals (they are more available under reducing 
conditions). 

Even those substances that are not directly affected by oxidation and reduction may 
be affected if they interact with other substances that do undergo oxidation and 
reduction. For example, phosphate (PO

4
3-, a form of phosphorus important for plants, 

algae and some bacteria) is influenced by the chemical form(s) and abundance of iron 
and aluminium.1 This occurs by adsorption of the phosphate to compounds such as 
Fe(OH)

3
 (iron (III) hydroxide) at low redox potential (oxidising conditions)2, forming 

insoluble materials which settle out of the water column. Under reducing conditions, the 
phosphate becomes soluble and is released into solution in wetland waters, making it 
available for use by primary producers.

What affects the redox potential of wetland 
sediment pore waters?
The determinants of redox potential are the presence or absence of oxygen and the pH. 

The presence or absence of oxygen strongly affects the redox potential. Redox potential 
is higher with oxygen. Whether or not a wetland dries out seasonally or intermittently 
affects whether the upper layers of the sediment will become oxic (that is, oxygen will 
be present). Similarly, in the water column of a wetland, the oxygenation and mixing of 
surface waters influences whether the top layers (~ 5 millimetres) will become oxic or 
anoxic, while the deeper layers of sediment tend to be anoxic. Oxygen availability tends 
to be higher when a wetland is shallow, dries out regularly, has wind or wave action or 
there are wetland plants that ‘leak’ oxygen into the sediments via their roots. 

Redox potential is also greatly influenced by pH. As pH increases (that is, the pore water 
becomes more alkaline), the redox potential falls.

Many oxidation and reduction reactions are facilitated by photosynthesis and by different 
types of bacteria. Organic compounds provide the source of oxidisable material for 
most wetland bacteria. These bacteria use electron acceptors to oxidise organic material 
in order to make use of its energy (common inorganic electron acceptors include O

2
, 

Fe3+, Mn4+, SO
4
2+ and CO

2
). The availability of electron acceptors besides oxygen allows 

bacteria to respire and grow when and where oxygen is not present.3

How is redox potential measured, and what units 
are used? 
Redox potential is most commonly measured in the sediments but can also be measured 
in the water column. It is measured using a redox meter with a probe adapted for use in 
either water or sediments. These meters are generally fitted with a hydrogen electrode 
for use in the laboratory or a platinum electrode and a calomel electrode for use in the 
field.2 The chemical symbol for redox potential is E

7
 or E

h
 and measured in millivolts (mV). 

It can be difficult to obtain reliable measurements in the field due to lack of chemical 
stability between chemical forms or at electrodes and for this reason it is often not 
measured. However, the usefulness of measuring redox potential is to enable the broad 
distinction between oxic, anoxic and reducing conditions.3 Anoxic (oxygen-deficient) 
conditions suggestive of reducing conditions are often inferred by the presence of black 
sediments and the characteristic ‘rotten egg’ smell of hydrogen sulfide. However, it 
should be noted that the fact that a sediment is anoxic does not necessarily mean that 
the conditions in it are also reducing.3

Anoxic: deficiency or absence of 
oxygen



66  Conditions in wetland waters 

Chapter 2: Understanding wetlandsA guide to managing and restoring wetlands in Western Australia

There are no usual ranges of redox potential in Western Australian wetlands, nor are 
there recognised acceptable limits. Redox potential can change rapidly within a wetland 
over a short period of time, particularly with changes in a wetland’s water regime and 
water mixing. The classification of redox potentials is shown in Table 7.

Table 7. Redox conditions and cutoffs in sediments (Bohn 1971)4

Description of conditions Cut-off levels (millivolts, mV)

Oxidising Greater than +400

Moderately reducing +100 to +400

Reducing -100 to +100

Highly reducing Up to –100

Sources of more information on redox potential
Boon, PI 2006, ‘Biogeochemistry and bacterial ecology of hydrologically dynamic 
wetlands’, in DP Batzer & RR Sharitz (eds), The ecology of freshwater and estuarine 
wetlands, University of California Press, New York.3

Boulton, A & Brock, M 1999, Australian freshwater ecology: processes and management, 
Gleneagles Publishing, Glen Osmond, South Australia.2

Kalff, J 2002, Limnology. Inland water ecosystems, Prentice Hall, New Jersey.1

Wetzel, R 2001, Limnology. Lake and river ecosystems, Academic Press, San Diego.5

Glossary 
Anoxic: deficiency or absence of oxygen

Oxidation: the removal of electrons from a donor substance 

Reduction:  the addition of electrons to an acceptor substance

Redox potential: the potential of chemical substances to undergo two (coupled) types 
of chemical change: the removal (‘oxidation’) or addition (‘reduction’) of electrons 
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1. Kalff, J 2002, Limnology. Inland water ecosystems, Prentice Hall, New Jersey.

2. Boulton, AJ and Brock, MA (1999). Australian freshwater ecology: processes and 
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3. Boon, PI (2006). ‘Biogeochemistry and bacterial ecology of hydrologically dynamic 

wetlands’, pp. 115-176, in Batzer, DP and Sharitz, RR (Eds), The ecology of freshwater 

and estuarine wetlands. University of California Press, Berkeley.
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What is carbon? 
Carbon is often referred to as ‘the building block of life’ as it is a part of all living tissue. 
Carbon is a key chemical element required for the growth and reproduction of wetland 
plants, animals and microbes.1 It is often referred to by its chemical symbol ‘C’.

As well as being present within organisms, carbon is present in the atmosphere as the 
gas carbon dioxide (chemical symbol ‘CO

2
’) and in soil and water. Carbon in wetland 

ecosystems can be divided into two main groups: organic and inorganic. Organic carbon 
relates to carbon existing in or derived from living organisms, including all living and 
dead plant, animal and microbial material in a wetland. It is distinct from inorganic 
carbon, which in a wetland takes various forms in solution including dissolved carbon 
dioxide (CO

2
), bicarbonate (HCO

3
-), carbonate (CO

3
2-) and carbonic acid (H

2
CO

3
).2

Why is carbon important in wetlands? 

Carbon is a source of energy
All plants, animals and microbes must consume carbon in order to survive and grow. It is 
a major component of plant and animal tissue and microbial cells.3 

Plants, algae and some species of bacteria (collectively known as ‘primary producers’) 
can use inorganic carbon (such as carbon dioxide, CO

2
, or bicarbonate, HCO

3
-) to create 

energy through the process of photosynthesis (with the exception of some bacteria 
which instead do so via the process of chemosynthesis). All other organisms take up 
the carbon they need in an organic form, that is, in the form of living or dead tissue 
(these organisms are ‘consumers’ and ‘decomposers’ respectively). 

➤	 For more information on primary producers, consumers, decomposers and the food 
webs they form, see the topic ‘Wetland ecology’ in Chapter 2. 

Dissolved and particulate forms of organic matter are important food sources for 
invertebrates and microbes (including some bacteria and algae) in wetlands.2 They 
consume this carbon in a variety of ways: 

• some animals filter their food, in the form of particulate organic matter, out of the 
water column

• some absorb dissolved compounds

• some graze on algae and fungi colonising the larger particles  

• others eat the larger particles themselves.3 

Carbon affects water conditions
Wetlands with high levels of organic material in their waters may function differently to 
those which retain little organic material. 

For example, wetland waters that are coloured due to high levels of dissolved organic 
carbon do not support algal/cyanobacterial blooms even at high nutrient concentrations, 
because there is insufficient light penetration into the water column to allow algal 
blooms to develop.4 These wetlands are often referred to as ‘dystrophic’ (for more 
information, see the section on colour within ‘Light availability’ in this topic). 

‘Humic’ wetlands are often acidic with natural pH levels as low as 4.5 due to the 
prevalence of organic carbon compounds (humic, tannic and fulvic acids) dissolved in 
the waters.5,3 Major physico-chemical influences such as these have flow-on effects 

Photosynthesis: the process 
in which plants, algae and 
some bacteria use the energy 
of sunlight to convert water 
and carbon dioxide into 
carbohydrates they need for 
growth and oxygen

Chemosynthesis: the process 
by which organisms such as 
certain bacteria and fungi 
produce carbohydrates and 
other compounds from simple 
compounds such as carbon 
dioxide, using the oxidation of 
chemical nutrients as a source 
of energy rather than sunlight

Particulate: in the form of 
particles, which are very small 
portions of matter

Dystrophic: wetlands that 
suppress increased algal and 
plant growth even at high 
nutrient levels due to light 
inhibition
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for other parameters such as dissolved oxygen, which is lower in waters with high 
levels of dissolved compounds, and photosynthesis, which may be suppressed both by 
low light and low pH.6 Semeniuk (2007) reported that in some Becher wetlands (near 
Rockingham, south of Perth) the water is calcium carbonate saturated and has a pH of 
8–8.5 when residing in the underlying dune sand and in the carbonate mud deposits of 
the wetland, but as it travels through the humic material of the wetland its pH can fall to 
7–7.8.7

Particulate organic matter also has a strong influence on light and temperature within 
the aquatic environment, as it absorbs and refracts light, causing the water to heat up 
more quickly, and may cause it to stratify.

Carbonate, an inorganic form of carbon, buffers wetland waters from large changes in 
pH.

The movement of carbon can influence the cycling of other important chemical elements 
such as nitrogen and phosphorus due to their incorporation into organic compounds 
and subsequent movement through food webs. Another reason that carbon plays 
an important role in ecosystems is because it frequently forms chemical bonds with 
other elements including hydrogen, oxygen, nitrogen and sulfur (creating ‘organic 
compounds’), and therefore becomes involved with the cycling processes of these other 
elements through wetland ecosystems.8 

Carbon forms part of wetland soils
In wetlands with a water column, the less soluble compounds in the water column 
often aggregate into larger particles and settle out from the water column, and along 
with larger plant and animal debris, form part of the soil material of a wetland. This 
soil material also develops in waterlogged wetlands, through the breakdown and 
‘sedimentation’ of plant and animal detritus, although generally to a lesser extent. 
This material may form soil such as carbonate muds or calcilutite, or humus or peat, 
depending on the pattern of wetting and drying in the wetland (its hydroperiod) and 
various other processes and conditions, such as acidity. Some plants contribute a lot 
of litter that forms part of the organic sediment fraction, such as the common Perth 
sedge, Baumea articulata.9 Once the sedimented organic material becomes covered by 
further sediment and forms part of the anoxic zone, its breakdown is extremely slow.3 
If a wetland’s sediments dry, the exposure of the organic carbon to oxygen speeds up 
its decomposition by microbes, and as a result, much less organic soil material tends to 
accumulate in regularly-drying wetlands.10 Associated factors that may affect the rate 
of decomposition of organic material are the pH of the detritus itself and the buffer 
capacity of the surrounding water.11

Detritus: organic material 
originating from living, or 
once living sources including 
plants, animals, fungi, algae 
and bacteria. This includes 
dead organisms, dead 
parts of organisms (such as 
leaves), exuded and excreted 
substances and products of 
feeding.

Humus: the organic constituent 
of soil, usually formed by the 
decomposition of plants and 
leaves by soil bacteria

Peat: partially decayed organic 
matter, mainly of plant origin

Anoxic: deficiency or absence 
of oxygen

Wetland scientist Dr Christine Semeniuk undertook a 

detailed study of the Becher wetlands, located on the 

coast between Rockingham and Mandurah on the Swan 

Coastal Plain.7 Dr Semeniuk found these wetlands to be 

carbon rich, with some of the carbon derived from beach 

shell material, and fossil shell material from the freshwater 

gastropods Gyraula sp. and Glyptophysa sp. which in the 

past inhabited many of these wetlands. Shells and shell 

fragments were found either scattered in the wetland 

soils or forming shell laminae beds. Highly disintegrated 

shell material was also present in the form of small grains, 

forming part of the wetland sediment, along with other 

sources of carbon from fragments of algae (charophytes), 

molluscs and crustaceans including seed shrimp 

(ostracods). Plant material was also found to contribute 

significantly to the carbon content of the wetland 

sediment, in particular, the remains of the grass tree 

(Xanthorrhoea preissii), coast sword-sedge (Lepidosperma 

gladiatum), jointed rush (Baumea articulata), Typha sp. 

and coast saw-sedge (Gahnia trifida). Trees including 

banbar (Melaleuca teretifolia) and swamp paperbark 

(Melaleuca rhaphiophylla) and the herb Centella asiatica 

were also found to contribute to the carbon content of 

the sediment. 
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Carbon rich soils of the Becher wetlands
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What are the main forms of carbon in wetlands?
Table 8 outlines the main forms of carbon in wetlands. The table shows carbon in 
two main groups: organic and inorganic. The cycling of these two types of carbon 
compounds directly represents the way that energy and living material is moving through 
the wetland ecosystem.

There are two main sources of carbon in wetlands: 

• allochthonous carbon, that is, carbon originating outside the wetland, for example, 
leaf litter from vegetation in the catchment 

• autochthonous carbon, originating from within the wetland, for example, vegetation 
and algae growing within the wetland. 

Table 8. Forms of carbon and implications for wetland management 

Name Chemical 
form

Description Implications for management 

Carbon dioxide CO2 A gas that dissolves in water. It is ten times more soluble in water than oxygen, 
and is derived from the atmosphere and respiration by wetland organisms.2 
Carbon dioxide is able to be ‘fixed’ (used) by plants, algae and microbes to 
create organic materials via photosynthesis or chemosynthesis.2,8 It is the major 
source of inorganic carbon to wetlands.

A critical component of wetlands as it is 
needed for photosynthesis. However it 
rarely limits plant growth as it is freely 
available from the atmosphere.12 

Carbonic acid H2CO3 The ‘hydrated’ form of CO2 (i.e. water has been added). As a weak acid, it 
lowers the pH of wetland water by dissociation (breaking up) into H+ and 
HCO3

- ions (see ‘pH’ section). Carbonic acid is not directly utilised by organisms, 
although its component ions are.2

Lowers the pH of wetland waters. 

Bicarbonate HCO3
- One of the ions resulting from the dissociation (breaking up) of carbonic 

acid, and is most abundant in neutral to slightly alkaline waters (pH 7–9). 
Bicarbonate is utilised by some aquatic plants and macroalgae as a carbon 
source for photosynthesis. 2

Used by some aquatic plants and 
macroalgae for photosynthesis. 

Carbonate CO3
2- A further dissociated form of HCO3

-, which occurs most abundantly at alkaline 
pH.2 At high pH (often resulting from photosynthesis), carbonate reacts with 
calcium ion (Ca2+) and precipitates out of the water (becomes an insoluble 
solid) as calcium carbonate (calcite, CaCO3).

8 Where abundant, carbonate has 
an important role as a chemical ‘buffer’ of wetland waters; preventing them 
from changing pH too rapidly.13 

Important in providing buffering capacity 
to wetlands. Knowledge of a wetland’s 
buffering capacity is useful if there is the 
potential for threatening processes or 
restoration activities to alter the pH. 

Methane CH4 Methane is produced by one type of bacteria and used by a different type of 
bacteria.

Methane is produced by bacteria known as ‘methanogens’. They are prevalent 
in the sediments of freshwater wetlands. Methanogens produce methane by 
decomposing organic material in anaerobic conditions (that is, in the absence 
of oxygen). This process is called ‘methanogenesis’. It is not as prevalent in 
saline wetlands, where it tends to be out-competed by sulfate reduction. Sulfate 
is more abundant in saline wetlands and its reduction yields more energy for 
sulfate-reducing bacteria than carbon dioxide does for methanogens.10 Together 
with CO2, methane is a significant greenhouse gas.10 Freshwater wetlands that 
have large stores of organic carbon in their sediments (such as peat-containing 
wetlands along the south coast of WA) tend to contribute more methane to the 
atmosphere.

The methane-using bacteria are known as ‘methanotrophs’. They require oxygen 
and as such are limited to areas where oxygen is available, such as around 
plant roots in inundated soils. Methanotrophs limit the transfer of methane to 
the atmosphere (for example, a study in Florida found that half of the methane 
produced was oxidised by methanotrophs).10

Important for the production of energy by 
methanogens in anoxic conditions.

Used by methanotrophic bacteria for 
chemosynthesis in aerobic conditions.
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Name Chemical 
form

Description Implications for management 

Biological 
molecules

Includes carbohydrates, lipids, proteins and nucleic acids. These are carbon-
containing chemicals manufactured by plants and microbes. These biological 
molecules are included broadly in the categories of dissolved and particulate 
organic carbon. Used by plants, animals and microbes for a wide range of 
functions including the production of energy, cells and tissues, plant and animal 
hormones, enzymes and genetic material.14 Animals often need to source theirs 
by eating living or dead biological material.

Essential food for animals (consumers) and 
microbes (decomposers).

Polyphenols 
(including 
tannins)

Are dissolved organic carbon chemicals produced during plant metabolism. 
Tannins are complex polyphenols, derived from plant material.15 Dissolved 
organic matter (DOM) is the dominant form of organic carbon in almost all 
aquatic ecosystems with a water column.16 May protect plants against grazers 
by making them toxic or unpalatable, and may also give plants colour.15 Tannins 
contribute to the colour of wetland waters, and may also lower the pH. 

Important for water colour and pH.

Humic substances 
(humic and fulvic 
acids)

Decomposition products of polyphenols.15 Along with living plants, humic 
substances are often the dominant form of organic carbon in waterlogged 
systems. Dissolved humic substances impart colour and acidity to wetland 
waters and can be an important source of carbon to microbes.17 Humic 
substances may also have inhibitory and regulatory roles in wetlands.17

Important for water colour, pH and 
microbial activity.

How is carbon transformed and transported?
Carbon in wetlands is converted into different forms, and can be transported into and 
out of wetlands. These transformations and sequences are part of the carbon cycle, with 
the wetland components of the cycle shown in Figure 28.

Key parts of the carbon cycle include:

• import

• dissolution

• dissociation

• photosynthesis and chemosynthesis

• consumption

• excretion/secretion

• degradation

• aerobic and anaerobic decomposition

• photodegradation

• precipitation 

• adsorption

• storage

These are described below.
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Import of inorganic carbon - dissolution
The major source of inorganic carbon to wetlands is atmospheric carbon dioxide (CO

2
). 

Second to this is the CO
2
 produced through plant, animal and microbial respiration. 

Carbon dioxide dissolves readily in water, and for this reason carbon is generally not a 
limiting factor in wetlands. A small amount of dissolved carbon dioxide joins with water 
to become carbonic acid.2  

Global climate change may lead to alterations in the amount of dissolved organic matter 
in wetlands due to increased concentrations of atmospheric CO

2
 and CH

4
, and warmer 

temperatures encouraging algal growth.18

Import of organic carbon
Other than mobile animals, there are two sources of organic carbon in wetlands: carbon 
generated (fixed) by photosynthesis within the wetland, and carbon imported into the 
wetland by wind or water movement, including groundwater transporting leached humic 
substances. The movement of water can often be a major means of transporting organic 
material from one location to another. In practice, the carbon in most WA wetlands is 
a combination of both internal and external sources. The concentration of dissolved 
organic carbon (DOC) increases in direct proportion to decreasing water level (and vice 
versa) in wetlands.19

The timing, amount and quality of organic carbon imported into a wetland has a major 
driving influence on wetland metabolism. The origin of organic material determines 
the type of carbon input, which has significant flow-on consequences. For example, it 
influences the wetland’s structure (such as the types of species present) and functions 
(such as the dominance of processes such as decomposition or methanogenesis).15,3 

Clearing of either wetland or dryland vegetation may lead to a decrease in the input of 
carbon to wetlands.16

Changes to species composition of near by terrestrial vegetation can alter the timing 
and quality of carbon inputs into wetlands. For example, in southern temperate areas 
Eucalyptus species have their main period of leaf fall in summer, while introduced 
deciduous species have theirs in autumn. As deciduous species drop most of their leaves 
in a very short period, this can produce a large ‘spike’ in carbon and nutrients in the 
wetland (and clog stormwater systems). The chemical and nutritional composition of 
these species also differs. While leaves from some introduced deciduous species are 
soft and easily decompose, a lot of native dryland plant material, and some wetland 
plants are very tough due to lignin, unpalatable due to antiseptic tannins20, and of less 
nutritional value. These traits makes these plants less attractive foods for consumption 
and more resistant to decomposition. 

These sorts of changes to the amount, timing and quality of carbon inputs can affect 
the rates at which organic carbon is converted to other forms, and may alter the relative 
dominance of ecological processes (such as the production of methane) or wetland 
species (such as insect larvae that rely on summer leaf litter inputs for their development).

Changes in the chemical form of carbon in solution - 
dissociation
Carbon dioxide dissolves readily in water, and for this reason carbon is generally not a 
limiting factor in wetlands. A small amount of dissolved carbon dioxide joins with water 
to become carbonic acid.2 Carbonic acid (H

2
CO

3
) breaks up (dissociates) into bicarbonate 

(HCO
3
-) and hydrogen (H+) ions, then bicarbonate breaks up further into carbonate 
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(CO
3
2) and hydrogen ions.2 Depending on the pH of the water, different amounts of CO

2
, 

H
2
CO

3
, HCO

3
- and CO

3
2- are present, with mostly carbonic acid at low pH and mostly 

bicarbonate ions at high pH.2

Photosynthesis and chemosynthesis – turning 
inorganic carbon into organic carbon
Plant, algae and microbes underpin the productivity of wetland ecosystems by converting 
carbon into organic form. Plants, algae and bacteria mostly use atmospheric or dissolved 
CO

2
 for photosynthesis and chemosynthesis, although aquatic plants and macroalgae 

are also able to use bicarbonate (HCO
3
-) if CO

2
 concentrations are low.8 In areas where 

little detrital carbon is preserved in the sediments or water column, this autochthonous 
production is even more critical. The majority of CO

2
 ‘fixed’ (converted to biological 

materials) in wetlands is a result of photosynthesis rather than chemosynthesis.8,3 The 
process of methane oxidation by methanotrophic bacteria is a form of chemosynthesis 
that can use large amounts of the greenhouse gas methane (CH

4
).21 Methanotrophic 

bacteria may therefore play an important role in carbon cycling, and influencing the 
release of greenhouse gases.22

Enrichment of wetlands with nitrogen and phosphorus may lead to increased growth of 
algae or wetland plants, and increase the importance of these sources of carbon within 
wetlands. Both algae and submerged aquatic wetland plants have strong influences 
on other aspects of water quality (such as dissolved oxygen concentration and light 
penetration), therefore multiple effects on carbon cycling may result.

Consumption of organic carbon
Animals, fungi and microbes that consume living or dead plant, algal and bacterial 
material take their carbon in organic form, for example, as carbohydrates, lipids and 
proteins. 

Many forms of dissolved organic material are consumed by bacteria (the ‘microbial 
loop’).23,8 The ‘microbial loop’ describes the way in which bacteria can decompose and 
incorporate matter (such as humic acids) that other organisms cannot; allowing these 
substances to enter the food chain.23 Bacteria play an important role in consuming humic 
substances, thereby ensuring this carbon remains biologically available.

Excretion/secretion of organic carbon
Dissolved organic compounds such as carbohydrates and polyphenols may enter wetland 
waters as by-products of the metabolism of wetland plants, forming a food source for 
bacteria.10,17 Other dissolved organic compounds such as urea [(NH

2
)
2
CO] are released as 

waste products excreted by animals. These all add to the total pool of dissolved organic 
carbon in wetlands.

Degradation of organic carbon
An extremely important part of the cycling of carbon is its breakdown from more 
complex to simpler physical and chemical forms. When organisms die and become 
detritus, both degradation and decomposition of the detrital material occur. 
‘Degradation’ refers to the physical breakdown of organic matter.10,2 

Organic carbon in the form of dead, excreted and secreted matter can undergo 
degradation, leaving smaller pieces. The breakdown of large pieces of detritus into small 
pieces can occur through physical processes such as wind or wave action or biological 
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processes such as grazing for example, by invertebrates such as aquatic snails. Eventually 
the pieces become so small as to be close to the size of dissolved materials. 

Respiration (aerobic decomposition) 
Like degradation, decomposition is an extremely important part of the carbon cycle as it 
results in the breakdown of matter from more complex to simpler physical and chemical 
forms. Decomposition is the chemical breakdown of organic matter mediated by 
bacteria and fungi. Decomposition occurs via several main processes in wetlands; aerobic 
(respiration) and anaerobic (methanogenesis and sulfate reduction) processes.10 The 
chemical breakdown (decomposition) of organic matter into inorganic compounds is also 
known as ‘mineralisation’, as it results in the production of minerals.10 

Animals, plants and microbes respire, that is, consume oxygen (O
2
) and generate carbon 

dioxide (CO
2
).10 This process is known as aerobic (oxygenated) respiration and its purpose 

is to decompose of detrital organic matter by all animals and plants and many microbes. 
The carbon dioxide generated from aerobic respiration is a major source to wetland 
waters.

In wetlands with a water column (as compared to those in which the sediments are 
waterlogged), dissolved organic matter (DOM) is the dominant form of organic carbon, 
and are driven by detrital material.16 

Decomposition is the major fate of organic matter in wetlands.21,24 Changes to the 
water regime of a wetland and increases in nutrients can upset the natural rate of 
decomposition in the wetland21 and ultimately change the way the wetland functions 
and the values it supports.

Anaerobic decomposition
The decomposition of organic material in the absence of oxygen carried out by 
specialised bacteria. The dominant processes of anaerobic decomposition of organic 
material in wetlands are methanogenesis and sulfate reduction. Methanogenesis 
generates methane gas (CH

4
) and is the dominant process in freshwater wetlands, while 

sulfate (SO
4
2-) reduction is dominant in saline waters. 

Anaerobic processes are much less dominant in waterlogged than inundated wetlands, 
because without a water column, the surface sediments are open to the air, and 
therefore oxygenated. However, anaerobic processes do take place in the deeper, 
anoxic portion of the sediments, trapping by-products such as methane, which are then 
only released to the atmosphere if the sediments are disturbed, or through emergent 
vegetation, such as sedges, which act as channels for gases.10 In Western Australian 
wetlands that dry, anaerobic processes occur when they are wet (waterlogged or 
inundated) on either a seasonal or intermittent basis, since methanogens are obligate 
anaerobes (require anoxic conditions) making them very sensitive to exposure to air.25 
There is evidence to suggest that when seasonally-drying wetlands re-wet, they can 
produce methane at similar rates to permanently wet wetlands.10 

Salinisation of wetlands can lead to a shift from methanogenesis to sulfate reduction, 
due to increased sulfate (SO

4
2-) concentration. This may cause an alteration in the 

dominant processes of organic matter breakdown in these wetlands.

Changes to wetland wetting and drying such as increased or decreased periods of 
inundation or waterlogging can affect bacterial processes by changing redox conditions 
and sediment characteristics.26 This can affect factors such as phosphate (PO

4
3-) release 

from wetland sediments.

Respiration: the process in 
which oxygen is taken up by a 
plant, animal or microbe, and 
carbon dioxide is released
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Global climate change may lead to increases in the methane generated by wetlands 
globally, due to increased ambient temperatures and increased microbial activity 
(especially in the northern hemisphere).27

Photodegradation 
Humic and fulvic acids are subject to photodegradation, that is, decomposition by light.8 

If a wetland is to remain coloured, these acids must be continually replaced by the 
breakdown of decaying plant material. Increased light penetration (for example, through 
the removal of shading vegetation) can increase the rate of photodegradation. In these 
ways, the clearing of vegetation can significantly reduce wetland colour, which in turn 
can dramatically affect the ecological character of a wetland.

Precipitation of carbon
‘Precipitation’ occurs when solid (insoluble) substances form and settle out of solution. In 
the case of carbon, carbonate (CO

3
2-) often precipitates out of wetland waters as calcium 

carbonate (CaCO
3
) at high pH (often due to photosynthesis).8

Adsorption (attaching to the surface of a particle)
Dissolved organic materials such as humic acids and fatty acids may come out of solution 
when they adsorb (attach) onto particles of clay or calcium carbonate (CaCO

3
).8

Storage
Peat-containing wetlands such as peatlands contain large reserves of carbon.28 
They are not a predominant wetland type in WA, occurring most commonly in the 
wetter temperate regions such as the south coast. They occur mostly in the northern 
hemisphere. Factors such as altered water regime and fire can diminish carbon stores. 

What affects the concentration of carbon in 
wetlands? 
In general, Australian wetlands tend to be relatively rich in dissolved organic carbon, with 
the mass of dissolved organic matter being far greater than the mass of living organisms 
in many cases.2,8 The type and quantity of both dissolved and particulate organic 
materials varies greatly between wetlands and is influenced by the following factors:

• degree of waterlogging or inundation and period when water is present 
(intermittently, seasonally or permanently) 

• setting within the catchment; for example low-lying basin versus slope-side

• the amount of aquatic and other wetland vegetation

• connection with groundwater2,8,3

The flow of energy and carbon through wetlands can vary greatly between systems. 
For example, the food webs of some wetlands may be driven by allochthonous carbon 
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sources (such as lakes that receive organic debris from surrounding terrestrial vegetation) 
while others by autochthonous carbon (such as arid zone saline wetlands driven by 
in-basin production by algae). In practice, there is rarely a distinct division of wetlands 
driven by either allochthonous or autochthonous carbon, and most receive a mixture of 
both types of sources. 

How is carbon measured, and what units are 
used? 
In wetland waters, inorganic forms of carbon are rarely measured; as such the following 
section focuses on the measurement of organic carbon.

Concentrations of dissolved and particulate organic carbon in surface waters are 
sometimes used as monitoring parameters for wetland condition, but not those of 
sediment pore waters. The organic carbon content of sediments, combining dissolved 
and particulate forms, is often measured. Total organic carbon in the water column is 
measured by laboratory analysis, and must be collected in a dark brown glass container 
to prevent photodegradation. Sediment organic carbon is determined by oven drying 
then combusting samples. 

Both dissolved and particulate organic carbon are usually expressed as concentrations; 
mass (of carbon) per volume (for example, milligrams of carbon per litre; mg C/L) for 
surface waters or per weight (milligrams of carbon per gram; mg C/g) for sediments. 
These values include a whole range of substances and do not distinguish between 
compounds that break down readily and those that resist decomposition and become 
humus. The dissolved organic compounds that contribute to ‘colour’ (and affect the light 
climate of the water column) can also be measured using ‘absorption spectrometry’. The 
measurement of gilvin concentration could be seen as a partial surrogate for dissolved 
organic carbon concentration, but it is really only used to infer changes to the light 
climate of a wetland (see the ‘Light availability’ section).

Information on organic matter content is often not collected as part of a routine 
monitoring program. It may provide valuable insight about the functioning of wetland 
food webs, but is relatively expensive to determine.

Sources of more information on carbon in 
wetlands
Boon, P (2006) ‘Biogeochemistry and bacterial ecology of hydrologically dynamic 
wetlands’, in DP Batzer & RR Sharitz (Eds), The ecology of freshwater and estuarine 
wetlands.

Boulton, A & Brock, M (1999) Australian freshwater ecology: processes and 
management.

Robertson, A, Bunn, S, Boon, P & Walker, K (1999) ‘Sources, sinks and transformations of 
organic carbon in Australian floodplain rivers’.

Sommer, B & Horwitz, P (2000) ‘Predicting wetland response to environmental change: 
using carbon cycling as a surrogate for wetland function’, Edith Cowan University, 
Western Australia.

Wetzel, R (2001) Limnology. Lake and river ecosystems.
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Glossary
Anoxic: deficiency or absence of oxygen

Chemosynthesis: the process by which organisms such as certain bacteria and fungi 
produce carbohydrates and other compounds from simple compounds such as carbon 
dioxide, using the oxidation of chemical nutrients as a source of energy rather than 
sunlight

Dystrophic: wetlands that suppress increased algal and plant growth even at high 
nutrient levels due to light inhibition

Humus: the organic constituent of soil, usually formed by the decomposition of plants 
and leaves by soil bacteria

Inorganic carbon: (in a wetland) various forms of carbon in solution from non-organic 
sources including dissolved carbon dioxide (CO

2
), bicarbonate (HCO

3
-), carbonate (CO

3
2-) 

and carbonic acid (H
2
CO

3
)

Organic carbon: carbon existing in or derived from living organisms including all living 
and dead plant, animal and microbial material

Particulate: in the form of particles, which are very small portions of matter

Peat: partially decayed organic matter, mainly of plant origin

Photodegradation: chemical breakdown caused by UV light

Photosynthesis: the process in which plants, algae and some bacteria use the energy of 
sunlight to convert water and carbon dioxide into carbohydrates they need for growth 
and oxygen

Respiration: the process in which oxygen is taken up by a plant, animal or microbe, and 
carbon dioxide is released
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What are nitrogen and phosphorus? 
A ‘nutrient’ is defined as ‘any substance that provides essential nourishment for the 
maintenance of life’.1 A whole range of substances are nutrients, but in wetlands 
nitrogen and phosphorus (with the chemical symbols ‘N’ and ‘P’), are the two main 
nutrients of interest. The nutrients required by plant growth in aquatic systems in the 
greatest amounts are carbon, nitrogen, phosphorus, sulfur, magnesium, calcium and 
potassium.2

Why are nitrogen and phosphorus important in 
wetlands? 
Nutrients are essential for life. Nitrogen and phosphorus are ‘macronutrients’, meaning 
that they are required in relatively large amounts by organisms to develop and maintain 
living tissue and for their metabolic processes. Nitrogen is needed by organisms to 
make amino acids, proteins and enzymes, which are essential for living cells. Nitrogen 
is also used to create genetic material (DNA and RNA), and even the photosynthetic 
pigment chlorophyll.3 Phosphorus forms an important part of biological molecules such 
as DNA and RNA, and is used to generate energy.3 

The availability of nutrients influences how suitable a wetland is as habitat for organisms, 
particularly plants, algae and some bacteria, and this has flow-on effects for the animals 
that rely on these primary producers for food. For example, Australia has relatively few 
native floating plants (that is, plants that do not have roots in the soil) and this has been 
linked to the limitations that naturally nutrient-poor water columns pose to these plants4, 
as they do not have direct access to nutrients within sediments. Rooted wetland plants 
tend to get most of their nitrogen and phosphorus from sediment pore water rather 
than the water column, where the concentration of nutrients is, in general, naturally 
often much greater than that of the water column. Most aquatic plants have root 
‘hairs’ or lateral root projections that increase their ability to take up nutrients from the 
sediment pore water.5 

This is not to say nutrient-poor wetlands are poor habitats for all plants, algae and 
bacteria. Generally speaking, the soils of WA are relatively nutrient-poor compared 
to those in the northern hemisphere and even eastern Australia. This soil infertility is 
considered to be one of the strongest influences driving the evolutionary diversity of 
plants in its ancient soils6, contributing to the extremely high biological diversity in 
regions such as the southwest Australian floristic region. An increase in the availability 
of nutrients can decrease the competitive ability of species that are adapted to severely 
impoverished sites6 resulting in a loss of biodiversity and invasion of weeds. 

In extremely nutrient-poor wetlands, such as those on granite outcrops, specialist 
plants have ways of overcoming a lack of nutrients in the soil and water. For example, 
carnivorous plants including sundews (Drosera) and bladderworts (Lentibulariaceae) 
consume small animals such as small insects and crustaceans.4,7  Similarly, the Albany 
pitcher plant (Cephalotus follicularis) (Figure 29) is an insectivorous plant inhabiting peat 
wetlands of the south coast of WA, and its ability to acquire extra nutrients in this way 
confers it a competitive advantage over other plant species that rely entirely on soil and 
water mediums for nutrients. 

Metabolic processes: the 
chemical reactions that occur 
within living things, including 
the digestion of food

Primary producer: a 
photosynthesising organism. 
Primary producers, through 
photosynthesis, harness the 
sun’s energy and store it in 
carbohydrates built from 
carbon dioxide

Sediment pore water: water 
present in the spaces between 
wetland sediment grains at 
or just below the sediment 
surface. Also called interstitial 
waters.
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WA is also home to two species of Azolla (Figure 30). These floating aquatic ferns are 
reliant on nutrients in the water column. To supplement their nutrition, they support the 
cyanobacterium Anabaena azollae in their fronds. This bacterium is able to convert 
nitrogen present in the air into a form that can be used; this is referred to as ‘fixing 
nitrogen’.8 

Wetland plants adapted to low levels of nutrients tend to reinforce these conditions by 
producing leaf litter that is less degradable due to resistant compounds7 whereas many 
weeds contribute large amounts of easily decomposable materials that create nutrient 
‘spikes’ in wetlands.

Research also shows that there is a relationship between the nutrient availability in 
wetlands and species of algae and cyanobacteria. For example, in a study of wetlands in 
Perth, Wrigley et al.9 found that diatoms, a common type of green algae, were dominant 
in relatively nutrient-poor wetlands (and coloured wetlands).

Figure 29. The Albany pitcher plant, Cephalotus follicularis, makes up for a lack of nutrients 
in its environment by luring, trapping and digesting insects.  It inhabits peat wetlands on the 
south coast of WA. Photo – A Matheson/DEC.

Figure 30. The floating water fern Azolla filiculoides (a) and (b) close up in green and red 
varieties; (c) at a Kemerton wetland. Photos – C Prideaux/DEC.

Cyanobacteria: a large and 
varied group of bacteria which 
are able to photosynthesise
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A large part of the reason that nitrogen and phosphorus are important in understanding 
wetlands and assessing wetland condition is because of the dramatic effects they can 
have on wetland ecosystems when they change, due to either natural or human-induced 
causes. If nitrogen or phosphorus are in short supply, or not present in a form that can 
be readily used, they can limit plant and algal growth and hence the primary productivity 
within a wetland.10 However, human-induced changes to nutrient levels in Western 
Australian wetlands are almost always in the form of additional nutrients. Wetlands in 
coastal areas of the south west of WA are considered to be prone to increased nutrient 
levels.11 When nitrogen and phosphorus are not limiting, growth of some algae, 
cyanobacteria and wetland plant species can occur unchecked, and this can lead to the 
overgrowth of one or several types of these organisms, such as in the development of 
algal or cyanobacterial blooms10 (Figure 31a). 

In addition to water column algal blooms, high nutrient levels can also lead to the 
development of:

• flocculent algal/bacterial layers above the sediments (Figure 31b)

• excessive amounts of epiphytic algae coating the leaves of submerged wetland 
vegetation and other surfaces such as logs and rocks (Figure 31c) 

• large masses of filamentous cyanobacteria (Figure 31d). 

All of these types of ‘overgrowth’, including algal blooms, tend to occur during warm, 
dry weather, due to the concentration of nutrients as water levels decrease, and warm 
conditions promoting their growth. Severe and sustained overgrowth of this nature can 
lead to serious associated impacts. In particular, it can cause a reduction in dissolved 
oxygen in the water column, and eventually anoxia as the algae start to decompose. 
This reduces the biodiversity and functionality of wetlands2 and can be self-sustaining.

(a) (b) 

(c) (d)

Figure 31. Examples of plant, algal and cyanobacterial ‘overgrowth’ caused by nutrient 
enrichment: (a) bloom (unidentified); (b) flocculent benthic microbial layer present in Lake 
Coogee, Munster; (c) epiphytes coating the leaves of the introduced species Vallisneria 
americana; (d) filamentous cyanobacteria (Lyngbya sp.) present in Lake Mount Brown, 
Henderson. Photos – (a) J Davis (b-d) L Sim.

Flocculent: loosely massed

Epiphyte: a plant or algae that 
grows upon or attached to a 
larger, living plant

Filamentous: a very fine 
threadlike structure

Anoxic: deficiency or absence 
of oxygen
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What are the natural nitrogen and phosphorus 
levels of Western Australian wetlands?
In general, Australian wetlands are typically naturally low in nutrients compared to 
wetlands in other parts of the world.5 

Guidelines on nutrients are provided by the Australian and New Zealand Guidelines for 
Fresh and Marine Water Quality5 (known as ‘the ANZECC guidelines’ in reference to 
the author institution). The ANZECC guidelines identify default ‘trigger values’ which 
indicate when further investigations may be required to determine the possible causes 
for nitrogen and phosphorus being above guideline limits (Table 9). 

In defining trigger values, the ANZECC guidelines distinguish between lakes and other 
types of wetlands (the WA government identifies lakes as one type of wetland). The 
guidelines indicate that [other] wetlands are likely to have higher natural nutrient 
loadings and therefore higher productivity than lakes. ‘Wetlands’ as used in this context 
probably includes shallower and more vegetated systems, which are likely to dry 
periodically. 

Table 9. Default trigger values for nutrients and chlorophyll a (risk of adverse effects) from 
ANZECC and ARMCANZ.5

Ecosystem type Chlorophyll a Total P Filterable Reactive 
Phosphate (FRP)

Total N Oxides of nitrogen 
(NOx = (NO3

- + NO2
-)

NH4
+

Unit of measurement Micrograms per litre (µg L-1)

Tropical Australia

Freshwater lakes and reservoirs 3 10 5 350a 10 10

[Other] Wetlands 10 10–50 5–25 350–1200 10 10

South-west Australia

Freshwater lakes and reservoirs 3–5 10 5 350 10 10

[Other] Wetlands 30 60 30 1500 100 40

a: this value represents turbid lakes only. Clear lakes have much lower values.

The trigger values for the south-west of WA have been derived from a limited set of data 
(two years) collected at forty-one wetlands within and near Perth10 and are representative 
of basin wetlands of this region that are permanently or seasonally inundated rather than 
wetlands across the entire south-west of the state.6 The trigger values from the north-
west of the state are derived from an even more restricted study (less than one year) in 
the Pilbara region.6 All trigger values should therefore be used with caution.

It is important to consider how relevant these guidelines are for a particular wetland, and 
to identify, or have professional assistance to identify, an appropriate nutrient regime 
for the wetland, taking into consideration the natural factors affecting nutrient levels in 
wetlands outlined in this topic. 

➤	 The topic ‘Water quality’ in Chapter 3 provides guidance on establishing site-specific 
water quality objectives. 

Trigger values: quantified 
limits that, if exceeded, 
would indicate a potential 
environmental problem, and 
so ‘trigger’ a management 
response, e.g. further 
investigation

ANZECC guidelines under reviewh
The Council of Australian Governments has announced that the ANZECC 
guidelines are under review. This review includes the revision of sediment 
water quality guidelines, nitrate trigger values and toxicant trigger 
values. For more information, see www.environment.gov.au/water/policy-
programs/nwqms/index.html#revision.
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Trophic status
Since the early twentieth century, lakes (permanently inundated basins) in the northern 
hemisphere have been classified according to their trophic state. The word ‘trophic’ 
is derived from the Greek word ‘trophe’ which means ‘nourishment’, and is used in 
reference to food or nutrition. Trophic classifications are used to describe the amount 
of productivity (usually algal) or nutrient richness occurring within lakes.12,13 Productivity is 
usually measured through inferred biomass (via chlorophyll a, Secchi disk depth), whilst 
nutrient richness is measured through total nitrogen and total phosphorus. A eutrophic 
(“well-nourished”) lake is rich in nutrients and plant growth. Eutrophic lakes are typically 
shallow. An oligotrophic lake is usually relatively deep, has low nutrient concentrations 
and low plant growth. Mesotrophic lakes fall in between eutrophic and oligotrophic 
lakes.14 Lakes tend to progress to a more eutrophic state over geologic time due to infill.2

A number of criteria have been developed to determine trophic status. A group of 
Western Australian researchers (Davis et al.15) suggested that the most suitable of these 
for the determination of the trophic status of WA wetlands is the Pan American Center 
for Sanitary Engineering and Environmental Sciences criteria16, known as CEPIS criteria, 
developed for warm-water tropical lakes.17 This system uses total phosphorus as the basis 
for classification. The mean and range (within two standard deviations) of annual mean 
total phosphorus concentrations are used to define trophic categories under the CEPIS 
scheme16, shown in Table 10.

Table 10. CEPIS trophic state classification system based on total phosphorus16

Oligotrophic Mesotrophic Eutrophic

Mean (average) annual total phosphorus 
(micrograms per litre; μg L-1)

21.3 39.6 118.7

Range ± 2 standard deviations 10–45 21–74 28–508

What affects nitrogen and phosphorus levels and 
availability in wetlands?

Nutrients entering from the catchment
Nutrients can be imported into wetlands from the surrounding catchment. The extent to 
which this occurs is influenced by factors such as the sources of water into a wetland, 
which dictate the amount and types of materials entering the wetland, for example, 
groundwater, floodplain and catchment runoff and debris. A wetland high and separate 
from other wetlands and waterways, such as many wetlands on granite rocks will have 
lower levels of incoming nutrients to one that is low in the catchment and part of a chain 
of wetlands connected by surface or groundwater. 

Most natural, undisturbed ecosystems are very efficient in recycling nutrients provided 
by litter fall from vegetation through the activity of microbial communities in the soil 
and there is little ‘leakage’ of nutrients out of these systems. There are exceptions to this 
generalisation, which include periods following large fires or extreme weather events, 
which can release sudden and large pulses of nutrients that may then leak out of the 
system and into wetlands. For example, in a burnt catchment the surface water flows are 
much more unimpeded and these flows can carry nutrients within ash to wetlands that 
are low in the catchment, creating a pulse of nutrients.18,19 

The amount of time water resides in a wetland (its residence time) and the nature of 
outflows of water are also very important. For example, whether water is ‘flushed’ out of 
a wetland by scouring floods or waterways, or flows out via groundwater; some forms of 
nitrogen, such as nitrate, can leach out of wetland soils.

Trophic classification: the 
classification of an ecosystem 
on the basis of its productivity 
or nutrient enrichment

Biomass: the total quantity or 
weight of organisms in a given 
area or volume
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Material imported into wetlands (that is, allochthonous material) links wetlands to 
terrestrial ecosystems, rivers and other wetlands through energy and nutrient flow. The 
cycling of nutrients and other substances into and out of wetlands is a way in which 
wetlands form an important part of the catchment and this understanding is crucial to 
their management and restoration. 

The nutrient levels in many Western Australian wetlands were historically much lower 
than they are currently, due in part to nutrient pollution, predominantly from urban and 
agricultural sources. Nitrogen cycling in wetlands has been altered by changes to land 
use, mostly through increases in the inputs of nitrogen into wetlands from fertilisers 
(transported to wetlands via surface or groundwaters), and animal waste products.20 This 
leads to an excess of nitrogen (and often also phosphorus), causing uncontrolled growth 
of some algae, cyanobacteria and wetland plants. In some parts of the world, wetlands 
are affected by acidic rainfall caused by nitrogen compounds such as nitric oxide (NO) 
and nitrogen dioxide (NO

2
) dissolving in atmospheric water vapour. This is not currently 

a significant problem in WA. However, the prevalence of these nitrogen compounds 
in the atmosphere has increased through the widespread burning of fossil fuels such 
as coal and oil.21 Similarly to nitrogen, changes to phosphorus cycling in wetlands are 
mostly related to increased inputs of phosphate from catchment sources, resulting in 
eutrophication. Because phosphorus is usually the main limiting nutrient in freshwaters, it 
is particularly important in the development of algal and cyanobacterial blooms.10 Some 
of the sources of increased phosphorus to wetland waters include phosphate-based 
fertilisers, sewage, detergents, soil erosion21 and the inflow of effluent from dairies or 
other livestock holdings.22 

Secondary salinisation of wetland waters may affect phosphorus availability. Increases in 
the availability of either or both calcium and sulfate ions affect the binding or release of 
phosphate in the sediments.

➤	 Human-induced nutrient enrichment is discussed in more detail in the topic ‘Water 
quality’ in Chapter 3.

Nitrogen and phosphorus transformations in 
wetlands
Nitrogen and phosphorus can be present in a wetland in a number of chemical forms. 
Importantly, not all of the chemical forms of nitrogen and phosphorus are able to be 
used by plants and animals as some are not ‘biologically available’ – often shortened 
to ‘bioavailable’ – and others are even toxic. Specialised bacteria and fungi play an 
essential role in transforming nutrients from unavailable to available forms by driving the 
chemical transformations needed. Almost all nutrient cycling processes in wetlands are 
mediated by bacteria23, and nutrient concentrations can alter very rapidly in response to 
microbial activity. These transformations are described in more detail below.

A wetland’s water regime, especially the frequency and duration of wetting and 
drying, strongly influences the availability of nutrients in wetland waters24,10, because 
of its influence on oxygen availability, redox potential and pH, all of which affect the 
chemical forms of nutrients in wetlands, as well as affecting the bacteria that drive many 
nutrient transformations. Human-induced changes can affect nutrient transformations 
in wetlands, particularly by altering the natural wetland water regime. Researchers in the 
Netherlands have found that even when wetlands receive no additional nutrients, for 
example, in pristine catchments, they may show signs of excess nutrients if their water 
regime is changed.25 

In general, an understanding of nutrient dynamics at a particular wetland requires the 
collection of regular data.

Allochthonous: derived from 
outside a system, such as the 
leaves of terrestrial plants that 
are carried into a wetland  

Nutrient cycling (wetlands): 
the transformation of nutrients 
between different chemical 
forms, and their transport into 
and out of wetlands

Bioavailable: in a chemical 
form that can be used by 
organisms

Water regime: (of a wetland) 
the specific pattern of when, 
where and to what extent 
water is present in a wetland, 
including the timing, duration, 
frequency, extent, depth and 
variability of water presence

Redox potential: the potential 
of chemical substances to 
undergo two (coupled) types 
of chemical change: the 
removal (‘oxidation’) or addition 
(‘reduction’) of electrons 
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Nitrogen in more detail

What are the main forms of nitrogen in wetlands? 
Nitrogen can be found in a number of different chemical forms in wetlands, and can 
be converted between these forms and transported into and out of wetlands. These 
transformations and sequences are part of the ‘nitrogen cycle’.

While nitrogen can be found in a number of different chemical forms in wetlands, only 
some are available to be taken up by wetland plants, animals and microbes as nutrients.8 
The sum of all chemical forms of nitrogen present in a water sample is referred to as 
‘total nitrogen’ (TN). The fraction of the total that is actually available to be used by 
wetland organisms is known as the ‘bioavailable’ fraction. Under the right conditions, 
unavailable forms of nitrogen can rapidly be converted to bioavailable forms. 

Measuring the bioavailable nitrogen concentration provides a snapshot of the conditions 
in a wetland at a point in time, and may provide insight into why and how specific 
events, such as algal blooms or fish kills, are triggered. Measuring the total nitrogen 
concentration provides an understanding of the total ‘pool’ of nitrogen in comparison 
with the proportion available under the current conditions, to guide longer term 
management actions. 

Most animals and microbes consume or assimilate nitrogen as living or dead tissue or its 
by-products (the latter two are referred to as detritus). This nitrogen is in the form of 
organic molecules (that is, molecules containing carbon). Plants and algae generally take 
up inorganic forms of nitrogen from soil and water (although it is known that they also 
have capacity take up some organic forms under some circumstances), converting them 
to organic forms that are then available to consumers (animals) and decomposers (fungi 
and bacteria). Some bacteria can ‘fix’ nitrogen gas (N

2
), which is not a form available to 

other organisms, and once it is converted to ammonia, it can enter the food chain.8 

Breaking nitrogen down into its major organic and inorganic components provides an 
indication of what fraction of the total nitrogen is bioavailable (Table 11). Around 10–70 
per cent of the nitrogen dissolved in freshwaters is organic, with the proportion often 
depending on catchment characteristics such as soil type and vegetation cover.26 The 
inorganic fraction is what is used for plant growth.2 

Table 11. Main forms of nitrogen in wetlands 

Chemical form Name(s) Bioavailable? Notes

Organic nitrogen

Various Dissolved and particulate organic nitrogen 
(DON, PON)

Yes, predominantly to animals and 
microbes. 

It is a less common form of N.

(NH2)2CO Urea Yes. It is a common form of nitrogen available for 
plant growth and assimilation by bacteria.5 

Inorganic nitrogen

NO3
- Nitrate. Often expressed together with 

nitrite (NO2
-) as one chemical group called 

‘NOx-’, although nitrate (NO3
-) usually 

occurs in much higher concentrations than 
nitrite.

Yes, it is readily taken up by plants and 
algae.21

Most commonly available form. 5

NO2
- Nitrite Yes, it is taken up by plants and algae. It is a common bioavailable form of nitrogen.

NH3 Ammonia Yes, to bacteria21

NH4
+ Ammonium Yes, it is the form most readily 

assimilated. 5, 21 However it is also 
readily adsorbed onto clay particles.

It is a common bioavailable form of nitrogen.

N2 Nitrogen gas, elemental nitrogen Only to specialised cyanobacteria. It is common in the atmosphere.

Detritus: organic material 
originating from living, or 
once living sources including 
plants, animals, fungi, algae 
and bacteria. This includes 
dead organisms, dead 
parts of organisms (such as 
leaves), exuded and excreted 
substances and products of 
feeding.

Organic: compounds 
containing carbon and chiefly 
or ultimately of biological origin

Inorganic: compounds which 
are not organic (broadly, 
compounds that do not contain 
carbon) 

Decomposition: the chemical 
breakdown of organic material 
mediated by bacteria and fungi, 
while ‘degradation’ refers to its 
physical breakdown.23,10 Also 
known as mineralisation.



89  Conditions in wetland waters 

Chapter 2: Understanding wetlandsA guide to managing and restoring wetlands in Western Australia

How is nitrogen transformed and transported?
Nitrogen in wetlands is converted into different chemical forms, and can be transported 
into and out of wetlands, making up part of the ‘nitrogen cycle’. The wetland 
components of the cycle are shown in Figure 33. 

A lot of the transformation of nitrogen between different chemical forms takes place 
at the sediment-water interface, the zone where surface waters and sediment pore 
waters meet (Figure 32). For this reason, both sediment and water column nutrients are 
often measured when assessing the nutrient status of a wetland, as this allows a better 
understanding of both the actual and potential (stored) nutrient pools. The presence of 
an oxidised zone at this interface is important for many reactions.

Bacteria are largely responsible for these transformations. The type of reaction that 
takes place depends on whether conditions in the surface sediments are oxygenated 
or deoxygenated. The cycling of nitrogen is closely tied to carbon cycling, as most of 
the conversions between different forms of nitrogen are facilitated by living organisms. 
In addition, chemical conditions (such as redox potential) determine which of these 
organisms can survive and which forms of nitrogen are chemically dominant, and 
therefore influence the main nitrogen cycling processes in wetlands. Assimilatory or 
dissimilatory processes may be favoured (assimilatory reduction results in a compound 
being incorporated into new organic compounds while dissimilatory reduction results in 
organic compounds being chemically broken down).  

Figure 32. The sediment–water interface, where surface waters and pore waters meet, is 
where a lot of transformations of nitrogen take place. Image – J Higbid/DEC.

Water column

Interstitial water

Sediment grain

Water Column
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Nitrogen cycling in wetlands: a summary

Table 12. Key components of nitrogen cycling in wetlands

Process Potential implications for wetland management

Import  
Organic forms of nitrogen can enter wetlands in surface 
water originating from animal wastes, detritus and fertilisers 
applied in the catchment, and it can enter via groundwater 
sources (inorganic forms).21  

Fire in a vegetated catchment can also result in a flush of 
nitrogen into wetlands low in the catchment, particularly 
when the fire is followed by rain.18,19 

The conversion of elemental nitrogen to ammonium by 
‘nitrogen fixing’ bacteria is referred to as nitrogen fixation27 
and can take place under low oxygen conditions. This 
conversion is the main way in which atmospheric nitrogen is 
able to enter ecosystems.27  

Atmospheric nitrogen only dissolves into wetland waters in 
small amounts, as it is not very soluble in water.28,27 Nitrite 
can originate from dissolved atmospheric sources. 21 

• Influx of nitrogen from surface and groundwater catchments can be a 
major contributor of nitrogen in a wetland. 

• Agricultural and urban land uses import nitrogen (for example, in 
fertilisers and sewage) into catchments. 

• Fire in vegetated catchments may create a pulse of nitrogen in wetlands 
low in the catchment.  

• Nitrogen fixation is more prevalent in tropical wetlands. 

• ‘Nitrogen fixing’ bacteria can have a competitive advantage when 
nitrogen is limiting. 

• Some plants, including Azolla and Casuarina species, have a symbiotic 
relationship with a nitrogen-fixing bacterium of the genus Rhizobium.

• Unlike nitrogen, phosphorus cannot be fixed, so strategies to manage 
eutrophication often focus on the control of phosphorus because the 
forms of its entry into a wetland can be more easily managed.2 

• Nitrogen-fixing bacteria are virtually absent from the low-pH peat of 
northern bogs (in the northern hemisphere). 29 

• Nitrogen fixation may have an important function in wetlands where 
benthic microbial communities are the dominant producers.

• Nitrogen fixation can be inhibited at high salinities.

Uptake by primary producers 
Dissolved inorganic nitrogen, particularly as nitrate and 
ammonium, is taken up by plants, algae and some bacteria 
and is used to manufacture nitrogen-containing chemicals 
such as proteins and nucleic acids.30 This organic nitrogen 
then flows through food webs.

Plants rooted in sediments obtain most of their nitrogen from 
the soil pore water in the form of ammonium.

• Uptake by primary producers is critical in transforming inorganic nitrogen 
to organic nitrogen that consumers (animals) can use. 

• Competition between plants and the microbial community for uptake of 
available nitrogen can be altered by the physical conditions in the surface 
soil, particularly moisture and temperature and the ratio of nitrogen to 
carbon in the organic source. 

• High levels of nitrogen, in inorganic form, can promote algal blooms in 
warm weather.  

• Regeneration and revegetation of cleared/grazed wetlands can accelerate 
inorganic nitrogen uptake, reducing problems associated with excess 
bioavailable nitrogen such as algal blooms. 

• Harvesting and removal of weeds exports nitrogen from wetlands. 

• Most weeds can respond rapidly to increases in nutrients. However 
some weeds, such as those with corms, bulbs and tubers, can flourish in 
nutrient-deficient soils. 

• Saline conditions can inhibit the uptake of ammonium.31

Consumption 
Animals, fungi and bacteria consume/assimilate living or 
dead plant, algal and microbial material, taking in nitrogen 
in organic form, for example, as proteins, enzymes, amino 
acids and nucleic acids. The dead material may be in the form 
of dissolved organic nitrogen (DON) or particulate organic 
nitrogen (PON). Almost all proteins in organisms are made up 
of the same twenty amino acids (which all contain nitrogen), 
nine of which can only be manufactured by plants (the 
‘essential’ amino acids), meaning that animals must eat other 
organisms in order to obtain them.30,3

• Plants, algae and bacteria directly provide food/energy for animals, fungi 
and (other) bacteria. 

• Evidence suggests that the nitrogen consumed by microbes and stored as 
microbial biomass can be a significant store of nitrogen in the soil. 

Excretion/secretion 
Excretion by animals results in ammonia, urea and other 
dissolved organic nitrogen compounds entering wetland 
waters and sediments.3 Organic nitrogen compounds may 
also be secreted by plants and algae as metabolic by-
products.

• Large populations of animals may contribute high levels of urea, 
promoting plant growth. 

• An influx of migratory waterbirds can alter nitrogen dynamics in a 
wetland, both during and after their stay. Some birds, such as ibis, feed 
outside wetlands but roost in wetlands, and as such may import nitrogen. 
Exclusion of over-abundant populations of animals (for example, 
kangaroos, ibis) may help to reduce nitrogen import.



92  Conditions in wetland waters 

Chapter 2: Understanding wetlandsA guide to managing and restoring wetlands in Western Australia

ex
tr

a 
in

fo
rm

at
io

n

Nitrogen cycling in wetlands: a summary (cont’d)

Process Potential implications for wetland management

Decomposition and ammonification 
Decomposition is the microbially-assisted chemical 
breakdown of organic materials. It results in the conversion of 
nitrogen from organic to inorganic forms, which mostly takes 
place through the process of ‘ammonification’ (production of 
ammonium/ammonia).27 Ammonification is the main source 
of ammonia generation in wetlands and can take place 
under either aerobic or anaerobic conditions. 27 Under high 
pH (>8), oxygenated conditions, ammonia is released to the 
atmosphere in gaseous form.28,32 

• Microbes (including fungi) are essential for the transformation of organic 
nitrogen into inorganic forms that can be used by plants and algae. 

• Mass deaths, such as fish kills or widespread botulism in birds, may result 
in a sudden spike in nitrogen converted from organic to inorganic forms.

• Mass deaths of microbes can also result in a spike of nitrogen. This can 
occur, for example, in wetlands that dry; air-drying can kill up to 75 per 
cent of microbial biomass. A ‘flush’ of nitrogen and phosphorus is then 
available on re-wetting.33,32 

• The leaves of some plants, such as Eucalyptus species, have low levels 
of nitrogen relative to carbon, so to decompose these leaves bacteria 
need to take up very large amounts of external nitrogen.23 

• Ammonia levels are in equilibrium (balance) with ammonium levels; 
ammonia is more common at high pH. Ammonia is highly toxic and can 
kill fish.10  

• High pH, oxygenated conditions can promote the export of nitrogen from 
wetlands in gaseous form.  

• The conversion of ammonium to ammonia at high pH limits the nitrogen 
available to plants and animals. 

• If the wetland sediments do not have an oxygenated surface layer, levels 
of ammonia may build up to toxic levels in the sediments.29

Adsorption, sedimentation 
Ammonium is readily adsorbed onto charged clay particles.23 

This is most likely to occur in anaerobic conditions. Organic 
nitrogen from dead organisms can be incorporated into 
wetland sediments.21

• Sediments can be a significant sink/source of nitrogen. 

• High concentrations of ammonium in the sediment pore waters may 
signal adsorption of ammonium (i.e. converting bioavailable nitrogen to 
inaccessible forms).23 

• Disturbance of sediments can lead to the re-suspension of organic 
nitrogen in the water column.23, 21

Nitrification (oxygenated conditions)  
Nitrification, the conversion of ammonia (NH3) or ammonium 
(NH4

+) to nitrate (NO3
-) (via nitrite, NO2

-) occurs in freshwater 
wetlands under oxygenated conditions.28 Aerobic nitrifying 
bacteria including Nitrosomonas and Nitrobacter2,29 
facilitate nitrification to obtain energy. The conversion of 
ammonium to nitrate is also controlled by pH, temperature 
and organic carbon availability, and is regulated by 
competition for organic carbon with heterotrophic bacteria.34 
When the wetland is re-wet after a drying phase, there may 
be a lag in the production of nitrate because most or all of 
the nitrifying bacteria are killed on drying.32

• Even in low-oxygen conditions, nitrification can occur in pockets of 
sediment pore waters where oxygen is leaked from plant roots (the 
rhizosphere). The nitrate produced can then be assimilated by plants or 
microbes. 

• Nitrite is toxic to fish in high concentrations.35 

• Nutrient enrichment can increase aerobic decomposition. If this leads to a 
sufficient decline in oxygen levels, nitrification can be prevented, blocking 
the subsequent process of denitrification. If this occurs, ammonium can 
build up until it is released from the sediments, further exacerbating 
nutrient enrichment. 

• In downwards-percolating waters (such as groundwater recharge 
wetlands), nitrate and nitrite are easily leached from wetland soils.23

Denitrification (deoxygenated conditions) 
Under deoxygenated conditions nitrate gets converted to 
elemental nitrogen (N2) by denitrification, another process 
facilitated by specialised bacteria.32 Elemental nitrogen 
generated through the process of denitrification may 
subsequently be released to the atmosphere. Partial drying 
of the sediments allows nitrification (NH4

+ to NO3
-) and 

denitrification (NO3
- to N2) to occur in quick succession, as 

deoxygenated and oxygenated areas are in close physical 
proximity, and the low water level means that the nitrogen 
gas does not have far to diffuse to reach the atmosphere.28 
This linking of the two processes can cause more rapid loss of 
nitrogen from wetland systems as N2.

28 

• Deoxygenated conditions can promote the export (loss) of nitrogen from 
a wetland in gaseous form.

• Partial drying of wetland sediments can also promote the export of 
nitrogen from a wetland in gaseous form. 

• Denitrification is inhibited in acid soils and peat.29

Dissimilatory ammonia production 
Nitrate can also be converted to ammonia/ammonium 
via a process of reduction called ‘dissimilatory ammonia 
production’, which occurs under anaerobic conditions.28,27 

If the wetland sediments do not have an oxygenated surface layer, ammonia 
(NH3) in sediments may build up to toxic levels.29 
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Phosphorus in more detail

What are the main forms of phosphorus in 
wetlands? 
Phosphorus can both be found in a number of different chemical forms in aquatic 
ecosystems, and, as with nitrogen, only some are actually available as nutrients to be 
taken up by wetland plants, animals and microbes.8 However, unavailable forms of 
phosphorus can rapidly be converted to bioavailable forms under the right conditions. 

Breaking phosphorus down into its major organic and inorganic components gives a 
better idea of how much of the ‘total phosphorus’ (TP) is actually available to be used by 
wetland plants and algae. 

Phosphorus is present in large amounts in natural wetland ecosystems, but naturally 
occurs mostly in inaccessible mineral forms21, while biologically-available phosphorus 
(PO

4
3- and organic P) tends to be the nutrient that limits primary production.10 

Phosphorus is not present in the atmosphere as it reacts easily with other chemicals and 
instead tends to become bound up in mineral form.21 It has an affinity for calcium, iron 
and aluminium, forming complexes with them when they are available.29 As phosphorus 
is usually the main limiting nutrient in freshwaters, it is particularly important in the 
development of algal blooms.10 However, nitrogen can limit algal growth in some 
wetlands, especially those in arid areas.10 

Wetland plants and algae can obtain phosphorus in dissolved inorganic form (as 
phosphate, PO

4
3-) from wetland waters, and incorporate it into their tissues.27 In contrast, 

fauna and microbes must take up phosphorus in organic form, either as living plant or 
animal tissue or as detritus.27 

Table 13. Main forms of phosphorus in wetlands 

Chemical form Name(s) Bioavailable? Common?

Organic phosphorus

Org-P Organic phosphorus (in 
dissolved and particulate 
forms as molecules such 
as nucleic acids and 
phospholipids, or as part of 
organisms).27

Yes, but it is quickly 
mineralised to inorganic P 
by microbes.

Organic phosphorus 
constitutes a large 
proportion of the total 
phosphorus found in 
wetlands.27

Inorganic phosphorus

PO4
3-, HPO4

2- and 
H2PO4

- 
Phosphate, 
orthophosphates, soluble 
reactive phosphorus 
(SRP), dissolved inorganic 
phosphorus (DIP) and 
filterable reactive 
phosphorus (FRP).

Yes, when dissolved, it is 
biologically available to 
plants and algae. 

Orthophosphate is the most 
common soluble inorganic 
form of phosphorus.

Various Insoluble phosphorus 
minerals including apatite 
Ca5(PO4)3(F,Cl,OH) and clays. 

No, they are inaccessible (as 
nutrition) to biota.

Mineral forms are the 
largest pool of phosphorus 
in the environment.
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How is phosphorus transformed and 
transported? 
As with nitrogen, phosphorus in wetlands is converted into different forms, and can be 
transported into and out of wetlands, forming the part of the ‘phosphorus cycle’, as 
shown in Figure 34. The characteristics of phosphorus cycling differ between calcareous 
(calcium-containing) and non-calcareous wetlands. As mentioned, phosphorus has 
an affinity for calcium, forming complexes with it when it is available. The cycling of 
phosphorus in non-calcareous wetlands depends on the substrate type and water 
conditions, for example, whether it is saline; whether water is intermittent, seasonal or 
permanent; and the pH. 

As with nitrogen, much of the transformation of phosphorus between different chemical 
forms takes place at the ‘sediment-water interface’, which is the zone where surface 
waters and sediment pore waters meet (Figure 32). Sediments may act as a ‘sink’ 
(endpoint) for phosphorus, which often becomes bound up in insoluble forms that 
are unavailable for use by plants and animals. Nutrients in these unavailable forms are 
actually bound to sediment particles.8 The binding or release of phosphorus in wetland 
sediments is linked indirectly to the redox state36 because of its association with other 
elements that are affected, particularly iron. Its state in wetlands is also linked to other 
chemical conditions such as pH, oxygen concentration and salinity21,37 as outlined on the 
next page. 
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Phosphorus cycling in wetlands: a summary

Table 14. Key components of phosphorus cycling in wetlands

Process Implications for wetland management

Dissolution (dissolving) 
Chemical weathering of rocks releases phosphate.21 

• Chemical weathering over long periods releases phosphate, which can 
be utilised by wetland vegetation and enter the food web.

Import 
Phosphorus can enter wetlands in surface water and 
groundwater from various sources including animal wastes, soil 
particles from soil erosion and the leaching of fertilisers, septics 
and natural sources, particularly in sandy soils21, in particulate 
and dissolved organic form as well as phosphate. 

• Influx of phosphorus from surface and groundwater catchments can 
be a major contributor of phosphorus in a wetland. 

• Agricultural and urban land uses import phosphorus into catchments 
(such as in fertilisers).

Uptake (assimilation) 
Phosphorus is taken up by plants and algae and some bacteria 
as phosphate and is then incorporated into the cells of wetland 
organisms, becoming organic phosphorus.21

• Flowering plants, ferns and structurally complex algae such as 
charophytes primarily absorb nutrients from sediments, limiting the 
availability of nutrients in the water column and thereby limiting 
phytoplankton.2 

• Some plants are also able to take up more phosphorus than they 
require and this ‘luxury uptake’ can reduce levels during their spring/
summer growth periods.

• High levels of phosphorus, in inorganic form, can promote algal 
blooms in warm weather.

• Significant phosphorus may be stored in the microbial biomass of 
wetlands.

• Revegetation of cleared/grazed wetlands can accelerate phosphate 
uptake, reducing problems associated with excess phosphate.

• Harvesting of plants exports organic phosphorus from wetlands.

• Most weeds can respond rapidly to increases in nutrients. However 
some weeds, such as those with corms, bulbs and tubers, can flourish 
in nutrient-deficient soils.

Consumption 
Animals and microbes that consume living or dead plant, algal 
and bacterial material take in their some of their phosphorus in 
organic form, similarly to the uptake of nitrogen and carbon.

• Plant, algal and bacterial material provides sources of phosphorus 
needed by animals and many microbes. 

• Bacteria are critical in the uptake of phosphorus in leaves that fall into 
wetlands.

Excretion 
Dissolved organic phosphorus compounds can enter wetland 
waters and sediments via excretion by animals.3 

• Large populations of animals may contribute high levels of organic 
phosphorus. 

• An influx of migratory waterbirds can alter phosphorus dynamics in 
a wetland, both during and after their stay. Some birds, such as ibis, 
feed outside wetlands but roost in wetlands, and as such may import 
phosphorus.23

Aerobic decomposition (mineralisation) 
When detrital organic phosphorus is decomposed by microbes 
(under aerobic conditions), phosphorus is released in the form of 
phosphate or dissolved organic phosphorus.37 

• Microbes (including fungi) are essential for the transformation of 
organic phosphorus into phosphate for use by plants and algae. 

• Mass fish deaths (fish kills) may result in a flush of phosphorus. 

• When sediments dry out, the subsequent death of a large proportion 
of bacteria (up to 75 per cent) may release a big flush of phosphorus 
available on re-wetting of the wetland soils.23

Adsorption, sedimentation 
Under oxygenated conditions in non-calcareous waters, 
phosphate is bound in the sediments (especially clays, peats 
and minerals) in complexes with the ferric ion (Fe3+) 36, 37 or 
aluminium.21 This adsorption of phosphate to iron complexes is 
highest at pH 3–7, increases with increased temperature, and 
decreases with increasing salinity.38

Organic and particulate phosphorus can fall to the wetland 
sediments and be buried, temporarily or permanently. 

• Phosphorus is most bioavailable at slightly acidic to neutral pH. 

• Sediments are a very important sink of phosphorus in many wetlands, 
particularly those freshwater wetlands with a neutral to low pH. 
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Phosphorus cycling in wetlands: a summary (cont’d)

Process Implications for wetland management

Release from sediments (desorption, sediment flux, 

resuspension) 
In deeper anoxic sediments of non-calcareous wetlands, or 
surface sediments if the water column is stratified and anoxic, 
phosphate is released through the reduction of Fe3+ to Fe2+ by 
bacteria.37 Alternatively, phosphate can also be displaced by 
sulfur, also under anaerobic conditions, as sulfur facilitates the 
reduction of iron to form a new compound, FeS.36  

Drying of these wetland sediments and exposure to air leads 
to the oxidation of iron and increased binding of phosphate, 
but this affinity of the sediments for phosphorus tends to 
decrease over time, since there is an initial increase in aerobic 
processes with drying, then a decrease as the microbes die from 
lack of water.36 Ultimately, the likelihood that phosphate will 
be released from sediments appears to increase if sediment is 
air-dried, as there is a flush of phosphorus resulting largely from 
killed microbial biomass.24 

• A sufficient decline in oxygen in the water column through events 
such as stratification, high temperatures, high rates of bacterial 
consumption, algal blooms and fish kills, can release phosphorus 
bound to sediment into the water column as phosphate. 

• Under saline conditions, sulfur is likely to be more prevalent and will 
facilitate phosphate release35, increasing phosphate concentrations in 
the water column.

• When these sediments dry out, more phosphate will originally be 
bound to it, but over time phosphorus is likely to be released. 

• Disturbance of sediments can lead to the re-suspension of phosphorus 
in the water column. 21

Precipitation, remobilisation
In aerobic, calcareous (calcium-containing) waters, phosphorus 
precipitates out of the water column in a complex with 
(insoluble) calcium carbonate (CaCO3). Calcium carbonate tends 
to form under the high pH conditions resulting from high rates 
of photosynthesis.37 The precipitation process is not redox-
dependent, meaning that the phosphorus is not re-released from 
the sediments when they change from oxic to anoxic or vice 
versa.37 However, some of the precipitate will re-dissolve under 
acidic conditions. It has been suggested that it may be possible 
for phosphorus to precipitate and remobilise alternately in 
response to diel fluctuations in pH of the water column.23

• Phosphorus is removed from the water column in wetland waters that 
are calcareous and high pH, but can be re-dissolved into the water 
column under acidic conditions; therefore the diurnal and seasonal 
changes in pH may be an influence on phosphorus levels. 

• Phosphorus is most bioavailable at slightly acidic to neutral pH.29

Flushing  
In wetlands with an outflow, flood events that scour the wetland 
sediments and carry it downstream can export phosphorus from 
wetlands.

Periodic flooding and flushing of sediments downstream can potentially 
reduce phosphorus from wetlands.
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 How are nutrients measured, and what units are 
used? 
Water column nutrients are regularly measured to monitor wetland condition. Nutrients 
are measured by laboratory analysis. Sediment pore water sampling does not have 
the same usefulness, since pore water nutrients are more difficult to sample, and 
require extraction in an oxygen-free environment to prevent chemical changes due to 
oxygenation from occurring. It is difficult to separate the nutrients in pore waters from 
those bound to sediment grains. Therefore, nutrients are usually measured in sediments 
rather than pore waters (although ‘sediment’ values include pore waters); enabling the 
inclusion of both bound and unbound fractions of nitrogen and phosphorus. 

Nitrogen and phosphorus in water columns are all measured as concentrations; 
amount of substance per unit volume of water, or per unit weight in sediments. Water 
concentrations are expressed as milligrams per litre (mg/L or mg L-1), which is equivalent 
to parts per million (ppm), or micrograms per litre (μg/L or μg L-1), which is equivalent to 
parts per billion (ppb), and sediment concentrations as mg/g (mg g-1).

As nutrient analyses are relatively expensive, total nitrogen (TN) and total phosphorus 
(TP) are often used as surrogates for the suite of nutrients that includes both organic 
and inorganic compounds but these ‘total’ measurements are less informative than 
measuring a suite of chemical forms, as TN and TP do not actually indicate how much of 
each nutrient is bioavailable.

➤	 For detailed information about sampling nutrients in wetland waters refer to the topic 
‘Monitoring wetlands’ in Chapter 4.
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Chlorophyll a

Chlorophyll a concentration is the other water quality 

parameter that is often recorded along with nitrogen 

and phosphorus. Chlorophyll a is a light-capturing 

pigment found in plant and algal cells.39 Plants and 

algae use this pigment to absorb light for use in the 

process of photosynthesis, which provides them with 

energy, and this energy ultimately flows through the 

food webs of wetlands (refer to the topic ‘Wetland 

ecology’ in Chapter 2 for more information on food 

webs). 

The concentration of chlorophyll a, which is common 

to all photosynthetic plants and algae, is used as an 

estimate of the amount of microalgae in the water 

column or on the sediment surface40,41, and as such it is 

an indicator of a wetland’s productivity. Chlorophyll a  

itself is used as a surrogate (substitute) for cell counts 

of algae (biomass estimates), as it is simpler and much 

less time consuming to measure. If the amount of 

algae in a wetland is high, the nutrient levels may be 

high. As such, the presence of high concentrations of 

chlorophyll a can indicate nutrient enrichment. 

Concentrations of chlorophyll a are often measured at 

the same time as measuring nutrient concentrations, 

as this gives a picture of how the nutrients in the 

system are influencing the amount of phytoplankton 

(photosynthetic plankton including algae and 

cyanobacteria)10. Phytoplankton growth rates change 

in response to nutrient availability but they are also 

affected by the light availability and temperature (over 

days or weeks, rather than each day) among other 

factors.39 For example, shade-adapted species of 

wetland plants tend to have higher concentrations of 

chlorophyll a in their cells, introducing some natural 

variability into the chlorophyll a measure.39 

Chlorophyll a in water columns is measured as a 

concentration; amount of substance per unit volume 

of water, or per unit weight in sediments. Water 

concentrations are expressed as milligrams per litre 

(mg/L or mg L-1), which is equivalent to parts per million 

(ppm), or micrograms per litre (μg/L or μg L-1), which 

is equivalent to parts per billion (ppb), and sediment 

concentrations as mg/g (mg g-1). 
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Sources of more information on nutrients in 
wetlands
The topic ‘Water quality’ in Chapter 3, for information on human-induced changes.

Baldwin, D & Mitchell, A (2000), ‘The effects of drying and re-flooding on the sediment 
and soil nutrient dynamics of lowland river-floodplain systems: a synthesis’, Regulated 
Rivers: Research and Management.

Boulton, A & Brock, M (1999) Australian freshwater ecology: processes and 
management.

Schmid-Araya, J (no date) ‘Biogeochemical cycles. The nitrogen and the phosphorus 
cycles’, www.biology.qmul.ac.uk/research/staff/s-araya/cyclesv2.pdf  

Swan River Trust (2005) ‘Nitrogen and phosphorus cycles’, River science. The science 
behind the Swan-Canning cleanup program, vol. Issue 4 January 2005. www.
swanrivertrust.wa.gov.au/docs/fact-sheets/river-science-issue-4-nitrogen-and-phosphorus-
cycles.pdf 

University of California Museum of Paleontology (2006) ‘Photosynthetic pigments’,  
www.ucmp.berkeley.edu/glossary/gloss3/pigments.html  

Water on the Web (2004) ‘Water on the Web, monitoring Minnesota lakes on the 
internet and training water science technicians for the future, a national on-line 
curriculum using advanced technologies and real-time data’, http://WaterOntheWeb.org   

Wetzel, R (2001) Limnology. Lake and river ecosystems.

Glossary
Allochthonous: derived from outside a system, such as the leaves of terrestrial plants 
that are carried into a wetland

Bioavailable: in a chemical form that can be used by organisms

Biomass: the total quantity or weight of organisms in a given area or volume

Chlorophyll a: a light-capturing pigment found in plant and algal cells. Measurement of 
chlorophyll a is used as a surrogate for cell counts of algae.

Detritus: organic material from decomposing plants or animals

Epiphyte: a plant or algae that grows upon or attached to a larger, living plant

Filamentous: a very fine threadlike structure

Flocculent: loosely massed

Inorganic: compounds which are not organic (broadly, compounds that do not contain 
carbon)

Metabolic processes: the chemical reactions that occur within living things, including 
the digestion of food

Nutrient cycling (wetlands): the transformation of nutrients between different 
chemical forms, and their transport into and out of wetlands

Organic: compounds containing carbon and chiefly or ultimately of biological origin

Total nitrogen (TN): the sum of all chemical forms of nitrogen

Trophic classification: the classification of an ecosystem on the basis of its productivity 
or nutrient enrichment
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What is sulfur? 
Sulfur is a key chemical element. It is often referred to by its chemical symbol ‘S’.

As well as being present within organisms, sulfur is present in the environment in the 
atmosphere, soil and water. It is also spelt ‘sulphur’.

Why is sulfur important? 
Sulfur is an important nutrient for all living organisms. It forms an essential part of 
several amino acids (for example, methionine, cysteine) required for the construction 
of proteins.1 The amount of sulfur found in living organisms varies depending on the 
species, physico-chemical conditions and the season.1 Unlike nitrogen and phosphorus, 
sulfur is rarely limiting for organisms, especially in saline wetlands, where it tends to be 
present in large amounts.1,2 

Sulfate (SO
4
2-), a form of sulfur, is also ecologically significant because of its influence 

on phosphorus cycling in non-calcareous wetlands (that is, wetlands without relatively 
large amounts of calcium). The activity of sulfate-reducing bacteria in wetland sediments 
interacts directly with the phosphorus cycle, since sulfate reduction leads to the 
formation of iron sulfides, freeing phosphate from its complexes with iron compounds.3 

Sulfur is also very important because of the role it plays in forming acid sulfate soils. 
This is a natural phenomenon that can influence conditions in wetlands, but its major 
significance is when disturbed, as has occurred on a large scale due to human-induced 
changes, when significant impacts to wetlands can occur. 

What are the main forms of sulfur in wetlands?
Sulfur occurs in many gaseous, solid and dissolved forms in wetlands.2 In sediments, 
the main forms tend to be reduced sulfur minerals (including pyrite or elemental sulfur) 
and dissolved forms such as sulfate.2 In wetland waters, the dominant form is sulfate. 
In general saline wetlands have much higher sulfur concentrations in their waters and 
sediments than freshwater wetlands2 because sulfate is one of the component salts 
contributing to salinity. Because there is such a wide range of chemicals containing sulfur 
in wetlands, only those of most ecological significance are described in Table 15 on the 
next page.

Dihydrous calcium sulfate (CaSO
4
2H

2
O), or gypsum as it is commonly known, 

is found in many wetlands in WA, particularly in the Wheatbelt, the south-west 

and Goldfields region. The origin of this sulfur is believed to be ocean-derived, 

carried inland as an aerosol on prevailing winds. As wetlands dry out and the 

water evaporates, gypsum deposits on the dry bed and is often then blown on to 

the south and south-east shores, forming gypsum dunes. These dunes can reach 

more than 20 metres in height and several kilometres in length. It is estimated 

that gypsum deposits have been forming up to 35,000 years ago in some WA 

wetlands.4 Gypsum is mined for a multitude of uses, including drywalls, plasters, 

fertilisers and soil conditioners and in WA it has been mined since 1921 using 

methods such as excavators (dry excavation) and sub-aqueous dredges.
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Table 15. Important forms of sulfur and implications for wetland management 

Name Chemical 

form

Description

Sulfate SO4
2- A very important form of sulfur in wetland waters and sediments. It 

is used by sulfate-reducing bacteria in the decomposition of organic 
matter (especially in saline wetlands) and is also the form of sulfur 
readily taken up as a nutrient by wetland vegetation and microbes.5 
Wetland plants and algae, and many bacteria have the ability to take 
up sulfate directly for use in the manufacture of amino acids1, while 
animals need to incorporate living or dead biological material in 
order to fulfil their requirements for sulfur.

Pyrite (FeS2)  
(a metal sulfide)

The most common reduced sulfur compound in wetland sediments.6 
When exposed to air or the ferric ion (Fe3+) it is oxidised to form 
sulfuric acid (H2SO4), and can lead to the development of acid sulfate 
soils7,8, creating conditions toxic to many wetland organisms.

Sulfide  
(or hydrogen sulfide)

 (H2S) Another commonly occurring reduced sulfur compound in wetland 
sediments, found in gaseous form, which gives off the ‘rotten egg’ 
smell characteristic of many wetlands. It is toxic to many organisms, 
but can be used by photosynthetic and chemosynthetic bacteria to 
fix carbon.

Organic sulfur 
compounds

(Org-S) A wide range of organic sulfur compounds occur in wetlands, 
including amino acids, proteins, vitamins and hormones. The 
formation and interaction between different types of Org-S is not 
well understood.6 Some of the most important biological compounds 
include amino acids such as cysteine and methionine.6 Organic sulfur 
is the only form of sulfur that can be taken up by animals, and it is 
decomposed by microbes into sulfate and sulfide.

How is sulfur transformed and transported? 
Like nitrogen, the transformations of sulfur in the wetland sulfur cycle are driven by 
microbes, particularly sulfur-reducing and autotrophic sulfur (oxidising) bacteria, and 
controlled by the prevailing redox conditions in wetland waters and sediments.5 The 
wetland components of the sulfur cycle are shown in Figure 35.

There are several main ways in which wetland sulfur cycling has been altered by changes 
to land use and climate. Most of these involve increases in the amount of sulfur entering 
wetlands from the surrounding landscape, including burning of fossil fuels causing acid 
rain; inflow of wastewater containing sulfates and acid mine drainage; and seawater 
intrusion.9 Another important change to sulfur cycling relevant to Western Australian 
wetlands is changed hydrology (increased drying), leading to acidification of pyrite-
containing soils.10
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Key components of sulfur cycling in wetlands include:

• dissolution

• sulfate reduction

• oxidation of sulfur

• photosynthesis and chemosynthesis

• consumption

• gaseous release

Dissolution (dissolving)
Most of the sulfur found in natural wetlands originates from external sources; either the 
weathering of rocks or the oxidation of organic sulfur.9 Sulfur stored in mineral form 
in rocks is mostly in the form of metal sulfides which become oxidised to sulfate on 
exposure to air.

Sulfate reduction - decomposition of organic matter
A major process involving sulfur in wetlands is the ‘dissimilatory’ reduction of sulfate 
(SO

4
2-), which takes place under anoxic conditions and is facilitated by ‘sulfate-

reducing bacteria’.1 Dissimilatory reduction means that when sulfate is reduced, organic 
compounds are chemically broken down.1 In contrast, ‘assimilatory’ sulfate reduction 
results in the sulfate being incorporated into new organic compounds (org-S) such as 
amino acids.1 Dissimilatory sulfate reduction is more prevalent in saline waters, where 
sulfate concentrations are generally much higher than in fresh waters.

The majority of sulfate reduction occurs in the top 10 centimetres of wetland sediments.9 
The rate at which sulfate is supplied to the sediments (the anoxic zone) is usually 
controlled by diffusion of sulfate from the water column into sediment pore waters, and 
this can be sped up by ‘bioturbation’ of sediments by animals in the sediment.1 

The main product of sulfate reduction in wetland sediments is pyrite (FeS
2
).6 The 

bicarbonate ion (HCO
3
-) is also produced during the reduction of sulfate. It has a 

buffering effect on wetland waters which may prevent the pH of sediment pore waters 
from changing too rapidly.1,2

Sulfide is also produced in wetland sediments through sulfate reduction or the 
decomposition of organic sulfur compounds. Sulfide is toxic to a range of plants and 
animals, making its concentrations in wetlands important.1,2 In high concentrations it 
may slow the rate of primary production.2 Sulfide tends to accumulate in anoxic waters, 
especially under eutrophic conditions.9 

The rate at which sulfate reduction takes place is often regulated by the availability 
of organic carbon compounds, rather than the amount of sulfate1 although it can be 
limiting in some fresh waters.2 Eutrophication of wetland waters and its stimulation of 
primary producer biomass tends to stimulate sulfate reduction, due to the increased 
availability of carbon for microbial decomposition1, and lowered re-oxidation of 
sediments due to a lack of bioturbation by animals, and the absence of macrophyte 
roots.2 Under these conditions, and high sulfate reduction rates, sulfate may become 
limiting.9 Therefore, there are very close links between the carbon and sulfur cycles.1

Under high sulfate concentrations, nitrogen-fixing bacteria take up less essential 
nutrients, which decreases the rate of nitrogen fixation that can occur.1 This may limit 
nitrogen fixation in saline systems such as salt lakes.

Anoxic: deficiency or absence of 
oxygen



108  Conditions in wetland waters 

Chapter 2: Understanding wetlandsA guide to managing and restoring wetlands in Western Australia

Another anaerobic process that also involves the decomposition of organic material 
in wetlands is methanogenesis (the production of methane, CH

4
). The bacteria that 

drive this process, methanogens, directly compete for organic matter with sulfate-
reducing bacteria.1 In general, methanogenesis is more prevalent in fresh waters, where 
concentrations of sulfate are very low, and dissimilatory sulfate reduction takes place in 
saline waters, where sulfate concentrations are generally much higher.1,2 In addition to 
inhibiting methanogenesis, the presence of sulfate may also increase the rate at which 
methane is broken down by methanotrophic bacteria, further decreasing its release to 
the atmosphere.1 

Oxidation of sulfur
The oxidation of reduced sulfur compounds such as sulfide (H

2
S) and pyrite (FeS

2
) results 

in the generation of sulfuric acid (H
2
SO

4
). 

Sulfide (H
2
S) is oxidised when oxygen is present (to produce elemental sulfur or other 

compounds including sulfate).1 Oxidation may occur slowly, especially at low pH.1 It 
occurs much more quickly in waterlogged wetlands where the sediments are open to the 
atmosphere.6 Sulfide remaining in the sediments may be incorporated into metal sulfides 
(for example, pyrite), or organic sulfur compounds.1 A small amount of sulfide is lost in 
gaseous form to the atmosphere.2 

Pyrite may quickly be oxidised to form other compounds such as thiosulfate and sulfate.6

The generation of sulfuric acid can cause acid conditions in drained or disturbed wetland 
soils (that is, exposed to the atmosphere).2 This is a significant risk in areas where 
wetlands are likely to contain significant amounts of sulfur (for example, naturally saline 
lakes) and in those with low buffering capacity. If sulfuric acid causes a drop in the pH 
of wetland waters, this acidification can inhibit the microbial decomposition of organic 
substances.1 Acidic conditions can cause the inhibition of nitrification, causing a build-up 
of ammonium as it cannot be converted to nitrate.1 For information on the prevention 
and management of acid sulfate soils in wetlands, see the topic ‘Water quality’ in 
Chapter 3.

Photosynthesis and chemosynthesis
Some types of bacteria are able to use reduced sulfur compounds to fix carbon dioxide 
(CO

2
).2 Examples are the photosynthetic purple sulfur bacteria, which oxidise H

2
S rather 

than water (H
2
O), usually under anoxic conditions6 and chemosynthetic bacteria that use 

H
2
S rather than light (under oxic conditions).11

Consumption
Animals are only able take up sulfur in organic form, that is, as living or dead plant or 
animal material, and they require it for important molecules such as amino acids. 

Gaseous release
The flow of sulfur-containing gases from wetland waters to the atmosphere is a relatively 
minor part of the total wetland sulfur cycle1,2 however the amounts of gas generation 
may contribute significantly to acid rain in some regions (mostly Northern Hemisphere).2 
Fluxes of sulfur gases are greater from saline than freshwater wetlands.2 Some gases 
such as sulfide (H

2
S) are transported directly from the sediments to the atmosphere via 

the gas transport mechanisms of emergent vegetation.6
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Sources of more information on sulfur cycling in 
wetlands 
Cook, R & Kelly, C (1992) ‘7. Sulphur cycling and fluxes in temperate dimictic lakes’, 
SCOPE 48 Sulphur cycling on the continents: wetlands, terrestrial ecosystems, and 
associated water bodies, www.icsu-scope.org/downloadpubs/scope48/contents.html.

Giblin, A & Wieder, R (1992), ‘5. Sulphur cycling in marine and freshwater wetlands’, 
SCOPE 48 Sulphur cycling on the continents: wetlands, terrestrial ecosystems, and 
associated water bodies, www.icsu-scope.org/downloadpubs/scope48/contents.html.

Howarth, R & Stewart, J (1992), ‘4. The interactions of sulphur with other element 
cycles in ecosystems’, SCOPE 48 Sulphur cycling on the continents: wetlands, terrestrial 
ecosystems, and associated water bodies, www.icsu-scope.org/downloadpubs/scope48/
contents.html.

Luther, GI & Church, T (1992) ‘6. An overview of the environmental chemistry of sulphur 
in wetland systems’, SCOPE 48 Sulphur cycling on the continents: wetlands, terrestrial 
ecosystems, and associated water bodies, www.icsu-scope.org/downloadpubs/scope48/
contents.html.

Glossary
Anoxic: deficiency or absence of oxygen

Gypsum: dihydrous calcium sulfate (CaSO
4
2H

2
O)
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