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ARBSTRACT

The development and local distribution of organic soils in Australia have been poorly
documented. Within Weslemn Australia, conditions conducive to the accumulation of
organic matter are geographically restricted and generally occur in coastal andfer
forested Iandscapes. An extensive system of wetlands with peat soils occurs in the
Muir-Unicup region in the {ar south west of Western Australin, Bokarup Swamp,
Kodjinup Swamp and Noobijup Lake are represcatative of the wetlands occurring in
this region. They are shallow (<1m) wetlands dominated by exlensive stands of
emergent macrophytes and contain deep peal soils. Each wetland has a different recent
history of distuthance from fire and altered drainage and water quality. The impacts of
these disturbances on wetland processes and development arc unknewn, and therefore
the sustainability of these ecosystems under currenl management practices needs to be

addressed.,

This study quantified major carbon inputs (autochthonous and allochthonous) and
" losses (CO;_ and CHj ebullition} to construct an annual carbon budget for the three
I wetlands. A descriptive model of organic matter accumulation was developed using
empiricat data from the carbon budgets, Mo/ dated profiles and sediment
characteristics such as bulk density and carbon content. This thesis provides the only
examples of a quantitative carbon budget and a descriptive, predictive nodel of long-

term peat accumulation rates for Australian wetiand systems.

Orpanic matter sources and losses were dominated by a strong seasonal cycle of
increased inputs and losses during the summer periods of cach year, coinciding with
periods of maximum water levels and temperatures. Allochthonous litterfall
contributed significant amounts of organic matter bui was restricted to the wetland
margins. Emergent macrophyles {predominantly Bawumea articulaia) dominated the
organic matter supply in each welland through litterfall and below ground structures.
Emergent macrophytes also exert a strong influence on the ransfermations and losses
of organic matter. They provide an important source of methanogenic substrate,
cnhanc:_ the atmospheric flux of the methane by acting as a conduit for gas transport

and aerate sediments allowing for methane consumption by methanotrophic bacteria.
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The importance of macrophytes was also evident in wetland foodwebs (through 8'C
and 5N analysis) as substrate for biofilms and & source of organic maltler for detrital

miccooriranisms.

The annusal carbon budget denionstrated (hat cach welland basin is currently a sink for
tens of thousands of kilograms of carben each year. However, an cxtensive
utivegetated arca in Bokarup Swatnp created by a fire event was the only habitat that
was a source of earbon, contributing over 300 kgClyear 1o the global carbon budget,
This highlights the polential for disturbance events to lransform these wetlands from
carbon sinks 10 sources, wlhich may have important local, regional and globat

consequences.

The development of a simple, descriptive model indicates that short term erosional
events such as fire and long term changes to rates of organic matter supply and decay
have led to variable rates of organic maller accumuoiation in the pasl. Parameters
within the meodel such as run-time and rates of organic matier supply and decay can be
altered to simulate accumulation rates under different environmental conditions. The
simulations can be used 1o examine impacts from altered hydrology, changes in

organic matter supply and erosional events on organic matter accumulation rates.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Setting the scene

Peat-forming habitats contribute to many of the critical functions of the worlds'
ecosystems. They arc a major component of the global carbon and hydrological cycles;
they form areas of rich biclegical diversity and contribute to the maintenance of water
quality and availability, It has been estimated that the carbon slored in global peat
deposits represents one-guarter of the world’s soil carbon pool covering around 3% of
the earths land surface (Lappalainen 1996). Despite their value, on a global scale,
around 50% of these ecosystems have been destroyed or significantly degraded
{(Mitsch ef al. 1994). Tt is estimated that the loss of peat through environmental
Gegradation and exploitation for human usc far exceeds rates of peat formation (Moore
& Bellamy 1974). However, knowledge of the rates of peal formation and the impact
of disturbance on these systems is only available for a limited number peat forming

systems and only in the Northem Hemisphere.

Peat forming environments are found throughout the world, occun'iﬁ'g, in sub arctic and
horeal regions of North America, Europe and Asia, in the tropical rainforest regions
such as Indonesia, the southern-most tip of South America and in temperate and
tropical Tegions of Australasia, There is a diversity of names 1o describe peat-forming
systems worldwide based on the dominani habitats, species or hydrology invelved in
peat accumulation. Peat deposils can oceur in mires and moors across vast areas of
inundated land, in forested landseapes as boreal wnd forested weilands, in raised bogs
dominated by Sphagnim species and in basin wetlands as fens, swamps and marshes, It
has been estimated that up to 60% of basin wetlands throughout the world favour peat-

forming processes, making them the dominant wetland type on a global scale.

Peat forming ecosystems are exceptional in possessing within themselves a record of

their historical develapment in the form of peat. Peat formation is a very slow process,



with scoumulation rates between 20 o 80cin per 1000 years typicul in Northern
Hemisphere peatlands (Moore & Bellumy 1974). Successive gencrations of largely
undecomposed plant malerial forms layers of peat, in which the low oxygen
availability acts as a partial preservative (Barber 1981). Peal often conlain recognisable
fragments of the vegetation that formed it, providing g mechanism 1o trace the
development of a peat forming system by studying the succession of peat types as well
28 the microfossil record, Much can be leamnt about past vegelation communitics, water

levels and climate changes from the presence, siructure and composition of peat.

The rate at which peat accumulates has been determined for a number of sites in the
Norihern Hemisphere, predominantly raised Sphagnnnt bogs and boreal wetlands (cg.
Wildi 1978; Clymo 1984; Makila 1997, Karofeld 1998). Eslimates of peat
accumulation rates have been determined using short-term carbon budgets or sediment
dating techniques. [n Australia, estimates of peat accumulation have been based on
sadiment dating and palynological data. Direct measurements such as these provide an
indication of the average rate of peat accumulation, but they do not further our
knowledge of the peat accumulation process itself. While Clyma (1978) and others
have incorporated peat characteristics and palacoecological data to develop an
empirical model of peat accumnulation in raised Sphagnum bogs, a model describing
long-term rates of organic matter accumulation has not been developed lfor Australian

peat forming systems.

Rates of peat formation are not uniform throughout time, as they are influenced by
factors such as hydroperiod, quality and quantity of organic matter inpuis and
dccc:mpbsition rates (Tallis 1983). Alterations to these factors from shorl-term
disturbances such as erosion from fire or mining directly impact on rates of peat
accumulation. Equally, a prolonged disturbance such as changes in regional hydrology,
leading to extended tnundation or drought periods and decreases in water quality

through nutrient enrichment and salinisation, impact the vates of peat accumulation.

Within Western Australia, conditions conducive to the accumulation of peat are
geographically restricted and generally occur in coastal and/or foresied landscapes. The
Muir-Unicup region in the far south west of Western Australia contains an extensive

system of basin wetlands with deep, highly organic sediments. Current management



regimes in (his region such as preseription buming, land clearing snd artificial drainage
lhave the potential to alter rates oforganie matter accumulation in wetland habitats, The
impacts of these management regimes on wetland biola, processes and developmaent
are unknown, and therefore the sustaipability ol these ccosyslems under current

management practices needs to be examined.

This thesis explores the impact of altered crvironmental cenditions on the rates of peat
accumulation in basin wetlands with cxtensive peat depesits in south-westem
Australia, It focuses on the effects of altered hydrology, water quality and fire regimes
on the rates of organic matter inpuls and decay. The thesis is organised broadly into
four parts, Part I describes the physical and chemical characteristics of the study sites;
Part IT quantifies organic matter inpuis and losses to study wetlands; Part 11§ constructs
a carbon budget for each wetland and; Part IV uses carbon budget and palaececological

data to constriuct a model of peat accurnulation rates,

1.2 What is peat?

Partially decayed organic matter, mainly of plant origin accumulates in aquatic systems
under a wide variety of conditions, oxygen deficiency being the maost pronounced.
Oxygen'may not diffuse into the system as rapidly as its consumption by microbjat and
animal respiration resulting in deoxygenation and reduced decomposition, favouring
accumulation of organic matter in the sediments (Plaster 1985). Despite numerous
classifications, peat is a cosmopolitan {erm that is used 1o describe a variety of soils
with high organic contents. Peat is defined by Plaster (1985) as 'undecayed or partially
decayed organic soil, formed under saturated conditions where low oxygen conditions

inhibit decomposition'. This definition is used in this thesis.

Peat soils are derived from primary production within wetland systems
{autochthonous) and from terrestrial sources (allochthonous). Autochthonous sources
are usually dominated by emergent macrophyle material, which contains substantial
structural material (cellulose, lignin} and occurs in very large particle sizes. These
properties make macrophyte tissue relatively resistant to decomposition and prone to
accumulation. The result of primary productivity in excess of decomposition is the

formation of peat.



Isbell (1996) has used the term ‘Organosods’ in a recent Australian classification of
sediments to describe peat soils. They are the order of soils deminated by organic
materials, and have previously been known as neulral to alkaline, and acid peats,

Orpanosols have been classified as either:

{1) having more than 0.4 m of organic materials within the upper 0,8 m and arc not

regularly inundated by saline tidal waters, or

(i1} having organic materials extending from the surface to a minimum depth of 0.1 m:
these cither directly overlic rock or other hard layers, partiaily weathered or
decompuosed rock, or overlic fragmental material such as gravel in which the interstices

are filled with organic material,

These soils are further divided inte suborders dependami on the extent of
decomposition of the organic materials and are penerally representative of depth and
age. Fibric describes soils with a highly fibrous texture and are common surface peats
with rccognisable plant components. Hemic solls occur as a deeper haorizen and
represent an intermediate stage of decay, with Sapric soils being highly decomposed
organic matter with few recognisable plant components usually deep in a soil profile.
This thesis will use the terms Fibric, Hemic and Sapric to deseribe peat seils in various

stages of decay according to the above classification.
Peat soils therefore consist of the following componemts {after Moore & Bellamy 1974)

« Organic matler in an organised state of preservation and therefore identifiable.

. Orgz-mic matter which has undergone considerable breskdown but in which cell
structure is still visible,

o Organic matier which has been degraded below the cellular leve! and often forming
a peat matrix.

» Inorganic matter either derived from allochthonous sources {eroded sediments) or
from the cells of some plants {eg. diatom frustules).

While peat soils possess a high absorptive capacity, their cohesion and plasticity are
Iow resulting in most peats being very light, porous and loose (Clyme 1983), However,
the structire of peat soils is by no means uniform, with both the physical and chemical

characterictics determined by the original plant material, biclogical activity,



environmental conditions (particularly temperalure and the extent of waterlogging) and
more broadly by the characteristics of the peal forming syslem, such as iopography,

_ hydrology, morphology and history of lhe system (Clymo 1983).

1.3 Peat accumulation in wetland basins

The ccological mechanism of peat accumulation in wetland systems is succession
(Tallis 1983). Alihaugh the concepl of succession is of fundamental importance in
ecology, definitions and details of ils expression are controversial (see review in
Kangas 1990}, ‘Hydrosere’ or “Hydrach® succession are histerically the main terms
given to wetland succession (Tallis 1983). The process is a simple linear chain,
beginning with an open waler system which progresses towards terresirialisation
through the deposition of sediments and organic matter. However, this process is by no
means simple or linear, as changes in climate, water levels or organic matier quality
and quantity may severely alter the sequence of succession. Plant communities play an
important role in wetland development by contributing organic matter, the primary
resource of peat, to sediments and by creating a physical resistance to water movement,
Regardless of the process, the accumulation of organic matter in excess of degradation
is fundamental to the terminal stages of the biotic transition from a wetland system to a
landscape (Wetzel 1975).

Peat deposits provide a basis for reconstructing the history of both natural and
anthropogenic disturbance, as the understanding and ametioration of present and future
environmental problems rests, in part, on knowledge of their origin (Kangas 1990).
Estimates of peat accumulation rates have been derived from measurements of height,
bulk density and age of peat deposils for raised Sphagnum bogs and boreal wetlands in
the Northern Hemisphere (eg. Wildi 1978; Clymo 1984; Makila 1997; Karofeld 1998).
The most detailed studies have incorporated peat characteristics and sediment dating
techniques to develop an empirical medel of peat accumulation in raised Sphagnnm
bogs {Clymo 1978; 1984). While dircct measurements provide an indication of the
average rate of peat accumulation, they cannot provide a contemporary context for the

processes involved in organic matter accumulation.
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Carbon budgets have also been used 1o estimale rates of peat accumulation {Ramlal ef
al. 1994 Kelly et of. 1997}, These sludies provide valuable information on
contemporary environmental conditions and processes involved jn peat formation.
However, they provide limited interpretation of accumulation rates as they do not
allow for conlinued in sitw decomposition or compaction processes, nor use sediment
characteristics such as bulk densily or dating technigues 1o quantify long-lerm
accunlation rates. A combination of dala on modem processes and palacoccological
studies aids in the interpretation of palacoccological data and places contemporary data
in the context of leng-term peat accumulation. By combining such techniques a better
understanding of ecosysiem function can be gained. This thesis aims to achieve this

combination of approaches.

1.4 Disturbances to peat accumulation

The process of peat formation occurs over a large peological time frame and is by no
means regular or definite, as changes in climate, water levels or qualily and quantity of
organic matter inputs and decomposition rates may severely alter the sequence, The
classical mode! of succession implics constant environmental conditions (Tallis 1983).
This aésumplion is seldom justified as many envitonmental parameters are
characterised by considerable variation frem factors such as natural and anthropogenic
disturbances. Disturbance in aquatic ecosystems has been defined as “an unpredictable,
discrete or gradual event (natural or human induced) that distupts structure er function
at the ecosystem, community, or population level" (Sparks er @i 1990). Press
disturbances inflict sustained changes to ecosysiems and can occur at a range or spatial
and temporal scales, rarging from altered regional hydrologic or salinity regimes to
continued global climate change. In contrast, pnlsc disturbances result from
instaqtaneous rather than sustained impacts (Yount & Niemi 1990). However, similar
to press disturances, pulse disturbances such as fire may also result in a sustained

change to ecosystems.

Alteration to the hydrologic regime is the most pronounced form of wetland
disturbance as the hydroperiod is the primary facter conirolling their structure and
function. Survival of dominant emergent macrophyles in Australian temperale

wetlands is linked to inundation regime (Froend & McComb 1994). Macrophyles may



not survive inundation of more than Im for prolonged periods, leading 1o 2 loss ol
orpanic inputs to peal formation. Al the other cxtreme, drought can lead to the acrobic
exposure of organic sediments and increase decomposition rates (Mallik & Wein 1986,
Freeman er al. 1994). Altemate wetting and drying cycles also accelcrates the
decomposition process in welland sediments (Reddy & Patrick 1975; Taylor &
Parkinsen 1988; Ryder & Horwitz 1995a)

Many climate change models predict changes to temperaturcs and precipitalion in
continental areas {Hogenbirk & Wein 1991} which may affect the global distribution
and development of wetlands with peat soils. The most serious effects for wetlands
may arise through an increased frequency of summer drought, which could reduce the
persistence of waterlogging and thercfore compromise the very factor that characterises
wetlands. Warmer and drier postglacial periods have been strongly correlated with
increased severity and frequency of drought and fire {Johnson & Larson 1991}, with
future global warming potentially cavsing a similar change in drought and fire regimes
(Overpeck et af. 1990).

As in many ecosystems, fire in wetlands often coincides with drought conditions, Fires
becomel possible when natural or artificial drainage lowers the water table for a
sufficient period of time exposing combustible organic matter. Alternatively, severe
fires can spread across an inundated wetland by buming aerial portions ol emergent
macrophytes or littoral tree species. The magnitude of the impact of fire on the
physical conditions, biological activity and vegetation recovery of wetlands depends on
the timing and intensity of the burn. Eframova and Eframov (1994) identified two
types of peat soil fires, {1} open fires that spread over the soi! surface on account of
ground fire and, (2} underground fircs that can burmn for many months or years (Ellery
et al. 1989). In the former, plant communities are rapidly re-established vegetatively
from undamaged roots and rthizomes (Timmins 1992}, Decper fires lead to the
destruction of above and below plant material and substantial losses of peat (Tallis
1983). Fires have the potential to disrupt the accumulation of peat by the dircct loss of
organic substrate through combustion and compaction, removal of vegetation
contributing to peat accumulation and accelerating decomposition through increased

aerobic exposure of peat surfaces.



Although humans start a significant proporlion of modem fires (inlentionally or
uninientionally), a1 sizeable proportion of fires ignite naturally, principally by lightning,
However, the instances of managed prescription Gres in wetland systems for reducing
the risk of wildfire, maintaining biediversilty and waler quality and waterfowl]
management is increusing worldwide {Kitby er «f 1988). Despite the warldwide
literature documenting the detrimental impacts of fire to pest forming systems (eg,
New Zealand - Clarkson 1997, Timmins 1992; Afrea - Ellery ef a/. 1989; Australia -
Horwitz et el 1998, Pemberton 1988, Wein [1981; Canada - Hogenbirk & Wein 1991,
Kuhry 1994; Russia - Yefremova & Yelremov 1994; Sweden - Segerstrom ef af. 1996
and Britain - Radley 1965, Maltby 1980, Maltby e «f. 1990) little or no attention has
been paid to them with respect to firc ecology and management. Unlike the litcrature
on fire in terrestrial communities, specific fire preseriptions, knowledge of fire
behaviour under different fuel and cnvironmental conditions, and the detailed
consequences of fire frequencies, intensities and severitics in wetlands are largely
unknown (Kirby et af. 1938).

1.5 Thesis outline

The development and local distributien of peat soils in Australiz have been poorly
documented, accurring in peographically restricted regions of the centinent (Churchill
1968; Campbell 1983; Flood & Grant 1984; Semeniuk 1987, Pemberton 1988; Isbell
1996; Clark & Martin 199%9). Within Western Australia, the conditions conducive [o
the accumulation of peat seils are restricted 1o the far south-west, and as such these
habitats are relatively rare and gecgraphically isolated. An extensive suite of wetlands
with peat soils in Western Australia occurs within the Muir-Unicup region of the
south-west. This area is dominated by basin wetlands occurring within a forested
landscape. Current management of this region includes the use of management fires to
control fuel accumnlation, the artificial drainage of sub-catchments, exiensive clearing
of nati\-;e foresis for agriculture leading to sceondary salinisation, These factors have
the potential to alter wetland development through altered hydrelogy, changes in
vegetation communities, interruption of aquatic carbon cycles and direct loss of peat,
The impacts of these management regimes on weiland biota, processes and
development are unknown, and therefore the sustainability of these ecosystems under

current management practices needs to be examined. No studies are available



providing insights into peal fonming processes or rates of accumulation for Australian

weilands.

This thesis investigates (he rates and processes involved in peat accumulation in three
wellands with peat deposits in the Muir-Unicup repgion of south-west Australia.
Bokarup Swamp, Kodjinup Swamp and Noobijup Lake are representative of the
wetlands occurring in this region. They arc shallow (<1m) wetlands dominated by
extensive stands of emergenl macrophytes {predominantly Bausiee articulnta; jointed
twig rush) and contain deep, organic rich soils (up 1o 3m). Each wetland has a different
reccnt history of disturbance from fire and altered drainage and water quality. Major
carben inputs {autochthonous and allochthonous} and losses {CO; and CHy ebuliition)
are quantified to construct an annual carbon budgel for each wetland, A descriptive
model df rates of peat accumulation is developed using empirical data from the carbon
budgets, "C2Pb dated profiles and peat characteristics such as bulk density and
carbon content. This model incorporates both palaeoecological and ecological data and
allows the exploration of both short and long-term accumulation rates and the impact

of environmental conditions on the accumulation precess.
The key objectives of this research program have been as follows:

s Describe ths physical, chemical and biological featuves of wetlands in the Muir-
Unicup area including detailed vegetation and bathymetric surveys and maonitoring

physico-chemical status of three wetlands {Chapter 2}.

» Quantify rates af allochthonous and autochthonous inputs of organic matter to each
wetland {Chapter 3).

« Quantify organic matter dccomposition through the measurement of sediment and

macrophyte gas cbullition (CO; and CHy) and peat microbial biomass (Chapter 4).

s Explore the trophic structure of aquatic macroinvertebrate communities within each
peatland using C:N ratios and stable carbon and nitrogen isotopes to examine the
importance of dominant allochthonous and antochthonous carbon sources to system

function {(Chapter 5).
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Consiruet a seasonal and annuat carbon budget for each wetland using quantitative

data’of organic matier inputs and losses (Chapter 6).

Build a deseriptive model of long-lerm peat accumulation using empirical data
from the carbon budgets {Chapler 6), sediment dating and peat characterislics, This
model is used to examinc the impacl of short and long-lerm changes in

environmental conditions on peat accumulation rates.

Discuss organic matter accumulation rates in 2 regional and global context and
provide recommendations for the fulure management of these sysiems and

surrounding landscapes (Chapter 8).

i



CHAPTER 2

WETLANDS OF THE MUIR-UNICUP AREA

Regional Sctting and Wetland Characteristics

2.1 INTRODUCTION

An extensive wetland system with peat soils occurs in the Muir-Unicup region of
south-west Australia, around 60 km east of Manjimup, which is 300 km south-east of
Perth (Figure 2.1). It encompasses the arca around Lake Muir and the Tordit-Byenup
wetland system in the south to the extensive area of shallow wetlands around Lake
Unicup in the north. The system contains a mosaic of wetland types, covering an area
of around 40 km north-south and 20 km east-west. There are seventeen named and
numercus unnamed wetlands, most occurring  within  State  Nature  Reserves
interspersed amongst clearcd apricultural land and planiation forests. The majority of
these wetlands are relatively undisturbed compared to those that have been

incorporated within farms and often degraded.

Nature reserves within the Muir-Unicup arca are of significant conservation value,
containing important wetland and woodland habitats with a diversity of vegetation
communities, water quality characteristics and faunal populations. The Nature
Reserves are actively managed through the use of preseription buming for organic fuel
reduction and constructed drainage systems to divert saline ground and surface water.
The wetlands with peat deposits are of high conservation value due to their limited
distribution in Western Australia, comparatively frosh waters and few retaining
relatively undisturbed examples. The majority of these wetlands are shallaw (<1 m),
have basins dominated by emerpent vepetation (primarily Baumec articularer; jointed

twig rush) and have deep, highly organic sediments.
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Figure 2.1 The location of the Muir-Unicup wetland system and study sites (in red) in south-western Australia



This chapier provides a regional setting for the project, outlining gencral catchment
charagteristics such as climate, geolagy, hydrology and biota of the Muir-Unicup wetland
system. A detailed examination of the three study wetlands follows which identifics
wetland fuctors such as water levels, physico-chemistry, sediment characieristics and

vegetution associations.
2.2 THE MUIR-UNICUP WETLAND SYSTEM

2.2.1 Physical environment

The Muir-Unicup wetland system lics within the Darling Plateau and the Ravensthorpe
Ramp, which are the two main regional geomorphic units of south-west Westemn
Australia. The geology, through varied rock and sediment types, aquifer properties and
Precambrian structures (dykes, faults, sheers and folds} ali influence local hydrology. The
Tegion is at an elevation of around 220 m Australian Height Datum (AHD) and underlain
by Pallinup siltstone. The Eocene would have extended this far irland, and may have

covered this Muir-Unicup region to a depth of 30 m (Cockbain 1968).

Two aspects of the geology have an effect an local geomorphology and hydrology. These
are the deep weathering of (he Precambrian rock to produce saprolite which acts to perch
wetlands, and the Manjimup and Pemberton Lineaments which influence deposition and
drainage (Semenivk & Semeniuk 1997), The catchment was divided into three discrete
geomorphic units by Semeniuk & Semeniuk (1997): the Old Platcau, the Old Basin and
the Young Basin. The ‘Old Platcau’ (defined by areas >200 m AHD) is an undulating
landscape of low relief (circa 20m). Slow drainage rates and local ponding has resulted in
the development of basin wetlands within the valleys and beach-ridge wetlands in low
relief terrain. The ‘Old Basin® (180 1o 200 m AHD) has formed by Teriary age
weathering driven by near-watcrtable conditions, leading to the excavation of a basin into
the Old Flatcau and similar wetland geomorphic pracesses of wetland formation to the
(Old Plateau. The ‘Young Basin® forms the boundary of Lake Muir (160 m AHD) and was

fonmed by Quaternary age weathering processcs.



As with geology and geomorphology, climate influences regional and local hydrology
through precipitation, evaporation, salinity and vegetalien distribution. The Muir-Unicup
wetland system is localed in a region of Medilerranean climate, with high winler rainfall
and summer drought. This area expericnces a strony north-south rainfall gradient, with
average annual rainfzll 1o the north of Lake Unicup around 700 mm, increasing to 900
mm to the south of Lake Muir. Annual cvaporation js around 1600 mm, with & much less
marked north-sauth gradient. Mean temperatures range from 12 to 25°C in January and 6
to 14°C in July.

The catchment hydrology consists of three main water types: Main Groundwaler,
Perched Groundwater and Surface Drainage Water (Semeniuk & Semeniuk 1997). The
Main Groundwater is regionally inclined, located at 180 m AHD in the south 10 220 m
AHD in the norih. Lakes Muir and Unicup are surface expressions of this groundwater
table. The Perched Groundwater is of various heights and is dependent on the perching
mechanism {(impermeable saprolite, ferricrete, elay or peat deposits). Surface Drainage is
derived from rainfall or emergent and is channeiised into crecks and rivers. The
permanence or seasonality of wetland water fevels is driven by direct precipitation (into
clay or peat lined basins), water table rise associated with the unconfined aguifer or
surface drainage from local crecks and rivers, Seasonal rainfall is the predominant factor

determining wetland water levels and salinity.

2.2.2 Biological characteristics

The Muif—Unicup region is composed of Jamah (Eucalyptus marginata) and Marri
(£.calaphylla) forest on the uplands, with valleys and wetlands lined with Melalewca spp,
E.redis (Flooded Gum), Kunzea spp. and species of eme gent rushes, dominated by the
native rush B.articulata. The vepetation within wetland basins varies from complete,
patchy vr peripheral cover of sparse forest and sedgeland. The most typical arrangement
of vegetation is concentriform (Semeniuk et al. 1990) with a centre of sedgeland
(B.articulata/B juncea) and a forested margin (M.raphiophylla or M. preissiana / Banksia

littoralis).



Unlike other regions of south-west Weslern Australia, the Muir-Unicup suite of wetlands
has received little attention reparding their aqualic fauna, with coustal wetland studies
dominating the literaoture {ep. Pusey & Edward 1990a; Davis of af. 1993; Storcy ef of.
1993; Edward e ol 1994), The earlicst study documenting the aquatic fauna in this
region was by Deblaan (1987} who intensively sampled southern wetlands prior to peal
mining exploration. Other small collections have been made by Harvey (1987; 1996) and
Honwitz (1994), with & recent comprehensive survey of 27 wellands in the Muir-Unicup
system finding 219 macroinvertchrate laxa with seven taxa locally endemic (Storey
1998). The wmajority of species showed a marked salinity lolerance. Seven species of fish
were recorded, three with a geographically restricted oceurrence in south-west Western
Australia and one introduced species {Gambusia hofbrookii). The Muir-Unicup region is
also a significant habitat and breeding pround for waterfowl (Jaenseh ef af, 1988; Wilson
1995). The area js ecologically important for the Australian Shelduck, and periodically is
a major drought refuge for waterfow] (Jacnsch ef al. 1988). Five species listed under

international freaties and 4 migrant shorcbirds have been recorded in the region.

2.2.3 Wetlands of the Muir-Unicup system

The wetlands of the Muir-Unicup area have beer recognised as being of naticnal
significance and are listed in the Directory of Important Wetlands in Australia and on the
Register of the National Estate. The Muir-Unicup region was proposed for listing under
the Ramsar Convention in 1990 by CALM. The proposal was declined due to the
likelihood of peat mining (CALM 1990).

The wetlands of the Muir-Unicup area form a mosaic, varying in their size, salinity,
permancnce and vegetation cover. The northern wetlands are generaily made up of
individual basins, whereas the southern wetlands comgrise a continuous spread of
wetlands with extensive areas of seasonally inundated {lats, Most wetlands aceur within
Nature R;:serves and are surrounded by cleared and partly cleared private property, by
land resumed by the Western Australian Water and Rivers Commissien (WAWRC),

Vacant Crown Land or by Timber Rescrves and State Forest.
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Lake Mair is by far the largest wetland in the arca, approximatcly 4600 hectares in sive
and contains brackish susface water for around ninc months of the ycar. Adjacent 1o the
main basin is a seres of wetlands in the swales of marginal beach ridges. The surface
waters of Lake Muir range from sublaline 1o hyposaline (2-4 ppt), with much higher
concentrations in growndwater (14-96 ppt). Waler column pH ranpes from mildly acidic
to alkaline (pH 6.2-9.7) {Jucnsch & Lanc 1993). A nuniber of large peat-flocred wetlands
occur within the Lake Muir Nature Reserve. Tordit-Gamup Lagoon (690 hectares) and
Byenup Lagoon (570 hectares) are the largest wellands, although there are numerous
smaller wetlands within the reserve. These wetlands are extensive, relatively undisturbed
peat wetlands with predominantly fresh waters (Semeniuk & Semeniuk 1997). These
wetlunds are thought to be scientifically important in that they recerd a transition from
more arid conditions earlier in the Holocene to relatively more humid conditions
(conducive to peat formation) presently experienced (Semeniuk & Semeniuk 1997),
Basa) peats in Tordit-Gurmip Lagoon have been carbon dated to 5720 + 320 years BP
(Magnet Industries {990).

Salinities in the northern wetlands around Lake Unicup range from fresh to hyposaline
(up to 10 ppt) with pH wvalucs ranging from 5.8-9.7 (Jaensch & Lane 19%3).
Geomorphically, wetlands ranpe from open scasonally inundated flats to closed basins.
This area is scientifically important in that it provides <vidence for wetland
developmental processes and hydrological processes in this part of the Muir-Unicup
region (Semeniuk & Semeniuk 1997). This range of wetiands represents a geomorphic
evolation from creekbeds to broad valley flats which 'clog' to form itregular shaped
basins such as Noobijup Lake. During intermittent cycles of inundalion and periods of
variable wind conditions, sedimentary processes resull in the basins becoming excavated,
ringed by beach ridges, and finally circular. Wetland water levels vary seasonally by up
to one metre with maximum levels in November/December and minimum levels in

May/Tune,



2.2.4 Muir-Unicup wetland management

2.2.4.1 Land clearing

Since European sclilement much of south-westerm Australia has heen developed for
agricultural production with over 16 million hectares eleared (EPA 1993). The resull is
changes 10 catchment hydrology, with rising saline groundwater tables, increased land
inundation and waterlogging with enhanced transport of nutrienls and salt into wetland
basins. Alterations to catchment hydrology in the Western Australian wheatbell hag
substantially contributed to the Joss of wetland habitat (Froend et ol 1987) and the
documented extinction of several specics of native mammals and ground dwelling birds
reliant on wetlands (Sanders 1991). Land in the Muir-Unicup arca was taken up for
farming in the 185("s due to the availability of water in the area. Land clearing started in
the 1920's, with the most extensive clearing occurring in the 1970°s. At present farms
make up around 50% of the catchment area. Land usc consists of tree plantations

(£.globulus and Pinus radiata), mixed grazing or vegetation mixed farming,

Regular menitoring by Agriculture Western Australia (AgWA) indicates increases in
both local groundwater levels and salinity. Possible solutions to this problem proposed by
AgWA are the strategic planting of vepetation belts on clearcd land, grade interceptor
banks to divert surface water into creeks and wetlands and diversicn of saline waters
away from freshwater wetlands into saline creeks and rivers. All of these options wili
impact on wetland water levels. A complex web of open drains already exists within the

catchment which drain water into wetlands and channels saline surface waters.

At present a Draft Management Plan (CALM 1997} is in place for the reserves of the
Muir-Unfeup area. The Plan states management will maintain and conserve the natural
environment and protect, care for and promote the study of indigenous flora and fauna. 1t
acknowledges that the Muir-Unicup wetlands are an important wetland and woodland
resource, confaining water bedies of low salinity, a feature increasingly nncommon in
south-western Australia. The CALM have recognised the paucity of knowledge of the

aquatic flora and fauna or ecological processes is recognised for further investigation.



2,2.4.2 Prescription burning

In south-west Australia several 1all forest formations are found in regions excecding 600
mm annual rainfall The Jarrah (£ marginatr) foresis are the most exlensive formation in
this repion and are managed for multiple use by the Departmenl of Censervation and
Land Management {(CALM). Within this region fire is a nalural phennmeion due lo
summer drought and lightning slerms. Human-induced fires are also common for the
regeneration of logged areas and as a fuel reduction, fire suppression strategy (Wardcll-
Johnson & Nichels 1991). The average frequency of preseription burns ranges from

between 5 to 7 years far south-west Jarrah forests (Wardell-Johnson & Nichols 1991).

The Muir-Unicup wetlands within reserves are actively managed by CALM in regard to
prescribed bumning end firebreak censtruetion. Prescription fires have been used in a
number of reserves since 1986. Within the Muir-Unicup area fuel reduction strategies
have been developed based on reserve size and habitat sensitivity, Large reserves (>800
ha) are bumnt on rotational {engths of 5 to 7 years, in medium sized reserves {250 1o 800
ha) only strategic buffers of 30 m width are rotationally bumnt to retain low fuel loads,
and small reserves (<250) have an opportunistic burning regime (CALM 1997,
Management is for a diversity of burn types and fire ages, including no bum sites such as
paperbark and rush areas. Despite this, medium sized reserves such as Kodjinup Swamp
and Noobijup Lake have arcas of paperbark and rushes bumnt as a result of prescription

burns on more than one occasion,

2.2.4.3 Peat mining

Mining l;nements for peat occur over two wetlands on Vacant Crown Land adjacent to
Lake Muir Nature Reserve. These wetlands have been actively mined since 1978 for
horticultural peat. The wetlands have been channelised and are periedically drained
through open drains into adjoining wetlands, and in turn into Lake Muir. Waler fevels in
the adjoining wetlands have increased over one metre since receiving water from the
mined wetland, resulting in the loss of large communities of emergent vepetation. The
current Draft Management Plan states that future mining operations will not be permitted

in 'A’* Class Nature Reserves.



2.3 STUDY SITES

Three wetlands with peat soils representative of those found in the Muir-Unicup system
were comprehensively studied: Bokarup Swamp, Kodjinup Swamp and Noobijup Lake,
Al are located within *A' Class Nature Reserves vested in the National Parks and Nature
Conscrvalion Authority {NPNCA) for the protection of waler quality and the
conservation of flora and fauna, They are typically small wetlands in Nature Reserves not
much larger than the wetland boundaries. Wetland water levels are seasonally offsct and
range from arcund § m depth to no surface water. The emergent vegetation is dominated
by the native rush, Baumea articulata (jointed twig rush) a large emergent macrophyle
growing 1o 2.5 m in height (Froend & McComb 1994), Welland basins contain peat
deposits up to 3 m deep and the overlying waters have high concentrations of Dissolved
Organic Matter (DOM) (up to 60 mg/L). Each wetland possesses different environmental
characteristics, such as recent fire histories, degree of salinisation and alerations to local

catchment hydrology.

2.3.1 Bokarup Swamp

Bokarup Swamp Nature Reserve (Plate 2.12) covers an area of 146 hectares and is the
most northern of the study sites, The wetland has no surface drainage channels into the
wetland, and therefore derives its water predominantly from the groundwater and direct
rainfall. An outlet channel on the western side regulates wetland water levels to a
waximum of around 1 m, Forestry records indicate Bokanip Swamp Reserve has not
experienced wildfire or prescription fires for at least 27 years, a comparatively long time
in south-west Western Australia. However, there are extensive areas of the wetland basin
that have been exposed to fire, A large proportion of the aerial extent of the emergent
vegetation and up to one metre of peat have been lost in 40% of the wetland as a result of
one or more fire events (unvegetated area in Plate 2.1b). 1t is assumed that this event(s)
oceurred prior to 1973, Basin vepgetation is dominated by uniform stands of B.articilata
(Plate 2.1c) with a large area of open water at the northern end (Plate 2.1d). Surrounding

vegetation is Jarrah/Marri forest with a ring of Melnlenca spp. al the wetland margin,
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Plate 2.1 Aerial photographs of (a) boundaries of Bokarup Swamp Nature Reserve and
‘l (b) Bokarup Swamp (western most wetland) indicating the location of the two water level
markers and bathymetry and vegetation tramsects (Source AgWA Photo 1126 25/01/91).
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Plate 2.1 (c¢) Stands of Baumea articulata (jointed twig rush) in Bokarup Swamp and (d)
a large expanse of open water and littoral macrophytes and Melaleuca raphiophylla at the

northern end of Bokarup Swamp. (Source D.Ryder)
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2.3.2 Kodjinup Svamp

Kodjinup Swamp Nature Reserve (Plate 2,2a) covers an area of 625 ha. The Feserve is
one of the western-most wetlands in the Muir-Unicup region, located on the houndary.
between the Lake Muir and Tone River catchments. The reserve contains two wcllands,j
cast and west Kodjinup Swamps, This research cxamined east Kodjinup Swamp. Water
levels are influcnced by surface water inpuls from surface water flow and from
groundwater, with water levels ranging from a depth of 1.1 m to no surface water. In
1994 a serics of opon drains were constructed through the north-west of the reserve,
designed to divert saline surface water flow away from the wetland basin and into the
Tone River. This has reduced the surface water catchment of Kodjinup Swamp by two
thirds, resulting in the wetland drying completely in 1995 for the fitst time on record.
Kodjinup Swamp has been subjected to Spring prescription burns in 1986 and 1993.
There is evidence of burnt layers of péat, emergent vegetation and fringing Melalecas
on the sonth and west sides of the wetland (Plate 2.2b). Basin vegetation is dominated by
less dense stands of B.articulata with surrounding vegetation of Jarrah/Marri forest with

aring of Melalenca spp. at the wetland margin (Plate 2.2c).

2.3.3 Noobijup Lake

Noobijup Lake Nature Reserve (Plate 2.3a) covers an arca of 183 ha and is the southern
most study site, The area immediately surrounding Noobijup Lake has been substantially
altered by road construction along the northern boundary, the extensive clearing of native
vegetation and planting of annual crops on all sides. A salt seep has developed on the
western side of the reserve as a result of locally increased groundwater levels and is
encroaching on the western margins of the wetland basin. There is an inlet channe) at the
southem end of the wetiand that drains large areas of cleared catchment into Noobijup
Lake {Plate 2.3b). Water levels vary from 1.2 m to 0.5 m and are less seasonal than the
otlier study sites. A Gley/saprolite lining around 1.5 m below the peat surface indicates
this wetland may be perched. Noobijup Lake was prescription bumt in late spring 1986

and has niot subsequently been bumt by management or wild fires.
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Plate 2.2 Aerial photographs of (a) boundaries of Kodjinup Swamp Nature Reserve and
(b) Kodjinup Swamp indicating the locations of the water level marker and the vegetation
distribution transects (Source AgWA Photo 2063 25/01/91).
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Plate 2.2c. Uniform stands of B.arficulata in the basin of Kodjinup Swamp with
surrounding Melaleuca and Jarrah/Marri forest in the background (Source D.Ryder).

Plate 2.3 (a) Noobijup Lake Nature Reserve (Source AgWA Photo 0280 25/01/91).
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Plate 2.3b Aerial photograph of Noobijup Lake indicating the locations of the water level
marker and vegetation distribution transects (Source AgWA Photo 0280 25/01/91)
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Basin vegetation is dominated by stands of sedges (predominantly B.articulata) with

surrounding vegetation of Jarrah/Marri forest with a ring of Melaleuca at the wetland

margin (Plate 2.3¢)

Plate 2.3c. Stands of B.articulata and other sedges in the basin of Noobijup Lake with
surrounding Melaleuca and Jarrah/Marri forest in the background (Source D.Ryder).
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2.4 SAMPLING REGIME

The (hree study wetlands in the Muir-Unicup region were sampled on nine oecusions
from July 1995 to May 1997, To aid in the presentation and discussien of water column
profile data, sampling dates have been classified into seasons. The exacl dates of the each

visit and the season in which they fall are shown in Table 2.1.

Table 2.1 Field sampling dates and seasonal classifications of dates.

Year Month Dates Seasonal ¢lasstfication
1995 July 18- 26" Winter
September 18" - 24" Spring
December st 12 Summer
1996 February sh_12" ) . Summer
April gh- 15t Antumn
Tuly gh_ 16" Winter
Qctober 10M - 17 Spring
1997 Jamwary ¢ 5t-15® Summer

May g g Autumn
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2.5 METHODS

2.5.1 Wetland water levels

Water levels in each wetland were measured on each sampling occasion from a graduated
wooden stake in a fixed location. Measuremenis were recorded to the nearest centimetre,
with the base of the water column defined as the sediment-water interface. Two major
habitats were defined in Bokarup Swamp (vepetated and unvegetated) which have
different hydrologic regimes; therefore measurements were recorded from each habitat.

Locations of the siakes in each wetland are sliown on Plates 2.1b, 2.2b and 2.3b.

2.5.2 Sediment profile analysis

Three cores were taken from each wetland in May 1997. Cores were sampled using a D-
section corer (50 min diameter) to a depth beyond which the corer could no longer
penetrate. A D-section corer was used as it does not compress samples. The corer was
inserted inte the sediment to depths of 50 em, tumed 180 degrees and removed with an
intact sediment core inside. Sediment horizons were identified and representative samples
from each horizon were removed from the corer, wrapped in aluminium foil to retain
their structure and frozen, Sub-samples from each sediment horizon were analysed for the

following paramelers: electrical conductivity and pH, organic matier and particle size.

2.5.2,1 Electrical conductivity and pH

Electrica!l conductivity and pH were quantified using the methods of McDonald ef al.

{1990) on three replicates from each subsample from cach core as cutlined below,
= Ten grams wet weight of sediment was placed into a 100 mi plastic vial,
 Fifty ml of distilled water was added to each sample.

+ Samples were placed on a stirring block for 30 minutes.

» The solution was allowed 1o stand for 30 minutes (0.5 m} of IM CaCly added for
pH samples).
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#Soil conductivity was measured using & calibrated WTW portable canductivity
meter LF 95/set | using a tctracon 96 probe {results recorded in p&/cm
standardised 1o 20°C).

sMecasurements of soil pH were made with a calibrated WTW poriable
microprocessor pH meter - pH 95 / sct 1 using a pH probe.

2.5,2.2 Organic matter

Sediment crganic matter was quantified vsing the methods of McDonzld et /. (1990) on

three replicates from each subsamiple from each core as ouilined below.
» Pre - weigh all crucibles.

& Ten grams wet weight of sediment was added to each crucible and oven dried in
a Series 5 Contherm drying oven for 48 hours at 105°C.

» Samples were cooled in a desiccator and weighed in grams to four decimal places
on a QHAUS analytical balance.

» Crucibles were placed in a Furnace Brand muffle fumace for 4 hours at 5530°C.,
o Samples were cooled in a desiceator and reweighed.

«Organic matter (OM]} Loss cn Ignition (LO1) was calculated using the following
formula:

OM% (LOI) = 100 x {mass of oven dry sediment - mass of ignited sediment)

mass of oven dry sedinent

2.5.2.3 Particle size analysis
Sediment particle size was quantified using the methods of McDonald ef al. (1990) cn

three replicates from each subsample from cach core as outlined below.

e Ten grams of oven dricd sediment was placed in a 500 ml beaker. Sixty ml of
distitled water was added and boiled down to 30 ml.

»  One hundred ml of 6% hydrogen peroxide (H,0;) was added to the beaker and
toiled to reduce the liguid to 50 ml.

e The solution was transferred to a 500 ml plastic vial, made up to 250 ml with
distilled water and 10 ml of sedium hexametaphosphate and sodium carbonate
and placed on a stirrer for 15 minutes,
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» The solution was zdded to a 500 m] gradunted cylinder and made up to SO0 ml
with distilled water, The solution was stirred for one minute and allowed to stand.

s  Exactly 40 scconds afler stirring, a bouycous hydrometer reading was taken to the
nearest 0.1 g and the temperature of (he solution taken. This represented the sill
and clay fraction.

¢ Twa heurs later another bouycous hydromeler and temperature reading were
taken. This represented only the clay fraction.

® A blank hydrometer reading was obtained using the same procedure on a solution
of distilled water and 10 ml of sodivm hexametaphesphate and sodium carbonate.

Calculations ;

W, =initial weight of oven dried samples {g)
A = temperature corrected 40 second reading {g/L)
B = temperature correcled two hour reading (g/L)
C = {emperature corrected blank reading (g/L})
Percent Sand :
Silt and Clay (W3) ={A - C) x volume (L}
Sand % = [(W, - W)/W,] x 100
Percent Clay :
Clay (W1) =(B - C) x volume (L)
Clay % ={W; - W) x 100
Percent Silt :
Silt % = 100 - {% sand -+ % clay)

2.5.3 Wetland physico-chemistry

Dissolved oxygen (DO} in % saturation and mg/L, pH, conductivity (mS/em), redox
potential {millivolis) and temperature {°C) were measured in situ at 10 cm intervals
through the water column, from the water surface to immediately above the sediment
water interface using the following equipment (all meters were regularly calibrated):

e Dissolved Oxygen (% and mg/L) and temperature (°C) - Wissenshaftlich

Technishe Werkstatten (WTW) portable microprocessor Oximeter, Oxi 96 / EO
96 probe.
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«pH - WTW partable micreprocesser pH meter - pH 95 / set | using a pH probe.

o Redox - WTW porlable microprocessor pH meter - pH 95 / sel 1 using a redox
Ingold Electrode Pt 4805-57.

« Conductivity - WTW portable conduclivity meter LF 95 / sel 1 using a letracon
96 probe {converted to Kap values using Wetzel 1975).

Profiles were recorded at five random locations within each wetland on each sampling
oceasion. Readings were taken from a dinghy so as not to disturb the water column.
However, the disturbance of emergent vegetation was oflen unavoidable so a minimum
of 10 minutes was allowed for the water column 1o seltle before readings were taken,
Where water levels were insufficient for the dinghy to be used, readings were taken by
wading 1o each sample location with minimal possible disturbance 1o both sediment and
water column and placing the probes around cne metre in froni. As some of the lakes
dried in late summer and autumn, water column profiles could not be taken. Where
surface water was absent, holes were carefully dug at each of the five random locations
and allowed to fill with pore water, given a minimum of 10 minutes to seitle and a single
reading taken. Thesc data have been summarised into representative profiles for each
wetland in each of the season classifications (Scction 2.4) to ease the interpretation of

resuits,

Diumal variaticns in water column profiles were examined as readings for water column
profiles could not be standardised by time. Parameters were measured over a 24-hour
period at 4 hour intervals at one locativn within each wetland. Readings were taken in
January 1997, representing a peried that may experience maximum variation in many of
the parameters being measured. Weather conditions were relatively calm and consistent

during the 4 day pericd the three wetlands were sampled.

Water samples for organic and inorganic nutrients were taken from five random locations
in each wetland on each sampling cccasion, An integrated water column sample was
taken using a 2 cm diameter polyethylene tube. The tube was lowered through the water
column to immediately above the sediment-water interface, capped and bought to the

surface. Samples for inorganic nuiricnts (PQy, NO2/NO;, NH,) were passed through a
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filter tower under vacuum using a Whatman GF/C filter paper with an effective pore size
of 0.45 pm. The filirale was placed in acid washed 30 ml polyethylene vials for cach
nutrient and placed on ice in the dark, All samples were frozen wiliin 4 hours of

colleetion. Organic nutrient samples were unfiltered and stored as above,

In the iaboratory, samples were defrosted in a 4°C fridge and analysed on a Skalar san-
system segmented flow autcanalyser housed at Edith Cowan University Joondalup using

the following methods ;
* Orthophosphate (PO.) - ascorbic acid method (APHA 1989).

= Ammonia (NH,) - Modified berthalot reaction wusing salicylale and
dichloroisocyanurate (APHA 1989).

» Nitrate/Nitrite (N02/NO;) - cadmium reduction method (APHA 1989),

= Total Phosphorus - Perchloric acid digestion (APHA 1989) followed by
orthophosphate analysis as described above.

Total phosphorus analysis of leaves, roats and rhizomes of the dominant emergent
macrophyte B.articufata was taken from planl material collected during the April and
September 1995 biomass harvests {Section 2.5.6). Subsamples of green leaves, root
sections and rhizomes were randomly taken from five plant parts from each wetland on
each sampling occasion. Each subsample was air dried and homogenised using a mortar
and pestle. Samples were analysed for total phosphorus using a Perchlotic acid digestion
{APHA 1989) followed by cithophosphate analysis described above,

2.5.4 Wetland habitat classification

The distribution of major habitat types within each wetland basin was mapped by
overlying sketches on 1:5000 true colour aerial phoiographs, The geographical location
of each wetland was determined using the Australian Map Grid (AMG) using 1:50000
topogtaptiic map (Depariment of Conservation and Land Management, Unicup Sheet)
and topographical characters from aerial photographs. These points were digitised using
Microstation™ PC v5 to place each wetland accurately in the landscape, with an error less

than 0.4%. Digitised images were ground-truthed and habitsi boundaries ar
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classifications were corrected where necessary. Digitised images were exporied lo ARC-
INFO™ and catculations of the areal coverage of each habital were compiled in ArcView

4.0™,

2.5.5 Vegetation transects and wetland bathymetry

Three belt transects were conducted in random locations within each wetland to examine
the distribution of upland plants and emcrgent and submerged vegetation. All transects
were conducted in October 1996, when water levels were maximal and most vegetation
would be in flower, Transccts were 3m wide and 60m in length, 30m in each direction
from the water's edge. Transcct locations arc shown in Plates 2,1b, 2.2b and 2.3b.
Wetland bathymetry (depth increment) was measured at one metre intervals along the
30m submerged section of the transect. The height increment upland from the high water
level was measured using an in line level suspended on a line of string between 1wa
wooden stakes. Elevation was calculated from the height lost between the two stakes,
with the horizontal distance covered recorded. Resulis were calculated using Microsoft

Excel™ and plotted using Aldus Superpaint™.

Vegetation data were recorded at onc melre intervals along each belt transect. The
occurrence of each specics was recorded as presence/absence datz. Major vegetation
associations based on deminant species were identified in the field and plotted on each
transect. Bach delineated vepgetation association was given a letter (A 1o E) for cach
wetland and the species oceurring in that association listed in Appendix 1. Taxa that
could not be identified in the field were collected, labelled and stored in a plant press for
later identification. In the laboratory cach sample was identified to the lowest possible
taxonomic level using Grieve & Blackall (1982), Marchant et af. (1987) and Bennett
(1988). Results were overlain on balhymetric maps to produce maps of vegetation

associations relative to the wetland water level.



34

2,5.6 Emergent macrophyte harvest

Above and below ground biomass of emergent macrophytes was quantified for each
wetland by harvesting 5, 1m? quadrats randomly located in each wetland, Twe harvests
were conducted, September 1995 and April 1996, corresponding to the periods of

maximum and minimum leaf growth respectively (Froend & McComb 1994).

Within each quadrat all above ground vegetation was removed at the sediment-water
interface and scaled in plastic bags. The following information was recorded for each

quadrat and for each species.
« Number of ramets,
* Number of leaves/ramet,
» Percentage of live, dead and senescent leaves,

» Number of flowering leaves,

Below ground biomass was estimated from 10 cores to 30cm depth within each of the
1m? quadrats using the D-section corer, The cores were combined on site into a pooled

sample and sealed in a plastic bag.

I the laboratory the above ground biomass samples for cach quadrat were scparated into
live, dead and senescent leaves, placed into paper bags and dried in a Series 5 Contherm
drying oven at 80°C for 48 hours. Samples were then weighed in grams to 2 decimal
places immediately afer removal from the oven. Pooled below ground biomass samples
from each quadrat were passed through a series of wet sieves (2 mm, 1 mm and 0.5 mm})
to remove sediment. Roots and rhizomes retained by the sieves were separated, placed in

paper bags, dried and weighed as above.
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2.6 RESULTS

2.6.1 Local climate data and wetland water levels

Monthly rainfall and maximum and minimum temperatures followed a predictable cycle
associated with a Mediterranean type climate (Figure 2.2). Maximum temperatures varied
from around 30°C between January and March to around 15°C in winter of each year.
Minimum temperatures ranged from around 15°C in summer to 6°C in winter.
Differences between maximum and minimum temperatures were most pronounced
during the summer months. Rainfall peaked in July of each year, with July 1996 being
the wettest month during the study period with 289 mm. Rainfall during 1996 was well
above average at 1092.4 mm, substantially wetter than the first year of the project at
930.8 mm.

30T T 300

Ambiant Air Temperature (Degrees C)
Rainfall (mm)
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Figure 2.2 Monthly rainfall (mm) and daily maximum and minimum temperatures
("C) taken from Rocky Gully weather station (25km south-east of Noobijup Lake:
Lat 34°15°19” S, Long 116708732 E)
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All wetlands displayed marked seasonal fluctuations in their water levels with maximum
levels between October and January and lowest levels between April and July (Figure
2.3). Water levels exhibited approximately a six month lag between maximum rainfall
and maximum water levels. Noobijup Lake displayed the least seasonality in its water

level variations.
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Figure 2.3. Wetland water levels in Bokarup Swamp (vegetated and unvegetated
habitats), Kodjinup Swamp and Noobijup Lake from July 1995 to May 1997.

During 1995 water levels peaked in December, whereas in the second year levels peaked
earlier in the year. Noobijup Lake consistently had the highest water levels, with the
other study wetlands having no surface water at some stage. Water levels in Noobijup
Lake increased from April to July 1996, whereas levels in the other wetlands continued to
decline until July 1996, when levels rose dramatically, increasing by almost one metre in
the 3 months to September. Kodjinup Swamp had no surface water in July 1995 at the
first sampling occasion but retained water for the rest of the sampling period, although

the water level was only S5cm in April 1996. Bokarup Swamp had two major habitats with
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different hydrologic regimes. The unvegetaled arca of open water relsined surface waler
throughout the study, with the mere elevated B.articidate habitat having consistently
lower water levels, with no surface water cvident between February and July of each

year.

2,6.2 Sediment profile analysis

Scdiment profiles varied greatly between wetlands both in their struclure and chemistry.
Despite this there are trends that are apparent in all profiles. Each wetland has highly
arganic sedimenis of differing depihs, with Bokarup Swamp having the decpest organic
sediments in excess of 2.76 m. The other wetlands have similar shallower organic soils 1o
around 1.5 m. Each wetland had trends of decreasing pH and increasing conductivity
with depth (Tabics 2.2, 2.3, 2.4), Conductivity readings were similar in Bokarup and
Kodjinup Swamps from arcund 1000 pS/em in surface sediments to 1500 S/cm at the
base of the profile, with Noobijup Lake displaying the least saline sediments. In the
general trend of increasing conductivity with depth there is a spike of high conduetivity
readings at the second interval in cach sediment profile. Within the profile this is the
point where a defined, solid sediment surface begins. Above this point the substrate is
unconsolidated, consisting of non-decomposed plant remains. The pH values are similar
in all wetlands throughout the profile, from around 6.5 in surface sediments to 5.7 at the
base of the profile. Thesc values are consistent in each wetland despite the differing
depths, with Bokarup Swanip having sedimenis over 1.2 m deeper than the other

wetlands.-

Noobijup Lake stands out from the other wetlands in its particle size, erganic content and
colour. Bokarup and Kodjinup Swamps both have consislent black sediments throughout
the profile. Noobijup Lake has the same black surface sediments but at the base of the
profile has a horizon of grey/black sediment at 120 cm followed by a horizon of
gmem’grey Gley that was impenelrable to the corer. Noobijup Lake also had the least
organic sediment and 2 decreasing organic content with depth. Both Bokarup and
Kodjinup Swamps have crganic contents ranging between 70% and 90% increasing with

depth. The surface sediments at Noobijup Lake have an organic content of 63.4%, but
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this rapidly fell to 26.3% at the basc of the water column. These datn correspond 1o the

marked increase in the clay content at the base of the prefile.

Both Bokarup and Kediinup Swamps had a percentage ol sand throughout their prefiles,
and an increasing silt composition with depth. Noobijup Lake had sand in the profile in
the two surfice horizons, with a clay coatent that increased from 34% to 71% at the base
of the profile. Each wetland also displayed the trend of an increased percentage of sand at
the second interval, again the point where consolidated sediments were found in cach

wetland.

Table 2.2. Sediment particle size, colour and average {* SE) OM%, pH and
conduetivity for peat profiles taken from Bokarup Swamp.

Depth Pamticlesize  Colour % OM pH Cond.
(em) (pSfcm)

0 4% sand YR/ 784+78 6471059 111714
62% silt
34% clay .
42 13% sand 10YR/2/1 F2I:46 6341044 122417
49% silt
38% clay h
100 7% sand HYR/2/L Bl3£83 6042071 115544
55% silt : L
38% clay T
170 4% sand 10YRS2/1 804+55 576034 1178+ 12
61% silt
35% clay
220 3%sand 10YR/211 83329 5.82+043 1403 +9
61% silt
5% clay
276 3% sand 10YR/2/1 914+5.1 580027 T 1506%14
69% gilt
28% clay
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Table 2.3. Sediment panticle size, colour and average {* SE) OM%, pH and
conductivity for peat profiles taken from Kodjinup Swamp.

Depth Particle size  Colonr % OM pH Cond.

{em) {uSfcm)

0 8% send YR/ N3£9.7 647038 a0 £ 11
©T6% silt

g 16% clay '

25 2% sand HYR2/1 66.3 £ 10.8 588+ 040 1297 £ I8
54% silt
20% clay

60 23% sanu 10YR/2/1 68.7+838 - 5884029 1057 £9
59% silt :
18% clay '

90 19% sand YR/ FA5+9.2 582+ 035 132+ 13
58% silt
23% clay

128 13% sand HYR/2/1 86.3£7.7 574032 1470 £ 16
60% silt
27% clay

Tabie 2.4. Sediment particle size, colour and average (+ SE) OM%, pH and
conductivity for peat profiles taken from Noobijup Lake.

Depth  Paniclesize  Colowr % OM CopH Cond,

{cm} - {nS/em)

[i] 3% sand 10¥Rf2A1 634159 6,58+ (.42 662 + 21
63% silt
34% clay

15 5% sand 10YRF241 61586 6461025 8% & 16
54% silt '
41% clay

40 0% sand 10YR/2/] 493+ 11.3 646+ 0.36 698 +12
56% silt )

- 44%clay

70 0% sand 10YRf2/1 446191 6.42+ 0,09 733 9
51% silt
49% clay N

120 0% sand 10YR/1041 3B4%58 6.33 204! 783%12
43% siit '
57% clay o

154 0% sand Gley N2.5 263139 5641033 W53EH
29% silt
71% clay
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2.6.3 Wetland physico-chemistry

2.6.3.1 Water celumn profiles

All wetlands displayed thermal and oxypen stralification, both being most pronounced in .
spring and summer when ambient air temperatures and water depths were highest,
Dissolved Oxygen (DO) levels in Bokarup Swamp were lowest in summer (2.51 mg/L
surface and 0.29 mg/L epibenthic) with stratification in the 40cm water celumn most
pronounced in spring (6.99 mg/L surface and 0.25 mg/L epibenihic) (Figure 2.4a).
Increased DO levels were found in anlumn and winter associated with low waler levels,
Surface water temperature was typically highest in summer at 25.5°C and lowest in
winter at 10.4°C, Temperature stratification was also evident in spring and summer with
differences between the surface and epibenthos of 6°C and 5.1°C respectively (Figure
2.4b). Cenduetivity varied enommously from 1.93 mS/cm in spring to 8.5% mS/em in

autumn, corresponding to highest and lowest water levels (Figure 2.4c). Water column

- pH varied from mildly acidic {6.34) in autumn to mildly alkaline (7.50) in winter (Figure

2.4d). A slight increase in acidity with depth was evident in spring and summer.

Dissolved Oxygen levels in Kodjinup Swamp were lowest in winter at 4.45 mg/L.
Stratification in the 100cm deep water column was most pronounced in summer with DO
concentrations of 6.17 myz . at the surface and .35 mg/L at the epibenthos (Figure 2.5a).
Surface water temperalure was typicaily highest in summer at 29,3°C and lowest in
winter at 9,9°C, Temperature siratification was also evident in spring and summer with
differences between the surface and epibenthos of 7.4°C and 6.9°C respectively (Figure
2.5b). As with Bokarup Swamp, conductivity varied enormously between seasons
ranging {rom 2,25 mS/cm in spring to 7.31 mS/em in aulumn, corresponding 1o highest
and lowest water levels (Figure 2.5¢), Water column pH varied from an acidic 6,57 in
autumn to an alkaline 7.4 in spring {Figure 2.5d). A slight increase in acidity with depth

was evident in spring and summer,
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Figure 2.4. Dissolved Oxygen mg/L (a), temperature °C (b), conductivity (mS/cm) (c¢)
and pH (d) profiles at 10 c¢m intervals from surface to epibenthos for each season in
Bokarup Swamp. All values are means of readings taken from five replicate profiles.
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Temp (Degrees C)

Cond (mS/cm)

d Figure 2.5. Dissolved Oxygen mg/L (a), temperature °C (b), conductivity (mS/cm) (c)
and pH (d) profiles at 10 cm intervals from surface to epibenthos for each season in
Kodjinup Swamp. All values are means of readings taken from five replicate profiles.
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Noobijup Lake differed from the other wetlands, displaying less seasonal variation in
water depth, ranging ffom 50 em in autumn to 12¢ cm in spring. Similar to Bokarup
Swamp, DO levels were lowest in summer when stratification was most pronounced
{5.64 mg/L surface and 0,28 mg/L cpibenthic) (Figure 2.6a). Noabijup Lake consistently
had the highest DO concentrations of all wellands, reaching 11.43 mg/L at the surface in
spring. The DO profiles in spring and summer alsp exhibited an increase in concentration
at 30 cm and 60 cm respeclively, Water temperature was again typically highest in
summer at 29°C at the surface and lowest in winter at 10.8°C. Temperature stratification
was also evident in spring, summer and autumn with differences between the surface and
epibenthos of 7.6°C, 8.6°C and 5.2°C respeclively (Figure 2.6b). During winter, an
increase in temperaturc of 2.5°C was evident in the profile. This trend is also evident in
the winter conductivity profile with an incrcase of 2.64 mS/em with depth. Conductivity
varied less than the other wetlands from 2.25 mS/em in spring to 6.48 mS/cm {n auwmn,
correspnnlding to highest and lowest waler levels (Figure 2.6¢). Water column pH was
consistently alkaline, surface values ranging from 7.85 in winter to 7.39 in spring (Figure
2.6d). Noobijup Lake also had the most pronounced pH stralification with an increase in

acidity with depth in summer.

2.6.3.2 Diurnal dissolved oxygen and temperature profiles

Water depth in Bokarup: Swamp was only 30 cm at the time of sampling, however, both
DO and temperature stratification were cvident. Dissolved Oxygen concentrations were
consistently less than 1 mg/L at the epibenthos throughout the 24 hour period, falling as
low as 0.13 mg/L at the first 16:00 hour reading (Figure 2.7a), Surface concentralions
varied little, from 539 mg/L at midday to 3.55 mg/L at midnight. Temperature
stratification was not permanent, with the thenmocline breaking down at night. A
maximum temperature difference of 6.1°C between the surface and epibenthos wag
tecorded at the second 1600 hour reading, with surface waters reaching 33.1°C (Figure
2.7b}.
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Temp (Degrees C)

Depth (cm)

Figure 2.6. Dissolved Oxygen mg/L(a), temperature °C (b), conductivity (mS/cm) (c)

3
and pH (d) profiles at 10cm intervals from surface to epibenthos for each season in
{ Noobijup Lake. All values are means of readings taken from five replicate profiles.
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Figure 2.7. Diurnal variations in Dissolved Oxygen mg/L (a) and temperature °C (b)
profiles at 4 hourly intervals at 10 cm intervals from surface to epibenthos in Bokarup
Swamp.
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Water depth in Kodiinup Swamp was 80cm ut the time of sampling with both DG and
temperature stratification evident. Dissolved Oxygen concentrations were consistently
less than 1 mg/L at the epibenthos throughout the 24 hour period, filling as low as 0.18
mg/L at 20:00 hours (Figure 2.8a). Surface concentrations varied from 6.84 mg/L at
16:00 hours to 3.33 mp/L at 0400 hours. As with Bokarup Swamp, lemperature
stratification was not permanent, with the thermocline broken down at night. A maximum
temperature difference of 11.6°C between the surface and cpibenthos was recorded at the

1600 hour reading, with surface waler lemperatures reaching 34.3°C (Figure 2.8b).

As with the other two wetlands, both DO and temperature stratification were evident in
Neobijup Lake, with the thermocline broken down at night. Dissolved oxygen
concentrations were consistently less than 1 mg/L at the epibenthos throughout the 24
hour period, falling as low as 0.06 mg/L at the second 16:00 hour reading (Figure 2.9a).
Surface concentrations varied from 6.99 mg/L at 0400 hours to 3.67 mg/L at 0800 hours,
A maximum temperature difference of 8.6°C between the surface and epibenthos was

recorded at {600 hours, with surface water temperatures reaching 29.3°C (Figure 2.9b).

2.6.3.3 Nutrients

Orthophosphate concentrations showed little variability within and between wetlands,
with concentrations consistently lgss then 10 pg/L {Figure 2.10a). A sharp increase in
orthophosphate concenirations was apparcnt in all wetlands in July 1996, peaking at 9.54
+ 1,38 pg/L in Bokarup Swamp. Total phosphorus concentrations were also low in all
wetlands, consistently below 20 pg/L (Figure 2.10b). Bokarup Swamp and Neobijup
Lake had a trend of low surnmer and higher auturnn/winter concentrations, with Kodjinup
Swamp displaying the reverse trend. In contrast, total phosphorus concentrations in
emergent macrophyte material were consistently higher than the water column (Figures
2.11a and 2.11b). Total phosphorus concentrations were also slightly higher in April in
all wetlands, Bokarup Swamp stands have the highest concentrations in B.articilata
leaves, roois and rhizomes in both sampling periods, Total Phosphorus in B.articulata
leaves were consistently higher than in other plant parts, 805.45 & 65,06 and 820.83 +
85.05 pg/L in April and September respectively.
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Figure 2.8. Diurnal variations in Dissolved Oxygen mg/L (a) and temperature °C (b)
profiles at 4 hourly intervals at 10 cm intervals from surface to epibenthos in Kodjinup

Swamp.
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Figure 2.9. Diurnal variations in Dissolved Oxygen mg/L (a) and temperature °C (b)

profiles at 4 hourly intervals at 10 cm intervals from surface to epibenthos in Noobijup
Lake.



49

—
™
—

(2)

=
!
T

Phosphate (ug/L)
=N

Jul-95 Sep-95 Dec-95 Feb-96 Apr-96 Jul-96 Oct-96 Jan-97

——bokerup —&—kodjinup —@—noobijup

25 +

[\
[=]
|
T

—
(9]
|
T

Total phosphorus (ug/L)

Jul-95 Sep-95 Dec-95 Feb-96 Apr-96 Jul-96 Oct-96 Jan-97

——bokerup —A—kodjinup —@-noobijup

Figure 2.10 Mean (£SE) water column concentrations of (a) orthophosphate pg/L and
(b) Total Phosphorus pg/L in each wetland from July 1995 to January 1997.
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Figure 2.11 Mean (+SE) concentrations of Total Phosphorus pg/L in (a) April and (b)
September from B.articulata rhizomes, roots and leaves from each wetland.
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-Concentrations of {otal phosphorus decreased in alf plant parts from April 1o September

in Kodjinup Swamp and Noobijup Lake, most apparent in rhizomes and leaves,

In comparison, concentrations of ammonia showed marked differences between wetlands
and seasons (Figure 2.12a). Bokarup Swamp showed a distinct seasonal Icyc]c of high
summer (201100 £ §12.37 pg/L) and low winter (264 + 9.08 pg/l) concenirations,
Seasonal changes in ammonia concentrations were less distinct in Kodjinup Swamp,
peaking at 944.92 + 108.22 pg/L in July 1996 Noobijlip Lake had comparatively low
concentrations, peaking at 125.00 £ 13.69 pg/L in April 1996.

Nitrate/nitrite concentrations were generally low, paaking at less than 30 pp/L in all
wetlands in the summer/autumn peried {Figure 2.12b}. Kodjinup and Bokarup Swamps
showed a dramatic decline in nitrate/nitrite concentrations following their peaks in
February and April 1996 respectively. These vlalues were lower than those at the same

time in the preceding year.

2.6.4 Wetland habitat classiffention

Emergent vegetation was the dominant habitat in each wetland, occurring as either as a
monospecific stand of B.articulata or mixed B.articulate and other cmergent species
(Table 2.5). This habitat ranged from around 54% in Bokarup Swamp to almost 90% in
the other two wetlands. Despite the differences in the size of wetland perimeters,
Melalenca was consistently around 10% of the total wetland area. Bokarup Swamp had
the only significant area of open water, covering nearly 40% of the wettand basin,
Wetland vegetation cover in Kodjinup Swamp and Noaobijup Lake can be classified as
~ concentriform and Bokarup Swamp as Gradiform {(after Semeniuk er af. 1990). -
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Figure 2.12 Mean (+SE) water column concentrations of (a) ammonia pg/L. and (b)

nitrate/nitrite in each wetland from July 1995 to January 1997.
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Table 2. 5 Arcas (hectares) of welland basins and major habitat types for Bokarup
Swamp. Kodjinup Swamp and Noobijup Lake.

Wetland " Habitat Arca (ha)
Bokarup Melalencaspp, 287 -
Swamp" E - O
Qpen Water 1242 '
: . B.articulata 18.11
Total . - 33.40 ‘-
i Kodjinup Melalewca spp, ~ 3.58 r '
' Swamp
Open Water. .- 0.14
B.articulata . 21.99 .
‘Total . CO2591
il - : .
" Noobijup Barticulate .~ 1337
Lake o :
Mixed sedpes 4307

Total K 65.04

2.6.5 Vegetation transects and wetland bathymetry

- A total of \.62 aquatic and riparian plants were found from the three wetlands. Noobijup
Lake had the highest species richness of 39 taxa, followed by Bokarup Swamp with 34

7 taxa and Kodjinup Swamp with only 26 taxa (Table 2.6). Appendix 1 contains a complete
taxonomic list for each transecet and wetland. Noobijup Lake also had the highest number

of upique taxa (16), followed by Bokarup Swamp (11) and Kodjinup Swamp (7). The
unique taxa of Noobijup Lake are predominantly perennial shrub plants including
Hfbberffa- amplexicaulis, Hypocalymma angustifilinm, Boronia spathulata and two

.. species of Hakea, This wetland also has one species of emerpent macrophyte, Banmea

“arthrophylla, not found in the other wetlands.
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Table 2.6 Specics richness of wetland plants along cach fransect and within cach
defined vegetation association {A, B, C & D/E) in Bokarup Swamp, Kedjinup Swanip
and Noobijup Lake. : '

Transect 1 Transeel 2 Transeel 3 Species
: Richncss
A B C DE A B C A B C D.
Bokarup 2 3 0 27 5 6 o2 5 5 - 34
Swamp '
Kodjinup 13 4 6 4 1 18 - 6 3 18 4 3 26
Swamp ' .
Noobijup 28 14 5 2 23 19 6 25 10 4 2 39
Lake . .

Similarly; spet;ics unique to Bokarup Swamp are smaller pereanial _,.'shrubs such as
Hibbertia hypercoides, Davesia sp., and Bossiaea linofolia with two :';Ipccies of larger
understorey plants also found enly here, Acacia extensa and a species of Hypocalyminta,
Kodjinup Swamp was the only wetland where Preridim esenientum was found, a fern
species known to recolordse after fire. All of the species only oceurring at Kodjinup were

the larger-understorey plants such as deaciz saligna and Hypocalynma sp.

Dominant vegetation types within cach transect were categorised into vegelation
associations. Bucalypt woodland, Melalenca woodland and emergent vegelation were
common to all wetlands. Open Bucalypt woodland was consistently the upland
velgetation, Melalenco woodland occurred arcund the seasonally inundated zone and
areas of emergent macrophytes (dense ot sparse} dominated by B.articufate were found
in the inundafed zones (Figures 2,13, 2.14 and 2.15). Transcet one at Bokarup Swamp
différs in that it dogs not possess understorey species, Melalenca woodland or extensive

areas of emergent vegetation. Dense stands of emergent vegetation are
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Figure 2.13 Stylised diagrams of belt transects showing major vegetation
associations and wetland bathymetry in Bokarup Swamp. Taxonomic lists for

vegetation associations A, B and C are in Appendix 1.
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Figure 2.14 Stylised diagrams of belt transects showing major vegetation associations

and wetland bathymetry in Kodjinup Swamp. Taxonomic lists for vegetation associations

A, B, C,D and E are in Appendix 1.
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Figure 2.15 Stylised diagrams of belt transects showing major vegetation associations
and wetland bathymetry in Noobijup Lake. Taxonomic lists for vegetation associations
A, B, C and D are in Appendix 1.
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associated with water levels less than one mcire, excepl in transect one where the
bathymelry shows an island of organic sediment around 50m along the transect. Transcet
one at Kodjinup Swamp again differed from the others in that it had a dense band of
Preridium escufentiem around 15m wide and has the decpest waler column of the three
transccls. Again dense stands of emergent macrophytes are associaled with water less
than one metre deep, substantially thinning when water levels inerease above this level.
Noobijup Lake had a well defined wetland basin, with the water columm rapidly
exceeding one metre. A dense band of emergent macrophyles was present in the
seasonally inundated zone of transects one and two, whereas transect three was a much

shallower habitat.

2.6.6 Emergent macrophyte barvest

Bokarup Swamp had the largest total above ground biomass of emergent vegetation in
both seasons, remaining relatively constant at an average of over 900 g/m® (Tables 2.7
and 2.8), The above ground bicmass in Kodjinup Swamp increased by 74.3 gj'm2 between
September and Aprii. The total above ground biomass in Noobijup Lake also increased
between Sl;:ptn:ml:u:rI and April by around 120g/m’, These data reflect the number of
B.articulata leaves per square mcirg, with Bokarup Swamp consistently having the

highest density of stems.

Structural differences of vegetation associalions in cach wetland was evident in the
species present and their life history stage for each season sampled. Kodjinup Swamp
was the only wetland with menospecific stands of B.artictlata, with the other wetlands
having two or more species of emergent or submerged macrophytes increasing their
above ground biomass. Within each wetland, the percentage of live leaves of B.articulata
was around 50% of the total above ground in Scptember, dropping by an average of 15%
in April. This corresponds to a marked increase i the biomass of dead and senescent

leaves in all wetlands during this period.

Kodjinup Swamp had the largest total below greund biomass in both sepsons, despite &

large decreass in the biomass of almost ZZ{JG!g,l'().Srn3 between September and April (Table
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2.7 and 2.8). Bokarup Swamp and Noobijup Lake also recorded a small decline in
biomass between sampling periods. The differences in total below ground biomass result
from differences in the root biomass, with the biomass of rhizomes remaining relatively

constant between wetlands and season,

Table 2.7. The average tolal above and below ground biomass of emergent and
submerged macrophytes for Bokarup Swamp, Kodjinup Swamp and Nocbijup Lake in
September 1995, incorporating biomass of individual species and differenl life stages
of B.articiiaia,

Bokarup Swamp Kodjinup Swamp Noobijup Lake

Mean 5E Mean SE Mean SE
B.artictilata Ramets m?  6.60 0.9 540 0.5 5.60 1.1
Barticulata Leavesm  33.20 43 19.00 23 23.40 4.5
Avg Barticuinta 506 0.5 3.55 0.7 423 0.6
leaves/ramet

live B.articuiata leaves  299.77 25.1  334.81 447  201.81 238

gDWm™?

dead B.articulata leaves 25160 501 223.23 385 127.86 18.7
gDW m? : '
senescent B.articulate 125.60 27.8 160.78 209 79.25 13.4
leaves gDW 2

Restionaceae sp. leaves 9042 241 0 o - 2435 96
gDWm™?

Bjuncea leaves gDW m” 13676 341 0 0 o 0
Triglochin sp. gDW m?  9.83 3.0 0 0 6.52 1.5
B.arthrophylia leaves m? 0 0 ¢ 0 72.87 B.6
Total Above Ground 913.98 508  658.83 654  512.66 513
gDW m?

Root gDW 0.5m? - 320071 377 49345 1125 16403 218

Rhizome gDW 0.5m™ 4805 165 4599 178 6528 9.7

Total Below Ground 36876 - 516  530.43 1249 22931 192
gDW m?
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Table 2.8. The average totz] above and below ground biomass of emergent and
submerged macrophyles for Bakarup Swamp, Kodjinup Swamp and Noobijup Lake in
April 1996, incorporating biomass of individual species and different life stages of
B.articulata,

Bokarup Swamp Kedjinup Swamp Noobijup Lake

Average SE Average SE Average SE

B.articilata Ramets m® 600 1.0 3.60 1.1 4.60 0.9
B.articulatg Leavesm™  30.00 4.7 1560 3.6 21,80 3.1
Avg B.articulata 508 09 4.45 0.5 4.88 1.1
leaves/ramet

live B.articulata leaves  269.52 304 30993 334 24233 125
gDW m™ .

dead B.articulata leaves 181,79 16.8 173.25 237 11973 226
gDWm?

senescent B.articulata 24830 41.2 24994 228 144, 47 17.4
leaves gDW m™

Restionacene sp. leaves  83.66  11.4 0 0 21.34 5.5
gDW m” -
Bjuncealcaves gDW m™ 13794 201 0 0 0. 0
Triglochin sp. gDWm> 0 0 0 0 1.40 1.9
B.arthrophylla leaves m? 0 0 0 0 10203 149

Total Above Ground 921,21 315 73312 247 631.30; 27.6
sDW m” L

Root gDW 0.5m™ 24080 214 28832 452 13798 248
Rhizome gDW 0.5m™  63.58 102 4182 03 2878  17.0

Total Below Ground 30438 19.8 330,14 452 166.76 123
DWW m* '
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2.7 SYNTHESIS AND DISCUSSION

2.1.1 Wetland water levels and chemistry

This chapler examined many general characteristics of the Muir-Unieup region such as
climate, geology, hydrology and biota. A detsiled examination of three wetlands,
Bokarup Swamp, Kodjinup Swamp and Noobijup Lake quantified factors such as water
tevels, physico-chemistry, sediment characteristics and vegetation associations. All
wetlands displayed marked scasonality in their water levels, with late spring/summer
maxima and autumn/winter minima. There was approximately a six-month lag (taking
into account the sampling inferval) between maximum rainfall and .ma'ximum water
levels. This is significantly longer than the lag time noted in Swan Coastal Plain wetlands
that were connected to the unconfined groundwater aquifer (Tewnley et af. 1993), This
indicates that these wetlands, particularly Bokarup and Kodjinup Swamps may be reliant
on groundwater sources that move very slowly through the unconfined aquifer and not
surface water flow. The result is a suite of wetlands with highly scasonal water levels that
are-deepest in the warmer summer periods, an uncommon feature in south-west
Australiaﬁ wetlands. The timing and duration of this hydrological cycle will have

pronounced effects on water column and sediment processes and their biota.

Bokarup and Kodjinup Swamps both had periods when there was no surface water in all
ot part of their basins. Kodjinup Swamp has an altered catchment through surface water
drainage to divert saline, overland catchment flow away from the wetland basin and into
the Tone River, Drainage began in 1994 and in the first summer procecding this the
wetland dried completely for the first time on record. Larpe plantatiens of Encalvptus
globulus and Phius radiata (veliant on groundwater for survival) surround the feserve,
adding to the alteration of local hydrology. Within Bokarup Swamp, the vegetaled and
unvegetaied habitats showed distinctly different hydrographs. The arca of emergent
vepetation had no surface water for up to five months of the year and the open area had
surface water present throughout the study. The arca of open water appears to have been

created by the removal of organic sediments and emergent plants by a recent fire event,
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with the remnants of bumt macrophyles clearly evident. The water regime in this habitat
is therefore somewhat arlificial. This type of mass removal of peat by firc and the
crealion of large areas free of vegetation has been demonsirated in other south-west
Australian wetlands (Horwilz ef al. 1998). [t was hypothesised that these arcas werc no
longer in net gain of carbon due 1o the removal of the dominam carbon sources and the
increased exposure of peat to serobic processes through extensive cracking. However, the
data from Bokarup Swump indicate that if the wetland still had pre impact peat deplhs
and emergent vegelation communitics, the wetland would hiave dried out in its entirety
for several months cach year. This would also exposed surlace sedimenis 10 increased
aerobic processes which may result in similar consequences to peat accumulation as

disturbances from fire.

Noobijup Lake had water level fluctuations quite distinct from the other two wetlands,
showing the least seasonality and increascs in levels between April and July 1996, three
months before the other wetlands. Sediment profiles revealed that Noobijup Lake has a
¢lay-lined basin around 1.5 m below the sediment surface, which may perch water levels,
This indicates that Noobijup Lake may be recciving water predominantly from surface
mnoff, which is prevented from being exchanged with the groundwater by the clay layer.
Aspects of wetland physivo-chemistry support this hypothesis, with Bokarup and
Kedjinup Swamps having similar sediment conductivities that increased with depth and
Noobijup Lake did not, indicating that Noobijup Lake is perched and the other two

wetlands are predominantly groundwater fed,

One of the primary factors controlling peat formation is the suppression of the aerobic
decay of plant material, All wetlands displayed DO concentrations at the soil-water
interface less than 1 mg/L during spring and summer periods when water levels were
greater than 10 em. Diurnal measurcments highlighted the persistence of water column
deoxygenation, Pronounced thermal stratification was also found in cach wetland during
spring and summer, with differences of up to 11.6°C belween the surface and the
epibenthos (the surface water temperature at Kodjinup Swamp reached 34.3°C at 1600

hours). However, the siratification did not persist with a mixed water column evident
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during the night in each wetland, The lack of persistent stratilication throughout the
diurna! cycle is supported by Ryder and Florwitz (1995h) who found a coloured wetland
(high in Dissolved Qrganic Carbon) on the Swan Ceastal Plain was (thermally stratified
during the day and mixed at night. The presence of a thermally mixed water column at
night but consistently low epibenthic DO concentrations throughout a diurnal cycle in
each wetland indicates that the low DO levels are driven by a high benthic oxypen
deniand, not reduced surface diffusion (Ryder & Horwitz 1995b). Micrabial communities
utilising the highly organic sediments as subsirale for respiration drive this high benthic
oxysgen demand. The maintenance of wetland physico-chemistry such as sufficient water
levels to maintain anoxic sediments and the supply of organic subsirales for microbial
communitics are impoertant for creating the conditiens conducive to peat accumulation
{Plaster 1985).

All wetlands dispiayed marked seasonality in salinity concentrations, {ollowing a trend of
lower salinity in Spring during meximum water levels, and highest salinity in
autumn/winter during low water levels, Salinity levels ranged from fresh to brackish in
spring to hypersaline in winter. This seasonally driven evapoconcentration of salts in
wetland basins is a well documented occurrence in south-west Australian wetlands {cg.
Balla & Davis 1993; Davis ef al. 1993; Edward ef af. 1994; Storey 1598). However, as
these wetlands contain deep peat deposils, they have the potential to retain moisture
throughout the year in their organic soils which may increase the surface evaporation of
salts. This is most imporant for Bokarup and Kodjinup Swamps that have distict dry
phases. The different water regime in Noobijup Lake resulted in a conductivity profile
that displayed a marked decrease with water depth of around 2,64 mS/cm in winter. This
phencmenon oceurred in winter immediately fellowing a major rainfall event, and may
represent an overlying layer of fresh surface water, This further supports the hypothesis
that Noobijup Lake is perched.

Water column profiles for pH showed that during high water levels, pH values were
generally above 7 and low water levels produced a mildly acidic pH as low as 6.34,

These are within the range of values found in organic rich wetlands in south westem



Australia (Pusey & Edward 1990b; Storey ef al. 1993; Edward ef al. 1994}, but are less
acidic that many Northern Hemisphere peatlands (Clymo 1984). Gradients of increasing
acidity with deplh werc present in each wetland during high water levels, and is
consistent with an increased degree of humification of organic malerial cccurring at the
sediment surface {Wetzel 1992). The release of fulvie and humic acids from
decomposing organic malter in the sediments contribute 1o the decreasing pH, and are an

important regulator of the role of water column productivily in wetland carbon cyleles

All wetlands contained very low concentrations of available phosphorus, however
elevated nitrogen concentrations indicate that the wetlands could be classified as
eutrophic io hyper-eutrophic. DeHaan {1987) alse noted elzvated nitrogen levels in the
Muir-Unicup wetlands, and sugpgested this was due to the telease of nitrogen from
decomposing peat. However, wetlands in this study did not behave as eutrophic systems
(eg. extensive algal blooms were not observed). The absence of algal blooms and the fact
that phosphorus levels were very low indicates that the wetlands may be phosphorus-
limited. The potential therefore exists for substantial aigal growth if phosphorus levels
become elevated (eg. as a result of agricultural run-off). The eoffects of nutrient
enrichment in agricuitural wetlands have been demonstrated in Lake Towerrinning
{Froend & McComb 1991) and Lake Powell (Edward ef al. 1994) in south-weslern
Australia which have become cutrophic as a result of human activities. The presence of
substantially higher concentrations of organic phosphorus in emergent vegetation than in
; the water column indicates much of the phospherus entering each wetland is biologically
bound in i}lant material, Changes in water levels or chemistry affecling the presence and
distribution of emergent vegetation also have the polential to increase available

phosphorus in the water column which may lead to algal blooins.

Peat depths varied greaily between wetlands, with Bokarup Swamp having the deepest
deposits at 2.78 m. Kodjinup Swamp and Noobijup Lake had shallower peat at around
1.5 m. Despite differences in depth there were consistencies in peat structure and
chemistry between wetlands, Each wetland possessed an unconsolidated layer of fibric

peat in the surface horizon. This was most evident in Bokarp Swamp where an organic
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sturry dominated the surface 10 to 20 em. During the cousse of the study the depth of (he
slurry changed considerably at fixed sites. During low water conditions in the
autumnAvinter months, exiensive banks of this unconsolidated slurry would form. The
continued wind and water erosion of the exposcd sediments in the area of open water
may be the source of the slurry material. At the point where the sediment formed a
consolidated sapric peat there was a spike in the conductivity and also in the percentage
sand found in the sample. This may be the point where permanent layers of organic
sediments are formed (Clymo 1984). The layer of uncensolidated material may provide a

medium by which erganic and incrganic particulates (such as sand) can settle.

Semecniok & Scmeniuk (1997) hypothesised that irreguiar shaped basins are formed
through the geomorphic degradation of creeks to become bread valley flats which in tum
cease to fiow. During inlermittent cycles of inundation and variable wind conditions,
sedimentary processes result in the basins becoming excavated, ringed by beach ridges
and finally circular. Both Bokarup and Kodjinup Swamps, are roughly circular wetlands,
suggesting that these circular wellands arc older gcomophic forms than the irregularly
shapcd Noobijup Lake. Elevated levels of the sand fraction within the two circular
wetlands, and its gbsence from Noobijup Lake indicale that these wetlands may have
been formed through these evolutionary processes. Bokarup Swamp had the deepest
organic sediments, however, this does uot necessarily mean that it is the oldesl wetlands,
as it may just accumulate organic material in the sediment at a faster rate than the other

wetlands,

1.7.2 Wetland vegetation

Noobijup Lake had the highest speeies richness of aquatic and riparian vegetaticn, with
39 taxa of which 16 were unique to that wetland, Bokarup Swamp had 34 taxa and
Kodjinup. Swamp had 26 taxa of which only 7 were unique to that wetland. The
differences in unique taxe are quite large considering the similarity of upland soil types
and the close proximily of the three wetlands to each other. Fire regime is one factor that
differs between the wetlands. Noobijup Lake was prescription burnt in Spring 1986 and

has remained unburnt since. Kodjinup Swamp was preseription bumnt in 1986 and 1993,
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and Bokartip Swamp has been unburnt for more than 24 years. In south west jarrah
forests, firc cxclusion for more than 13 years r . uced specics richness, with greatest

richness found twa to five years following fire (Bell &. Koch 1980). This does nol concur

" with this study with the lowest species richness found in the most recently and most

frequently burnt wetland and much higher species richness in the longer unbumt
wetlands. Kodiinup Swamp alse had the lowest number of unique species, two of which
are species promoted by fire, Acacia saligna and Pieridium esculentum (Bracken Femn),
Bracken have formed dense monospecific stands up to 20 m acress and hundreds of
metres in length around the edge of the wetland, resulting in the exclusion of other shrub
species which are common to the other wetlands, Bokarup Swamp has not only been
influenced by fire, but past grazing of surrounding land by stock would have influenced

the taxa that are present.

The distribution”of emergent macrophytes, particularly B.arficulata, along the water
gradient supports the findings of Froend & McComb (1994), who found this species is
tolerant of inundation up to one metre, with productivity reduced by prolonged

inundation, The distribation of the large, dense stands of B.articulata in each wetland

- corresponds to each of their seasonelly inundated zones. Neill (1990) found seasonal

water regimes of flooding and drying increased productivity in emergent macrophytes,
with the release of nutrients from seasonally inundated sediments thought to be the
mechanism responsibie for the increased productivity (Armstrong 1589). Bekarup
Swamp concurs with these hypotheses, as it had the most variable water levels and the
highest above ground biomass. If periodic exposure and inundation of sediments is
confributing to increased macrophyte productivity in the Muir-Unicup wetlands, then the
maintenance of these hydrologic regimes is important for sustaining macrophyte

communities as a carbon source contributing to peal accumulation.

Differences in the above and below ground biemass were found between wetlands and
may result from numerous fictors including water regime, nuirient status, substrate type
and interspecific and intraspecific competition (Hogelond & Killingbeck 1985; Neill
1990; Fraend & McComb 1994; Feijoo et al. 1996). All wetlands displayed an increase
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in above ground biomass from September to April, a time when B.articuluta scenesces
and begins 10 produce new leaves (Froend & McComb 1994). Gther species of emergent
macrophytes have heen shown to exhibil distinct peaks in biomass in early Summer (eg.
Hegeland & Killingbeck 1985; Shamsudin & Sleigh 1995) due lo the contribution from
new leal growth, This was not evident in the study wetlands, with a decrease in live
mature stems and an increase in bicmass of scnescent and dead stems during this period,
Below ground biomass also displayed differences between wetlands and seasons, with all
wetlands having a lower biomass in April, This change is a resull of decreased root
biomass, with rhizome biomass remaining relatively constant. This reflects the change in
the above ground structure, with the senescing of existing leaves corresponding to a
reduction in reot production, 1t appears that this specics of emergent macraphyte does not.
have a distinet pattem of leaf fall, with increased seasonal biomass coming from
senescing existing leaves which remain attached for extended periods and the concurrent

production of new leaves.

.Long-term changes in the condition of emergent vegetation in these wetlands may also be
a result of changes in salinity regime over the last few decades since clearing for
agriculture in the early 1970's. Vegetation assemblages may be reflecting prolonged
stress due to increased salinities. Each of the wetlands had perfods where their waters
were brackish to saline, particularly in autumn and wintér, These wetlands may be
showing clevated salinities either because they are receiving saline run-off from cleared
catchments, or they are showing long-term accumulation of sall as a result of progressive
cffects of evaporation and conceniration. The decline in water quality from incropes

salinity is occurring across the Muir-Unicup wetlands with salt seeps appearing in the
margins of many wetlands (AgWA unpublished data), The decline of B, arifewlata in
Lake Towerminning in south-west Australia was attributed to uitensed salinities (Froend
& McComb 1991). Similar impacts of salinisation on macrophyte communitics in the
Miur-Unicup region will have major impacts on the rates of peat formation by

substantially reducing the input of orpanic matter from this source.



[

2.7.3 Summary

Water lcvel_s were highly scaébna] in Bokarup and Kodjinup Swamps ranging from

" around 1m decp 10 no siitface water. The lack of surface water in these wetlands has

important implications for peat accumulation by exposing organic subsiraia to serobic

decomposition processes, Water levels were loss scasonal in Noobijup Lake, The
presence of peak water levels in summer (around G montbs afier peak rainfall} may also
play an important role in peat accumulation, During this period, thermal straiification and
persistent deoxygenation of the water crlumn providé conditions conducive to the
accumulation of peat. The water quality in each wetland is closely linked to hydrology,
with marked increases in conductivity and pH with decreases in water levels.

Conductivily levels approached 5 mS/er in all wetlands during this study, which may

- impact on the long-teom productivity of vegetation commuuities in wetland basins, The

presence of very high benthic DO demands, a thém-;;ﬂly stratified water column and the
distribution of emergent vegetation restricted by water levels highlight the need for
wetland management to encompass the maintenance of conditions conducive to peat

T

formation.

._pi.
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CHAPTER 3

ORGANIC MATTER SOURCES

Allochthonous and autochthenous inputs

3.1 INTRODUCTION

Peat accumulation not only relies on conducive physical and chemical conditions, but
also on the supply of organic matter in excess of its decomposition. Organic carbon in
aquatic ecosystems is derived from two principal sources: material contributed extemnally
by the surrounding terrestrial environment (allochthonous carbon) or material synthesised
within the system (autochthonous carbon). Coarse particulatc organic matter {CPOM)
dominates allochthonous resources in lentic systems cccurring as leaves, wood and
reproductive structures from fringing and Jittoral tree and shrub species. Autochthonous
sources of organic carbon can be contributed direcily rom cmergent and submergent
vegetation, bicfilms and phyloplankton within the water column, and indirectly from the
release of Dissolved Organic Matter (DOM) from thesc sources and peal soils.
Determining {he quantities, rates of supply and crigin of organic malerial coniributing to
peat formuation is essential in examining the effects of wetland management. on the

process of peat farmation over the shori term.

This chapter reviews the current slatus of knowledge of organic matter inputs into
wetland systems and then quantifies the rates of allochihonous and autochthonous
(macrophytes, algae and DOM} inputs of crganic matter that contﬁ[iutc lo the

accumulation of peat i Bokarup Swamp, Kodjinup Swamp and Noobijup Lake.
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3.1.1Allochthonous inputs

The primary resources of peal are the various types of Jitler entering the syslem,
Allochthenous plant material can be an important part of any aquatic detrital carbon pool
when appropriate fiinging veguialion, litter dispersal mechanisms and contrasting
riparian and terresirial detritus production exist {Brigps & Maher 1983), Riparian
vegetation has been shown to contribute substantial quantities of organic matter as
litterfall to Australia riverine systems (eg. Bunn 1986; Bunn 1998; Thomas et al. 1992,
Herbohn & Congdon 1993; Campbell & Fuchshuber 1994; Treadwell of al. 1997). By
compariscn there have been relativeiy few altempts to quantify allochthonous inputs into

lentic sysfems.

Wetiand hydroperiod was the dominant influence on litterfall from River Red Gums
(Eucalypius camaldulensis) into fivadplain wetlands in south-eastern Australia (Brigps &
Maher 1983), High leaf litterfall and low rates of decomposition were found in a south-
eastern Australian Melalevica guinguenervia wetland, suggesting the sediments could act
as organic matler and nuirient sinks {Greenway 1994}, This was experimentally tested
with M.quingrenervia contributing three times the organic material to wetland sediments
and storing almost twice the nutrients than other riparian species (Bollon & Greenway
199%), Sediments of coastal Caswaring glawtea dominated wetlands also accumulated
litter rapidly, acting as an organic matter and nutrient sink between flaod events {Clarke
& Allaway 1996), Congdon (1979) examined leaf litterfall rates of Melaleitea cuticilaris
in south west Ausiralian wetlands to estimate the role of this species in orpanic matter
cycling in estuarine systcms. All these studies have examined the input of organic matter
to wetlands in isolation from other carbon sources and processes. Briges ef al. (1993)
provide a rare example of a study of the role of particulate organic matter (POM) in

wetland catbon cycles in south-east Australian billabongs.

3.1.2 Macrophytes

Rates of inpuls of above ground litter to freshwater detritat systems are well known

(Polunin 1984), especially where litterfall occurs at a single, predictable time of year,
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Littoral emergent vegetation are amongst the most produclive zones within wellands,
with production by macrophiyles and associaled algal communities often orders of
magnitude higher than pelagic phytoplankion (Kairesalo ef af 1992). Most of this
organic matter remains ungrazed with the majority of the biomass entering the detrital
system. The stems of emergent vegelation are characterised by containing substantial
structural material {ccllulose, lignin) occurring in very large particle sizes relative to
plankton (Godshalk & Wetzel 1978). These properties make macrophyte tissue relatively
resistant to decomposition and prone 1o accumulation. The routes by which emergent
vegetation contributes to the detrital pool are numerous, varying spatially and temporally

in thefr structure, metabolism and chemical constituents (Godshalk & Wetzel 1978).

Macrophytes can be important contributors to aquatic metabolism, playing key ecosystem
roles such as nuirdent eycling and amelioration of anoxia through thizesphere oxidation.
Numerous studics arc available on the processes of organic inputs from emergent
macrophytes and their role in the detrital pathway (eg, Godshalk & Wetzel 1978; Palunin
1984; Jones & Muthuri 1997). More recently the importance of macrophyles and other
organic matter sources in aquatic systems has been examined using stable carbon and
nitrogen isotopes {sce review in Chapter 5). Despite the documented importance of
macrophytes in aquatic processes, few studies quantify the contribution of emergent
macrophytes as POM to wetland carbon budgets (eg. Hocking 1989; Gessner et al. 1996;
Kuehn & Suberkropp 1998).

3.1.3 Algae

The main .iypes of algac that oceur in wetland systems are phytoplankton and macroalgae
(entrained in the water column) and attached algae (biofilms). Despitec numerous studies,
it is difficult to quantify the contribution of algae to wetland carbon cycles, as few studies
have been sufficiently inclusive to measure a!l polential producers (Goldsborough &
Robinson 1996). Algae are easily assimilated into wetland food webs due to their single
cell or small cluster nature (Lamberti 1996). Although relatively low in biemass
compared with aquatic macrophytes, the high turnover rate of alpae is significant in their
rate of production (Goldsborough & Robinson 1996). Algac can provide both POM and
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-~ DOM 1o aquatic carbon cycles (Wootton & Power 1993), Photosynthetic production by
algae provides both a source of DOM through algal exudates, and a sink for DOM within
the cells during periods of respiration {Goldsborough & Raobinsen 1995),

Algal taxonomic compesition and productivity are the result of multiple interactions
behween Hydrological, chemical and biotic faciors. Environmentz] variables influencing
algal communiiics such as light, water chemistry and grazing pressure can covafy on both
temporal and spatial scales (Lowc 1996). Changes te water chemisiry include
oxygenation of the water column {Hillebrand 1983; Browder ef al 1994), increascs in
pH, decreases in CO; and bicarbonate concentrations (Browder et al. 1994) and influcnce
wetland nutrient eyeles (Briggs ef af. 1993), Due to the labile nature of algae, the [ate of
the majority of algal material is primarily rapid conversion te carbon dioxide with a small
amount of the more refractery compounds remaining in dissoived and particulate foqn
(Godshalk & Wetzc] 1978), i

3.1.4 Disselved organic matter (DOM}

High amounts of organic matter entering wetland systems or the presence of Ipeat soils
often result in wetland water colomns bécoming heavily stained. The colour is imparted
by high concentrations of dissolved organic matter (DOM) released from organic matter
during decomposition. DOM is defined s the fraction of total organic matter which
passes through a 0.45um filter (APHA 1989). DOM consists of a soluble labile
component (fulvic acid), a soluble refractery component (humic acid) and an iﬁsolublc
component {(humin). Humic and fulvie acids are amorphous, yellow brewn or black and
hydrophilic, resulting in the yellow brown colouration of many aquatic systems (Wetzel
1992). Humic substances in aquatic systems have been collectively termed "gilvin’ {Kitk
1976) or Gefbstaffe (Kalle 1966), describing those yellow substances occurring in water
bodies at concentrations sufficient to cffect the attenuation of photosynthetically
available radiation (PAR). Wetlands with these atiributes are referred to as "dystrophic’,

characterised by their low pelagic primary productivity (Wetzel 1975).
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The direct contribution of DOM to peat formation is minimal, however, numerous studies
have described the impact of DOM on the functioning and stiucture of aqualic
ecosystems {eg. Davies-Colley 1992; Welzel 1992; El Sayed ef @l 1993). DOM in
Australian systems has also received considerable attention (eg. Bowling 1988; Croome
& Tyler 1988; Carpenter ef of. 1991; Briggs ef af 1993; Lund & Ryder 1997). High
concentrations of DOM can influence food webs by alteting the physical or chemical
environment, modifying autotrophic primary production or by acting as a direct carbon
source (Joncs 1992). The lability and abundance of DOM and the chemistry of the water
column determine as 1o whether it stimulates or inhibits bioiogical activily seems to

depend onits, .

i

|
3.1.5 Aim

There is a dearth of literature concemning the quantities of allochthonous and
autochthonous litter entering wetland systems, particularly those in forested landscapes.
The development of pcat deposits is dependent on the supply of organic matter and
determining peat accumulation rates is reliant on quantifying these inputs. This chapter
aims to quantify the input of allochthonous and autechthonous organic maiter to the three
study wetlands. Allochihonous litter fall is separated into aquatic and riparian taxa and
individua] plant components such as leaves, stems and reproductive paris. Emergent
macrophyte leaf litter fall, algae (phytoplankton and bicfilm), and DOM are quantified as
major autochthonous sources of arganic matter contributing to carbon dynamics of these

wetlands,
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J2METHODS

3.2.1 Allochthonous litter traps

Allochthonous litter traps were constructed from large, robust plastic soak wells (0.8 m
inner diameter). The base of the litter {rap was made from 500 pm mesh to allow for litter
to accumulatc while rainwater could pass threugh, Each trap was attached to three
wooden stakes and placed with the base around one meter above the sediment surface
(modified from Turnbull & Madden 1983}. The habitat mapping cxercise (Section 2.6.4)
identified a vegetation association dominated by Melulewca fringing the wetland margin.
In a desktop exercise, this zone was delineated__ and 7 grid overlain. A random number
generator was used to determine the location of ie six litfer traps within this area in each
wetland. The locations of the litter traps are shown in Plates 3.1a, 3.1b and 3.1c for
Bokarup Swamp, Koedjinup Swamp and Noobijup Lake respectively. There were no

preliminary studies conducted to examine spatial variability.

Litter traps were emptied at each field sampling occasion and the contents of the trap
represent the total litter accumula’ Jn since the last collection. Upon collecticn the base
of each trap was removed and the contents brushed into labelled, sealable bags. In the
laboratory, each bag was sorted into the following components for each species; leaves,
bark, stem, flowering parts and insccts/other. Once separated, cach component was dried
in a Series 5 Contherm drying oven at 90°C for 48 hours, removed, cooled in a desiceator
and weighed in grams to 4 decimal places using an QHAUS analytical balance. Data
were converted to input in gDW/m?/day.

322 Emergent litter traps

Litter traps were designed and constructed to quantify the input of organic matter from '

emergent macrophyte leaf litter, Bach litter trap consisted of a 1 m® frame constructed
from 50 mm polypropylene tubing filled with polystyrene foam to ensure the traps would

float. Polyelhylene mesh with a 50 mm mesh size was placed across cach trap and
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Plate 3.1. Approximate locations of allochthonous litter traps (®), macrophyte litter traps

() and biofilm slide racks ( ) in (a) Bokarup Swamp and (b) Kodjinup Swamp.
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Plate 3.1c. Approximate locations of allochthonous litter traps (®), macrophyte litter
traps () and biofilm slide racks ( ) in Noobijup Lake.
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fastgned to lhc edges using cable ties. The mesh trapped falien emergent vcgclauon while

stili ailowi mg new leaves to emerge through the trap,

The habitat mapping exercise (Section 2.6.4) identified major assemblages of emergent
macrophytes within each wetland basin, In a deskiop cxercise, the area of emergent
macrephytes was delineated and a grid overlain. A random number generalor was used to
determine the location of the five litter traps within this arca in each wetland, There were
no preliminary studies condueted to examine spatial variability. The traps were placed
without influencing the emergent macrophyte assemblages, by lowering them over the
emergent vegetation from a boat. Existing vegetation was able to protrude through the
mesh until the irap floaled evenly on the water surface. The locations of litter traps arc
shown in Plates 3.1s, 3.1b and 3.1c for Bokarup Swamp, Kodjinup Swamp and Noobijup

Lake respectively.

Litter teaps were emptied at each field sampling occasion and the contents represent the
total litter accumulation since the lastz.ﬁ:ollcction. Litter was only removed from within the
1m? quadrat, and was cut if a leaf protruded heyond the edge of the quadrat, and placed
in sealed plastic bags. Samples were retumllad lo the laboratory, dried in a Series 3
Contherm “drying oven at 90 °C for 48 hours, removed, cooled in a desiccator and
.weighed in grams to 2 decimal places using an OHAUS analyﬁc.al balance. Data were

converted to ormanic matter input in gD'W/m%/day.

3.2.3 Phytoplankton biomass

. Chlorophyll @ was analysed using the trichromatic method (APHA 1989) from replicate
' samples‘ taken from integrated water samples from § random locations within in each
wetland basin on each sampling occasion. Two litres of water was passed through a
Whatman GF/C filter paper, the filter pager folded in half, wrapped in aluminium foil,
placed on ice in the dark and frozen within 5 hours of collection,

In the laboratory, filter papers were defrosted in a 4°C {ridge and replicates placed in

individual 10 ml polyethylene centrifuge tubes. Four ml of 90% aqueous acctone
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(CsHeO) was added 1o each tube, and the filter papers homogenised with 2 glass rod, A
further 6 ml of 90% aqueous acetonz was added to each sample, the cenirifuge tube
wrapped in ajuminium foil and placed in a 4°C fridge for 2-hours to extract. The samples
were then centrifuged for 10 minutes at 2500 rpm. Three m1 ol supernatant was decanted

into a quartz cuvetic and ils absorbance at 750 nm, 664 nm, 647 nm and 630 nm was

-recorded using a Shimadzu UV-1201 specirophotometer using 90% aqueous acelone as a

" blank. The 750 nm reading is used as a corection factor for turbidity and

- spectrophotometric properties of the acetone solution. To determine the optical densitics

for each wavelengih, the 750 nm value was subtracted from the other readings. The

following caleulation was used to caleulate chlorephyll a :
Chl a pg/m! acetone (A) = 11.85 (onsss) - 1.54 opsan - 0.08 (01:'.:(,30).
Chl a ug/L =[{A) / cell pathlengthl x vol of extract {ml)

Volume of filtered water (L)
'_J!. .

3.2.4 Biofilms

A preliminary experiment examined the temporal scales required to accumulate sufficient
biofilm for biomass and chlorophyll analysis. In July 1995, 20 500 mm x 200 mm
(0.2m®) slides (glass louvres) were randomly placed in four locations Noobijup Lake.

Slides were attached to a floated rope tied between two wooden stakes and suspended 5

_ cm below the water surfoce. This design minimised the effect of shading from the

wooden stakes and ensured a constant waler depth. Ten slides were harvested after 14
days and the remaining 10 slides afler 28 days. Individual slides were scraped into vials
using a razor blade and_:ubber policeman, labelled, wrapped in aluminium .Ifoil, placed on
ice in the dark and frozen within 5 hours of collection. The efficiency of this method is
outlined ih Cattaneo & Amireavlt (1992) and Morin & Cattaneo (1992). After 14 days in
the field the biofilm had accrued 11.0 & 2.5 pg/mziday afler 14 days and 73 £ 1.5
pg/m?/day after 28 days, The decrease in biomass and presence of invertebrate grazers on

the slides indicated grazing or sloughing was affecting biomass by 28 days.
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Macroinvestebrate prazers (aquaﬁc snails) were refnoved from the slides and not included

_in the biomass.

Five slides from each collection were used for the delermmatlon of bmmass and 5 for
chiorophyll a, In the laboratory samples were defrosled in a 4°C fndge, thc conients of
the vials transferred to a centrifuge tube, filled with 10ml of 90% aqueous acetcnc,
"¢ wrapped in aluminium foil and placed in a 4°C fridge to exiract for 2 hours. The samples
were then analysed for chlorophyll ¢ using the methods described al:iq}'c and converted 1o

chlorophyll @ pg/m?day using the following formu]a:_,

it ok

Chl a pg/m?/day = (A) x vol. extract / surface area sr.:":r’apedf number of days exposed.

The remaining samples were placed in preweighed crucibles and dried in a C.‘oﬁ'ihcrfn
series 5 oven for 48 hours at 105°C, Samples were remé;@tgii from the oven, placed ina
desiccator to cool and weighed to 4 decimal places using an OHAU§ hﬁalyt'ical-zb;ilﬁncé. .
Crucibles were then placed in a Furnace Drand muffle firnace fdl'r 1 hour at 540°C,

removed and cooled in a desiccator and weighed in grams to 4 demmal places These data

were converted to mgAFDW/m*/day.

Following the preliminary trials, a 14 day exposure time was chosen to represent an
accumulation rates that was not influenced by grazers or sloughing of -paﬂiculat.es‘ The:
habitat mapping exercise (Section 2.6.4) identificd imajor assernblages of emergent
macrophytes within each wetland basin. A random number generator was used to .
determine the location of the 5 biéﬁlm racks (each holding 2 slidas) in each wetland. The
locations of biofilm racks are shown in Plates 3.1a, 3.1b and 3.1¢ for Bokarup Swamp,
Kodjinup Swamp and Noobijup Lake respectively. At each sampling pericd the 10
biofilm slides were placed in ench rack and harvested 14 days later. One slide from each
" rack was used for chlorophyll and the cther used for bicmass determination, Slides were

collected, stored, processed and analysed as previously described. 3.2.4.1. Biofilms:

- mnatural vs. artificial substrata

In January 1997, biofilms from natural substrates was examined over the same 14 day
period as growth on the artificial substrates. Ten intact, green aliached B.articklaia leaves
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" chlorophyll 2 and biomiass as previously described.
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were cleaned below the waler line using a sponge to remove at! biofilm material and.
marked so ihe?ﬂ‘::':'uuld be relocated. Upon collection the Ieaves w:efc cut at the scuimem
sueface :md the waicr, surface, The length of the leaf and its. dlameter it cach cnd were
measured o calculate the surface of the leal sampled., The bicfilm was removed from

macrophyte stems using a rubber policeman, slored, processed and analysed _for,«;:"'

R
)

L

3.2.§-Di'ssolved organic matter (DOM)

The Walkley - Black BOM mel’-ud was used to determine DOM concentrations {Ndson '
& Sommers 1982), The mt:thod was devised for freshwaler samples of 100 - 200 ml wnh
5-30 gCIL Because of low concentrations of DOM, the standard method was modifi ed,.

to employ a lower quantity of potassium dichromate and a more dilutz solution of ferrous

sulfate than the standard, and repeated 3 times per sample to increase volumes,

Measures of DOM were obtained from integrated water samples taken from 5 randem
locanons within each wetland on each sampling occasion, Samples werc taken with a 1‘ -
mm polysthylenc tubing from the surface 1o the cpibenthos and immediately ﬁ}tered
through a prewashed, preashed Whalman GF/F filter paper with an effective pore s'ize”of
0.2' ym. Wherc water levels were insufficient to allow sampling of surface Water, .po'i'e'

water samples were used as deseribed in Section 2.5.3, The filtrate was placed in a 200m}

. ,v1al ’J'storcd on lce in the dark and frozen within 5 hours of collection.

' In the labm_'atory, samples were deffosted in a 4°C fridge, thoroughly hutnogenisednand

150 m! of sample placed into a 250 ml Erlenmeyer flask, recording the sample mass {m)

to the nearest 0,01 p. The flask was placed in a Contherm Series 5 drying oven and the

. solutlon evaporated at 110°C. DOM congentrations were determined using !

e 2 ml 0.1667M Potassium dichromate solution was added to the evapumted
sample and also into a clean Erlenmeyer flask as a conirel.

+ 4 ml concentraicd H; SO, was added, swirling the sample until the evaporale was
rinsed off the sides of the flask. -

[ J 40 mi distifled watcr was added followed by 2 mi IM onhophosphoric acid.
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¢ 1 ml Sodium diphenylamine-sulphonate indicator solution was added

¢ Ferrous sulfate was titrated from the burette, swirling the contents of the flask
until the solution changes from dark brown, through blue to green.

e The volume of ferrous sulphate used to the nearest 0.01 ml to titrate the control
b(V,) and the sample (V;) was noted.

oThe total volume (V) in ml of potassium dichromate used to oxidise the carbon
was calculated from : V =2(1-V,/V)).

oThe concentration of DOM in mg C/L of the sample was calculated by :

DOM = 3886 x V/m.

3.2.6 Data analysis

Differences in mean numbers of values for each data set were compared by analysis of
variance (ANOVA). Prior to analysis, the variances of sets of replicate samples were
tested for homogeneity with Cochran’s test. If variances of raw data were unequal, values
were logjo transformed or logip + 1 transformed and retested. Significance levels for
ANOVA’s were set at o = 0.05. Anova models were constructed for each hypothesis
using Underwood (1995). For simple one-way and two-way Anova's with orthogonal
designs and fixed factors, the mean squares (MS) error value is the residual and common
to all effects and interactions. For models that incorporate a random factor, such as
Sampling Event, the MS error for each effect and interaction has been calculated using
the 'table of multipliers' procedure outlined in Underwood (1995). The following models
analysed using Statistica (Statistica 1995).

Allochthonous and autochthonous litterfall

Null Hypothesis: there is no difference in the total litterfall from allochthonous or
autochthonous sources between wetlands and sampling occasions.

ANOVA Model Design: (Repeated measures ANOVA: 1 within-1 between)
Wetland - fixed factor with 3 levels
Sampling occasion - random factor with 7 levels

Chlorophyll a



.ANOVA Model Design: (2 factor ANOVA) =

‘Wetland - fixed factor with 3 levels
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Null Hypothem there is no d:ffcrcncc in the water column conccntral:ons of chlorophyll
a betwecn wetlands and samp]mg occastons i

ANOYVA Mode! Des:gn. (2 factor ANO\’A)_

“Wetland - fixed factor with 3 lcvcls )

Samplmg accasion - random factor wllh 8 Ievcls

DOM :

_Null Hypothesis: there is nd dlfference in water cnlumn DOM concentrations betwccn

wetlands and sampling occasions,

- ANQVA Model Design: (2 factar ANOVA)
.. Wgt]and - fixed factor with 3 levels

. Sampling occasions - random factor with 8 levels |

Biofilm field samples (Chlorophyll 4 and bmmass} . .

Null Hypothesis: there is no difference in biofilm chlorophy]] afblomass hetween
wetlands and sampling occasions, The open water area of Bokarup Swamp. is_not
included in the analysis. .
ANOVA Model Design: (2 factor ANOVA)

Wetland - fixed factor with 3 levels

Sampling occasion - random factor with § levels

" Biofilm artificial vs. natural substrata

Null Hypothesis: there is no difference in biofilm ci‘l!oroph) Il aa’b:omass between natura]
and artificial substrata in any of the wetlands.

Substrate - randem facter with 2 levels

Tukey-Kramer post hoc tests were vsed to further examine the data set where significant
differences were found within single factor anatyses. Where significant differences were
found in multiple interactions, the percent of total sum of squares of each factor was used
to explore sources of variation {(after Zar 1984).

b
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3.3 RESULTS

3.3.1 Allochthonous liticr traps

o

" Allochthonous litterfal) displayed consistent differences between wetlands and a distingt

seasonal pattern of litter input {Figure 3.1). Total annual allochthonous inputs ranged
from 925 gDWim?, 542 gDW/m? and 198 gDW/m’® in Bokarup Swamp, Kodjinup
Swamp and Noobijup Lake respectively. A significant difference {P<¢.0001) was found

between wetlands (Table 3.1), with Bokarup Swamp receiving substantially more

“allochthonous organic matter {peaking at 3.6783 + 0.558 gDW/m?/day in December 1995

to Feb 1998) than the other wetlands. Conversely, Noobijup Lake had very low inputs
from allochthonous sources, falling to 0.2027 % 0,106 gDW/m?/day in July to Oct 1996.
A significant difference (P<0.0001) was also found between scasons with a defined
summer/autumn maxima in each wetland. Organic inputs also showed interannual
variability with higher inputs in the 1995/96 summer period than in this period the
following year. Inputs in Bokarup and Kodjinup Swamps were dominated by
M. raphiophylla plant components, ranging between 88 and 99% of total litterfall, with

leaves being the predominant source (Table 3.2). The composition of allochthonous litter

" was markedly different in Noobijup Lake, receiving a large quantity of litter from E.rudis

and B.ittoralis (Table 3.2).

A significant interaction between wetland and season (P<0.0256) indicates that these

-parameters are not acting independently (Table 3.1). Overall scesonal trends of

summer/autumns maxima and winter lows were evident in all wetlands, however, relative
changes in wetlands' inputs were not consistent. For example, mean litter input to
Kodjinup Swamp was low in the September to December 1995 period from low inputs of
M. raphiophylla leaves, Similarly, lower mean litter inputs were found at Noobijup Lake

in April to October 1996 compared with the other wetiands.
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Figure 3.1. Average total allochthonous organic matter input (£SE) gDW!m:r’day mn
each sampling period for each wetland from September 1995 to January 1997.

Table 3.1. Two-way repeated measures ANOVA (Wetland by Sampling Event) results

for allochthonous leaf litter traps.

Source Df Sum of Mean F-value P-value
Squares Squares

Wetland 2 9.59 4.79 2908.83 0.0001

Sampling 5 2.73 0.54 59.16 0.0001

Event

Wetland x 10 0.42 0.04 4.62 0.02

Sampling

Event
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Table 3.2. Average total contribution (EDW/m®?} of individual taxa and plant components (]eaf stem, repmductwe bark) to total
allochthonous litterfall in each sampling period for each wet]a.nd

E.marginata . -

Erudis

. Blitoralis -

" Mraphiaphylia : . TR

Ieaf Bark teproductive  Stem Leaf . * Leaf.. - :Batk reproductive * leaf - stern
Bokarup Swamp C : ]
Sept - Dec 1995 91.5895 21315 119520 255156 - 00000 20165 - 0.0000 -1.5698 - 00000  0.0000
Dec 1995 - Feh 1996 163.2800 9.3295 144148 342576 0.0000° 50907. 0.0000 10182~ 00000  0.0000
Feb - Apr 1996 181.7855 03224 90003 ° 353054~ 0.0000 60069 00000  0.0000 00000  0.0000
Apr- July 1995 142.9074 0.3384 63287 342132 00000 . 60620  0.0000 0.6000 0.0000  0.0000
July - Oct 1996 110.7657 0.9332 1.5942 9.1362 20,0009 02461 0.4368 0.0000 00000  0.0000
Oct 1996 - Jan 1997 171.2731 4.3833 22.1565 19,3835 0.0000 0.0816 ©  0.0000 0.0183 €.0000  0.0000
Kodjinup Swamp : S }
Sept - Dec 1995 419562 .. 15752 45660° - 113798 00000 . 7.8880 - 00000~ 0.0000 00000  0.0000
Dec 1995-Feb 1996 1042843 2.8778 59197 | 74106 11125 51652  0.1637 0.6478 00000  0.0000
Feb - Apr 1996 115.1437 . . 3.5885 445901 74667 -1.8653 6.6084 00000 00000 0.0000 0.0000
Apr - July 1996 95.5764. "3.5012 45205 - 7.4667 & ¢ 11942 46142 00000 0.0000 0.0000  0.0000
July - Oct 1996 814460, 32126 03795 7 27803 00557 03072 . 15310 - 00193 00000  0.0000
Oct 1996 - Jan 1597 1023318 . 39980 - 32873 ..47066 - 0.0000 63591 05647 0.0000 0.0000  ©0.0000
MNoobijup Lake I N P : ’ e
Sept - Dec 1995 14.3787- 04198 - - 32765 . 09692 ~0.0000 ‘27349 00000 .- 03543 37901 124489
Dec 1995 - Feb 1996 139235 . 15184 . 15114 © 14922 - 7 00000 . 35415 44586 .- 3517 125737 0.0000
Feb - Apr 1996 142413 1.7939 14448 ;53833 - D000 70117 23569, L7120 (41261  0.0000
Apr - July 1996 157669 - 9.7450 TOR93 0562367 00000 - 60486 . 03104, . 822047 121148 0.0000
July - Oct 1956 8.4447 - 44969 - 00688 21940, 00000 77. 09540 ° 00000 .. 0.0000 05100 21794
Oct 1996 - Jan 1997 14248 © 16940 00000~ 1.6893 .. g67200 10165

16.7043

L2y

0.6102 -

48340

o
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3.3.2 Emergent macrophyte leaf litter traps

Leaf litterfall from emergent macrophytes followed similar trends to that of the
allochthonous inputs with a distinct seasonal cycle of summer/autumn maxima and
winter/spring minima (Figure 3.2). This was supported in a significant difference
(P<0.0001) between seasons (Table 3.3). A significant difference (P<0.0001) was also
found between wetlands with Kodjinup Swamp consistently receiving the highest amount
of organic matter from emergent macrophytes, peaking at 0.98 + (.1 gDW/m’/day in the
December 1995 to February 1996 period. As with allochthonous litter, Noobijup Lake
had the lowest inputs from emergent macrophytes, falling to 0.11 + 0.1 gDW/m*/day in
September to December 1996 period. Macrophyte inputs also showed interannual
variability with higher inputs in the 1995/96 summer period than in this period the
following year. The two-way repeated measures ANOVA produced a non-significant P

value of 0.0542 (Table 3.3).

1.00
0.80
060
0,40

020

macrophyte litterfall gDW/m2/day

LR

1915
\
lun

(R TH
TR AL
July 1N

198K

A

[l

B Bokarup BKodjinup ONoobijup

Figure 3.2 Average total input (£SE) gDW/m?/day from emergent macrophyte leaf
litter in each sampling period for each wetland from September 1995 to January 1997.
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Table 3.3 Two-way rcpeated meastires ANOVA (Wclland by Samplm;, Evcnl) resu]ls
for cmerbent macrophyle ]caf lltler lraps -

Sowse df S“m o Mo Fage Pale
I © ' Squarés . Squares " C a
Sampling -5 . 281 - . 050 - -10039"° ¢ - 00001 -
Event : R - PR R
Wetlind  “x 10 .~ 0006 .. .. 0016 47 31900 0.0542
Sampling._' "'-:'f-“*;. el T e e

Event - . &

3.3.3 Water column Chlorophyll a

Concentrations of chiorophyll a in all wetlands were very low, with the highest value of
8.87 £ 0.2 pp/L recorded at Noobijup Lake in Janwary (Figure 3.3). Significant
differences were found in chlorophyll 4 concentrations between wetlands (P<0,0001) and
seasons {(P<0.0001) with the strong seasonal cycle of summer maxima and winter lows
again evident (Table 3.4). Bokarup Swamp and Noobijup Lake had similar
éoncentrations throughout the study., Kodjinup Swamp consistently had the lowest
concentrations, with no values obtained from this wetland in July of each year as surface
water levels were insufficient to sample. A significant interaction between wetland and
season (P<0.0034) was found in the twe way ANOVA. Season contributes over 90% to
. the total sum of squares indicating its dominant contribution to the interaction. This may
be due to zero readings from Kodjinup Swamp during periods of no surface water or the
decrease in chlorophyll a concentrations at Bokarup Swamp relative to Noobijup Lake in
* the [ast three sampling rounds.
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Chlorophyll a ug/L.

i.-.,lfl H] . el

Jul-95 Sep-95 Dec-95 Feb-96 Apr-96 Jul-96 Oct-9 Jan-97
MBokerup BEKodjinup ONoobijup
Figure 3.3. Average water column chlorophyll @ (+SE) pg/L. in each sampling

occasion for each wetland from July 1995 to January 1997. An absence of data

indicates insufficient water levels for chlorophyll a sampling.

Table 3.4. Two-way ANOVA (Wetland by Sampling Event) results for water column
chlorophyll a.

Source Df Sum of Mean F-value P-value

Squares  Squares

Wetland 2 1.06 0.53 1049.00 0.0001
Sampling Event 7 10.37 1.48 2925.00 0.0001
Wetland x Sampling 14 0,37 0.026 52.04 0.0034

Event
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3.3.4 Biofilms

. 3.3.4.1 Chlorophyll a

Consistent with other sources of organic matter, biofilm chlorophyll « cﬁnccntratihns
showed sipnificant differences between wellands (P<0,0001) and seasons (P<0.0018)
{Table 3.5). A strong seasonal cycle was evident with higher chlorophyil concentrations
in the warmer, summer months (Figure 3.4). Concentrations in Kedjinup Swamp and
Noobijup Lake were similar {hroughout the siudy, with Bokarup Swamp haw'n.g
consistently lower concentrations, A habitat difference was also cvident at Bokarup
Swamp, with concentrations in the unvegetated area up to four times higher than thase

within emergent macrophyte habitat.

Table 3.5. Two-way ANOVA (Wetland by Sampling _Event) results for biofilm
chlorophyll a. . o : . .

Source . S f_]f Sum “of Mean’ Fvalue .~ P-value

Sq_t_la;eé : Squares

C Wetland- .. L0 30
) Samplin"g'f'ivént' : _. 5.
Wetlasid x Sampling 10 -

125, 79887 0.0001 "
S e71se0 . ooots

Coar
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Biofilm Chlorophyll a ug/m2/day

(I A A

Dec-95 Feb-96 Apr-96 Jul-96 Oci-9% Jan-97
® Bokarup Macrophyte B Bokarup Open Water @ Kodjinup 0O Noobijup
Figure 3.4. Average biofilm chlorophyll & (+SE) pg/m’/day concentrations for each
sampling occasion in vegetated habitats in each wetland, and unvegetated and vegetated
habitats in Bokarup Swamp from December 1995 to January 1997. An absence of data

indicates insufficient water levels for biofilm development.

3.3.4.2 Biomass

Consistent with biofilm chlorophyll ¢ trends, significant differences for biomass were
evident between wetlands (P<0.0001) and seasons (P<0.0054) (Table 3.6), with a strong
seasonal change in biofilm biomass. Biofilm biomass values were very high, accruing up
to 84.1 + 9 mgAFDW/m*/day in the open water habitat at Bokarup Swamp over the 14
day period (Figure 3.5). Bokarup Swamp and Noobijup Lake had similar biomass values,
with Bokarup Swamp having a slightly higher biomass. Kodjinup Swamp consistently
had the lowest biomass and did not exhibit the marked seasonal change in biomass of the
other wetlands. A Tukey-Kramer post hoc test revealed no significant difference in

biofilm biomass between Bokarup Swamp and Noobijup Lake.
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Table 3.6. Two-way nested ANOVA (Wetland by Sampling Event) results for biofilm
AFDW.

Source df Sum of Mean F-value P-value

Squares  Squares

Wetland 2 16.03 8.019 11794.83 0.0001
Sampling Event 5 31.66 6.332 5286.00 0.0054
Wetland x Sampling 10 7.91 0.719 0.66 0.74
Event

1

1060

=

LU
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50 4

40

i0

Ash Free Dry Weight mg/m2/day

I LA

Dec-95 Feb-96 Apr-96 Jul-96 Oct-96 Jan-97

W Bokarup Macrophyte B Bokarup Open Water @ Kodjinup  ONoobijup

Figure 3.5. Average biofilm AFDW (£SE) mg/m?*/day for each sampling occasion in
vegetated habitats in each wetland, and unvegetated and vegetated habitats in Bokarup
Swamp from December 1995 to January 1997. An absence of data indicates insufficient

water levels for biofilm development.
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3.3.4.3. Biofilms : natural vs artificinl substrates

s, Artificial substrates preduced significantly higher ch]orophyll a (P<0, 000!) and biomass
\(P<0 0001) values than those found on the cmcrgcnt macrophylc leaves (Tab]cs 3.7 and
3.8).. Significant wetland differences {#<0.0001) were found for bulh paramclcrs, with
values consistent with those from the field sampling data (Figurcs .3 .6 and '.3 7.
Chlorophyll @ levels were rclauvely low in all wetlands (particularly. Kod_]lmlp Swamp)
however the biomass was up to 3 times higher on the artificial subslrates Blof ]m
biomass was highest at Bokarup Swamp for both substeates with Noobuup Lake ha\_«rmg

the highest chiorophyli a concentrations deépite having a lower biomass.

Table 3.7. Two way ANOVA {Wetland by Substrata} results for blof' Im chlorophyll a
fromnaluralandartlf'clalsuhstrates e

Source . de . .I P-va]ue .

_Wetla_nd.'_ . 2

_ SuBstfatc.

' Weland X Substrata ._ 3
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Table 3.8. Two-way ANOVA (Wetland by Substrata) results for biofilm AFDW from

natural and artificial substrata.

Source df Sum of Mean F-value P-value

Squares  Squares

Wetland 2 9.90 4.54 1469.00 0.0001

Substrata 7 1.12 1.12 363.00 0.0001

Wetland x Substrata 14 0.08 0.40 12.935 0.0702
- 10

Bokarup Kodjinup Noobijup

B Natural O Artificial

Figure 3.6. Comparison of average (£SE) chlorophyll a ng/m’/day from artificial
substrata (glass slides) and natural substrata (B.articulata leaves) in each wetland in

January 1997.
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Figure 3.7. Comparison of average (+SE) AFDW mg/m’/day from artificial substrata

(glass slides) and natural substrata (B.articulata leaves) in each wetland in January 1997.

3.3.5 Dissolved organic matter

DOM concentrations varied significantly between both wetlands (P<0.0001) and seasons
(P<0.0001) (Table 3.9). Concentrations were consistently highest in Kodjinup Swamp
reaching 59.08 + 5.3 mg/L in February 1996 and lowest in Noobijup Lake, generally
below 18 mg/L (Figure 3.8). DOM peaks for Bokarup and Kodjinup Swamps followed a
predictable trend of summer maxima and winter troughs. Noobijup Lake displayed little
variability, however, maximum values were found in April and July of each year that

declined over the summer months.



Table 3.9. Two-way ANOVA (Wetland by Sampling Event) results for DOM.

Source Df Sum of Mean F-value P-value

Squares  Squares

Wetland 2 8.41 4.20 3252.00 0.0001
Sampling Event 7 0.36 0.05 39.87 0.0001
Wetland x Sampling 14 0.29 0.02 16.31 0.51
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Figure 3.8. Average DOM (+SE) concentration (mg/L) in each sampling occasion for

each wetland from July 1995 to January 1997.
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3.4 DISCUSSION
Thls aim of this chaptcr w.‘ls 1o quantify the inpul of dominant allochthonous and
aulochlhonuus sources of o'gamc malter to Bokarup Swamp, Kodjinup Swamp and
Noobijup Lake in the Muir-Unicup region. Allochihonous litter fall was measured using
litter traps and separated into aquatic and riparian taxa and individual plant components
such a:_} leaves, stems, bark and reproductive parts. Emergent macrophyte leaf litter fall
was measured using floating litter traps and constituted the dominant source of
particttlate organic matter in all wetlands, Water column phytoplankton, biofilm from
natural and artificial substrata and DOM were also quantified as major autochthonous

sources of organic matter contributing to the carbon dynamics in these wetlands,

Allochthonous and autochthonous inputs were dominated by a strong seasonal eycle of
higher inputs during the summer periods of each year than inputs during the colder winter
menths. This seasonal cycle produced significant differences between sampling events
for ali sources of orpanic matter, Increased inputs during warmer periods coincided with
periods of maximum wetland water levels and temperatures. High water levels during
this period may be important for providing the low benthic oxygen conditions at the time
of the highest orgonic inputs and therefore favouring the accumulation of peat. The
presence of the physico-chemical corditions most conducive 1o peat accumulation
coinciding with peak organic matter inputs has not been noted in the Australian
limnological literature. The co-occurrence of these conditions may be the predominant
reason explaining the occurrence and distributfon of peat depesits in south-westem
Australia. Changes to the local and regional hydrology can therefore impact on rates of
peat accumuiation by altering the timing and duration of wetland water levels, which can
influence wetiand physico-chemistry and macrophyte distribution {Frocnd & McComb
1994).

There was also evidence of interannual varjability in many of the inputs, which may be
driven by climatz variations. Rainfall during 1996 was well above average at 1092.4 mm,

suhsii:?ntially wetter than 1995 at 930.8 mm and ssinfall by July 1997 was also well below
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average (Section 2.6.1). The variability in rainfall was reflected in significant differences
between wetlands for all sources, which may have resulted in differences in hydrology,
physica-chemistry and vegetalion associations between years within each welland (sce

Chapter 2).

Litterfall in all of the wetlaids studied displayed scasonal peaks in summer, with the
December to April period contribuling around 60% of total annual inpul. Numerous
studies in south-eastern Australian riparian forests have identified that maximum literfall
occurs in summer (December lo February) {ep. Lake er af. 1985; Bunn 1986; Campbell et
al. 1992; Brigos et al. 1993). However, this seasonality in litterfall is less marked than in
the Northern Hemisphere where deciduous forests dominate. Litterfall in an Australian
cool temperate stream was 18% of 1otal annual load during winter, compared 1o around
5% in the Northem Hemisphere (Campbell & Fuchshuber 1994), Pozo ef al. {1997) noted
a 32% reduction in annual litterfall from a Encalyptus globulfus plantation compared to an
adjacent mixed deciduous forest. Peak deciduous litterfall was in autumn, whereas the
Eucalypt plantation displayed a less marked scasonal pattern with peak litlerfall in
summer. Intrinsic site characteristics such as hydrology and species composition, density
and distribution tiicrefore play an important role in the extent to which Australian native
riparian liierfail vary with season. In wetlands such as these in the Muir-Unicup region
which experience highly seasomal water levels, alierations to local and regional

hydrology may influence the timing and quantity of litterfall.

" Total annual allochthonous litterfall rates differed substantially between wetlands, with
Bokarup Swamp at 925 gDW/m’/ycar having almost twice the annual litterfall of
Kodjinup Swamp and almest five limes that of Noobijup Lake. Studies quantifying
litterfall are gencratly from riparian habitats dominated by Eucalypts, Caswaring or
Melaleuca. Annual litterfall rates in Australian temperate streams dominated by
Eucalypts range from 310 gDW/m%/year (Campbell & Fuchshuber 1994) through 1o 800
+ 99 g DW/m?year (Campbell et al, 1992), Annual Melateuca litterfall ranged from 430
g DW/m¥/year in a south-west Australian cstuary (Congdon 1979) to 809 + 135

gDW!mZIS(car in a south-east Australian wetland (Greeoway 1994), Riparian zones in the
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study wetlands contain mixed stands of Bucalypts, Melalenca and Hunksia (Appendix 1),
with Mefalenea components (particularly leaves) dominated litterfal? at both Bokarup and
Kodjinup Swamps, contributing around 90% of lotal litterfall. In contrast, Noobijup Lake
had a much lower proportion of litterfall from Melalenea, and a much lower lotal annual
litterfall, Variations in the rate and tliming of allochthenous litlerfall in each wetland,
particularly in Noobijup Lake, may be a result of riparian assemblages dominated by a
few specics, which will direcily effect the composition of litter contributing 1o the

sediment,

Early studies by Biirlocher ¢f af. {1978) estimated inputs of organic matter from emergent
macrophytes by harvesting above ground biomass, and assuming the entire biomass
entered the water column annually. Simifar assurnptions have been made by studies
quantifying above gronnd produclivity and rates of macrophyle senescence io estimate
organic matter contributions (Brinson ef ¢f, 1981; Bartsch & Moore 1985; hocking 1989;
Gessner of al. 1996; Kuehn & Suberkropp 1998). These studics have the potential to
overestimate the input of macrophyte organic matter by assuming total litterfall of the
standing biomass each season. This overestimate is evident when litter trap results arc
compared to inputs penerated from productivity data. Productivity values for emergent
macrophytes range from 689 to 4510 gDW/m*fyear for Phragmites austratis (Gessner ef
al. 1996; Reitner cf al. 1999) to 1300 gDW/m™/year for Juneus kransii (Congdon &
McComb 1980). Peak inputs in litter traps were 239,91 gDWim¥year in Kodjinup
Swamp. Peak productivity for Bawmea articulata of 2.8 gDW/m®/day has been found in
south-west Australian wetlands (Froend & McComb 1994), however this is still almosi
three times the maximum litterfall found with litter traps. In wetlands such as those in the
Muir-Unicup Region where orpanic inputs are cbviously dominated by emergent
macrophytes, and dominant species do not completely senesce, accurate estimates of

litterfall are required to determine their contribution to peat accumulation.

Macrophyte litterfall displayed a similar seasonal cycle and significant differences
between wetlands to allochthonous inputs. Differences in litterfall did not reflect the

density and biomass of macrophytes in cach wetland (Section 2.6.6). Highest litterfall
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{23991 gDW!’mzz’ycar) in Kodjinup Swamp did not correspond to highest biomass or
density of leaves recorded. However, the largest change in biomass was recorded al
Kodjinup Swamp, almo.. doubling between Aprif and Scptemher. This indicates that
B.articulata productivity in Kodjinup Swamp was higher than the other two wetlands,

which may have lead to increased leaf fall,

Together with providing organic matter to welland sediments, emergent macrophytes
provide a substratum for bicfilm growih. Biofilms provide a major energy source for
aquatic food webs by contributing orpanic material 1o the waler through leached
exudates, sloughed dead and senescent material, and live cells (Rounick & Winterbourn
1986: Lock er af. 1984). Biofilms were low in chlorophyll @ in the macrophyte habitat
(less than 45 pg/m*/day) and coincide with very low water celumn productivity (less than
10 pg/L). In a review of aquatic biofilms, Goldsborough and Rahinson {1996) suggested
that chlorophyl]l concentrations in freshiwater systems rarely exceeded 10 mg/m’. In
south-east Australian wetlands, biofilm chlorophyll measurements range from 0.2 - 42
mg/m’ (see review in Burns & Ryder in press), substantially higher than in the study
wetlands, The presence of high concentrations of DOM (sce review in Kitk 1986) in
these wetlands may be responsible for low algal productivity, DOM has the potential to
premote the growth of bacteria, algae and plants by acting as a food source (eg. DeHaan
1976; Geisy 1976; Wilson 19%91), however, it generally inhibits biclogical activity
through the fixation of trace metals or phosphate, inhibition of enzymes, absnrption of
light or lowering the ambicnt pH (Jackson & Hecky 1980). Nutrient limitation (as
proposed in Chapter 2} in aquatic systems may also contribute to low biofilin and water

column chloraphyll productivity (Mosisch e al. 1999).

Biofilm organic biomass differed greatly between wetlands and displayed little
association with trends in chlorophyll concentrations. The organic biomass in Kodjinup
Swamp was notably lower than the other wetlands, yet the ratio of chlorophyll to organic
biomass was lowest in this wetland. This is in contrast 1o the other wetlands (particularly
Bokarup Swamp), which had a very high chlorophyll to orpanic biomass ratio. This

indicates that the majority of the biofilm biomass in Kodjinup Swamp was algal, whercas
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in the other wellands the biomass was dominated by other hiolic or abiotic sources of
organic matier. Biofilms arc a diverse assemblage of aulotrophic and heterotrophic
organisms {Lock et af 1984) and therelore may contain o substantial heterotrophic
companent which can contribute to organic biomass (cp. Sinsabaugh et al. 1991; Scholz
& Boon 1993; Sobczak 1996). As with algal productivity, helerotrophic microorganisms
can also be supperted v inhibited by high levels of water column DOM, depending on
the successional stage of the biofilm (Goldsborough & Robinson 1296). Blenkinsopp &
Lock (1924} found biofilms in low light environments are predominantly heterotrophic
and dominated by bacteria. High levels of DOM in Kodjinup Swamp may therefore be
inhibiting both algal and bacterial biofilm productivity.

A comparison of artificial (glass slides) and natural (B arficulata leaves) substrata found
artificial substrala significantly overestimated biofilm biomass and chlerophyll «
concentrations in all wettands. Artificial substrata are commonly used to sample bicfilm
colonisation. Critical reviews by Cattanco & Amireault (1992} and Morin & Cattanco
{1992) argue the ability of artificial subsirata to reproduce natural substrata, concluding
they often misrepresent both the quantity and composition of natural biofilms. Lui er al.
(1993), Cronk & Mitsch {1994) and Lowe ef al (1996) have all demonstrated an
increased biomass from artificial compared 1o natural subsirata. Despite the limitations
there are many benefits to using artificial substrala for measuring biofilm parameters,
They can reduce the heterogeneity of the nawsally occurring subsirata, permit
standardisation of substrata betwecen sites, and allow colonisation when substrata may be

limited (Cattaneo & Amireault 1992),

Some wetland macrophytes produce allelochemicals which can limit biofilm growth
(Gross et al. 1996; Nakai f al. 1999). This may also account for differences noted
between the open water and macrophyte habitats. Significantly higher chlorephyll
concentrations and organic biomass were found in the open water areas of Bokarup
Swamp compared to within the maerophytes communities. Weeks (1988) suggested
allopathy- to explain differences in algal species diversily and biomass on artificial

substrata in macrophyte habitats compared with unvegetated habitats, Macrophytes can
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also negatively alier the environment for algac through shading. Light availability is one
of the most impertant foctors influencing primary productivity in aguatic systems,
especially where nufricnts are limiting (Winterbourn 1990). The presence of dense
assemblages of B.articidate has resulied in chlorephyl! concentrations up lo 7 times
lower than in unshaded open waler. Shading from riparian vegetation in temperate
streams has also produced a four to five time's reduction in chlorophyll and arganic

biomass (Hill & Knight 1988).

3.4.1 Summary

This chapter quantificd the dominant sources of organic matter into Bokarup Swamp,
Kodjinup Swamp and Noobijup Lake. The average daily inputs of organic matter from
allochthonous and emergent macrophyte litter, phytoplankion, biofilms and DOM form
the basis of the carbon budget (Chapter 6) which js used to caleulate the biomass of

organic malter contributing 10 p2at accumulation in each wetland.

Allochthoncus and autochthonous inputs were dominated by a strong seasonal cycle of
increased inputs during the summer periods, coineiding with periods of maximum
wetland water levels and temperatures. The presence of the physico-chemical conditions
most conducive 1o peat accumulation coinciding with peak organic matter inputs is
important in explaining the occurrence and distribution of peat soils in south-westemn
Australia. Inputs from riparian allochthonous sources contributed significant amounis of
organic matter to the sediments of each wetland. However, inputs from these sources are
restricted to the margins of each wetland, limiting their contribution to peat accurnulation
in the wetland basin. Above groond components of emergent macrophytes, particularly
B.articulata, dominated the carbon supply in each wetland. Macrophytes contributed
highly refractory particulate organic matter to sediments, provided a source of DOM and

a colonisable substratum for biofiims.

It is evident from these results that the maintenance of macrophyte communities is
essential to continue the process of organic matter accumulation in these wetlands.

Management of these wetlands must therefore include the provision of hydrologic
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regimes and water quality that maintains emergent macrophyle community structure and
productivity. Changes to the local and regional iydrology can therefore impact on rates
of peat accumulation by alicring the timing and duration of wetland water levels, which
can influence welland physico-chemistry and macrophyle distribution (Frocnd &
MeComb 1994).
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CHAPTER 4

TRANSFORMA TIONS AND LOSSES OF ORGANIC
MATTER

Microorganisms and Carbon Gases

4,1 INTRODUCTION

The relationship between organic matter production and organic matter decomposition
determines the rate of peat accumulation. Macrophytes provide a major source of organic
matter to wetland sediments through root and rhizome tarnover, the secretion of organic
compounds from roots and the loading of organic particles ¢ ‘ling on the sediment
surface (Chanton & Dacey 1991; Muller e af 1994). The colonisation of this benthic
organic matter by aquatic microorganisms such as fungi and bacteria is termed
‘conditioning', and results in an increase in the quality of the detritus as a food source for
detritiveres {Anderson & Seddell 1979). In addition to turning the detritus into a more
palatable food source, microorganisms transform detrital organic matter into their own

biemass, a form in which the material is more accessible lo detritivores.

Chemoorganotrophic organisms (primarily bacteria) do not require oxygen to combust
organic matter, but can use a variety of alternate terminal electron acceptors {Kortmann
& Rich 1994), These microorganisms are an important link between primary and
secondﬁ production in aquatic detrital food webs, controlling the flux of carbon and
energy within aquatic systems (Boon & Shiel 1990). The organic matter produced from
this process can be in the form of the microorganisms themselves or by-products of their
respiration (such as carbon dioxide - CO; and methane - CHy) which ¢an be utilised by
suceessive trophic levels. These reduced products contain residual energy which supports
further oxidation by bacteria, which can be preyed upon by bactiverous organisms, and
hence enter the food web, However, in areas exposed io prolonged inundation, their

respiration may lead to a substantial depletion of oxygen (Segers & Kengen 1998) which



in tum may cffect the distribution and abundance of other aqualic flora and [auna
(Choudrey 1988).

In wetlands with no surface drainage, a large proportion of the organic matter production
remains within the system and passes 1o the sediment for microbial decomposition. The
conversion of this organic matter to microbial biomass and the atmospherie flux of
carbon gases represent the major loss of organic matter from these systems, Quantifying
these losses is an integral component in the determination of the rates of peat

accumulatien,

4.1.1 Bacterial production of methane and carbon dioxide

QOrganic matter is decomposed te carbon dioxide by bacteria preferentially under aerobic
conditions using oxygen, nitrate and sulfate electron aceeptors (Sormell & Boon 1992;
Muller et ai. 1994). As benthic consumers use oxygen, biogenic methane production
becomes the dominant pathway for organic matter decay (Boon & Mitchell 1995),
Methane is produced by methanogenic bacteria using a limited range of substrates,
primarily hydrogen, carbon dioxide or acetate which are produced by other anacrobic
bacteria mineralising more complex organie substrates (Holzapeel-Pschorn et ai. 1986).
A food chain involving fermentative and methanogenic bacteria guarantees that organic
matter will be mineralised to gaseous products (carben dioxide and methane) even under
oxygen deficient conditions. Measurements of biogenic methane production from
wetland envirenments are important in estimating rates of breakdown of carbon

molecules.

The locality and productivity of freshwaler systems result in varying concentrations of
dissolved carbon dioxide. Photosynthesis and respiration are the two major factors that
influence the abundance and distribution of carbon dioxide, with atmospheric diffusion
contributing to dissolved levels. Carbon dioxide is very soluble in waler, some 200 times
greater than oxygen (Wetze) 1975). As carbon dioxide dissolves in water, the solution
contains unhydrated carbon dioxide at around the same concentrations. The carbon

dioxide of the water hydrates to yield carbonic acid using the following equation .
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COy + ;0 ¢ H;,COs

As water-enters the sediment it becomes enriched with carbon dioxide from plant and
microbial respiration (Wetzel 1975). The aerobic zone of waterlogged sediments is
generally limited {o the water column and the upper most millimetres of the sediment
surface (King er of. 1990). As a result of oxygen seeretion from the underground portions
of macrophytes an aercbic zone is crealed proximaie 1o thesc parts in the sediment
(Holzapfe!-Pschom er al. 1986). These zones increase the production of carben dioxide
as well as providing carbon dioxide for use in anacrobic metabolism and creating a site

for the oxidation of methane from surrounding anexic sediments.

In wetland sediments, oxygen consumption usually exceeds the rate of oxygen diffusion
below surface sediments (Westermann 1993). Microbes can wmineralize organic
molecules completely to carbon dioxide under aerabic conditions. Under anaerobic
conditions, bacteria are responsible mainly for biological mineralization, requiring a
complex micrebial food web where the product of cne microhial group serves as a
substrate for subsequent microbial assemblages (Westermann 1993). Organic matter can
therefore be mineralized completely 10 carbon dioxide under aerobic cenditions or to
methane and carbon dioxide by oxidation-reduction reactions {Westermann 1993). The
former reaction is dependent on the presence of appropriate clectron acceptors and
oxidation-reduction potential. Therefore, the respiratory processes in aquatic sediments
are dependent on concentrations of specific clectron acceptors and the availability of

organic malter,

Methane j)mdur;tion is the terminal anaerobic mincralisation process in wetland systems
where, other than carbon dioxide, inorganic electron acceptor concentrations are low. The
production of methane and carbon dioxide from organic matter cceurs in two stages.
Firstly, an assemblage of facultative and obligate anaerobic bacteria convert proteins,
carbohydrates and fats into simple sugars and fatty acids by hydrolysis and fermentation
{Wetzel 1975}, Methanogenic bacteria utilise these products in the production of methane

and carbon dioxide through enerpy yielding oxidation-reduction reactions resulting in
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reduced falty acid products and oxidised earbon as carbon dioxide (Wetzel 1975). This

primarily oceurs through two reactions.
CO; + 8H —» CHy + 2H,;0

CH3COOH — CH, + CO;

Methane produced in the sediments can be oxidised by methane oxidising bacteria
(methanotrophis} in the overlying water column and in aerobic zones of sediments, The

empirical equation for methane oxidation is

5CH, + 80; —» 2(CH,0} + 3C0, + 8H,0

Methanotrophs are an important sink for methane in acrobic zones {McDonald er al.
1996) and as such play an important role in carbon cycling. Little dissolved oxygen is
required as methanotrophs can persist in concenirations as low as 0.1 mg/L, highlighting

their ability to scavenge any oxygen present in waterlogged soils (Rudd er al. 1976).

4.1.2 Methane and carbon dioxide dynamics

Natural wetlands are thought to be major sources of atmospheric greenhouse gases,
primarily carbon dicxide and methane, with numerous studics attempting to quantify
global emissions from these habitats (eg. Cicerone & Oremland 1988; Schultz ef al.
1991; Neue 1993). Thesc arc cstimated te be responsible for 20 to 40% of global
emissions, Wetiands with peat soils, being waterlogged organic deposits, are natural
environments for the bacterial production of methane, which comprises 60 to 70% and
carbon dioxide at 30 to 40% of the gaseous products (Dinel e al. 1988), Methane
produced in unvegetated soils can be released to the aimosphere via molecular diffusion,
the ebulkition of gas bubbles from the sediment and its oxidation by methanotrophic
bacteria in the zerchic zone of the water column (Chanton et af. 1989; Conrad &
Rothfuss 1991; Krumholz f of. 1995). Emergent vegetation can influence methane and
carbon dioxide emissions through the aeration of underground organs and the oxidation
of the rhizosphere, as well as providing a pathway for methane transport through
emergent leaves (Brix eof al 1992; Yavitt 1997, Vandemat & Middleberg 1998).
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Atmospheric concentrations of carbon dioxide and methane are increasing rapidly, with
profound  effects for the fulure global climate (Bridgham & Richardson 1992).
Atmospheric methane is an important greenhouse pras that is 21 limes as radiatively
effective as carbon dioxide and has been increasing plobally at around 1% per year
during this century (Bubier ef 2l 1993} Natural wetlands therefore, play an important
role in the atmospheric chemistry of cachon {Bridgham & Richardson 1992).

There is a wealth of global literature dealing with emissions of carbon gases (particularly
methane) from freshwater aquatic systems, with countless examples from Norlhemn
Hemisphere peatlands (eg. Bartlett ef al. 1989; Moore & Knowles 1989, Yavit & Lang
1990; Bridgham & Richardson 1992; Bubier ef af. 1993; Pulliam 1993; Grunfeld & Brix
1999; Kettunen et af. 1999). However, our understanding of methane cmissions and their
conirolling factors come from cnvironments far removed from the warm temperate
climate expericnced in southern Australia, These temperate wetlands arc ofien small,
shallow and ephemeral, containing highly productive macrophyte communities and do
not experience regular winter stratification common in the Northem Hemisphere (Boon
& Mitcheli 1995). Australian literaturc is dominated by studies of Moodplain habitats in
south-eastern Australia. These studies examine the influence of macrephytes on methane
atmospheric flux (Boon & Sorrell 1991; Brix ef al. 1992; Sorrell & Boon 1994; Muller ot
al. 1994; Boon & Scrrell 1995} and aspects of sediment biogeochemistry affecting
methane production (Somrell & Boon 1992; Boon & Mitchell 1995), The paucity of long-
term studies on the dynamics of carbon gases in lemperate aquatic systems highlights the
current lack of knowledpe concerning carbon dynamics and greenhouse gas contributions

from these systems.

This chapter reports on a modified phospholipid procedure (after White & al. 1979) 1o
examine transformations of organic matter by sediment microbial biomass between
wetlands, seasonal changes in biomass and the influence of sediment depth to changes in
biomass, The sediment micrebial biomass in two discrele habitats, an area of open water
and one of a dense, uniform stand of B.articulata is also examined in Bokamp Swamp.

The biogenic production and atmospheric flux of methane and carbon dioxide are also
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examined to quantify losses of organic matter from cach wetland. Seasonal, wetland and
divrnal variations in the flux of methane and carban dioxide from wetland sediments and
emergent vegetation (B.articuluta), the in site concentrations of cach gas in wetland
sediments and emergent macrophyte leaves are used 1o quantify almospheric gas fux as

the major loss of carbon in these systems.
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4.2 METHODS

4.2.1 Phospholipids: measures of sediment microbial biomass

Determining the viable biomass of a microbial communily provides an cstimate of the
amount of active microorganisms in a particular environment and, therefore, the
capability for metabolic transformations in that environment (Vestal & White 1989). The
accurate determination of sediment microbial biomass poses many problems, as changes
1o the structere and function of microbial communitics have proven difficult to measure
without distorting the i site popuiation (Bobbie & White 1980). Previous studies have
shown that lipid phosphate is an accurate measure of the microbial biomass under a
variety of conditions (White er al. 1979; Vestal & White 1989; Mancuso ef al. 1990),

Phospholipids have a relatively rapid tumover in sediments, so the analysis of
phospholipids provides a more accurate measure of the viable cellular biomass than other
measures of biomass such as enzyme activities, muramic acid levels and total ATP
(Rajendran et al. 1992). Extractable lipid phosphate has been highly correlated with other
measures of microbial biomass such as extractable ATP in microflora (White er 1. 1979).
An increased recovery of microbial biomass from phospholipids than for epifluorescence
microscopy (EFM) in estuarine sediments has been demonstrated (Findlay ef af. 1989).
The determination of microbial biomass by phospholipid analysis was used in this study
as il provides an accurate determination of microbial biomass, is not technicaily

cumbersome and time consuming and is not reliant on expensive instntmentation.

4.2,1.1 Preliminary experiment

A preliminary experiment in July 1995 examined the spatial variability and vertical
distribution of microbiul biomass using phaspholipid concentrations. Fifteen sediment
cores of 50 cm depth were collected from random locations within Kodjinup Swamp
using the D-sectien corer us outlined in Section 2.5.2. Each core was removed from the

corer and divided into 3 equal 15 cm sections, from consccutive depths, and piaced in
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sealed plastic bags. These were immediately placed on ice in the dark and frozen within |

hour of collection.

in the laboratory, phospholipids were cxtracted from scdiment samples using a modified
precedure of While et &, (1979). Each section was homogenised using a blender and a 30
gm wet weight subsample added to a 100 ml scaled separatory funnel. The sediment was
suspended in 15 mi of 50 mM phosphate buffer (prepared with 8.7 g of dipotassium
hydrogen phasphate (KaHPO4)) neutralised with IN hydrochloric acid (HC) to pH 7.4,
and 18.75 ml of chloroform (CHCI;) and 37.5 ml of methanol (CH3OH) added. The
selution was thoroughly mixed using a vortex stirrer for 3 minules and allowed 1o exiract
for 2 hours. A single-phase solution resulted. If two phases were present, methanol was
added in-lml increments, mixing thoroughly afier cach addition until 2 single-phase
solution was attained. An additional 18.75 m! of chloroform and 18.75 m! of deioniscd

water were added 1o the solution, mixed as above and allowed to separate for 24 hours,

The upper phase of methanol and water were removed by aspiration through the top of
the separatory fumnel. The chloroform asbove the sediment was decanted through a
Whatman 2E filter paper using a Biichner funnel and glass vacuum flask. The filtrate was
transferred to a graduated cylinder and the volume recurded. Samples were transferred to
50m| boiling tubes and the chloreform evaporated under nifrogen. Immediately following
evanoration samples were transferred 1o a preheated Thermocline dry block heater and a
total phosphorus digestion performed followed by analysis for orthophosphate using the
procedures desctibed in section 2.5.3. This procedure is a modification of the Bligh &
Dwyer (1959} extraction procedure and allows for around 80% recavery of phospholipid
cottaining chloroform. The volumes can be altered using this procedure as long as the
proportions of X>HPO, © methanol : chloreform are 0.8:2:1 in the single phase solution

and 0.9:1:1 after separation inlo the biphasal salution (White ef al. 1979).

Sediment samples from cach extraction were placed in individual crucibles and dried in a

* "+ Contherm series 5 drying oven at 105°C for 48 hours, removed and weighed to 2 decimal

places. The dry weight for each sediment sample was used te obtain results in

pgPOYeDW.



A significant difference (P<0.001) was found between the three sediment sections. These
tiwree section dimensions were used throughout the ficld sampling. Running standard
errors were obtained for cach sediment section using the [5 sumples from the preliminary
experiment. All sediment sections had a maximum standard error with two samples, and
a minimum standard errar at seven, four and seven samples for surface, middle and lower
sediments respectively {Appendix 2). Five replicates of each section were chosen for the
field collections as it represented 2 manageable and achicvable number of replicates and

was less than one standard error from the lowest found with fifteen samples.

4.2.1.2 Field collections

Five sediment cores were collected from random locations within the macrophyte habitat
within each wetland, comesponding to the locations of the five replicate in sifu gas
collections. Samples were collected and analysed as described above. The habitat
classification (Section 2.6.4) found two discrete habitats within Bokarup Swamp,
vegetated and unvegetated. To assess the cffect of emergent vegetation on microbial
biomass, 5 additional cores from the open water habitat were collecied in January 1997,

and analylscd for phospholipid concentration using the methods described.

4.2.2 Methane and carbon dioxide dynamics

The release of methane and carbon dioxide to the atmosphere from unvegetated wetland
sediments and emergent leaves of B.arficulate was measured using the Static Chamber
Method. This method was chosen as it allows the measurement of gas ebullition from
both sediments and emergent vegetation and from dry and inundated habitats, ali of
which were cncountered during this study. Two charmbers were constructed from clear 3
mm acrylic fo cover a surface area of 0.25 m’ 1o a heipht of 0.7 m. A rubber seplum
loeated at the top of each chamber was used to remove gas samples and was replaced at
the end of each lime period. A 3 volt fan was attached to the inside of cach chamber to
ensite mixing of the air and was run througheut each time period (90 min). To check for
chamber leakage, the open base of each uiamber was scaled using laboratory grade

parafilm and the chamber filled with pure CO; for 30 seconds through the septa. Samiples
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were removed via the sepla al five minute intervels for 20 minutes, placed in
Vaccultainers™ and immediately analysed far CO; concentration using 10 pd samples,

There was 1o change in gas concentration over the 20 minute trial period.

In the field, for each wetland, gas ebuliition was measured at five random locations at
three fixed times within emergent vegelation and open water habitats. This represented a
manageable number of replicates for both gas collection and analysis. Chambers were
deployed at 0900, 1300 and 1700 hours each day. At cach location when water levels
were sufficient, one chamber was placed over open water (between emergent plants) and
the other over 10 - 12 leaves of B.artictelerta. The chambers were placed at cach location
using a punt 1o minimisc disturbance to the sediment and gas release. As cach chamber
was deployed, the septum was removed, the fans turned on and the chambers left to
stabilise for 5 minutes before sampling (as per Muller ef 2l 1994). Both chambers were
run concurrenily at exch location for 90 minutcs and sampled at 30 minute intervals
beginning at time zero. Samples were removed via the septa using a 10 m! syringe and
immediately transferred o 2 7 m! Vaccutainer™., Samples were wrapped in alurninium
foil, placed on ice in the dark and stored at 4°C until analysis, Samples were analysed

within 7 days of collection.

In the laboratory samples were analysed on a Varian 6500 Gas Chromatograph housed at
Edith Cowan University. Sampies were manually injected and concurrently analysed for
methane using a flame jonisation detector (FID} and carbon dioxide using a thermal
conductivity detector (TCD) using Helium as the camier gas at 24 m¥minute, The TCD
used a Poropaq 80 to 100 pum column at 150°C, and an ambient oven temperature of 32
°C. The FID used a filament temperature of 210°C. Analytical grade methane and carbon
dioxide were used as standards. The gas from an unused Vaceutainer™ was injected at
the beginning and end of each sample run to check for residual gas or contaminants,
Residual gab concentrations were always below detection. Results were produced using
the Varian STAR computer package and individua) sample peak areas calibrated against

a standard curve for each gas.
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4.2,2.1 Diurnal methane and carbon dioxide gas ebullition

The coltection of ficld data on (he ebullition of methane and carbon dioxide from wetland
sediments and emergent vegetation could not be standardised by time. As a result the
temporal variability of gas flux was unknown, cspecially at night. In January 1997 pas
flux was measured in cach wetland over a 24 plus 4 hour period a1 4 hour intervals. This
time of year was chosen to represent a period of maximum gas flux and potential
variation. At each time period, the gas chambers were deployed, semples collected,

stored and analysed as previously deseribed.

4.2.2.2 Sediment gas concentrations

Methane and carbon dioxide concentrations were taken from the surface 10 cm-of
sediment underiying the in situ chambers (0.25 m?). A glass funnel with a 20 cm diameter
and a septum at the tip was filled with lake water, voided of ali bubbles and submerged
with the funnel opening facing the sediment. The top 10 cm of sediment was disturbed
using a length of dowel with a plastic disk located 10cm from the base to prevent deeper
penetration into the sediment. The finnel trapped the pas released from the sediment by
displacing the water. The 1op of the funnel was brought to the water surface and a gas
sample removed via the septum. Where water levels were insufficient for this method te
be used no samples were iaken. Sarnples were stored and analysed as above. Sampling

could not be conducted at times of year when waler levels were insufficient.

4.2.2,3 Emergent macrophyte leaf gas

Methane and carbon dioxide concentrations in leaves of differing age were sampled in
January 1997. Leaves were classified into three categories, dead {compktely dry, brown),
senescent (yellowed) and live {green). Gas concentrations were measured from emergent
leaves of B.articulata using the displacement method as described in Section 4.2.2.2.
Five replicate samples were taken from ¢ach wetland by cutting five individual lcaves
below the water linc and squeczing them along the length of the cut leaf section and
collecting the evolved gas in a submerged inverted funnel. Gas samples were removed
via the septa and stored and processed as above. Gas concentrations for each replicate

were analysed as described above,
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4.2,3 Data analysls

Differetces in mean numbers of values for cach data set were compared by unalysis of
variance {ANOVA). Pdor to analysis, the variances of scts of replicate samples were
tested for homogencity with Cochran’s test. [T variances of raw data were uncqual, valucs
were logyy transformed or logo + | transformed where zero values were present and then
retesied. Sipnificance levels for ANOVA's were sel at @ = 0.05. Missing data were
included in the ANOVA model design. Anova models were constructed for cach
hypothesis using Underwood (1995). For simple onc-way and two-way Anova's with
orthogonal designs and fixed factors, the mean squarcs {MS) error value is the residual
and common to alt effects and interactions. For models that incorporate a random factor,
such as Sampling Event, the MS error for cach effect and interaction has been calculated
using the 'table of multipliers' procedure outlined in Underwood (1995 pages 364-374).
The following models were analysed using Statistica (Statistica 1995). Relationships

between variables were analysed using the regression analysis function of Statistica.
Microbial biomass (phospholipid concentrations)

Null Hypothesis: there is no difference in microbial biomass (measured as phospholipid
conce_ntration) between continuous depths of a sediment profile, wetlands and sampling
occasions.

ANOVA Model Design: (3 factor ANOVA)

Wetland - fixed factor with 3 levels

Sampling cceasion - random factor with 8 levels

Depth - fixed factor with 3 levels

Microbial biomass (habitat differences)

Null Hypothesis: \here is no difference in microbial biomass (measuved as phospholipid
concentration) between depths and emergent macrophyte and open waler habitats in
Bokarup Swamp in January 1997,

ANOVA Model Design: (2 factor ANOVA)
Habitat - fixed factor with 2 levels

Depth - fixed factor with 3 levels
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Methane and carbon dioxide fux

Methane and carbon dioxide in sifie flux, in sitte concentrations, leal coneentrations and i
vitre flux were analysed using separate 3 factor ANOVA’s as the concentrations of these
gases are not independent. Habital was treated as a fixed factor {nol nested) 1o allow a
direct comparison.

In site methane and carbon dloxide Aux

Null Hypothesis: there is no differenee in methane/carben dioxide {fux hetween emergent
macrophyte and open water habitats, sampling occasions or wetlands.

ANOVA Madel Design: (3 factor ANOVA)

Wetland - fixed factor with 3 levels

Season - random factor with 7 levels

Hahitat - fixed factor with 2 levels

In situ methane and carbon dioxide sediment concentrations

Null Hypothesis: there is no difference in methane/carbon dioxide concenirations in
sediments between sampling occasions or wetlands.

ANOVA Modcl Design: (2 factor ANOVA)

Wetland - fixed factor with 3 levels

Sampling oceasion - random factor with 7 levels

Phospholipid/gas flux correlation

Null Hypothesis: there is no significant correlation between methane and carbon dioxide
flux (all seasons and habilats} and microbial biomass {measured as phospholipid

concentrations){surface depths} in each wetland.

Tukey-Kramer post hoc lests were used to further examine the data set where significant
differences were found within single factor analyses. Where significant differences were
found in multiple interactions, the percent of total sum of squares of each factor was used

to éxplore sources of variation (after Zar 1984).
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4.3 RESULTS

4.3.1 Sediment Microbial Biomass

There was a marked scasenal cycle of summer maxima and winter troughs, and 2
decrease in phospholipid concentrations with depth in all wetlands (Figures 4.1a, b & c).
These trends are supported by significant differences between depths (P<0.0001) and
between sampling occasions {P<0.0001) (Table 4.1). Tukey-Kramer post hoc tests reveal
all three depths are significantly different (P<0.05) from cach other in ail wetlands.
Generally, depths were most similar in phospholipid conceniration when values were
fowest. All two-way interactions of depth, wetland and season were not significant,
indicating a consistent response of microbial flora with depth to seasonal changes in each

wetland.

Phospholipid concentrations peaked in February 1996 or January 1997 in atl wetlands
and were lowest in July of each year of the study. This indicates that the microbial
biomass may be temperature driven, increasing the decomposition of organic matter
during summer. However, these dates also correspond to periods of highest and lowest
water levels. A significant interaction between wetland and sampling occasion
(P<0.0001) suggest that inirinsic wetland features, such as hydroperiod, may be
influencing wetland microbial biomass. Interannual variability was also evident in the
response of microbial communities as the highest concentrations for all depths were
found in January 1997. In Kodjinup Swamp, concentrations in January 1997 were almost

double those of previous summer samples in December 1995 and February 1996.

Highly significant differences in phospholipid concentration belween wetlands
(P<0.(]UOi) were also noted, with Kodjinup Swamp consistently having the highest
sediment microbial bicmass in all seasons, Tukey-Kramer post hoc tests reveal Kodjinup
Swamp was significantly different (P<0.05) from the other two wetlands. Bokarup
Swamp and Noobijup Lake concentrations generally peaked around 80 pg/L/gDW, with
Kodjinup Swamp peaking at 198 + 19.6 pg/L/gDW (Figure 4.1),
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Figure 4.1. Average (+SE) sediment microbial biomass pg/L/gDW from three -

consecutive soil layers, 0-15cm, 15-30cm and 30-45c¢m in (a) Bokarup Swamp, (b)

Kodjinup Swamp and (c) Noobijup Lake from July 1995 to January 1997.
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Table 4.1 Three-way ANOVA results (Wetland by Snmplmg Penod by Dcplh) for
sediment phuspho]lpld concenlrations,

Source - df  Sum of Mean F-value Pvalue

Squares  Squares

Wetland 2 1097 548 198600 ~ 0,001
Sampling Period 7 18.40 262 €874 © 0.0001
Depth 2 974 487 ' 2036.20 - 0.0001 '
Wetland x Sampling 14 3867 027 6602 008
Period A -
WetlindxDepth 4 . 017 - 004 1046 - 007
Sampling Period x 14 022 -_-'l.ﬁxl(]". 053 089
Depth B
Wetland x Sampling 28  0.34 003 720 o001
Period x Depth ' -

4.3.1.2. Sediment microbizl biomass: habitat differences

-Phospholipids concentrations were significantly different between the open water and
emergent macrophyte habitats (P<0.0001) in Bokarup Swamp in Jannary 1997 (Table
4.2). Concentrations were consistently higher in the macrophyte habitat over ali three
-depths, ailhough the difference between habitats decreased with depth (Figure 4.2).
‘Significant differences in phospholipid concentrations were found between depths
(P<0.0001). However, the two-way interaction between habitat and depth was not
significant, indicating differences between habitats were consistent over the sediment

profile.
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Figure 4.2 Average (+SE) sediment microbial biomass pg/L/gDW (expressed as
phospholipid concentration) from each sediment layer in unvegetated and emergent
macrophyte habitats in Bokarup Swamp from in January 1997.

Table 4.2 Two way ANOVA results (Habitat by Depth) for sediment phospholipid

concentrations.
" Source . df*  Sum of Mean E-value P-value
- o i Squares  Squares .
Habitat 1 0080  0.08 1220 0.0001
_léebtli C 2 230 140 21400 'o.'o_u'm_ -

HabitatxDepth - 2 01 606 915 091
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4,3.2 Methane and carbon dioxide dynamics

4.3.2.1 Atmospheric gas flux

Trends in atmosphetic fluxes of methane and carbon dioxide from wetland sediments and
through emcrgent macrophyies were inconsisient, although some generalisations can be
made. Overall the flux of carbon dioxide 1o the atmosphere was higher than methane in
afl wetlands, with fluxes from unvegetaled areas conmsisiently higher than through
emergent vegetation (Figure 4.3 a, b & ¢). Conversely, atmospheric fluxes of methane

were higher through the emergent vegetation than from unvegetated areas.

Carbon dioxide {£<0.0001) and methane {P<0.0298) flux was significanily different
between wellands {Tables 4.3 & 4.4 respectively). Tukey-Kramer post hoc test showed
no difference in methane flux between Bokarup and Kedjinup Swamps, however
Noabijup Lake was significantly different (P<0.05) to the other two wetlands for both
gases. Bokarup Swamp had higher rates of carbon dioxide flux from unvegetated areas
during summer/autumn reaching 2,17 +- 0.2 mM/m*/day in January 1697. The remaining
carbon dioxide and methane flux rates displayed litlle variability over time and were alj
generally below 1.0 mM/m%/day. There was a large range of flux rates in Kodjinup
Swamp in all sampling periods, ranging from unvegetated carbon dioxide fluxes of 1.81
4- 02 mM/m¥/day to 0.32 + 0.2 mM/m*/day in April 1996. Noobijup Lake had the
lowest flux #ates for both gases and displayed a lesser seasonal respanse compared with
the other two wetlands. Flux rates peaked in February 1996 at 1.62+- 0.2 memz!da'y.
from carbon dioxide from unvegetated areas, iwo months before the peak flux in the

other wetlands,

Seasonal trends were inconsistent between vegetated and unvegetated habitats and
beiween the two carbon gases (Figure 4.3 a, b & ¢). Flux rates from all sources were
higher in the February-April period and in January 1997 and lowest in July of each year.
Significant differences were found between sampling accasions for both carbon dioxide
(£<0.001) and methane (P<0.001} (Tables 4.3 & 4.4). -
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Table 4.3. Three-way ANO\’A results (Wetland by Hab:tat by Sampllng Pcnod) i'or
" carbon dioxide flux. . . . :

Source . df- - ‘Sum. of Mean - . ) ‘Fevalue P—_\.&lut_:..".

Squarcs Squases . .

Wetland 2094 047 42T 00001 -
Sampling Perid 6 169 . 028 14857 _ [ 00001
Habitat BT

Wetland x Sampling 12 013 ... 0

Period

~

Wetland x Habitat 026 © 00011 T

Sampling Period x 6 007 001

656, 00001 -
bt A
Wetland x Sampling 12
Period x Habitat
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. Table 4.4. Thrcc-way_ANOV'A results (Wetland by Habitat hy Sampling Period} for

niethane flux. .

_Sour.c'q : o '. “df 7 Sum Cof Mean Fvaluc oo P-valuc o

- Squarcs . Squares” -

Sampling Period . 6 "234. % = 00001

Habitat 1 L4 L 004

 Wetland x Sampling 12 0.54 - G.0001

Period

Wetland x Habitat .2 - e 0001

Sampling Period x 6 - .. 0. 270 00 v
Habitat ' R R
Wetland x Sampling - 12 009 008 . 195 - - 003 -
Period x Habitat . '

.4"'“.

A éign_iﬁcam two-way interaction for bath gases (P<0.001) of wetland by season shows
'_ the inconsistency in flux rate over different seasons. This indicates flux rates in each

" wetland do not respond consistently over time, being more similar in the cooler, winter
-months. The carbon dioxide fluxes in the vegetated and unvegetated arcas in Bokarup
and Kodjinup Swamps increased from the February to Apeil 1996 sample dates, while
methane flux rates decreased in both habitats. These decreases corresponded 1o the

_ periods of minimal surface waters in these two wetlands.
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Significant differences were evident in the flux of both carbon dioxide and methane
between the vepelated and unvegetated areas of each welland, These trends were not
consistent between gases. The flux of carbon dioxide was significantly higher in the
unvegetated area (P<0.0001), whereas methane flux was significanily higher in the areas
vegetated by emeigent macrophytes (P<0.0454). Significant differences were alse found
in the interaction of wetland by habitat for carbon dioxide (P<0.0811) and methane
(P<0.0021) indicating that flux rales are respencing differently within the two habilats of
each wetland. This was mest evident at Bokarup Swamp where there were larger
differenct’;s in carban dioxide flux betwceen the two habitats. Significant interactians were
also found for habitat by sampling period for carbon dioxide (P<0.0001) and methane

{P<0.0158), seen in increased flux rates between habitats in the summer months.

There was a significant three way interaction for both the carbon dioxide analysis and
{P<0.0001) and the methane analysis (P<0.0316), highlighting the complexity of
mechanisms affecting gas flux in these systems. Wetlands not only vary in their flux rates
depending on hydroperiod and other intrinsic factors, but each one is further infiuenced

by the presence of emergent vegetation and a seasonat cycle.

Oxygen availability within sediments has the potential o impact upon the structure and
biomass of gas producing microbial populations. To determine if such relationship
existed, average phospholipid concentrations from all depths for all and sampling periods
wetlands (except September 1995 when no gas samples were 1zken) were plotted against
the flux of each gas from the corresponding wetland and period. There was significant
positive relationship (P<0.05, n=125) between sediment phospholipid concentration and
carbon dioxide (R* 0.739) and methane flux (R® 0.848), indicating that fncreased

microbial biomass in the sediment leads to increased atmospheric pas release.

4.3,2.2 Diurna) methane and carbon dioxide gas ebullition

Low level diamal patterns of methane and carbon dioxide flux were evident in both
habitats and all wetlands. Maximum carbon dioxide and methane production were

generally found at 1600 hours and lowest values at 0800 hours (Figures 4.4 a, b & ¢).
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Figure 4.4 Diurnal variation in methane and carbon dioxide flux (mM/m?/day) from
unvegetated and emergent macrophytes at (a) Bokarup Swamp, (b) Kodjinup Swamp and

(c) Noobijup Lake in January 1997.
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Habitai differences did not alter the timing of the maximum and minimum flux rates,
Similar 1o the field data cotlecied over 18 months, Kodjinup Swamp had the highest
overall flux rates and Noobijup had the lowest. Differences between habitats and gases
were also similar 1o the ficld monitoring, dala with the highest flux rates from carbon
dioxide in unvegetated aress and the lowest from methane in the same habitat. In all

wetlands the flux of carbon dioxide is almost twice that of methane in unvegetated arcas,

4.3.2.3 Sediment gas concentrations

The most striking result was the high concentrations of methane in wetland sediments,
Methane concentrations were consistently three to four times higher than carbon dioxide
on all sampling occasions (Figure 4.5 &, b & c¢}. Concentrations of carbon dioxide were
similar between wetlands in all sampling periods, however there was a significant
difference (P<0.0001) between wetlands for methane (Table 4.5 & 4.6).

Highly significant differences between sampling periods were found for both carbon
dioxide (P<0.0001) and tnethane (P<0.0176} (Table 4.5 & 4.6). Peak concentrations of
sediment gases did not occur at the same time of year for both gascs or for each wetland,
leading to significant interactions between wetlands and sampling oceasion (P<0.0001}.
Pezk conéentrations of between 400 and 500 mVL occurred in all wetlands in the warmer
summer months of each year. Sediment gas concentrations were unable 1o be sampled
from the macrophyte habitat in Bokarup and Kedjinup Swamps during April to July 19%6
due to insufficient water levels for sampling equipment. In Noobijup Lake where
permanent surface walter was present, the lowest concentrations of methane and carbon
dioxide were found in July 1996. Minimum concentrations of each pas occurred during
October 1995 in the other two wetlands, These data generally correspond to the peaks

and troughs of atmespheric gas flux in each wetland.
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Figure 4.5 Mean in situ concentrations of methane and carbon dioxide (ml/L) (£SE) from
sediments in unvegetated and vegetated habitats in (a) Bokarup Swamp, and vegetated
habitats only in (b) Kodjinup Swamp and (c) Noobijup Lake from December 1995 to

January 1997 in Noobijup Lake. Missing values indicate no samples taken.
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The sampling of the vegetaled and unvegetated habitals in Bokarup Swamp revealed a
reverse of the trend found in the atmospheric gas flux data, Higher concentrations of
carbon dioxide were found in vegetated sediments and higher concentrations of methane
occurred in the unvegetated habitat (Figure 4.5a). Carbon dioxide concentrations were
marginally higher in the vegetated habitat in all periods, except where sediment
concentrations in the vegetated area were aver ten times higher than the vegetaled arcas
in October 1596. Habitat differences for methane coneentrations were most pronounced

in January 1997.

Table 4.5 Two-way ANOVA results (Wetiand by Sampling Period) for in sitw carbon
dioxide concentrations.

Source df Sum of Mean F-value  P-value

Squares  Squares

‘Wetland 2 0.07 0.03 384 005
Sampling Peried 5 167 0.33 516.31 0.01
Wetland x Sampling Period 10 0.09 .01 14.79 0.0001

Takble 4.6 Two-way ANOVA results {wetland by Sampling period) for in siti methane

concentrations.

Source df Sum of Mean  F-value  P-value
Squares.  Squares

Wetland 2 1.25 0.68 23.57 0.0001

Sampling Period 5 164 038 34677  0.0001

Wetland x Sampling period 10 0.26 0.06 27.74 0.0001
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4.3.2.4 Emergent macrophyte leaf gas

Carbon dioxide concentrations displayed little variation between wetland or life stage of
the emergent leaf, with concentrations consistently around 75 to 80 ml/L (Figure 4.6).
Methane concentrations within emergent B.articulata leaves did show variation between
wetlands and life stages (Figure 4.7). In both live and senescent leaves, methane
concentrations were consistently lower in Kodjinup Swamp. Surprisingly, methane
concentrations in all wetlands were highest in senescent leaves, followed closely by live
emergent leaves. In contrast to carbon dioxide, methane concentrations were substantially

lower in all wetlands in dead B.articulata leaves.
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Figure 4.6 Mean carbon dioxide concentrations (ml/L) (£SE) in live, senescent and dead

emergent Baumea articulata leaves in January 1997 from each wetland.
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Figure 4.7 Mean methane concentrations (ml/L) (£SE) in live, senescent and dead

emergent Baumea articulata leaves in January 1997 from each wetland.
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4.4 DISCUSSION

4.4.1 Sediment microblal bjomass

The high rates of productivity of sediment dwelling bacteria results in them being a major
sink of dissolved and particulate organic carbon in aguatic systems. Such microorganisms
are responsible for the degradation of organic matter and the cycling of key nutrients and
therefore are critical regulators of wetland productivity (Welzel 1992), Variations in
microbial processes within and between wetlands arc caused by a variety of factors
including the organic matler quality and quantity, hydrology, plant type and dynamics
and disturbance {Groffman ef al. 1996). Recent studies in Australian floodplain wetlands
have shown that the hydrological cycle, presence of emergent or submerged vepetation
and seasen all influence the biomass and diversity of sediment microbial communities
(Boon et al. 1996). These influences are apparent in the study sites, with strong seasonal
trends of increased microbial biomass in the summer periods and reduced biomass in the
colder months, This also mirrors the trends found in the rates of organic matter supply
{Chapter -3). Increased concentrations of sediment microorpenisms corresponded to
periods of maximum wetland water levels, and tempceralures in the wetlands. Significant
differences were also found between habitats vegetated by macrophytes and unvegetated

habitats, with increased microbial biomass in vegetated areas,

Only few data are available on the biomass of microorganisms in pest soils {eg, Williams
& Sparling 1984; Sparling & Williams 1986; Hart ef al. 1986; Borga et al. 1994;
Groffiman et al. 1996, Brake e al 1999), Comparisons between systems are often
difficult because the composition and concentration of organic malter in peat soils and
the local conditions for microbial decomposition influence microbial biomass {Charman
et al. 1994). Furthermore, thete are a variety of methods which can be uscd to quantify
microbial biomass in sediments. The primary methods for measuring microbial biomass
in sediments have invelved epifluorescence microscopy (EFM) and caltures or a number
of techniques based on biochemical companents of cells (eg. Adenosine triphosphate
(ATP), muramic acid and phospholipid phosphates, Findlay er al. 1989). The analysis of
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lipids, cspeciaily phospholipids, have been extensively used to quantify belh viuble
microbial biomass and community struclure from aquatic scdiments (cg, White ef al,
1979; Dowling er o, 1986; Rajendran er af, 1992; Rajendran er al. 1994; Sundh et al.
1997). Extensive usc of this technigue in Australian wellands by Boon (1991; 1992,
1993; 1994), Boon & Mitchell (1595) and Beon er af. {1996) provide examples of the
community structure and biotass of microbial assemblages and their interactions with
the biota in scuth eastern Australian floodplain wetlands. Sediment microbial biomass
measured using phosphotipids was strongly correlated to atmospheric methane flux and
catbon dioxide in these wetlands {Section 4.3.2.1). The measurement of phospholipid
concentrations from sediments therefore provides a good estimation of viable microbial
biomass but also potential rates of microbial decomposition. However, this study only
examined total biomass, and so shifts from anaerobic to zercbic microbial communities
under exposed conditions were not detected. This shift may have profound effects on the

rates of organic matter loss from peat soils.

Consistent significant differences in microbial biomass between the three sediment
horizons {0-15, 15-30 and 30-45 em) were found in all wetlands. These results are
consistent with studies in raised bogs which have shown that microbial biomass
decreases with depth, influenced by the composition and chemistry of wetland sediments
(Borga et al. 1994), Aerobic conditions have been shown to be the primary controller of
microbial biomass in a range of wetlands with peat soils (Sundh or af, 1997). Maximum
microbial bioinass in the three study wetlands did occur in the surface zones, howaever,
peak biomass did not occur during periods of no surface water when sediments would be
most aerobic, suggesting other factors are influencing microbial biomass in these

wetlands.

The presence or absence of vegetation can influence both the biomass and depth
distribution of microbial communitics. Variability in microbial biomass associated with
major habitat types have been described for various wetland types and suppart the
significant differences between vegetated and unvegetated habitats in this study.
Differences between vegetated and unvepetated habiiats decreased with depth, resulting
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in similar concentrations in the 30 1o 45¢m horizon. This sugpesis that the influence of
macrophyle roots {or their absence) on scdiment biogeochemisiry is restrsted 1o the
surface 30cm of sediment. Aeration of the rhizosphere by the roots and rhizomes of
emergent macrophyles resulted in an increasc in microbial biomass in floadplain
wetlands (Boon 1991; Boon e¢f al. 1996), construcied wetlands {Duncan & Groffman
1994) and rice fields (Bai er af. 2000), Chanpes in communily composilion were also
noted, with a 44% increase in acrobic bacteria in vegetaled habitats (Bai e «f. 2000).
Highly labile leachates and decay products from macrophyte litter might be responsible

for increased biomass in these habitats {(Kirschner & Velimirov 1999),

Significant differences in microbial biomass betwcen wetlands indicale that local
conditions, such a hydrelogic regime, may influence microbial populations. Alternate
wetting and drying cycles has been shown to stimulate the decomposition of organic
matter in aquatic systems {eg. Reddy & Patrick 1975; Taylor & Parkinson 1988; Ryder &
Horwitz 1995a). A cormesponding increase in microbial biomass following rewetiting of
wetland soils has also been chserved (Ryder & Horwitz 1995a; Boon ef al 1996;
Groffman et al. 1996). Both Kedjinup and Bokarup Swamps had significant periods of
exposed surface sediments during autumn and winter, yet they responded differently to
periods of no surface water. Differences in the response of microbial communities
between wetlands to hydrologic regime may be due to intrinsic peat characteristics such
as particle size and organic content. Sediment particle size and organic matter content
was found to influence microbial biomass in wetiand sediments (Sinsabaugh & Findlay
1995; Groffman ef al. 1996; Brake ef gf. 1999) with decreased biomass associated with
decreased particle size. Differing patterns of sediment particle size and organic matier
content (Section 2.6.2), may partly explain differences in microbial biomass found
between the study wetlands. This indicates that total microbial biomass in some wetlands
may be ]gss influenced by cxposure of surface sediments and more influenced by peat

characteristics.

The importance of high water levels and peak organic matter inpuis occurring at the same

time to provide conditions conducive to peat accumulation was noted in Chapter 3.
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Maximum microbial biomass in all wetlands also occurred during the period of
maximum water depths and maximum waler temperature. The influence of temperature
on microbial processes has been well documented {eg. Dunfield ef af. 1993; Chapman et
al. 1996, van Hulzen ef ol 1999). The strony seasonal trends of increased microbial
biomass in the summer periods and reduced biomass in the colder months confirm the
influence of temperature in these sysiems. The response to changes in water column
depth can be seen in 1he final sampling peried (Oct 1996 to Jan 1997), where zl] wetlands
recorded their highest biomass at all depths. Temperatures were similar to the previous
summer period, however water depth was between 10 and 20cm deeper. Prolonged
flooding has been found to increase microbial biomass as a result of severe
deoxygenation of the sediments in wetland habitats (Sundh e al. 1997). Physico-
chemical profiles during the summer period revealed that the water column in all
wetlands was strongly stratified, with epibenthic dissolved oxygen levels approaching
0.1mg/L. Similar to the impact on organic maller inputs, changes to the timing and
duratior of water levels may result in altered rates of sediment microbial decomposition,

with subsequent impacts on rates of peat accumulation.

4.4.2 Sediment gas flux

Compared with other methanogenic systems, wetlands with peal soils are unique
environments as they have plants growing in anoxic, methane producing, saturated soil.
Methane is produced in environments where organic matter accumulates and oxygen is
absent. Tiw atmospheric flux of methane is therefore typically high in these wetland
environments. A significant positive correlation between sediment microbial biomass and
rates of atmospheric fluxes of methane and carbon dioxide indicates the gas production is
biogenically derived from the sediment. The net flux of gas is a result of a complex set of
interacting controls on production, transport and consumption. The complexity of these
mechanisms is highlighted by the significant three way interaction for both. carbon
dioxide and methane in all wetlands, Wetlands not only varied in their flux rates
" depending on intrinsic wetland features such as sediment type and hydrelogical cycles,

but each is further influenced by emergent vegetation and a seasenal cycle.
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The emissions of both methane and carbon dioxide are extremely variable in both space
and time, Underlying variables controlling gas production and release include
temperature, pH and redox status (Bridgham & Richardson 1992; Crozier ef al, 1904),
nutrients and salinity {Disc 1993; Prieme 3994}, availability of labile soil carbon
{Whiting & Chanton 1993), hydroperod {Crozicr er af. 1995} and presence of emergent
vepelation (Boon & Sorrell 1993), The range of methane flux rates (incorporating all
habitats, wetlands and seasons} from 0,327 # 0.072 t0 1.128 £ (.10 mMimzfday are lower
when compared to the fluxes from a range of wetland types reviewed by Kiene (1991} for
northern peatlands (0.1 to 120 mM/m?/day), rice paddies | to 40 (mM/m/day) and
northern wetlands (<0.1 mM/m*/day). Rates of methanc flux were also lower than those
recorded in south-east Australian floodplain wetlands (eg Sorrell & Boon 1992; Muller e
al. 1994; Sorrell & Boan 1994; Boon & Sormell 1993). The lower rates of pas fluxes from
the study wetlands suggest their deep peat deposits and overlying water columns result in

extremely anoxic peat profiles that severely hinder the biogenic preduction of methane,

There was an increase in both carbon dioxide and methane flux rates from July to
October in all wetlands repardless of their water depth, indicating other envirenmental
factors such as temperature may be providing more contral ever flux rates than wetting
cycles. The temperature dependence of methance praduction in peat soils has been well
documented (eg. Bridgham & Richardson 1992; Schultz ef ¢f. 1997; Segers 1998; van
Bodegom & Stams 1999). Van Hulzen ef al (1999) examined the effect of temperatures
up to 30°C on methane emissions from peat soils. They found that at low temperatures,
the availability of eleciron accepiors and methanogenic biomass limited methane release.
Altemnatively, at high temperatures methanogenesis was limited by anaerobic carbon
metabolism. Dunfield et af. {1993) showed a marked dependence of methane production
on temperature with optima in the region of 23 to 30°C, followed by a dramatic fall in
production beyend these temperatures. This is supported by Webster & Benfield (1986)
who demonstrated a decrease in bacterial biomass when optimal temperatures were
exceeded. In this study, the rapid atiemuation of emperatures resulling from the thermally
stratified water column in all wetiands during the warmer months may have prevented the

sediment microbial communities from exceeding their optima. The influcnce of
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temperature on methane production is supported by the presence of a scasonal eycle of
summer maxima and minimum flux rates in the cooler winter period, however significant

interactions indicate amuliple controls of gas release.

Fluetuations in the water table have been found to be a controlling factor in production
and consumption of carbon gases from wetland sediments (Moore & Knowles 1989).
Bokarup and Kodjinup Swamps displayed trends in flux rates of carbon pascs that were
finked to water table fluctuations, Each wetland displayed & decrease in methane flux and
a comresponding increase in carbon diexide flux during periods of no surface water. [t was
suggested that changes to hydrostatic pressure from lowering the water table can lead (o
the depassing and dissolution of substantial volumes of methane in peat sedimenls
{Moore er al. 1990; Fechner-Levy & Hemond 1996). Silvela (1986) noted a ten-fold
increase in carbon dioxide flux from 2 Finnish peatland lellowing drainage of surface
waters, while drainage of northern peatlands led to a significant decrease in methane
production (Freeman ¢t al. 1993). The shift from methane to carbon dioxide flux has also
been attributed to increased consumption of methane by methanotrophic bacteria in
aerobic zones created by reduced water levels or exposed sediments (Kettunen ef af.
1969). Prolonged exposure of sediments to the atmosphere can also influence methane
flux by reducing methanogenic bacterial biomass, as they are unable to recover to pre-
drying methane flux rates following rewetting (Crozier ef al. 1995; Mitchell & Baldwin
1999). The duration and frequency of wetting and drying cycles therefore has a profound
influence on the structure of wetland microbial communities, which can directly affect

rates of organic matter decomposition from wetland sediments.

Significant differences were evident in the flux rales of methane and carbon diexide
between vegetated and unvegetated habitats. The flux of methane from vegetated habitats
was consistently higher than from unvegetated arcas in all wetlands. Conversely, the flux
of carbon dioxide was consistently higher from the unvegetaled sediments in afl of the
study wetlands. These data are supporied by numerous sindies that found emergent
vegetation can account for up to 90% of the tota! methane flux to the atmosphere (Crill

1988; Brix ef al. 1992; Muller et al. 1994; Sorrell & Boon 1994; Beon & Sorrell 1995)
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by providing a direct conduit to the atmosphere. This (ransport through emergent plants
may occur 2s either simple diffusion or as convective flow, generated by temperature
and/or humidity gradients in the acrial shoots of the plants (Brix ef af. 1992). Numecrous
studies have demonstrated an increase in atmospheric methane flux provided by emergent
vegetation either through static chamber comparisons (Muller er 4f. 1994; Shannon et o,
1996} or direct measurements of methane concenirations in the lacunar systems of
macrophytes (Sorvell & Boon 1994; Boon & Sorrel] 1995; Yaviil 1997; Yavitt & Knapp
1998). Banmea articutata, the dominant rush in the study wetlands, generally had higher
concentrations of methane than catbon dioxide within live and senescent leaves and
lower concentrations in dead leaves, suggesting aclive transpertation of gases by this
species. The maintenance of healthy communities of B.aiviculara (live leaves) in these
wetlands thersfore becomes important in maintaining the processes controlling the

transport and refease of methane to the atmosphere,

In unvegetated sediments, atmospheric fluxes of methane can occur as either molecular
diffusion or bubble ebullition and must pass through the water columa before release tg
the atmosphere, This provides an opportunity for oxidation by methanotrophic bacteria
and conversion to carbon dioxide (Kettunen ef al. 1999). Methane oxidation requires
methane as a substrate and oxic conditions, and therefore methanotrophs are most active
close to the oxic-anoxic interface where the gradients of methane and carbon dioxide
overlap but also in the aerated rhizospherc created by emergent vegetation. (Denier van
der Gon & Neue 1996). Oxygen concentrations as low as 0,1mg/L have been shown fo
support substantial methane oxidation (Rudd ef al. 1976). Macrophytes rely on the
transport of exygen to below ground structures for aerobic respiration (Armstrong 1978).
The oxidation of the rhizosphere is caused partly by enzymatic oxidation but mostly
through radial oxygen loss through the root wall. This forms a thin oxidised layer around
the roots in an otherwise anoxic cnvironment, creating a habitat for acrobic
microorganisms such as methanotrophs (Ando et al. 1983}, The examination of sediment
gases in vegetated and unvegetated habitats in Bokarup Swamp revealed lower methane
and higher carbon dioxide concentrations in vegetated areas, providing supporting

evidence for increased methane oxidation in these habitats. Elevated fluxes of carbon
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dioxide from unvegelated sedimenis, despite very high concentrations ol methane in the
sediment, suggest that a farge proportion of methane in the sediments is oxidised and

released 1o the atmosphere as carbon dioxide.

Diurnal variability may be an important facter when reliably quantifying the loss of
carbon from wetlands. Static chambers were used to guantify melhane and carbon
dioxide flux rates only during daylight hours. Very low variations in the release of
methane and carbon dioxide were detected during the summer period in both vegetated
and unvegetated habitats and from all wetlands, Diurnal patterns of methane relsase from
aquatic macrophytes have generally followed changes in scil and air temperature
(Whiting & Chanton 1992; Mikkeld er of. 1995; Thomas ef al. 1998). Maximum flux
rates occurred at around 1600 hours and minimum rates at 0800 hours. However,
different patterns of diumal emissions have been shown between plants that have
pressurised flow (driven by golar heating) and plants that rely on molecular diffusion of
zases (Chanton et af. 1993; Whiting & Chanton 1996; Satpathy ef af. 1997). Plants with
pressurised flow have highly variable flux rates up to four times grester during the
daylight (Dacey & Klug 1979). These trends were not apparent in this study, with
excepiionally low levels of diwmal varability that were censistent between carbon
dioxide and methane and between vegelated and unvegetated habitats. Jedrysek (1999)
" found the magnitude of the diumal variation decreased with increased water depth. All
wetlands were close to maximum ~-ater depth at the time of sampling and displayed
prolonged periods of thermal and oxygen siratification. This may have produced
relatively consistent conditions within the sediment lzading to low levels of diel
variability in both vegetated and unvegetated habitats, This low-level variability supports

the use of the field data from fixed times as a measure of long-term organic matter losses.

Estimates of the flux of gases from wetland sediments and plants using static chambers
have been criticised as altering natural rates of gas flux. Despite this they have been used
successfully to examine methane and carbon dioxide fluxes from wetland environments
(eg. Chanton et al. 1988; Sorrell & Boon 199S; Shannon ef al. 1996; Vandemat &

Middleberg 1998). The use of chambers was necessary in this study as some wetlands
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had periods of no surface water, making other techniques impossible. Chambers allowed
for consistency in method regardless of habitat or water depth. Stalic chambers are
thouglit to affeet sir temperature, humidity, wind speed and stomatal pressure (Mosier
1989; Knapp & Yavill 1992; Healy & Streigl 1993). Increases in humidity and
temperature within chambers can affect uradients that control gas diffusion rates across
the culm wall of emergent vegetation {Boon & Sorrell 1995), Changes in humidity and
temperature within chambers acceunted for methane emissions to be underestimated
when small chambers (250 ml}) were placed around leaves of Typia (Knapp & Yavitt
1992). Chambers may also decrease wind-driven mixing and surface turbulence and
could result in an underestimate of gas flux. Boon & Sorrell {1995) conducted numerous
experiments ¢xamining lypes of disturbances associated with static chambers.
Disturbances such as rocking the chamber and the presence of a recirculation fan produce
little variation in methane flux rates. Disturbance to the sediment resulted in immediate
inereases in methane concentrations within the chamber as methane rich bubbles were
released from the sediment. These data were important in designing and deploying the
chamhers‘ in this study to remove sources of variability between samples. Consistent
methods were used throughout the field study and resulted in a linear rate of methane and

carbon dioxide flux (R? >0.9) which supports the accuracy of these measurements,

4.4.3 Summary

This chapier quantified the transformations (microbial biomass) and losses (carbon
dioxide and methane gas flux) of organic matter from Bokarup Swamp, Kodjinup Swamp
and Noobijup Lake. The sediment microbial biomass, when combined with the data on
organic matter inputs from Chapter 3, form the total input of organic matter into each
wetland. The flux of methane and carbon dioxide from wetland sediments and emergent
vcgctatioﬁ provides the total organic matter losses from each wetland, These data form
the basis of the carbon budget (Chapter 6) which is then used in the descriptive model to

examine peat accumnulation rates in each wetland {Chapter 7).

Transformations (sediment microbial biomass) of organic were strongly influenced by a

seasonal cycle of summer maxima and winter minima that corresponded to periods of
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maximum welland water Jevels and temperatures, Significant differences in microbial
biomass between the three sediment horizons (0-135, 15-30 and 30-45 c¢cm) found in all
wetlands were consistent with olher studies in similar peat deposits. Temperature appears
to be the controlling factor of sediment micrabial biomass in all of the siudy wetlands,
although significant differences between wetlands may result from intrinsic wetlangd
features such as local hydrolegy, the distribution of emergent vegetalion and peat

characteristics such as organic matier content.

Organic matter losses (carbon dicxide and methane) were also strongly influenced by a
seasonal cyele, following the same trends as the sediment microbial biomass, Th_e

presence or absence of emergent vegetation exerted a strong influence on the flux rates of
methane and carbon dioxide from all of the study wetlands, Methane flux rates were
significantly higher through emergent vegetation indicating B.articulara acts as a conduit
for gas transport from the sediments to the atmosphere. Conversely, rates of carbon
dioxide flux were higher from unvegetated sediments, which may have resulted from the
azrobic cbnsumption of methane by methanotrophic bacteria in surface sediments or in
the water column. Methane flux rates from the study wetlands were lower than those
recorded for other peat forming systems and may be due to the extremely anoxic, deep
peat deposits limiting the biegenic produclion of methane. Low level diumal patterns of
carbon dioxide and methane flux from vegetated and unvegetated areas were evident in
all wetlarids. These patterns were similar to other studies that found flux rates follow

chianges in soil and air temperature, with maximur flux at peak temperatures,

These results show that maximum organic matter inputs {Chapter 3} and losses cccur at
the same iime of year, the period of maximum water levels and temperatures. The
coincidence of these processes is important as the difference between inputs and losses of
organic matier confrol the rate of peat accumulation. The significant difference hetween
wetlands for inputs and losses of organic matter indicates that peat accumulation may be
occurring at different rates in different wetlands and is influenced by localised factors

such as hydrology, vegetation, peat characteristics or disturbance histery.
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CHAPTER 5

ORGANIC MATTER TRANSFORMATIONS IN WETLAND
FOOD WEBS - A STABLE ISOTOPE ANALYSIS

5.1 INTRODUCTION

Microhial transformations of organic matter and the atmospheric flux of carbon dicxide
and methane are major pathways for the breakdown of organic material {Chapter 4),
Aquatic macroinvertebrates are also involved in organic matter transformations,
converting carbon into their own biomass and acting as a potentizl loss of organic maiter
through flying adult stages. Emergent macrophyle leaf litter {predominantly B.articulata)
was identified as the dominant sousce of organic matter contributing to peat accumulation
in all wetlands {Chapter 3). The carbon produced by macrophytes has traditionally been
thought to enter aquatic food webs as detritus, rather than dirvect herbivory (Webster &
Benfield 1986; Mann 1988). The importance of macrophyte litter as a carbon source for
aquatic macroinvertebrates in the study wetlands is unknown, and therefore their impact
on the breakdown of this matertal is also unknown. The ability of the stable isotope
technique to discriminate between sources of organic matter will help identify those
SOUTCES 'important to welland foodwebs and examine the role of aquatic
macroisiveriebrates in the breakdown of different sources of organic maiter. Furthermore,
the identification of organic matter sources important to aquatic foodwebs in these
wetlands will determine the impact of wetland management on the supply of different

organic matler sourges.

Wetland ecosystems in forcsted landscapes can link autochthonous and allochthonous
carbon sources and are characterised by complex food webs that span both ter:estrial and
aquatic environments (Haines & Montague 1979). Traditionally, carbon resources used
by consumers have been identified by gut contents analysis, laboratory or field feeding

observations or radioisotopic tracing (Rounick & Winterboum 1986). However, because



142

of the complex inlermeshing of carbon pathways and invisible routes of carbon flow in
aquatic systems, these methods prove inadequate. Stable isotopes of §'°C and 8N
provide an altemative approach to clucidate carbon pathways and processes (Pelerson &
Fry 1987). The technique ulilises differences in the naturai abundance of the stable
carbon (°C and "’C) and nitrogen ("N and N} isotapes as tracers which move with litile
or predictable alteration through food chains (Peterson & Fry 1987), Differences in §'°C
among plants using the Calvin cycle (Cs), Hatch-Slack cycle {(C,), and Crassulacean acid
metabolism (CAM) photosynthetic pathways are due to differences in their fractionation
processes (Lajtha & Marshall 1994). Fractionation of carbon isotopes can therefore only
occur during photosynihesis, with the isotepic composition of plant material remaining
unchanged throughout decomposition (Haines & Montague 1975). Numerous food web
studies have demorstrated that the isotopic composition of animal tissue reflects that of
the diet with only slight modification {eg. Zohary et al. 1994; Gu et af. 1997, Kwak &
Zelder 1997). Consumers arc expecied to be within 2%, entiched and 1% depleted of the
mean §°C (Bunn & Boon 1993) and 2 10 5% enriched relative to their diet in 5°N
{Minagawa & Wada 1984). Stable isotopes possess the advanlage over more traditionat
techniques of reflecting only the material actually assimilated and incorperated into

tissue, reflecting the long term dict of consumers {Peterson & Fry 1987).

Stable isotope analysis has been used widely in food web studies of terrestrial (Boutton
1994), maring (Fourgurean ef al 1997), estuaring (Schlacher and Wooldridge 1996) and
freshwater systems (Keough of af. 1996). Most studics have used carbon isotopes to
examine energy flow between primary producers and consumers and links among
consumers and nitrogen to determine the position of organisms in foodweb structure.
This technique has been used successfully to elucidate trophic interactions in a variety of
Australian habitats from intertidal marine systems (Boon ef af. 1997; Loneragan 1997),
sub-tropical stteams (Bunn et af. 1997), lowland rivers (Bums 1997; Sheldon & Walker
1997} and floodplain billabongs (Bunn & Boon 1993). Additicnally, Bumn & Boon
(1993} were able to rclisbly discriminate between allochthonons and autochthonous
sources and between autochthonous sources such as algae, biofilms and emergent and

submergent macrophytes. Despite the ability of stable isotopes to elucidate trophic
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pathways this lechnique has rarely been employed in peatland systems, where studics are
resiricted to noribern hemisphere freshwater marshes (Neill & Cornwell 1992; facobo &
Veron 1995), Isotope studies in these habitats focus on wetland palacoccology, using the
technique to identify plant sources in peat profiltes (Ayliffe e &l 1996; Grocke 1998) and
processes of isotope depletion through bacterial consumption {Rask & Schoenau 1993,
Homibrook ef af. 1997). Peatlands provide an ideal opporiunily to usc stable isotopic
analysis to elucidate food web interactions in a habitat where detrital energy cannot be
determined visually and the dominance of the detrital pathway can obscure the origins of

organic matter to food webs.

France {1996) demonstrated that when organisms utilise a mixture of antochthonous and
allochthonous energy sources the true enrichment of ’C might be masked. Thus, stable
isotope analyses should not be used alone in determination of invertebrate diets. A
simpler, more widely used technique has been to infer food quality of different carbon
sources from the carbon to nitrogen ratio (C:N), with a lower ratio indicating a more
easily dipestible food source (White ef al. 1979). This technique has been used for a
variety of habitais including fresh water wetlands (Royer & Minshall 1997), lowland
rivers (Sheldon & Walker 1997), mangroves (Lee 1997) and marine systems (Fourqurean
et al. 1997) to demonstrate a preference by inveriebrate grazers and detritivores for food
with lower C:N, Steinmann (1996) recognised algae as a dominant source of carbon in
freshwaters and summarised the chemical composition of different algal groups and

establishing C:N ranges for major algal orders.

This chapter examines the trophic interactions of aquatic foodwebs in Bokarup Swamp,
Kodjinup Swamp and Nookijup Lake wsing §°C and 8'°N isotopic signatures of
dominant sources and consumers of organic matter, and C:N ratios to examine the

palatability of the different sources to aquatic macroinvertebrates.
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5.2 METHODS

5.2.1 Sample collection

At each wetland replicate samples of dominant autochthonous and allochthonous sources
of organic material were collected. Samples were collected during the sampling pericds
in Aprit 1996 {Autumn), July 1996 (Winter), October 1996 (Spring} and January 1997
(Summer) (see Section 2.4). Bokarup and Kodjinup Swamps were not sampled in April
1996 as they had insufficient surface water for sampling. Plankionic algae were not
collected from any of the wetlands due to their very low abundance (concentrations

peaked at 8.87 + 0.17 pg/L, see Section 3.3.3) making isolating phytoplankton difficult.

Four replicate samples of the following sources were collected on each sampling

occasion:

o Aftached, senescent leaves from upland plants (M.raphiophylla and E.rdis)
were collected from plants at the edge of the wetland basin. Replicate samples
were coliected randomly from individual trces adjacent to four of the five

allochthonous litter traps {locations in Plates 3.1a, b & ¢).

» Atltached, senescent leaves from the dominant emergent macrophytes of
B.articulata, B.preisii & B.avthrophylla were collected fiom within the waler
column in cach wetland. All samples were thoroughly scrubbed and rinsed to
remove epiphytic growth. Replicate samples were collected randomly from
individual macrophytes adjacent to four of the five autachthonous litter traps

(locations in Plates 3.12, b & ¢).

s Rhizomes and roots from B. articulata were removed from the surface 15cm of
sediment using a corer. All samples were thoroughly serubbed and rinsed to
remove sediment from the plant material. Replicate samples were collected
randomly from individual macrophytes adjacent to four of the five
sutachthonous litter traps (locations in Plates 3.1a, b & ¢).
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s Lenves from dominant submerged macrophyles (Nymphoides, Tritochin, and
Myriophyilum) were colleeted from within the water column in each weiland,
Al} samples were thoroughly scrubbed and rinsed 1o remove epiphytic growth.

Replicate samples were collected from random locations within each wetland.

s Biofilms were collected from artificial substrates {glass slides) in vegetated
. habitats of cach wetland using the methods outlined in Section 3.2.4. Biofilms
were collected from vegetated and unvegetated habitats in Bokarup Swamp
only. Replicate samples were collected from individual artificial substrata

;:Ieployed in each wetland {locations in Plates 3.1a, b & ¢).

» Organic detritus from the surface layer of sediment was collected from cach
wetland. All samples were washed through a imm sieve to remove large
particles of plant material, Samples were collected from random locations

within each wetland,

All sarnples were placed on ice in the field and frozen within 6 hours of collection, In the
laboratory replicate samples were oven dried at 90°C ur;.l.i] constant weight and ground
into a fine powder using a mortar and pestle. The methods of Dzurce ef al. (1985) were
ﬁsed in the preparation of soil organic matter samples. Once prepared, the four replicate
B samplgs were divided into two pooled samples, each containing two original replicates.
Samples were pooled to increase the representativeness of each replicate source given the
constraints of lirnited replication due to costs of samples. Pooled, replicate samples were

wrapped in foil and stored in a desiceator pending analysis.

Four replicate samples of the following heterotrophic organisms were collected on each

sampling occasion:
. »  Macroinvertebrates
o_.' Small vertebrates (tadpoles, fish)

* . Zooplankton




[E1]

Magroinvertebrates and small aquatic vertebrates were sampled using integrated sweeps
covering a8 20 m transeet from the edge towards the centre in random locations in each
wetland using a standard square framed 500 pm mesh net. A minimum of 1 sweeps was
taken in each wetland on each sampling occasion to a maximum of 16, The number of
sweeps was determined by the relative abundance of dominant taxa on each sampling
occasion and ability to gain sufficient biomass for analysis (7 to 10mgDW per sample for
duplicates of 2 replicate samples) for each of these taxa. The contents of the net were
passed through 4 mm, 2 mm, 1 mm and 500 pm and sorted live on site. Individuals from
all sweeps were separated by Order level classification in the field to determine their
* abundance and the number of sweeps necessary to gain sufficient biomass for analysis. A
125 um mesh plankton sampler was used to sample zooplankton using the same metheds
as the square framed net. Zooplanktan samples were repeatedly passed through 125pum

mesh to remove detrital material,

All consﬁmcr organisms were kept alive in aerated, distilled water for 12 houss to void
their gut centents. Zooplankton and microinvertebrate samples were concentrated by
passing through 125 pm mesh before being placed into vials and frozen. In the laberatory
macroinvertebrate samples were defrosted, re-identified and pooled at Family level
classification. Pooled samples were divided into 4 replicate samples, Replicate samples
were acid washed (according to Bunn ef al. 1995} in 1M HCI and rinsed in 4 washes of
distilled water to avoid contamination of organic carbon from the carbonate fraction of
the exoskeleton (Haines & Mantague 1979). Samples of muscle tissuc were removed
from the small vertebrates for determination of their isotopic signature. In the laboratory
pooled samples were oven dried at 90°C until constant weight and ground into a fine
powder using a mortar and pestle. Once prepared, the four replicate samples were divided
into two pooled samples, cach containing two original replicates, Pooled, replicate

samples were wrapped in foil and stored in a desiccator pending analysis.
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5,2.2 Analysis

" Seven to 10 mg of each pooled replicate was weighed into cach of two capseles, This
" creates duQ]icates of two replicates of cach organic matler source and consumer. Each
d.u.plicﬁ:(e sﬁ;nplc was analysed for their 8C and 8N composition and percentage clemental
C and N using an isbtopc ratio mass specirophotometer (Europa Tracermass). The
analysis was carried out in the School of Natural Sciences, Edith Cowan University,
" Perth, Western Australia. Carbon and nitrogen della values were calculated against a
conventional standard (PDB Carbonate and air N; respeclwe]y) accordlng to the

fu]!owmg equation:
X= {(Rsamplef Rstandard) - 1] x 1000 (%)
where X= 8°%C or 8N and R = "C/*C or "N/"'N.

Incomplete combustion due to insufficient sample we1ght and e... 258 carbon leadmg to
saturation of the detector led to no result obtained for some somves (parhcu[arly the

. sediment samples) and consumers {such as Ostracods, Cladocerans and Copepods with

small sample weights).
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5.3 RESULTS

© 53.1 Bokarup Swamp (8 °C, 8"*N and C:N)

Surface sediments were consistently the most depleted source of carbon within the
wetland (Figure 5.1). Sediment 5'°C valugs were most depleted in summer at —38.69%o
with values in winter and spring around -35%.. Biofilm 8'°C values were depleicd in
. spting and enriched in winter, ranging from —33.96%0 £ 0.2 to —32,78%0 & 0.5 in the open
water habitat and —32.78%o £ 0.5 to —30.71% £ 0.1 in the emergent macrophyle habitat,
Values were most depleted in spring/summer and in open water. Most emergent
macrophyte species had 5'*C values similar to each other, generally between —25% and
~28%a, except B.arthrophylla that was a slightly enriched source in summer and winter.
There were distinct seasonal variations in 8'°C values for cmergent macrophytes, but no
clear seaéonal trends were evident between species despite similar growth habits. The
submerped macrophyte Nymplhoides showed litile temporal variation with values in the
range of emergent macrophytes. Triglochin, another submerged macrophyte exhibited a
large seasona! variation of around 4%., with values more depleted than other macrophyte
sources in winter (-28.5%. = 0.5) and spring (-29.03%. & 0.08). Fringing species of
M.raphiophylla and E.rudis displayed very fittle seasonal variation. E.rudis had 813¢
values in 2 similar range (o the emergent macrophytes, however, M.raphiophyila had

values around —30%,, and consistently more depleted than the other plant sources.

The C:N values for Bokarup Swamp indicate that very few of the carbon sources are
available for direct use by primary consumers (Table 5.1). Biofilms and submerged
macrophytes had the lowest ratios, generally below 15, therefore most digestible of the
available food sources measured. However, Triglochin had a marked increase in its C:N
value in winter and spring to 32.1. The leaves of the emergent macrophytes consistently
- had the highest ratio, with values of up to 78.94 found in B.arthrophyila leaves. As with
the 5C** values there were large seasonal variations within the emergent macrophyles,

~ but no trends apparent for all species.
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Table 5. I C: M valties (:I:SE) for scurces of organic matter from Bokarup and Kodjmup
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Swamps and Noobuup Lake in Summer, Autumn, Winter and Spring.

Summer SE Aufumn  SE  Winter '.s.s_'_-'_-Spripg LSE
Bokarup Swamp R
" Biofilm unvegetated  13.61 @02 .. - 106
Biofilm vegetated e 1029
B.articulata leaves 6473 0.08 CULO8
B.articulata roots 2808 LI5 . 6.22
B.preisii leaves L3976 100 118
B.arthrophylla leaves 53,36 % 050 207
Nymphoides sp, 11,720 .006 T L42
Triglochin sp. 999 0.62. . . 203
M.raphiophylla 12900 “.0.26 151
E.rudis 2544 0.20°" o
Kodjinup Swamp o o
Biofilm vegetated .. 1332 00337 . 3. 055
B.articulata leaves 7958 103" 9. . 0.29
B.articulata roots AT14 325 052
Nymphoides sp. 1325 368 v -0.88
Triglochin sp. 997 Q25 203
M.raphiophylia 2782 - 031 L. 108
E.rudis 2088 - 021 7 - 7108
Noobijup Lake Lo -
Biofilm vegetated 1515 @ 73(' 13377 006 1 119
B.articulata leaves 6481 _65 58 0.8 ]_ N ___'_:"0.15
B.articulata roots 28,50 - 0.2 " 0.39
B.arthrophylia leaves 45,65 027
Nymphaides sp, 1L10 7 3 192
Triglochin sp. 1148 - LR 70
Myriophyllum sp 19.80 - 5016
Mraphiophyila . 2767 o042
E'pudis T, Cgl2
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The two fringing species, M.raphiophyiia and E.rudis both had C:N values around 25 to

35, mid way between submergent and cmergent macrophytes.

- Primary consumers such as Chironomidag, Perthiidac, Calanoida and Daphnia, all of

which can consume a varicty of plant parts, algal cells and bacteria, were identified as
first order consumers in Bokarup Swamp. Isotopic sipnatures of these 1axa varied ]ili[c
seasonally and were gencrally too depleted in 8'°C for macrophytes to be the sole source
of carbon. During spring and summer when biofilm biomass was high, a combination of
emergent macrophytes and biofilm would produce values in the range seen in these taxa.
In winter when biofilm biomass was lower, §°C values of first order consumers are
closer to macraphyte values, particularly Triglochin, Stratiomyidae had a carbon isotopic
signature too depleted al —35.4%. £ 0.1 to have consumed any carbon source measured.

Physastra are known biofilm scrapers, but had values far more enriched than any

.. potential source. The largest primary consumer sampled, Cherax preisii, had a carbon

isotopic composition depleted compared to that of all macrophytes at =31.53%, + 0.3,

Higher level consumers such as Coleoptera (Hydrophilidae, Diytiscidae and Helodidag)
and Odonata {Corduliidae} had large seasonal variations, with consistent trends of winter
enrichment and summer depletion. In winter the 8'*C of these taxa are similar to many of
the primary consumers indicating they may be a large food source at this time. However,

the isotopic composition of these organisims in the other seasons is too depleted for these

' primary consumers to constitute their sole diet. Gambusia holbrookit, an introduced fish

had a signature of —29.45%. 0.4 in spring, indicating a diet of primary consumers such

. as the Chironomidae and Zooplankton.

The 3'*N values of most sources are around 3 to 5%, with the biofilm in both habitats

. slightly enriched. B.articulata was slightly enriched to all other macrophytes. The 8N

values fot.' Cladocerans and Calanoid Copepods are too’ depleted at sround 1%, to have
come from any source measured, Helodidae larvee also have & 5'°N signature more
depleted than all measured sources. The 8'°N values for Cherax preisii are slightly

enriched from that of the emergent macrophytes indicating it may be deriving its carbon

from the detritus. Higher order vonsumers had enormous variability in their nitrogen
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isotopic eomposition, such as the predator Hydrophilidae, varying from 11,86%a"$.0.8 in
‘summer to 21.00%0 £ 0.2 in winter. This indicates thal many of (he higher order
consumers are changing their diet scasonally depending on available food sources, This
seasonal trend is not apparent in the primary consumer.s‘ A major anomaly in the datasgt
is the lack of '"*N values between the primary and higher consumers, There is a gap of
around 12%. between the zooplankion and predatory organilsms indicaling ﬁ'lissing

trophie levels in the food web of this weliand.

5.3.2 Kodjinup Swamp (5 °C, §"*N and C:N)

Kodjinup Swamp had the least variely o)’ macrophyle carbon sources with the wetland
basin deminated by monospecific stands m the. emergent macrophyte B.articulata, with
Nymiphoides and Triglochin in the shallow edge margins, B.articulata leaves had similar
8"%C values in summer and spring around -27%., however, in winler the isotopic
sipnature was depleted i —29.49%, * 0.1 (Figure 5.2). Roots from the emergent
macrophyte showed litile seasonal variation with values around —28% throughont the
year. Thé submergent macrophyle Mymphoides showed little temporal variation: with
values in the range of Barticulata. Triglochin, the oflizr submergent macrophyte
exhibited a large seascnal variation of around 2.5%., with values consistently enriched to
other source in.all scasons, Scdiments and biofilms were again the most depleted carbun
source in the wetland. Sediment 5'°C values were most depleted in summer at —38.67%o
and most enriched in spring at -33.76%. Biofilms carbon isotope ratios showed little
seasonal variation with values ranging from ~-37.00%. £ 0.5 in summer to —36.00%x £ 0.8
in spring. The fringing species of eucalypt, £.rudis, had &C values in & similar range to
the emergent macrophytes with a scasonal trend of winter enrichment (-26.5%: % 0.1) and
spring depletion (-28.96% + 2.2). M.raphiophylla, ihe other littoral tree species had

values around —30%e . consistently mors depleted than the other plant sources.

As with Bokarup Swamp, the C:N values for Kodjinup Swamj indicate few sources of
carbon are available for direct use by primary consumers (Table 5.1). Biofilims and the
two species of submerged macrophytes had C:N ratios generally below 17, making them

the most digestible carben sources measursd. Trigiociin had the lowest C:N ratios in all
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séf.t"'sons, with values ranging from 9.97 £ 0.2 in summer to 10.92 £ 0.5 in winter. The
lenves of B.articulata had the highest C;N ratios in all seasons. Large seasonal variations
Wﬂ‘c evident frorn this source, lowest in winter (48.37 :I: 1.0) and peaking in summer
" (79.58 £ 1.1). The roots of this macrephyte showed a similar trend of maximal values in
surnmer, but ratios up to half those found in the leaves, The two fringing tree species had
ratios between the more digeslible submerzent sources and the emergent macrophyle
leaves. E.rudis showed a large seasonal variation with a low C:N ratio of 20.88 £ 0.2 in

summer, which increased to around 35 in winter and spring.

In general, the 8'*C values of primary consumers fell between the macrophyte signatures
(~ -27%0)‘and those of the biofilm (~ - 36%o)} , indicating a combination of carbon sources
would most likely constitute their diet. All primary consumers had depleted 3'°C values
in spring, and enriched values ir summer, indicating their reliance on biofilms as a foad
source during spring. The collector-grazers, particularly the Chironomidae and
Palacomonidae displayed a large scasonal variation in their catbon signatures of around 3
to 4% that did not display the same pattern of seasonality as potentizl sources. The
tadpoles also displayed a large seasonal variation, with a carbon isotopic signature of
—35.15%0 4 0.2 in spring suggesting 2 diet of biofilms or becoming a secondary consumer
and using lower organisms such as Chironomidae ag a food source, However, in summer
the carbon signature of tadpoles becomes more enriched indicating a change from a
biofilm dominated diet 1o one that includes more macrophyte tissue, or the increased
consumption of primary consumers. Zooplankton were not sampled from this wetland in

any season duc to very low zbundances,

As with Bokarup Swamp, secondary consumers showed a large seasonal variation in their
carbon isotopic signatures, with the majority of taxa being most depleted in spring and
most enl'i;::hed in summer. This matches the seasonal trend displayed by the ﬁﬁma:y
consumers. The Coleopterans and Odonates that make up the majotity of the secondary
consumers 2ll have carbon isotopic signatures that are more enriched than those of the
range of primary consumers measured. This is particulacly evident in sumimer when

secondary consumers were up to 4%o enriched from their potential sources and so could
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not be eating many of the primary consumers measured. In spring there is surprising
uniformity in the 8'C signatures of most sccondary consumers, all falling within the
range of potential carbon sources from lower constmers, In winter there is a distinet lack
of primary consumers presenl in the wetland, with only Palacomonidae shrimp and
Chironomidaz in sufficient numbers to be sampled. Carbon isolopic signaiures of
secondary consumers during winter are within the range 1o be consuming these
. organisms. As predatory organisms, the Corixidac and the Cambusia both have

signatures too enriched during spring and summer te come from any measured source.

The 8N values of sources showed great variability both seasonally and between taxa.
Biofilm nitrogen signatures varied greatly being most depleted in winter (2.16%. % 0.1}
and most enriched in spring (8.26%o  1.1). The submergent macrophyte Triglachin also
displayed marked seasonality, with the summer value of 2.5 % + 0.6 markedly crnriched
to the winter and spring samples. B.articulata was again the macrophyie with the most

dopleted 5'°N signatures, with its roots consistently being the most depleted source.

The §'°N data for Kedjinup swamp indicate distinct trophic levels within the wetland,
Little seasonal variability is apparent in the 8N data indicating the majority of
consumers maintain their trophic position but change food sources seasonally. The
Perthiidae, Phreatiocidae, Chironomidae and Notonectidas all have nitrogen signatures
that are depleted to all other consumers. Potential sources for these taxa are biofilm in
spring and summer or macrophyte tissue. However, these taxa are potentially omnivorous
feeders, with the Notonectidae and Corixidae more predatory organisms. These data
suggest that lower order consumers such as the Daphnia and Copepoda that were found
in Bokarup Swamp are present in this wetland but not in suflicient numbers to sample.
. The tadpoles, Palacomonidae and Baetidae have signatures that support the $™*C data for
their reliance on biofilm as a food source. The §'°N data show a slight enrichment of the
Coleoptera from many of the primary consumers. The Cdonata, together with Gambusia
holbrookii are the most ensiched taxa sampled in the wetland bighlighting their position

as high order consumers.
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5.3.3 Noobijup Lake (8 *C, 8"°N and C:N)

As with the two previous wellands, sediments were the most depleted saurce of carbon
within Noebijup Lake (Figure 5.3). Sediment 3 '°C values were most depleted in summer
and spring zround —35%o with autumn values the most enriched at 31.67%., Little scason
variation was apparent in the 8°C of biofilms, ranging from ~31.82%, :+ 0.2 in spring to —
33.79%a % 0.04 in summer. Macrephytes were in the range of valucs found in the other
wetlands, generally between —25%. and ~28%.. Scasonal differcnces were apparent in all
macrophytes except Myriophyllum, but no consistent scasonal {rends were apparent
between taxa. B.articulata leaves had similar values during autumn, summer and spring
around —25.5%, but were depieted in winter to —29.43%. £ 0.1. Fringing tree species of
M.raphiophyila and E.rudis displayed carbon isctope ratios similar to those found in the
.-other two wetlands. Values were slightly depleted to macrophytes, with signatures around
I . —30.5%o for M.raphiophyila and =28 for E.rudis.

The C:N ratios for Noobijup Lake, as with the other wetlands indicate few of the sources
are available for direct usc by primary consumers (Table 5.1). Biofilms and submerged
macrophytes had the lowest ratios, generally less than 16. Biofilm showed little seasonal
variglion, ranging from 10.97 + 0.5 in winter to 15.15 + 0.7 in summer, Triglochin
consistently had the lowest ratios of all sources, Emergent macrophyte tissue has the
highest ratios of all sources measured, with values in the range of 42 to 69. The two
fringing specics, M.raphiophylla and E rudis both had C:N values ranging from 19 to 35,

between submergent and emergent macrophytes.

Very few primary consumers were sampled from Noobijup Lake. Physastra {a known
scraper), and Chironomidae both have 5°C signatures that are between the signatures of
macrophytes and biofilm. These signatures varied seasonally by up to 4%, indicating
these taxa change their dominant source of carbon, The tadpoles also had carbon
signatures that varied greatly throughout the year. Signatures were close to that of the
biofilm, except in spring when the isotopic signature of the tadpole was too depleted at
-35.67%e £ 0.2 to have derived its carbon from any of the measured sources.
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Sccondary consumers in Noobijup showed enormous variation both seasonally and
between taxa, The Coleopiera generslly had carbon isotopic signatures in winter and
autumn within the range for primary consumers such as the Chironomidae to be a
carbon source, However in summer and spring, 8'°C values are too depleted for this
taxon to have been consumed. This again suggests that some lower order consumiers
were missing from those organisms sampled during these times, The Hydracarina and
Qdonata showed little seasonal variation and similar 5C'* signatures {~ -31%s), with no
clear, single carbon source. Hirudinea, n known predator consistently had 3C"
signatures too enriched for any of the taxa sampled within the wetland to be a source of
carbon. The two species of fish within the wetland, Gambusia olbrookii (exotic taxa )
and Edelia vitata (nalive taxa), had almost identical carbon signatures in each scason,
The signatures and seasonat trends mimic those of the Chironomidae, suggesting these

may be an important carbon source for these organisms,

The §"*N values of sources showed little variability scasonally or between taxa, Biofilm
nitrogen signatures varied seasonally, being most depleted in autumn (4.34% + 1.4) and
enriched in winter (8.08%0 * 0.3). The submergent macrophytes and B.arthrophylla
displayed little seasomality and 8N15 signatures consistently between 3 and 5%,
B.articulata was apain the macrophyte with the most depleted 5N'* signatures, with its
roots consistently being the most depleted source. Erudis was the mosl enriched
nitrogen source with values ranging between 9.03%, £ 0.1 in spring to 12.62%o % 0.6 in
autumn.

The 5'*N data for Noobijup Lake indicate there is snormous seasonal variability in the
majority of consumers indicating they, or their source of carbon, chanpe trophic
position seasonally. The 5'*N signature of Physastra is within the range of submergent
and emergent macrophytes, except in winter when its signature is enriched b}; around
4%, indicating a shift to a more biofiim or terrestrially derived carben source. The
tadpoles have an enormmous range in their nitrogen signatures, from 5.00%. + 2.4 in
summer ta 16.39%, * 0.3 in spring, indicating a marked shift in trophic pesition. The
Coleoptera, Odonata and Hydracarina all show farge seasonal variation in nitrogen
signatures with no obvious sourcces, as their signatures are generally too enriched for the
Chiranomidac to have been a source. This suggests that as with the other iwo wetlands,

there may be organisms being consumed that were not in sufficient biomass to be
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sampled. This is supported by data such as the Carabidae in winter, with a 8N
signature of 5.52% % 1.0. This value is tso depleted to be derived from any. mcasuréd
sotrce, The 3'*N identifies the two fish species as the highest traphic level, dnd a8 with

the carbon i isotopic data lhey have similar values throughout the year,
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5.4 DISCUSSION

5.4.1 Varlation in sources

Considerable ﬁariabilily was detected in the 8'°C and §"*N values of both primary
sources mand consumers. Large seasonal variations and inconsistent trends made il
difficult 1o discriminate between sources of organic matier both within and between
wetlands. Biofilms and organic sediments formed a distinct group consisiently being the
most depleted carbon sources in each wetland. This is in conirast to most Australian
studies that gencrally have riparian or upland vegetation as the miost depleted carbon
source. All three wetlands studied had exceplionally unproductive water columns with
high DOC concentrations, and as such would be classified as ultra-oligetrophic (Section
3.3.3). In wetlands where the photic depth is limited by dissolved organic matter, zlgal
productivity (s restricted and heterotrophic bacteria have tended 1o dominate bicfilms
(Findlay et al. 1986, Edwards & Meyer 1987; Couch & Meyer 1992). The depleted
carhon signature of biofilms in the study wetlands may therefore be due to a high

heterotrophic component.

Astificial substrata were used for biofilm colonisation in this study and are corﬁmonly
used to sample biofilm colonisation. Critical reviews (Cattanco & Amireault 1992,
Morin & Cattaneo 1592} however, argue the ability of artificial substrata to reproduce
natural substrata, concluding artificial substrata eften misrepresent both the quantity and
composition of natural biofilms. The length of sampling time and the nature of the
substrata used in this study may have caused the biofilm composition, and therefore the
isotopic signatures to be different to those consumed by inveriebrates. Boon & Bunn
(1994) demonstrated carbon and nitrogen isctopic signatures varicd between the same
source collected from one site at different times of year, and collected from different
sites at the same time of year. However, the use of artificial substrata in this study with
consistent deployment times, surface arca and depth should have reduced the variubility

encountercd by Boon & Bunn (1994) and aid the interpretation isotopic signatures,

Emetgent and submerged macrophytes, and Erudis (fringing upland tree species)
values ranged between ~24 and ~28%, 51°C. Results also varied seasonally by up to

4.5%0, making discrimination belween these sources difficult. Nitrogen isotopic
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signatur.cs also showed little variolion between species, with sighatures masked by large
standard errors and seasonal variation, although B.articiiate leaves and rools were
consistently thic most depleted of these sources. There were small variatjons in the
carbon signalure between B.articuluta leaves and roots from the same plant, howcﬁer,

the raots were subsiantially enriched in 8'*N by 5 to 10%e.

Macrophyte carbon and nitrogen isolopic signatures are congruous with other
Australian studics in billabongs (Bunn & Boon 1993; Boon & Bunn 1994) and lowland
fivers (Sheldon & Walker 1997) and fall within the range for macrophyles outlined in
the review of Kecley & Sandquist (1992). These are however, in contrast 1o values for
aquatic ptants with similar growth habits in many Northern Hemisphere wetlands, with
LaZerte & Szalados (1982) reporling submergent macrophyte carbon signatures in the
range of —15 to —20 % and Hecky & Hesslein (1995) finding macrophytes with
signatures ranging from —12 to — 22 %.. As with biofilms, Boon & Bunn (1994)
demonstrated considerable variation in emergent and submerged macrophyte signatures
between sites and seasons. Unlike other studies however, the seasonal trends of
enrichment and depletion for each source were not consistent between wetlands. Carbon
isotopic signatures of B.articulpta, the dominant macrophyte in cach wetland, was
consistently most depleted in wititer, but most enriched in summer, spring and awtumn
in Bekarup Swamp, Kodjinup Swamp and Noobijup Lake respectively. B.arthrophyila
and B.preisii also displayed seasonal and spatial variations in their carben signalures
that did ot match the patterns displayed by other emergent macrophytes. Jennings of af,
(1997) demonstrated 8"°C and &N spatial variability within species for marine
seagrasses that was largely attributable to collection site differences. Root and growing
conditions for macrophyles were different in each of the wetlands. Depth and duration
of inundation would have been different for each wetland, leading to variations in
sediment and water column anoxia and cxposure of leaves out of the water column,
Leuschner & Rees (1993) showed that intertidal populations of Zosteras were able to

. maintain considerable rates of net photosynthesis during low tide exposure by utilising

" “lighter’ cartbon (<7.8%c) instead of bicarbonates from the water column. Significant

differences were found in the methane and carbon dioxide concentrations of gases

" found in both sediment and within emergent B.articulata leaves (Chapter 4). This

indicates that seasonal differences in isotopic signatures of emergent macrephytes may
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be due to changes in their carbon dioxide sources, such as sediment microbially,

produced or atmospheric carbon dioxide or water column bicarbonates.

The organic sucface sediments of cach wetland were consistently the most depleted
source of carbon ranging (rom around -32 to -38%.. Emergeni macrophytes were the
dominant source of organic matter contributing to the detritus (Chapter 3}, however, the
surface sediments have 5C' signatures depleted from the macrophyte source, This
supports the findings of Rask & Schoenau {1993) and Homibrook ef af, (1997} who
demonstrated the processes of isolope fractionation and depletion through bacterial
consumption. During early decomposition, a pertion of the biogenic clements of the
detrital organic matter is revolatilised to the atmosphere as carbon diexide and methane
{Appleby & Oldfield 1992}, Mecthanogenic bacteria are known for their extremely low
5"C ratios with values exceeding -70%. (eg. Bartlett & Harris 1993; Chanton &
Whiting 1996). Novak e af. (1999) also demonsirated an increase in 3'C depletion in
peat soils as a result of an Isotope-selective process. During decomposition, microbial
communities preferentially consumed the labile component of the detrital matter,
- feaving the residual organic matter depleted in §'°C. The incorporaticn of microbial
biomass into the sediment or the sslective microbial consumnption of the detritus may be
responsible for the sediment §'°C signature in these wetlands being more depleted than

its source,

The two species of upland vegetation sampled, M.raphiophylla and E.rudis, had quite
'aiét'iuptiy different carben signatmes despite both being terresitial Cy plants. As
mentﬂmed, E.rudis could not be discriminated from cmergent and submergent
r_nacropﬁyiss using carbon isotopic signatures, however, in both Kodjinup Swamp and
Noobijup Lake which both rcceive agricultural runoff, it had distinetly enriched
nitrogen signaturcs. Carbon isotopic signatures for £.rudis in these habitats (~ -27%o)
are similar to those recorded for a range of riparian vegelation in the Northern Jarrah
Forest of Western Australia (-26.9 £ 0.1%a} (Bunn et al. 1999). M.raphiophyila formed
a third distinguishable group with carbon isotepic signatures arc.und -30%. occurring
between the macrophytes and biofilm. The lack of seasonal variation and depleted
carbon signatures found in M.raphiophyila may in part be a resul? of the roots of the
trees being permanently waterlogged and yresumably in low oxygen conditions,

providing constant conditions both temporally and between wetlands.
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An index of food quelity is given by the ratio of carbon lo nitrogen, indicating the
protein content of the food (McMahon et al, 1974). A low ratio arises from either a high
nitrogen conlent (high quality) or a low carbon contenl combined with residual
réfractory nitrogen {low quality) (Naiman 1983). The cmcrgeﬁl macrophytes had C:N_
ratios <38 in all wetlands in a1l seasons. Biofilms and submerged macrophyles had the
lowest C:N ratios in ali wetlands, varying from 10.08 in Kodjinup Swamp to 15.15 in
Noobijup Lake, peaking in cach wetland during summer. Diatoms have been recérdcd

with C:N ratio from 4.4 to 6, non filamentous green algae with C:N ratio fram 4.'3 o

" 13,8 and Cyahohacteria from 4.3 to 8.3 {Steinman 1996). Values from {hese wét]ands

fall within ranges of values from other Australian studies, with C:N ratios of 10.34.10

" 14.44 (Bums 1997) and 7.5 to 10.5 (Sheldon & Walker 1997) found in lowlarid rivers.

The higher C:N ratios of biofilms and macrophyte tissue compared to other studies
Jndicates much of the carbon entering the system is too refractory for direct invertebrate

consumption and would require microbial conditicning prior to invertebrate

‘1 consumption (see Webster & Benfield 1986).

54.2 Wet_laud food webs

. The carbon produced by macrophytes has traditionally been thought to enter aquatic

food webs as detritus, rather than direst herbivory (Webstér & Benfield 1986; Mann
1988). Macrophytes are also important substrata for periphylic aigae, thought to be an -

.impunaﬁt food supply and of better quality than macrophytes (Eunn & Boon 1993,

Hecky & Hesslein 1995). Despite the clear discrimination of biofilms, macraphytes and

-upland vegetation using carbon isotopes, none of these sources appear as an obvious

carbon source for most consumers in these wetlands, as inveriebrale signatures were
generally more depleted than any single source. Primary consumers exhibited carbon
signatures between macrophyte values and those of biofilms, indicating a diet
containing both sources, Commen grazers, including atyid shrimps and gastropods in

south-east Ausiralian wetlands were also thought to have a diet containing both

7 epiphytic and macrophytic material (Bunn & Boon 1993), However, the 8'°N values in
. this study are often too depleted for consumers to have derived their carbon from a
mixture of biofilm and macrophyte. Furthermore, seasonal variations in most primary

consumers wete Jower than those of carbon sources and followed a different patiern of

seasonal change. These data suggest that soms consumers would have to change their
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proportion of carbon from different sources seasonally, or utilisc an unmeasured source

that did not seasondliy vary in order 1o maintain f':ii_rly static signatures,

It can therefore be hypothesised that allcmativé sburccg-;;.fj'.___"carbon 'ar_c avé'_i_lahlc for
primary consumers that were vol measured in- this study. In-a review of carbon -
signatures {or phytoplankton, Zohary et af. (1994) found s_i'gnlalures varied by season
and site from 15 10 ~35% for the same planktonic taxa'in the 58 fo 100um size range.
Depleted nitrogen signatures have also been fcponcd for phyloplankton (Heckj &
_Hesslein 1995; Keogh ef af. 1296), These reported values indicate that planktenic algae
m;}ussess isotopic signatures that can gecount for the signatures of primary consumers
found in these wet[ands_. The distinct lack of phSnoplanklon_ preduetivity in these
wetlands {Chiorophyll @ < 9 ug/ft; Chapter 3), and a low abundance of primary
ct-Jnsumers to heavily graze plankton, indicates that phytoplankton are not present in
sufficient biomass to represemt a viable food source for primary consumers.
Alternatively, grazing of phytoplankton by primary consumers, who in turn are grazed

by higher order consumers could explain the low phytoplankton biomass.

Microorganisms form an important link between primary and secondary production in
the detrital food webs of aquatic systems. They are responsible for the degradation of
plont litter and the alteration of its chomical composition and the provision of a
palatable food source for consumers (Boulton & Boon 1991). Colonisation of detrital
leaf litter by aquatic microorganisms such as fungi and bacteria (termed ‘conditioning”)
results in the incrcase in the quality of the detritus as a food source for primary
consumers {Webster & Benfield 1986). It was Iiypothesised by Sheldon and Walker
{1997) that macroinvertebrate grazers consume the heterotrophic microorganisms that
-use detritus as their primary cacbon source, Numerous authors have studied the
modiﬁcétion of isotopic signatures through trophic levels with carbon ratios of
consumers being up to 1% depleted and 2% enriched from the source (Jackson &
" Harkness 1987; Bunn & Boon 1993; France & Peters 1996). Sheldon and Waikers'
hypothesis is therefore also appropriate for these habitats. The consumption of detrital
b'agtueria or heterotrophic organisms utilising DOM would result in many primary
consumers possessing a depleted sipnature from those of the dominart macrophytes.
'The carbon isotopic signatnre of the sediment is consistently depleted from the

Barticulata leaf material, which dominates the detritus. This indicates the microbial
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conditioning of the detritus in these systems has resulied in a marked depletion of the

original source macrophyle fissue,

A final explanation could be the consumplien of sediment derived chcmﬁaulotmphib
bacteria, cither direcily by primary consumers of in successive trophic levels. Pelerson
el al. (1980) observed ‘a large amount of thc cnergy fixed in salt marsh macrophyles is
fost in the form of reduced sulfur compounds, which ﬁan be used as alternate eleclran
aceeptors for chemoautatrophic bacteria. The result was bacleriaj assemblages wi_rli':
carbon isolopic signatures that did not reflect the original macrophyte tissue, Bunn and
Boon (1993) proposed that methanogenic bacteria could use this mechanism, resulting
in primary consumers with signatures distinet from obvious detrital sources. Biogenic
methane is noted to have highly depleted carbon signatures, ranging from -52 to -80%e
(Chanten et a/. 1988; Chanton & Martens 1988; Homibrook ef af. 1997). D{cls
censisting of §*C depleted bacteria or organic sediments in conjunction with other
carbon sources available within these wetlands could therefore reflect many of the
primary. consumer signatures. Corpe and Jensen (1992) suggested the picoplankton of
small dystrophic lakes may comprise up to 20% methanotrophs and other

chemeautotiophic hacteria. Methane concenfrations in the weilands studied were very

) :""L\h_igh, comprising up to 80% v/v of sediment gases {Chapter 4). Given the high

concentrations of methane present, and the extreme efficiency of bacteriovores (Boon &

Shiel 1990}, this pathway may dominate the carbon cycle in these wetlands,

In many cases (particularly summer) carben signatures of secondary conﬁumers were
also too depleted to have derived their carbon from any measured source. In Bokarup
Swamp, adult Hydrophilidae beetles had a carbon signature of ~ -35, up 1o (%, depleted

from any measured primary consumer and 10%. depleted from macropliyte tissue.

- Added to this is the dominance of second order consumers in the collection, with few

primary consumers with sufficient biomass to enable sample collection snd analysis,

These data are supported by the 5N values that suggest there are 'missing’ trophic

‘levels in each wetland, with signatures of higher erder consutmers up to 12%o enriched

frorn ﬁi? few potential food sources quantified, As 5'°N is cnriched between 2 to 5%

relative to the source {(Minagawa & Wada 1984), there would have to be at least one

* offiee trophic level with 3'°N signatures between the low and high order consumers

identified in this study. This pattern is most evident in Bokarup Swamp and Noobijup
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Lake, Rcinl'o:rcing this hypothesis are the signalures of many secondary consumers,
which display seasonal differences that are ofien larger than differences between

species, with variations of up to 6% for 5"°C and 12%e 3'*N found wilh'f uhc one laxu.n.

.Competition has been sﬁggesled as the primary structuring f(;rcc in natural communities
(Brcnmark et al. 1992). However, Hairston et al. {(1360) hypothesised that the factor
regulating a specific popuiation depends on iis position in the food chain, and the
number of trophic levels in the chain, For example, in a food chain with three trophic
levels, predators will be resource limited, herbivores reguimed by predalors, and
primary. producers limited by the availability of resources. More recent _hypétheses have
developed from Hairston’s model, two of which focus on predater control, These are
the ‘biomanipulaiion concept' (Shapiro ef al. 1975) and the ‘cascading ~ trophic
interaction’ theory (Campenter et al. 1987), which suggesl predator abundance wiil
cascade down through trophis-levels. The third theory is propo'sléd by MeQueen et af,
(1986). the ‘bottom up:top down’ model. This explicitly combines the predicted
influences of both predators (top down) aﬂd'priﬁiary'.'prddlié'iion {bottom up). This
model appears to be most applicable 1o these wetlands The hl],h bromass and species

richness of predators, Inw biomass and nchness of primary cunsumcrs, ‘missing’

trophic leve 5 as rcvealcd by stable nitrogen lsotopes nnd an ‘ulira; ollgotroplnc water..

co]umn fead to the hypothesis that low primary pmductmly is lm'ulng the biomasa nj o

successive trophic levels within these wetlands.

5.4.3 Conclusion .

To”fully elupidate the trophic links within these wetland types a more thorc-i‘lgh angd
detailed éan’.pling protocol is required, Although present, taxa with low abundance
(hence biomass) wers not collected -Increased sample réplicatiun until a sufficient
biomass. for analysis is gained from all taxa collected may elucidate the tfophic links
that are absent in thx cutrent study. The identification of taxa bc’yond' family level may
alse aid in the interprelation of data as the large seasonal variations seen in pr(_e_r-!.::tor -
grou'lﬁs sugl s Coleopterans and Hemipterans may be due to taxonomic as mu.c_h as
dietary shifts. A more complete collection of source material is also required, espzcially
in systems where dotrital pathways arc thought to dominate. The complexity of sample

. collection and preparation for the bacterinl component of sediment, detritus and water



ot

167

colump: has deierred many authers from quantifying these isoloﬁic signatures, This
sluc]_':y highlights the need for their delerminalion, where visually dominant sources may
rot be dircctly consumed. A compilation of carbon isotope data from the literature for
constal seagrass meadows, cstuarine salt marshes and fréshwaler {akes and rivers by
France {1996), indicates that animal 8'°C values more closely approximate those of
biofilm than thosc of vascular plants. This study suggests that macrophytes play & more
central role in the nquatic foodwebs of thesc shallow, macrophyte dominated wetlands.
Primary consumers are consistently depleted in 8'°C, with values most similar lo the
biofilms and organic detritus, suggesting that aquatic macroinvertebrates play a role in
the breakdown of detrital organic matter in these wetlands. These data also highlights
the importance of macrophytes in the foodwebs of these wetlands as substrate for
biofilms, a source of crganic matter for detrital microflora or a source of energy for
anaerobic sediment bacteria. The preservation of these macrophyte communities’ is

therefore paramount in maintaining the ecological processes witlin these wetland types,

o7
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CHAPTER 6

WETLAND CARBON BUDGETS

Sources or Sinks of Organic Matter?

6.1 INTRODUCTION

In recent years, there has been considerable interest in evaluating carbon c')';cling in
freshwater ecosystems due to their important role as global carbon sources and sinks
(Dixon et al, 1994). The potential importance of peatlands to the global carbon cycle
has been discussed by numerous authers (most notably Gerham 1991) and estimates of
the giobal carbon paol range from 329 to 528 Gt (Lappalainen 1996). It has also been
noted that boreal wetlands have the potential to change from a carbon sink to a source in
years when the summer water tabls is .hélow' the leng term averape (Carrol & Crill
1997; Waddington & Roulet 2000). ;'Conscquently, understanding the rates of carbon
supply and utilisation in freshwater systems has become morc important in terms of
their relevance to climate change and global warming. Limnological studies yielding
data on sources and sinks have been used to develop carbon budgets, The formulation
of a carbon balance which wili calculate the difference between the annual inéome of
plant litter and Josses due to decomposition provides an understanding of the processes

involved in organic matter accumulaticn.

A variety of metlods have been used to quantify carhon balances in aquatic systems,
Long-term carbon budgels have been developed using widely available dating
techniques and velumelric samples. Carbon budgets are simply calculated by dividing
the height of the deposit by the radiocarbon date, comecting for bulk density and
determining a long-term annual carbon budget. This technique has been used in
peatlands where deposits can be many thousands of years old {eg. Charman ef «f. 1994,
Makila 1997; Aucour ef uf. 1999). The majority of studics have used the concept of Net
. Beosystem Exchange (NEE), which is derived from the exchange of measures of

ecosystem production {carbon dioxide from photosynthesis) and ccosystem respiration
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{carbon dioxide and methane) across wetland surfaces (Waddington & Roulet 2000},
This t.cchniquc has been successfully applicd in pelagic systems where phytoplankton
dominates wetland productivity {eg. Ramlal of al. 1994; Anderson et ¢l 1996; Kankaala
1996) and in ombrotrophic mires and poor fens {Carroll & Crill 1997; Alm ef al. 1999,
Waddington & Roulet 2000). Duari¢ & Agusti (1998) provide an cxtensive review of
the carbon dioxide balance in unproductive freshwater systems that allows for wide
comparisons of results using this method. However, the usc of NEE as a measure of
carbon gain or loss is less applicable to systems that have substantial allochthonous

inputs.

Detsiled carbon budgets in wetland systems dominated by macrophytic production are
rare. Early researchers such as Olsen (1963) and Walker (1970) used measurements of
organic inpuls minus Iosses from decomposition to quantify simple carbon budpets in
these habitats. Reader & Stewari (1972) uscd measures of plant biomass, net primary
productivity and ullochthonous litter income and losses derived from decomposition
coefficients to quantify the annual accumulation of organic matter, Similarly, plant
biomass and carbon gas flux measurements were measured by Kelly ef al. (1997} to

determine the carbon status (source or sink) of s flooded boreal forest wetland.

Carbon budgets such as these for wetland systems do not appear in the Australian
literature. Organic maller dynatnics have been studied in Ausliratian estuarine habitats
(eg. Robertson & Diniel 1989; Roberison ef al. 1992; Wolanski e of. 1998) where
“mangroves provide significant proportions of organic matter to the sediment. As
mentioned previously (Chapters 3 and 4), studies have quantified the inputs of organic
matter info wetlands or decomposition rates through loss of biomass or gas flux, but
rarely both, Briggs & Maher's (1983) examination of leaf litter fall and decompasition
of Eucalyptus camaldulensis in south-east Australian floodplain wetlands pravides an
insight into carbon dynamics in these systems. Bunn & Boon (1993) have used stable
isotopes of carbon and nitrogen to determine the importance of various carbon sources
in wetland food webs, yet no studies have quantified the proportion each of these
sources provide to the wetland carbon budget. A recent review on biogeochemical
cycling of carbon and mwwients in lakes and cstuaries by Hamis (1999) provided no
examples of carbon budgets in Australian freshwater lakes, let alone macrophyte

drminated wetlands.
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As highlighted in previous chaplers, organic matter dynamics in welland ccosystems arc
affected by many external influences such as altered hydrology, water quality and other
direct management practices such as prescription burning. A thorough undesstanding of
the deminan sources of organic matter and their rates of supply and losses will allow
the identification of managemenl practices thal may alter these wetlands from carbon
sin}gsl"to carbon sources. This chapler contains a detailed scasonal and annual carbon
_ bu&gét for ecach of the study wetlands, Organic matier inputs {allochthonous and
macrophyte litter, DOM, biofilm, phytoplankton - Chapter 3 and microerganisms -
Chapter 4 ) and losses {carbon dioxide and methane atmospheric flux - Cha.ptcr 4) are
used to construct a carbon budget for each wetland. This budpet is used to examine
current wetland carbon dynamics relative to contemporary environmental conditions

and management regimes.




171

6.2 METHODS

&.2.1 Carbon budget

All major inputs and losses of organic matter were used to construct an annual and
seasonal carban budget for each wetland. Data quantifying the organic matter supply
from major sllochihonous and autochthonous sources (Chapter 3) and rates of
decomposition (Chapter 4) were collected from July 1995 to January 1997. A carbon
budget is constructed for each sample date, and then sample dates are podlcd inio
seasonal categories (Section 2.4} to allow a seasonal carbon budget to be developed.
Total combined carbon inputs and losses from each wetland {(derived from the sum of
the means for each categorised season) are used to construct an annual carbon budget.
The delineation of discrete habitat boundaries and the calenlated surface area of each of
these habitats in Section 2.5.1 allows seasonal and annual carbon budget to be
constricted for cach habitat type within each wetland as well as an overall budget for

the whole wetland.

Each carhon budget quantifies the net gain or loss of organic catbon in each
habitat/wetland and each is standardised to gC/m*/day, A Standardised Wetland Unit
(SWU) was created to standardise organic carbon inputs for each wetland and each
habitat. A SWU consisted of one square meter of wetland surface area lo 2 peat depthof
0.3 m to allow for the below ground contribution of carbon from macrophytes, It also
includes the depth of the overiying water column for inclusion of water column and
biofilm productivity and dissolved organic matier. Il assumes that carbon can occur at
any point in the water column represented by the SWU. Absolute values for these
measurements arc caleulated based on the average water column height on respeclive

sampling occesions. The contribution of sediment microbial biomass 1o the carbon
. budget is caleulated for *he surface 30 cm of sediment and quantifies biotic
transformations of organic carbon to the abintic sediment carbon paal. Carbon losses
from the SWU are cafculated from measured of CO, and CH fluxes across the ajr-water

interface and are also standardised to gC/m?/day.



172

6.2.2 Sources of organic carbon

Sourees of organic carbon were quantified using methods oullined in previous chapters

as follows:

» allochthonous litterfall ~ Section 3.2.1;

s emergent macrophyte litterfall — Scction 3.2.2;

¢ gmergent macrophyte below ground structures - Section 2.5.6; -
s waler column productivity — Section 3.2.3;

* biofilm - Section 3.2.4;

* DOM — Section 3.2.5; and

» sediment microbia! biomass — Section 4.2.1. i

The following equations describe the methods for calculating each of the sources of

carbon.

6.2.2.1 Allochthonous and Autochthonous litterfall.

Average litterfall data for allochthonous a -1 cmergent macrophyte inputs from each
wetland and sampling period were slandardised to gC/m*/day using the average percent
elemental carbon of major litterfall species determined by the Isotope Ratic Mass
Spectrometer (IRMS) for each sampling period (Appendix 4). Equation 1 is used to
calcniate the independent input rates from the emergent macrophyte and the fringing

vegetation and is applied to each sampling date for each wetland.

e

e _ 7 %OuwganicC
o - o Ovganic
Equation 1: XSCU( frorem) 8Cim” = ('t‘ff”“"') "o ]. "

Where Xsd/ is the mean sampledate input of organic carbon from litterfall in gC/m* /season,
Jvindicates fringing vegetation inputs and em indicates emergent macrophyte inputs,

% Organic C isthe
100

fraction of the average percent ofpanic carbun for litter fall species determined
by IRMS and n is the numbrer of days in each season category.

%, is the average dry weightinput of leaf litter in gDW/m?/day,
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6.2.2.2 Macrophyte below ground structures

The below ground structures of emergent macrophytes have the potential to contribute
substantial amounts of orpanic carbon to a wetland, especially where macrophytes are
the dominant source of primary production. [n Section 2,6.6 the below ground bmmass
of emergent macrophytes at the points of maximum (September) and minimum (Apnl}
productivity have been quantified. The budget assumes that the difference between
these totals is the annual amount contributed as dead particulate matter ta the sediment
from macrophytes. This total annual input is converted into a daily input (in the form of
elemental carbon) in order to calculate its contribution to both seasonal and annual
~ budgets. Equaticn 2 describes the calculation of below ground contribution of organic

carbon for each sample date.

% Organic C_)} o : i
1c0 '

Equation 2: Xsdbg gCim* = {(f n®

Where fsd__lbg is the mean sample date input of organic carbon from below ground
macrophyte strﬁctures_ in pC/m?/day, ¥» is the annual input of below ground macrophyte

% Organic C ,

structurcs, is the average of the average percent of organic carbon for be.aw

ground macrophyte structures determined by IRMS, and # is mnnber’ of daysin the Ao
sampling period as a proportion of the total year (365 days).

6.2.2.3 Water colema productivity

_ Water column productivity data were standardised 1o gC/m’ using conversions from
- chlorophyll # to biomass outlined in APHA (1989) and then conyerted to gCim® using
_ 't_he average organic carbon percent {Appendix 4). Dissolved oréanic matter (DOM)
" values do not require conversien, The wetland basins (as described in Chapter 2) are
" thought to be scasonal expressions of an unconfined groundwater aquifer. This
connection allows the exchange of DOM between wetland and groundwater. This
. budget assumes the DOM pool in the water colurnn originated within, and is confined to
the wetland basin. An absolute value for the quantity of organic carbon from both
chlorophyll (Equation 3) and DOM {Equation 4) within the SWU are calculated using
average water depth from respective scasons and wetlands. The regeneration time for
algae is species specific and influenced by environmental conditions. The budget

assumes the tumover rate for phytoplankion in these systems is three days (Baker of af.
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2000). The production of DOM from leaf litter involved a rapid leaching phase
followed by a prolonged release from microbial decomposition (Webster & Benfield
1986). The budget assumes that DOM concentrations remain constant within each

categorised season. These equations are applied to each sampling date for each wetland.

— 0 ,
Equation 3: XsdchlgC/m® = {(75 sd_, #150)- _/MC_Q}. vel

100 R

Where Xsdchl is the mean sample date input of organic carbon from water column
chlorophyll in gC/m?, X, is the average chlorophyll concentration, 150 is the conversion

. ) 1 -
factor from chlorophyll to biomass (APHA 1996), _A)Orlgo___e?:_C_ is the fraction of the average percent

organic carbon for biofilm chlorophyll determined by IRMS, v is the volume of water in the SWU
based on average water depth, and % is number of daysin the sampling period divided by the

turnover rate of phytoplankton.

Equation 4: Xsddom gC/m® =%sd,, ev

Where Xsddom is the mean sample date input of dissolved organic carbon from the
water column in gC/m?, ¥sd ,,, is the average input of dissolved organic matter

and v is the volume of water in the SWU based on average water depth.

6.2.2.4 Biofilm

Biofilm organic carbon per SWU was calculated by determining the average surface
area of a Baumea articulata stem per centimetre of stem length and multiplying by the
average water depth from respective seasons and wetlands. This value represents the
average colonisable surface area for each stem (assuming light penetrates equally to all
depths) in each sampling period and is multiplied by the average total number of stems
per metre square in September (from Table 2.7) to calculate the total colonisable surface
area per SWU. Absolute values for biofilm biomass were calculated by multiplying the
average biomass (Section 3.3.4.2) by the total colonisable surface area in the SWU and
the number of days in each sampling category. Data are standardised to gC/m? using the

average percent elemental carbon for biofilm for each season and wetland determined
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by the IRMS (Appendix 4). The budget assumes that biofilm biomass remains relatively
constant within each categorised season. Equation 5 is applied to each sampling date for

each wetland

E— v '
Equation5: Xsdb gC/m* = [{(fm 'fd)'f”}.%a(;ncc} "

Where Xsdb is the mean sample date input of organic carbon from biofilmsin gC/m?,
x,, is the average colonisable surface area of emergent macrophyte leaf (m?), '

X, is the average density of macrophyte leaves (m?), %, is the average biofilm biomass

0 .
in gDW/m?*/day, % Organic € is the fraction of the average percent organic carbon
100

for biofilm determined by IRMS and n is the number of days in each season category.

6.2.2.5 Sediment microbial biomass

The contribution of sediment microbial biomass to the SWU was calculated by
converting phospholipid concentrations (PL) in pmole PO,>/gDW sediment to
ngC/gDW sediment. Conversion factors have been calculated for estuarine mudflat
sediments (19.17ugC per pmole PL PO,> Findlay et al. 1989), forest humus soils
(41.9pgC per pmole PL PO,> Hill et al. 1993; 26.43ugC per pmole PL PO4> Zelles et
al. 1995) and arable farming soils (22ugC per pmole PL PO, Hill et al. 1993). A
direct conversion for wetland or peatland soils is not available. An average of 27.37ugC
per pmole PL PO,> derived from conversion factors in the literature will be used in the
budget. Absolute values for the microbial biomass contributing to the SWU was
calculated by multiplying the conversion factor by the average microbial biomass in the
surface 0.3 m® for each wetland. The budget assumes that microbial biomass remains
constanf within each categorised season. Equation 6 is applied to each sampling date for

each wetland.
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x,, 27.37
— eV
10°

Equation 6: Xsdmb gC/m* = { mb

Where Xsdmb is the mean sample date input of organic carbon from microbial
biomassin gC/m?, X, is the average microbial biomassin zmol PL PO, /L, 27.37

is the conversion factor, and v is the volume of sediment in the SWU (0.3m?).

Equation 7 can be applied to each wetland to determine the average inputs for any one
season and Equation 8 calculates the average annual input from each of the major

organic matter sources.

- X
Equation7: Xs gC/m?* = [ZT J

Where Xs is the mean seasonal input of organic carbon from each source in gC/m?,
Z')st is the sum of the average sample date inputs for each season category and N is

the number of sample dates in that season category.

Equation 8: Xa gC/m* = » Xs

Where Xais the mean annual input of organic carbon from each source in gC/m’

and Z_Xs is the sum of the average seasonal inputs of organic carbon.
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6.2.3 Losses of organic carbon

Organic matfer is decomposed to carbon dioxide by bacteria preferentially under
aerobic conditions using oxygen as an electron acceptor. As benthic consumers use up
oxygen, biogenic methane production becomes the dominant pathway for organic
matter decay (Sorrell & Boon 1992, Muller et al. 1994). A food web involving
fermentative and methanogenic bacteria guarantees that organic matter will be
mineralised to gaseous products (CO, and CH,4) even under anoxic conditions. As end
products in the decomposition of organic carbon, CO, and CHs fluxes provide

quantitative data measuring losses of organic carbon from wetland basins.

The flux of CO, and CH,; was measured using the methods outlined in Section 4.2.2.
Equation 9 calculates the average loss of organic matter from each wetland on each
sample date in gC/m®. The equation averages the flux of CO, and CH; from both
emergent macrophytes and open water. These data can then be used in Equations 10 and

11 to calculate seasonal and annual losses or organic carbon.

_ 2
Equation 9: XsdCO: + CH¢ gC/m* = - on
_ 107

I: 12.01- (()_Wcoucm + XUV os.ca )le

Where XsdCO: + CHy is the mean sample date loss of organic carbon from gas flux
in gC/m?, XV p,.cya 1S the average gas flux from vegetated habitats in mmol/L/m’ /hour,
XUV opy.cua 1S the average gas flux from unvegetated habitats in mmol/L/m’/hour, divided by

2 to average the flux from both habitats, divided by 10 to convert to grams, multiplied by
12.011s the molecular weight of elemental carbon, and n is the number of days in each season

category.



178

— X
Equation10: Xs gC/m?* = [%)

Where Xs is the mean seasonal loss of organic carbon in gC/m?,
Z X is the sum of the average sample date losses for each season category and

N is the number of sample dates in that season category.

Equation11: Xa gC/m® = ) Xs

Where Xais the mean annual loss of organic carbon in gC/m? and Zf(—s is the

sum of the average seasonal losses of organic carbon.

6.2.4 Seasonal and annual carbon budget

A seasonal carbon budget for the standardised wetland unit can be constructed for each
habitat in each wetland using the data calculated in Equations 6 and 9. The budget for
the areas of fringing vegetation is calculated using Equation 12 and includes all inputs

and losses of organic matter.

Bokarup Swamp contains large open unvegetated areas within the wetland basin. The
budget for this area is calculated using Equation 13 and does not include allochthonous
and macrophyte litterfall or below ground structures or biofilm inputs of carbon, and

losses are calculated only from the unvegetated fluxes of CO, and CH,.

The uniform emergent macrophyte habitat is dominant in each wetland basin. The
budget for this area is calculated using Equation 14 and excludes allochthonous inputs

and includes all other inputs and losses of organic carbon. Whole habitat seasonal
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budgets are calculated by multiplying the seasonal results from the standardised wetland
surface area for each habitat by the area of that habitat in each wetland basin from Table

2.5.

Equation12: OCs;, gC/m® =
D (Xsy, + X8, + Xy, + XSy + XSyop + XSy, + X8,) - Y KScopacns)

Equation13: OCs_, gC/m* =
Z (_)ZS at T Xs doc T Xs ) - Z (XS cozecin)

Equation14: OCs_ gC/m® =
Z()_(Sem + YS bg + YSchl + XSdoc + iSb + iSmb) - Z(XSC02+CH4 )

Where OCs,, is the seasonal organic carbon balance in fringing vegetation habitat in gC/m?,
OCs,, is the seasonal organic carbon balance in the open water habitat in gC/m?,

OCs,,, is the seasonal organic carbon balance in the emergent macrophyte habitat in gC/m?
Xs,, is the average seasonal input from fringing vegetation, Xs,, is the average

seasonal input from macrophytes, Xs v 18 the average input of below ground macrophyte

structures, Xs,,, is the average seasonal input of water column production, Xs, is the

chl

average seasonal input from DOC, Xs, is the average seasonal input from biofilm,
Xs,, is the average seasonal input from microbial biomass and Xs, and Xs, are the

average seasonal losses of organic matter from carbon dioxide and methane respectively.

An annual carbon budget for the standardised wetland unit and for whole habitats can
be constructed for each habitat in each wetland using the data calculated in Equﬁtions 7
and 10. All inputs and assumptions are the same as those described for seasonal carbon
budgets. Equations 15, 16 and 17 calculate the annual input of organic carbon per
standardised wetland unit for fringing vegetation, open water and macrophyte habitats

respectively.
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Equation15: OCa,, gC=
Z(iafv +Xa,, + Ysbg +Xa,, +Xa,, +Xa, +Xa_,)- Z(Yacoz +Xa )

Equation16: OCa_, gC=
Z (}Za chl + Xa doc + ia mb) - z (X—aCOZ + iaC}M )

Equation17: OCa_, gC=
Z Xa,, + _)Zsbg +Xa,, +Xa,, +Xa, +Xa_)- Z:(iaco2 +Xa gy

Where OCa, is the organic carbon balance in fringing vegetation habitat in gC/wetland/year,
OCa,, is the organic carbon balance in the open water habitat in gC/wetland/year,

OCa,,, is the organic carbon balance in the emergent macrophyte habitat in gC/wetland/year,
Xa,, is the average annual input from fringing vegetation, Xa __ is the average

annual input from macrophytes, Xs v 18 the annual input from below ground

macrophyte structures, Xa ,, is the average annual input of water column production,

Xa,,, is the average annual input from DOC, Xa,, is the average annual input from

biofilm, Xa,, is the average annual input from microbial biomass and Xa, and Xa .,

are the average annual losses of organic matter from carbon dioxide and methane respectively.

Seasonal wetland carbon budgets can be calculated using Equations 18. An annual
carbon budget for each wetland is simply determined by summing the results of the four

seasonal budgets.

Equation18: OCsg, gC= > (OCs,, +0OCs,, +0Cs,,,)

Where OCsyg, is the whole wetland carbon balance in that season in gC/wetland/year

OCs;, is the organic carbon balance in fringing vegetation habitat in gC/wetland/year,
OCs,,, is the organic carbon balance in the open water habitat in gC/wetland/year,

OCs,,, is the organic carbon balance in the emergent macrophyte habitat in gC/wetland/year.
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6.3 RESULTS

A strong seasonal cycle of carbon inputs and losses has been demonstrated in previous
chapters with the dominance of summer inputs and losses of carbon and reduced inputs
and losses of carbon in the winter period. Tables 6.1, 6.2 & 6.3 demonstrate this
seasonal cycle is evident in each of the inputs and losses of carbon for Bokarup Swamp,
Kodjinup Swamp and Noobijup Lake respectively. The data used to calculate average
seasonal inputs and losses and standard errors are in Appendix 3. Allochthonous litter
dominates the carbon sources in all wetlands, being highest in Bokarup Swamp at
251.30 SWU/year and least in Noobijup Lake at 93.21 SWU/year. Annual inputs from
emergent macrophytes were dominated by above ground leaf litter fall (ranging from
34.52 to 47.76 SWU/year) with below ground structures providing around one third of
the above ground inputs in Bokarup Swamp and Noobijup Lake. Substantially higher
inputs from below ground structures in Kodjinup Swamp (42.69 SWU/year) contributed
to Kodjinup Swamp having the highest overall input from macrophyte sources. Water
column productivity from phytoplankton provided a relatively small source of carbon
within each wetland ranging from only 0.34 to 0.68 SWU/year and varied seasonally
with higher levels in summer. DOM concentrations also followed the seasonal trends
found in litterfall data with highest concentrations in the summer period in all wetlands.
As with water column productivity, DOM provided a small pool of carbon with very
low values in Bokarup Swamp (1.35 SWU/year) and Noobijup Lake (1.21 SWU/year)
but a substantially higher input of 3.45 SWU/year in Kodjinup Swamp. The low levels
of productivity within the water column were reflected in the biofilm data, with
Bokarup and Kodjinup Swamps having very low annual inputs to the carbon budget
from biofilms (4.321 & 1.09 SWU/year respectively). On the other hand, biofilms in
Noobijup Lake contributed substantially to the carbon budget (28.18 SWU/year) due to

more permanent water levels and a higher density of emergent stems as substrata.

The transformation of carbon inputs into microbial biomass in the surface sediments of
each wetland contributed only small amounts of carbon to the annual budget. Values
ranged from 0.62 SWU/year in Noobijup Lake to 1.70 SWU/year in Kodjinup Swamp.

Losses of organic matter in all wetlands and seasons were dominated by



Table 6.1. Mean (£SE) carbon inputs and losses per SWU standardised to gC/m?/season for each sampling period in
Bokarup Swamp. n/a indicates no standard error was calculated due to insufficient samples for that parameter or season.
Autumn has no standard errors as there is only one autumn sample period.

Winter SE Spring SE Summer SE ~Autumn  Annual SE
Allochthonous litterfall 37.872 n/a 43.355 12.63 115.830 23.14 54.244 251.301 35.96
Autochthonous litterfall 8.242 n/a 6.780 0.56 17.548 5.06 8.242 40.813 4.94
Macrophyte root biomass 3.185 n/a 3.185 n/a 3.185 n/a 3.185 12.738 n/a
Water column production 0.012 0.01 0.077 0.02 0.316 0.23 0.278 0.682 0.14
DOM 0.496 0.15 0.248 0.05 0.543 0.13 0.070 1.358 0.22
Biofilm 0.000 n/a 0.908 0.36 3413  3.04 0.000 4.321 1.61
Microbial Biomass 0.160 0.02 0.233 0.05 0.312 0.03 0.232 0.938 0.06
CO; - Unvegetated 1.026 0.17 1.754 N/a 2.085 0.35 2.218 7.083 0.53
CO, - Vegetated 0.807 0.13 1.036 N/a 1.014 0.07 1.109 3.966 0.13
CH, - Unvegetated 0.518 0.06 0.854 N/a 0.899 0.04 0.547 2.818 0.20
CH, - Vegetated 0.569 0.10 1.129 N/a 1.061 0.06 0.871 3.630 0.25
Total CO; 0.917 0.155 1.395 n/a 1.549 0.208 1.663 5.524 0.329
Total CH,4 0.662 0.100 0.945 n/a 0.956 0.049 0.828 3.392 0.137




Table 6.2. Mean (+SE) carbon inputs and losses per SWU standardised to gC/m?/season for each sampling period in
Kodjinup Swamp. n/a indicates no standard error was calculated due to insufficient samples for that parameter or season.
Autumn has no standard errors as there is only one autumn sample period.

Winter SE Spring SE Summer SE  Autumn Annual SE

* Allochthonous litterfall 24,772 n/a 26.248 1.48 70.680 15.67  43.408 165.108 21.35
Autochthonous litterfall 1.089 n/a 8.912 2.58 29.681 6.07 8.085 47.767 12.33
Macrophyte root biomass 10.673 n/a 10.673 n/a 10.673 n/a 10.673  42.690 n/a
Water column production 0.000 n/a 0.029 0.02 0.084 0.02 0.018 0.131 0.03
DOM : 0.110 n/a 1.397 0.90 1.436 0.35 0.515 3.458 0.65
Biofilm 0.000 n/a 0.350 0.24 0.644 - 0.16 0.099 1.093 0.28
Sediment microbial biomass 0.284 0.03 0.337 0.08 0.684 0.25 0.401 1.706 0.17
CO; - Unvegetated 1.344 0.08 1.294 N/a 1.874 0.09 2.022 6.534 0.36
CO; - Vegetated 1.123 0.04 1.787 N/a 1.680 0.21 1.988 6.578 0.37
CH,4 - Unvegetated 0.491 0.14 0.717 N/a 0.946 0.02 0.360 2.514 0.25
CH, - Vegetated 0.695 0.01 1.199 N/a 1.316 0.02 0.642 3.851 0.34
Total CO, 1.234 0.06 1.540 N/a 1.777 0.14 2.005 6.556 0.33

Total CH,4 0.593 0.07 0.958 n/a 1.131 0.02 0.501 3.183 0.29




Table 6.3. Mean (+SE) carbon inputs and losses per SWU standardised to gC/m?/season for each sampling period in

Noobijup Lake. n/a indicates no standard error was calculated due to insufficient samples for that parameter or season.

Autumn has no standard errors as there is only one autumn sample period.

Winter SE Spring SE Summer SE Autumn Annual SE

Allochthonous litterfall 21.606 n/a 12.798 7.64 29.715 9.67 29.097  93.216 7.91
Autochthonous litterfall 7.958 n/a 4.238 1.87 16.365 2.03 5967  34.528 5.37
Macrophyte root biomass 3.095 N/a 3.095 n/a 3.095 n/a 3.095 12.382 n/a

Water column production 0.008 0.03 0.042 0.02 0.247 0.09 0.044 0.341 0.10
DOM 0.353 0.01 0.394 0.17 0.339 0.09 0.123 1.210 0.12
Biofilm 0.625 n/a 1.535 0.29 10.140 7.98 15.887  28.187 7.28
Sediment microbial biomass 0.058 0.08 0.126 0.06 0.288 0.06 0.158 0.629 0.09
CO; - Unvegetated 0.947 0.01 1.430 n/a 1.670 0.14 1.285 5.332 0.30
CO, - Vegetated 0.778 0.09 0.914 n/a 1.047 0.13 1.094 3.833 0.14
CH,4 - Unvegetated 0.378 0.02 0.526 n/a 0.584 0.04 0.549 2.037 0.09
CH,4 - Vegetated 0.677 0.01 0.697 n/a 0.894 0.07 0.840 3.109 0.10
Total CO; 0.863 0.04 1.172 n/a 1.359 0.14 1.189 4.583 0.20
Total CHy 0.528 0.05 0.612 n/a 0.739 0.05 0.694 2.573 0.09
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atmospheric fluxes of carbon dioxide, with unvegetated habitats contributing
substantially more carbon dioxide than vegetated areas. The annual flux of carbon
dioxide was lowest in Noobijup Lake (4.58 SWU/year) and highest in Kodjinup Swamp
(6.55 SWU/year). The annual flux of methane followed the same seasonal cycle as
carbon dioxide with higher exports in summer however, fluxes of methane were higher
from vegetated areas. The annual export of methane were generally around half those of
carbon dioxide in all wetlands ranging from 2.57 SWU/year in Noobijup Lake to 3.39
SWU/year in Bokarup Swamp.

The calculation of a seasonal and annual carbon budget for each of the major habitat
types in each wetland demonstrates that all habitats except one are currently in net gain
of carbon (Table 6.4). The exceptioﬁ is the unvegetated area in Bokarup Swamp that is
losing organic matter in all seasons at a rate of 2.55 SWU/year. The carbon budgets
show that a large proportion of the carbon gain occurs in the summer period, despite the
increased exports of organic matter during this period. This seasonality is most
pronounced in the fringing vegetation habitat where allochthonous inputs are dominant.
The areas of fringing vegetation around the wetland margins have the highest net gain
of carbon as they receive substantial input from allochthonous sources. Bokarup Swamp
has the highest gain of carbon in this habitat at 303.23 SWU/year with only 8.92
SWU/year exported as carbon gas from these habitats. In comparison, the large area of
macrophytes in Bokarup Swamp has substantially lower annual gain of carbon at 50.58
SWU/year. The inputs of allochthonous material to the area of fringing vegetation in
Kodjinup Swamp has again resulted in this habitat having a high net carbon gain of
252.22 SWU/year and a minimal loss of 9.74 SWU/year. . Kodjinup Swamp has the
highest net gain of carbon in the macrophyte habitat with inputs elevated by a large
contribution from below ground macrophyte structures. Noobijup Lake has the lowest
input from allochthonous sources and correspondingly has the lowest net gain of carbon
in this habitat of 163.34 SWU/year despite the lowest export of carbon gases (7.16
SWU/year). Inputs in the macrophyte habitat are increased in Noobijup Lake by the
high biomass of biofilms, contributing to the 68.91 SWU/year accumulating in this
habitat.



Table 6.4. Mean seasonal and annual organic carbon budgets per SWU for each major habitat type in Bokarup Swamp, Kodjinup

Swamp and Noobijup Lake.
Season SwWU Bokarup Swamp Kodjinup Swamp Noobijup Lake
Fringing Unvegetated Macrophytes Fringing Macrophytes Fringing  Macrophytes

Winter Inputs 49.97 0.67 11.60 36.93 12.05 33.70 11.74
Losses 1.58 0.92 1.58 1.83 1.83 1.39 1.39
Total 48.39 -0.25 10.02 35.10 10.22 32.31 10.35

Spring Inputs 54.79 0.56 11.18 47.95 20.30 22.23 9.04
Losses 2.34 1.39 2.34 2.50 2.50 1.78 1.78
Total 52.45 -0.84 8.84 45.45 17.80 20.44 7.25

Summer Inputs 141.15 1.17 24.77 113.88 41.77 60.19 30.14
Losses 2.51 1.55 2.51 291 2.91 2.10 2.10
Total 138.64 -0.38 22.27 110.97 38.86 58.09 28.04

Autumn Inputs 66.25 0.58 11.94 63.20 19.28 54.37 25.15
Losses 2.49 1.66 2.49 2.51 2.51 1.88 1.88
Total 63.76 -1.08 9.45 60.69 16.77 52.49 23.27

Annual Inputs 312.15 2.98 59.49 261.95 93.39 170.49 76.07
Losses 8.92 5.52 8.92 9.74 9.74 7.16 7.16
Total 303.23 -2.55 50.58 252.22 83.65 163.34 68.91
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To determine the total net gain or loss of carbon for each habitat area and for the entire
wetland basin, the input or loss per SWU was multiplied by the area of each habitat
(Section 2.6.4) within each wetland. The results are shown in Table 6.5 and demonstrate
the enormous amounts of carbon stored each year in the peat sediments of these wetlands.
Bokarup Swamp retains 17546.02 kgC/year with around the same amount contributed
from macrophyte and fringing habitats. This wetland has the least residual carbon stored
per year of all wetlands and may be due to the large unvegetated area that exports 316.22
kgC/year from the wetland basin. Kodjinup Swamp provides a sink for 27423.59
kgClyear, with almost two thirds of the carbon stored in the macrophyte habitat. The
largest sink of carbon of the three study wetlands was Noobijup Lake, which stored
52185 kgCl/year within the wetland basin, with three quarters of carbon stored in the

extensive macrophyte habitat.

Table 6.5. Annual carbon budget for the area of each major habitat and for the entire
wetland basin for Bokarup Swamp, Kodjinup Swamp and Noobijup Lake.

Inputs (kgC)  Losses (kgC) Total (kgC)

Bokarup

Fringing 8958.73 255.89 8702.84
Open Water 369.89 686.11 -316.22

Macrophytes 10774.09 1614.70 9159.39

Total 17546.02
Kodjinup

Fringing 9377.94 348.64 9029.30

Macrophytes 20535.78 2141.49 18394.29
Total 27423.59
Noobijup

Fringing 13298.42 558.12 12740.30
Macrophytes 43540.88 4095.73 39445.15

Total 52185.45
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6.4 Discussion

The long term accumulation of peat suggests that all of these wetlands have beeh in net
gain of carbon for a considerable period. The construction of an annual carbon budget
reveals that each wetland basin is currently a sink for tens of thousands of kilograms of
carbon each year. The unvegetated area at Bokarup Swamp that was created by a fire
event in the recent past demonstrates the capacity for peatlands to revert from carbon
sinks to carbon sources following disturbance. It is the only habitat studied that is a
source of carbon, contributing over 300 kgC/year to the global carbon budget and
highlights the role of macrophytes not only as a carbon source, but also as an integral part
of a functioning system. Alterations to local hydrology, water quality and the
management of the surrounding forests have the potential to turn these wetlands from a
carbon sink to a carbon source, which may have important local, regional and global

consequences.

The rates of accumulation of organic matter in the basins of these wetlands is comparable
to many Northern Hemisphere peatland systems. The accumulation of carbon in the
macrophyte habitat ranged from 50.58 to 83.65 SWU/year and was dominated by above
and below ground inputs from macrophytes. A study of the carbon dynamics in arctic
tundra lakes found that benthic and macrophytic production contributed 50% of the input
to the annual carbon budget, with 20% from phytoplankton and 30% from allochthonous
sources (Ramlal et al. 1994). This is supported by Trumbore et al. (1999) who
constructed a carbon budget for northern boreal peatlands. These wetlands were in net
gain of carbon between 31 to 180 gC/m*/year with the higher range associated with
wetlands with _the highest proportion of sedge vegetation. Arctic tundra wetlands that
were dominated by autochthonous production also retained similar amounts of carbon to

the study wetlands (92 gC/m?*/year, Hobbie ez al. 1998).

The fringing vegetation habitat accumulated carbon at a much faster rate than the
macrophyte areas, ranging from 163.34 to 303.23 SWU/year. Inputs of carbon ranging
from 489 to 1750 g C/m*/year have been found in peatland systems that are dominated by
allochthonous inputs (Reader & Stewart 1972). However, despite the large input of
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organic matter, wetlands had a long-term net gain of 26 to 51 gC/m?/year, losing almost
97% of the inputs through decomposition (Reader and Stewart 1972). The loss of carbon
from the study wetlands ranged from 7.16 to 9.74 gC/m*/year, and is relatively low
compared to losses from Northern Hemisphere wetlands (eg. -29.98 gC/m*/year Rivers et
al. 1998; 40 to 52 gC/m?/year Alm et al. 1999; 40 gC/m?*/year Morris & Bradley. 1999).
The large loss of carbon in some wetlands means that not all peatlands accumulate peat at
a constant rate, and others are currently in net loss of carbon. The carbon balance of a
temperate poor fen revealed that under present environmental conditions they were losing
145 gC/m?/year (Carroll & Crill 1997). Rivers ez al. (1998) displayed the importance of
quantifying annual variability in carbon accumulation rates varied from -28.98 to 50.38
gC/m?/year in circumboreal peatlands depending on the local climatic and hydrological
conditions. Studies of raised bogs have shown that accumulation rates can even vary
across an individual wetland, with patterns of micro-relief controlling rates of loss or
accumulation (Karofeld 1998). The carbon balance in northern peatlands is a balance
between losses and gains based on carbon supply, hydrology and climatic conditions
(Alm et al. 1999; Waddington & Roulet 2000). Despite the relatively small losses of
carbon compared to inputs, the alterations of these factors in Australian temperate

wetlands may have the same consequences for carbon cycling.

An alteration to the hydrologic regime is the most pronounced form of wetland
disturbance, as the hydroperiod is the primary factor controlling their structure and
function. Prolonged flooding from increased run-off or the artificial drainage of run-off
into wetlands has the potential to affect many aspects of the wetland carbon cycle. Kelly
et al. (1997) experimentally flooded a boreal forest wetland to 1.3m above its previous
water level. The wetland changed from being a small natural carbon sink (6.6
gC/mZ/yeér) to a large source losing 130 gC/m?/year to the atmosphere, caused by the
death of the aquatic vegetation and increased microbial production of carbon dioxide and
methane. The survival of dominant emergent macrophytes in Australian temperate
wetlands is also closely linked to inundation regime, being unable to survive inundation
of more than 1m for prolonged periods (Froend & McComb 1994). The- removal of

macrophytes from a wetland severely alters the carbon cycle, as seen in the unvegetated
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area of Bokarup Swamp being the only habitat having a net loss of carbon from reduced
inputs and increased decomposition. In the other habitats, it may be the permanence of
water levels at or above the sediment surface that explain the low rates of carbon loss and

increased depth of these deposits compared to other peat forming systems.

At the other extreme, drought can lead to the aerobic exposure of organic sediments and
increase decomposition rates (Mallik & Wein 1986; Freeman et al. 1994). Alm et al.
(1999) noted that the difference between a raised bog being a source or sink was not
methane emiséions during inundation, but increased carbon dioxide releases during
periods of drought. As in many ecosystems, fire in wetlands often coincides with drought
conditions. Peatland fires become possible when natural or artificial drainage lowers the
water table for a sufficient period of time. The magnitude of the impact of fire on the
physical conditions, biological activity and vegetation recovery of peatlands depends on
the timing and intensity of the burn (Eframova and Eframov 1994). Horwitz et al. (1998)
documented the loss of 8700 cubic metres of peat up to 3800 years old, the removal of
overstory vegetation and severe cracking of remaining peat soils as a result of a high
intensity fire. Alternatively, no massive exports of sediment carbon were quantified over
the two decades following a cool fire from seven boreal forest wetlands (Slaughter ez al.
1998), although gross fluxes of carbon immediately followed the fire. Pitkanan et al.
(1999) found that repeated fires slowed down the progress of vertical peat accumulation
and resulted in great carbon losses over the long-term. In addition to gross changes in
sediment carbon stores, the burning of peat can influence rates of decomposition.
Enhanced emissions of methane and carbon dioxide were measured immediately after
each event and over a period of years following three controlled burns in Florida
wetlands (Levine et al. 1990). These data are supported by increased carbon losses from
the unvegetated area in Bokarup Swamp, in which the emergent vegetation and up to one

metre of surface peat was removed by fire several decades ago.

Inputs from allochthonous sources contributed substantial amonts of organic matter to the
margins of the study wetlands. The result is that fires do not have to enter a wetland in

order to ‘disrupt the carbon budget. Sizeable proportions of fires ignite naturally,
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principally by lightning. However, the instances of managed prescription fires in wetland
systems for reducing the risk of wildfire, maintaining biodiversity and water quality and
waterfow]l management is increasing worldwide (Kirby et al. 1988). Within the Muir-
Unicup region of south-western Australia fire is a natural phenomenon because of
summer drought and lightning storms. It is also a management strategy of conservation
agencies for the regeneration of logged areas and as a fuel reduction and fire suppression
strategy. The majority of wetlands occur within reserves actively managed for fuel
reduction prescribed buming, which has the potential to disrupt inputs from
allochthonous sources and impact short and long term carbon cycling. The impactof fire
on wetland carbon cycles can occur as a direct loss of organic substrate through
combustion and compaction, removal of vegetation contributing to peat accumulation and
accelerating decomposition through increased aerobic exposure of peat surfaces

(Pitkanen et al. 1999).

Climate change models all predict higher temperatures and reduced precipitation for vast
areas of the world (Hogenbirk & Wein 1991). The most serious effects for wetlands
could arise through an increased frequency of summer drought, which could reduce the
persistence of waterlogging and therefore compromise the very factor that characterises
wetlands. Warmer and drier postglacial periods have been strongly correlated with
increased severity and frequency of drought and fire (Johnson & Larson 1991), with
future global warming having the potential to cause similar changes in drought and fire
regimes (Overpeck et al. 1990). However, Hobbie et al. (1998) simulated the effects of
predicted changes in carbon dioxide and temperature with global warming on a peatland
carbon budget. A four to five fold increase was found in the rates of carbon accumulation
after 150 years of increased levels, indicating that it is unlikely that warming alone will
enhance carbon loss to the atmosphere. Predictions of climate change on wetland habitats
are inconclusive and appear dependent on geographical location and wetland type. As
such, the impact of predicted climate change on the carbon budgets of the study wetlands

cannot be generalised from other studies.
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Inputs into the wetland margins were dominated by allochthonous litterfall from tree
species such as Melaleuca and Eucalyptus, whereas the main wetland basin was
dominated by above and below ground inputs from emergent macrophytes. The net gain
of carbon in the fringing vegetation habitat was up to six times greater than the carbon
gain in the macrophyte habitat. This has important implications for the development of
these wetlands, as it appears that long-term peat growth involves vertical accumulation in
the main basin and a lateral encroachment of the wetland margins. However, rates of
lateral encroachment are dependent on, and more -susceptible to, the inﬂuénce of
hydrologiéal regime, resulting in different rates of accumulation in the wetland margins
to the central basin. Rates of carbon accumulation have been shown to vary in different
parts of raised bogs, controlled by fires, hydrological, topographical and edaphic factors
(Makila 1997). The processes involved in the vertical accumulation and lateral
encroachment of peat in these large basin wetlands has not been described, and may be

unique to these wetlands occurring within a forested landscape.

The selection of the method by which a carbon budget is constructed will influence the
budget result, temporal scale over which it applies and interpretation of results (Trumbore
et al. 1999). The use of radiocarbon dated peat profiles to determine long-term rates of
accumulation have generally produced lower estimates of carbon accumulation (eg. Kelly
et al. 1997; Makila 1997; Aucour et al 1999). Equally, sources of error that influence the
carbon budget are apparent in this study. The major assumption that the atmospheric flux
of carbon is the only export precludes any losses through groundwater exchange. Losses
from leaching of DOM have been estimated between 3.5 and 8.6 gC/m?/year in Finnish
peatlands (Alm ez al. 1999). The hydrology of the Muir-Unicup wetlands is complex and
relatively unknown. The reliance of each of these wetlands on groundwater is also
unknown, resulting in the assumption that each wetland was disconnected from the
groundwater and the only losses were atmospheric gas fluxes. The result has the potential

for underestimating the loss of carbon from these wetlands.
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6.4.1 Conclusion

The use of carbon dating peat profiles to measure carbon accumulation will always
demonstrate a net gain of carbon if peat is present, as measurements are derived from the
long-term accumulation of carbon. These studies do not elucidate the contemporary
processes involved in the accumulation of carbon, nor examine if wetlands are in net gain
or loss of carbon under current conditions. For example, Alm et al. (1999) measured
losses of carbon during an extended summer drought even though annual rainfall was
above the long-term average. This highlights the need for information on wetland
processes occurring at temporal scales relevant to current conditions as well as carbon
dating of sediments to examine long term trends in carbon accumulation. The descriptive
model in Chapter 7 combines data from this chapter, which quantifies the current rates of
organic matter inputs with palacoecological data, to estimate long-term rates of peat

accumulation in each of the study wetlands.
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CHAPTER 7

MODELLING ORGANIC MATTER ACCUMULATION

7.1.1 Peat accumulation models

Organic matter accumulation is a slow process and takes variable lengths of time, and for
this reason the historical chronology of peat formation is difficult to measure. The rate at
which peat accumulates has been determined for a number of sites in the Northern
Hemisphere (eg. Wildi 1978; Clymo 1984; Makila 1997; Karofeld 1998). These
estimates have been mainly constructed from measurements of height, weight and age of
existing peat cores. Table 7.1 documents some of the models developed to simulate peat
accumulation, however these are predominantly for raised bogs and boreal wetlands
dominated by Sphagnum species in the Northern Hemisphere. A model describing long-
term rates of organic matter accumulation and the processes influencing wetland

development has not been developed for Australian peatland systems.

Jenny et al. (1949) first proposed a model of organic matter accumulation in soils. This
model assumed that the final amount of organic matter accumulated in an ecosystem can
be calculated from a mathematical equation based on a geometric progression. The basis
of the model is that decay is exponential, which assumes a proportion of the original
material will always remain. This model of organic matter accumulation has been shown
to hold true for numerous peat forming systems (Clymo 1984). Early researchers such as
Olsen (1963), Walker (1970), Reader & Stewart (1972) and Jones & Gore (1978) used
measurements of organic inputs minus losses from decomposition to develop simple

carbon budget models.
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Table 7.1 Characteristics of models of peatland development.

Author(s) Ecosystem Simulation
Olsen (1963) English peat bog  Short-term accumulation budget (income —
loss)
Walker (1970) English peat bog  Development of peat storage volume with
disturbance from harvesting and fertilisation.
Reader & Stewart (1972) Manatoba Short-term accumulation budget (income —
peatland loss) ‘ ‘
Clymo (1978) English peat bog  Development of depth/age profiles based on
bulk density and age relationships
Jones & Gore (1978) English peat bog  Development of peat storage volume with
disturbance from harvesting and fertilisation
(refinement of Walker 1970).
Wildi (1978) Swiss peat bog Bog/fen succession based on slope, nutrient
and age profiles.
Ingram (1982) English peat bog  Vertical and lateral expansion of raised bogs.
Clymo (1984) English Sediment carbon accumulation based on
Sphagnum bog organic matter production/supply against

Charman et al. (1994)

peatland
Ramalal et al. (1994) Canadian tundra

wetland
Aaviskoo ( 1995) Estonian mires

Swedish fens and
raised bogs

Almquist & Foster (1995)

Canadian
Sphagnum bog

Belyea & Warner (1996)

Canadian forested

long-term decay/compaction.

Sediment carbon accumulation based on
organic matter production/supply against
long-term decay/compaction.

Short-term accumulation budget (Income —
loss)

Carbon accumulation/vegetation dynamics
and different spatial scales.

Sediment carbon accumulation/lateral
expansion based on organic matter
production/supply against long-term
decay/compaction.

Sediment carbon accumulation based on
organic matter production/supply against
long-term decay/compaction.
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Table 7.1. (continued) Characteristics of peatland development models.

Author(s)

Ecosystem

Simulation

Kelly et al. (1997)

Boreal forest

Short-term accumulation budget (Income —

wetland loss)
Makila (1997) Finnish raised bog  Sediment carbon accumulation/lateral
expansion based on age/depth relationships.
Karofeld (1998) Estonian raised Sediment carbon accumulation based on
’ bogs organic matter production/supply against
long-term decay/compaction.
Latter et al. (1998) English pennine Long-term decomposition regressions
peat bogs
Okland & Ohlson Scandinavian peat  Age/depth relationships incorporating
(1998) bogs compaction coefficients
Alm et al. (1999) Finland boreal bog  Short-term accumulation budget (Income —

loss) including environmental conditions

It was not until 1978 that Clymo developed a model based on differential equations,
using age, bulk density and long-term decay rates to simulate long-term peat
accumulation within and across defined functional soil layers in a Sphagnum dominated
peat bog. According to Clymo’s (1984) model, organic matter inputs and decay followed
the principles of Jenny et al. (1949), however the decay and transfer of organic matter
were further quantified for defined peat layers. The concept of two functional soil layers
was first used by Ingram (1978), who termed the upper layer the acrotelm and the lower
layer the catotelm. The distinction of the two layers was based on the degree of
variability and relative rates of biological and physical processes such as microbial
activity, energy and matter exchange, oxygenation and water content. These criteriamake
the distinctions between the acrotelm and catotelm definitions applicable to many peat
producing systems. Furthermore, the mechanistic representation of organic matter
accumulation within the 1978 model of Clymo permits its use in a wider range of peat

forming habitats. Long-term rates of organic matter inputs estimated from radiocarbon
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dates were used to accurately describe the rates and factors influencing long-term peat
accumulation in Sphagnum peat bogs (Clymo 1984). A better understanding of short-
term accumulation rates, particularly in wetland systems where organic matter sources
are derived from numerous sources (autochthonous and allochthonous) may be achieved

using data derived from present-day carbon budgets.

The model of Clymo (1984) requires detailed knowledge of the stratigraphy of the peat
deposit, long-term decay rates and the rates of transfer between two defined peat layers
using numerous radiocarbon dates and bulk densities. This study is limited to three
radiocarbon dates from one core in each wetland and no data are available on long-term
decay rates throughout the profile or the rates of organic matter transfer between the three
layers in each peat profile. As such, this chapter can only use data generated from the
present-day carbon budget in the simple model of Jenny et al. (1949), combined with
radiocarbon dates from each wetland, to model the accumulation of organic matter in the

study wetlands.

7.1.2 Peat accumulation rates using sediment dating

With a range in excess of 180 years, 2!°Pb dating is a valuable tool for examining the
environmental history of Australia since European settlement (Gale et al. 1995). This
method is invaluable for establishing the timing of ecological changes, especially in lakes
where long-term limnological data are lacking. *'°Pb is a naturally occurring radionuclide
that has a half-life of 22.6 years (Appleby & Oldfield 1984). The dating of cores requires
the estimation of unsupported *'°Pb activity (atmospherically derived) and the application
of an appropriate dating model (Appleby & Oldfield 1978). The reliability of 2'°Pb dated
sediments in aquatic habitats has been supported through the use of other techniques such
as ¥'Cs (Gerritse et al. 1995; Oldfield et al. 1995) and pollen analysis (Heijnis et al.
1987).

210pp dating has been extensively used to determine sedimentation rates of lacustrine and
other sediments (Brenner et al. 1994). Several studies have used 2'°Pb to successfully

evaluate recent peat accumulation rates in Northern Hemisphere ombrotrophic bogs



198

(Oldfield et al. 1979; Richardson 1986; Clymo et al. 1990; Oldfield et al. 1995) and
Sphagnum dominated bogs (Kelman-Weider 1994; Novak et al. 1994; Belyea & Warner
1996). The use of *'°Pb in Australia as a tool for examining sedimentation rates is
widespread in wetlands (Smith & Hamilton 1992; Gale et al. 1995; Haworth et al. 1999),
rivers (Wasson et al. 1987; Gerritse et al. 1995; Wallbrink et al. 1998) and estuaries
(Gerritse et al. 1998). There are fewer Australian studies targeting wetlands with organic

soils (eg. Head 1988; Gell et al. 1993; Dodson et al. 1998).

Obtaining age estimates from deeper sediments allows the examination of long-term
trends in sediment accumulation. '*C is a naturally occurring radioisotope with a half life
of 5370 years (Rucklidge 1984). The ubiquitous presence of **C in biological materials
(eg. wood, peat, soils, bones, shelis) enables carbon to be dated and long-term
sedimentation rates to be quantified (Goh 1991). The time frame of the *C dating
technique from 200 to 40 000 years before present spans a period of important global
environmental change, making it a useful technique in sediment, climate, hydrological

and ecological studies.

4C has been used extensively for dating sediments and determining long-term organic
matter accumulation rates in aquatic systems (eg. Martel & Paul 1974; Shepphard et al.
1979; Kubiw et al. 1989; Meyers & Takemura 1997; Wei et al. 1998). Organic sediments
provide a reliable dating material, as good agreement has been found between ¢ and
other dating techniques, and peat is generally formed in situ (Geyh et al. 1971). This
allows radiocarbon dating to be used for determining long-term carbon accumulation
rates in these habitats. Radiocarbon dating to examine past changes in rates of net carbon
sequestration in boreal peatlands has been used to explore climate trends (Oldfield et al.
1997; Karofeld 1998) and hydrological regimes (Nicholson & Vitt 1994; Makila 1997).
Long-term carbon accumulation rates in boreal peatlands using ¢ analysis were also

used to examine the process of raised bog development (Korhola et al. 1995).

Although Northern Hemisphere studies dominate this literature, the use of radiocarbon
dating in Australian lacustrine sediments has been well documented. Leaney et al. (1995)

and Cock et al. (1999) examined the hydrological history of deep South Australian lakes,
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relating changes in sedimentation history to past climatic regimes. The age of basal peat
deposits in south-eastern Australia wetlands have been documented by Crowley &
Kershaw (1994) and Head (1988), accumulation rates of tropical wetland peats using
radiocarbon dating were examined by Bell er al. (1989) and Macphail et al. (1999)
determined the chronology of deposits in south-west Tasmanian peat mounds. In south-
western Australia, radiocarbon dating has been extensively used to determine the age of
peat deposits in wetland systems (eg. Newsome & Pickett 1993; Pickett & Newsome
1997; Dodson & Lu 2000). A recent study by Horwitz et al. (1998) in south-western
Australia used radiocarbon dating of cores to estimate peat loss from a wetland as a result

of an escaped management fire.

Wetland carbon budgets such as those described by Ramlal ef al. (1994) and Kelly et al.
(1997) and in Chapter 6 of this thesis quantify net gains or losses of carbon, and are
invaluable for assessing the impact of environmental conditions or management regimes
on carbon availability. They are generally developed from short-term observations and
examine site specific changes from disturbance such as altered hydrology, nutrient
enrichment or peat harvesting. Without long term accumulation estimates from sediment
dating, these carbon budgets are limited to the interpretation of recent (decadal)
accumulation processes as they do not allow for continued in situ decomposition or
compaction processes. A combination of data quantifying short and long-term processes
allows present day carbon budget data to be placed in the context of long-term wetland

development.

This chapter uses sediment dating techniques and an organic matter budget to quantify
short and long-term rates of organic matter accumulation. Surface sediments are dated
using 2'°Pb with '*C analyses used to examine long-term accumulation rates. The results
of the carbon budget for each wetland are then used in conjunction with sediment dates to
quantify both short-term and long-term accumulation rates using a simple quantitative
model. The development of this model will allow the impact of recent (decadal) and
long-term (millennial) environmental changes on wetland organic matter dynamics to be

explored.
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7.2 METHODS

7.2.1 Sediment dating

Maximum depth to mineral substrate was determined in each wetland by probing with a
4m length of 20mm wooden dowel. A core was taken from the part of the wetland which
had the deepest peat deposit. At the chosen site, sediment éores were progressively
removed from the one location using a D-section sampler until mineral substrate was
reached. Samples were taken in July 1997, when water levels had reached their lowest

annual level.

The deterfnination of recent accumulation rates was determined using *'°Pb analysis of
the surface 20cm of peat. Bokarup and Kodjinup Swamps each had an unconsolidated
slurry of organic material at above the sediment surface around 20 cm thick. The
sediment surface for the purposes of this study was defined as the point where
consolidated surface began. One cm sections of sediment were removed at the following
intervals: 0-1, 1-2, 2-3, 3-4, 4-5, 6-7, 9-10, 12-13, 15-16 and 19-20 cm from the sediment
surface This represented a compromise between temporal resolution and estimating the
depths at which reliable dates may be obtained. Each section was placed in an
individually labelled glass vial for *'°Pb analysis and stored on ice until returned to the
laboratory. The *C samples were taken from 2cm sections immediately above the
Fibric/Hemic and Hemic/Sapric peat delineation in each wetland, and from a 2cm basal
section immediately above the mineral substrate. The depths varied according to each
wetlands' stratigraphy. Samples were taken at 22, 172cm and 278cm in Bokarup Swamp,
38, 69cm and 132cm in Kodjinup Swamp, and 24, 72cm and 154cm in Noobijup-Lake.
All samples were oven dried at 90°C until constant weight in a Contherm Series 5 oven

housed at Edith Cowan University and returned to a labelled sterile glass.

219} analysis was carried out at the Australian Nuclear Science and Technology
Organisation (ANSTO) Environmental Radiochemistry Laboratory at the Australian
Institute of Nuclear Science and Engineering (AINSE), Lucas Heights facility. Samples

were pre-treated to remove fine roots and modern plant material prior to analysis. 2'°Pb
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activity was determined by measuring the granddaughter *!°Po, which was assumed to be
in secular equilibrium with *'°Pb. Ground samples of 2.0 g (dry weight) were spiked with
298P as a yield tracer and leached with hot concentrated acids (HCl), centrifuged and the
solid phase removed. Polonium was extracted from the liquid phase using 1%
diethylammonium diethyl dithiocarbonate and plated onto polished silver discs at 90°C.
The *'°Po activity was measured by isotope dilution and alpha spectrometry (using
passivated implanted silicon detectors) of the silver source (Gale et al. 1995).
Calculations were made according to the Constant Initial Concentration (CIC) model.
Determination of the supported 219pp, activity was carried out using alpha spectrometry to
measure “*°Ra peaks following precipitation of a radium-barium sulphate -onto a
membrane filter. The activity of the supported *!°Pb in the sediments was assumed to be
in equilibrium with that of **°Ra, wililst total 2!°Pb activity was taken to equal 2'°Po
activity. The activity of the unsupported *'°Pb was thus determined by subtracting the
supported from the total *'°Pb activity. Sedimentation rates were determined from the

slope of the least-square fit for >!°Pb excess values plotted versus depth.

Sediment age at a given depth (#z) is calculated from the CIC model as follows:

{ 1 } A0 ¥ Pbu,

tz=

0.03114 ) | 4 *'°Pbun.

where A° *'°Pbun is initial excess 2'°Pb activity and A ?'°Pbun is the excess activity at

depth z, and 0.03114 is the 210py, decay constant.

¢ analysis was performed at the ANSTO Physics Division at the AINSE Lucas Heights
facility. '*C was determined using the Accelerator Mass Spectrometric (AMS) technique.
Samples were combusted to CO, in an Inconel tube furnace packed with an oxidising
agent at 780°C. The gas was then passed through a series of wash bottles to remove
impurities and water (Rafter 1965). The CO, was converted to graphite pellets using
excess Hj and iron catalyst and packed into a copper rod well. It was then exposed to a
Cs-sputter ion beam and '*C, ’C and ' C discriminated and measured by mass

spectrometry.
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14C ages were calculated as the elapsed time # using the expression

t=TmIn A/A

where ¢ = age (+ error in years before present), Tm as the mean life of '*C, A, = specific

gravity of the oxalic acid standard and A; = specific gravity of the sample.

7.2.2 Quantitative Model

The model of Jenny et al. (1949) was used as the basis of the model to describe the rate
of accumulation of the cumulative mass of organic matter (Equation 1). The assumptions
of the model are that carbon inputs are constant throughout time and decay is exponential
(the half-time for decay is -(In 0.5)/0), which assumes a proportion of the original
material will always remain. The assumptions of Jenny et al. (1949) are supported by
Latter et al. (1998), who concluded that a single exponential curve best described the
long-term course of decomposition leading to peat accumulation. The input of organic
carbon was calculated using the annual input for the macrophyte habitat in each wetland
from Table 6.4. This habitat dominated the basin of each wetland and is the habitat where
sediment profiles were dated and depths recorded. Therefore, it is in this habitat that the

vertical accumulation of peat will be described using the model.

The annual decay coefficient (o,) in Equation 1 was derived from Noobijup Lake data as
the 2'°Pb and '“C results indicate that the recent and long-term accumulation rates have
not been altered by major disturbance events. The average annual decay coefficient (+
standard error) was determined as the coefficient that would generate the same total depth
of peat (using Equation 2) after the same period of time as the sediment dating results (+
standard error). Therefore, the assumption is that Noobijup Lake represents an
undisturbed condition and that the decay coefficient derived is an accurate represéntation
of decay in an undisturbed wetland in this region. Using this assumption, the decay
coefficient (+ standard error) can be applied to Bokarup and Kodjinup Swamps to test the

hypothesis that deviations from the model predictions by the ¢ radiocarbon dates are
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related to disturbance of some form. Disturbances in this sense will be any process or
events which lead to different rates of decay or rates of accumulation relative to the

control wetland, Noobijup Lake.

The result of Equation 1 is a cumulative mass of organic carbon. This mass needs to be
converted to a height increment that incorporates organic and inorganic matter in order to
quantify vertical accumulation rates. Bulk density was used to convert the mass of peat
accumulation each year to a height using the equations in Plaster (1985). The inputs to
Equation 1 are only organic carbon, and as the peat mass contains varying proportions of
organic and inorganic material with depth it needs to be corrected so that a height
increment incorporates both peat components. A profile of bulk density and percent
carbon values was constructed for each wetland from the points in the profile where
sediment dates were obtained. The bulk density and carbon content values were plotted
against dated points in the profile for each wetland and an equation derived that described
the change in bulk density with depth. Data used to generate the equations are in Table

7.2.

Pa -a t
Equationl: x= —<{1-EXP 2

a
a

Where x is the cumulative mass of organic carbon per m?, Pa is the rate of supply of organic

carbon per m” determined from the carbon budget, a, is the decay coefficient and ¢ is the
time in years.

The rate of annual vertical peat accumulation for the macrophyte habitat in each wetland
is calculated using Equation 2. This equation calculates the annual height increment (X)
based on the carbon content and bulk density value derived for that year. The annual
input of organic matter (Pa) in year 1 is calculated from the carbon budget. Pa values for
year 2 onwards are calculated as the remaining undecayed mass from the previous year

(i.e. year 2 Pa is the result of (x) from Equation 1 in year 1, year 3 Pa is the result of (x)
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from Equation 1 in year 2 and so on). Cumulative height increment is calculated by

summing the X values for the desired run-time.

Table 7.2. Age (years BP), depth (cm), percent elemental carbon and bulk density (gm®)
of samples from a peat profile in Bokarup Swamp, Kodjinup Swamp and Noobijup Lake.

Age (years BP)  Depth (cm) % Carbon Bulk Density (gm®)

Bokarup Swamp

Surface 0 0 97.33 190

Fibric Peat 270£50 25 96.72 655

Hemic peat 4490150 172 73.19 880

Sapric Peat 5570460 278 50.00 965

Kodjinup Swamp

Surface 0 -0 95.55 225

Fibric Peat 700155 25 91.65 665

Hemic peat 850440 92 89.67 805

Sapric Peat 3100150 134 67.99 1130
Noobijup Lake

Surface 0 0 90.22 320

Fibric Peat 990455 5 88.37 1075
Hemic peat 6060+60 72 47.03 1405
Sapric Peat 8430160 154 35.03 1510

The equations that best describe the change in bulk density with depth are:
Bokarup Swamp: y = 86.69 In(¢) + 184.93, R*> = 0.9933.
Kodjinup Swamp: y = 152.82 In(z) + 238.65, R* = 0.939.

Noobijup Lake: y = 222.14. In(?) + 303.22, R? = 0.9968.

The equations that best describe the change in percent carbon content with depth are:
Bokarup Swamp: 0.9983 00019 R2 = ,8728.
Kodjinup Swamp: 0.9765 ¢%°!9 R? = 0.9869.

Noobijup Lake: 0.9429 %019 R? = (.993,
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Equation2: x=

Where x is the annual height increment of peat (cm) per m?, Pa is the annual rate of supply
of organic carbon per m” determined from the previous year, a, is the annual decay coefficient,

t is the the time in years, BD N is the dulk density in g/m* , Ca is the fraction of elemental

carbon in the peat.
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7.3 RESULTS

7.3.1 1°Pb analysis

*26Ra activities in Bokarup Swamp are fairly uniform, ranging from 0.576 + 0.04 dpm/g
to 0.428 + 0.03 dpm/g, suggesting that the mineral structure of the soil is unchanged and
the samples came from the same soil horizon (Table 7.3). With the exception of the
surface sediment section (0-1cm) the *°Po activities fall in the range 0.578 + 0.03 dpm/g
to 0.448 +0.03 dpm/g which is consistent with the level expected for supported 2'°Pb (as
indicated by the corresponding level of 22°Ra). This indicates that there is negligible
excess 2'°Pb present in the core. The 2'®Po activity in the two upper most slices is only
slightly above the corresponding 22°Ra activity, suggesting a small amount of 2'°Pb
excess in surface sediments (Figure 7.1). With the lack of a number of 2109py activities in

a temporal sequence, it is not possible to obtain a sedimentation rate from this core.

As with Bokarup Swamp, **°Ra activities in Kodjinup Swamp are fairly uniform, ranging
from 1.746 = 0.15 dpm/g to 1.144 + 0.10 dpm/g, suggesting that these samples came
from the same organic soil horizon (Table 7.4). 219y activities also had little variability,
ranging from 1.641 +£0.07 dpm/g to 1.146 * 0.06 dpm/g, with maximum activity at 9 to
10 cm below the surface. These 2!°Po data are similar to the **Ra data, which is reflected
in the negligible excess 2'°Pb within the core (Figure 7.2). A sedimentation rate ﬁom this

core was not possible.

226Ra activities in Noobijup Lake were of a similar magnitude to Bokarup Swamp,
ranging from 1.007 £ 0.10 dpm/g to 0.462 + 0.06 dpm/g. 209py activities decreased with
depth, rariging from 3.057 £ 0.09 dpm/g at the surface to 0.547 £ 0.01 dpm/g in the 20
cm section (Table 7.5). A slight elevation in 226Ra activity occurred in the 6-7 cm
sediment section leading to a corresponding increase in 2'°Po activity in the same sample.
The surface sediments of Noobijup Lake displayed a clear exponential decrease in excess
210pp with depth (Figure 7.3). The CIC derived sedimentation rate is 0.12cm.year”,
resulting in an estimation of 162.7 + 21.9 years BP for the 19-20 cm section (Table 7.6).



Table 7.3 Mean *°Ra and 2'°Po activities (dpm/g + SE) from the sediment surface to

19-20 cm depth in Bokarup Swamp.

207
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Sample Depth (cm) “°Ra dpm/g “Po dpm/g
0-1 0.534 £ 0.05 0.731+£0.01
1-2 0.428 +0.03 0.523 £0.02
2-3 0.521 £ 0.05 0.512 £ 0.05
3-4 0.576 £ 0.04 0.476 £ 0.03
4-5 0.529 £ 0.04 0.476 £ 0.02
6-7 No result 0.578 £0.03

9-10 0.515+0.04 0.537 £ 0.07
12-13 No result 0.474 +£0.02
15-16 0.517 £0.05 0.448 £ 0.03
. 19-20 0.438 £0.03 0.453 £ 0.01
Pb-210 (excess) activity dpm.g!
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Figure 7.1. Mean excess Pb*' activity (dpm/g + SE) in sediments from surface to 19.5

cm depth at Bokarup Swamp.
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Table 7.4. Mean *°Ra and *'°Po activities (dpmy/g + SE) from the sediment surface to 19-
20 cm depth in Kodjinup Swamp.

Sample Depth (cm) ““Ra dpm/g “Po dpm/g
0-1 1.243 £ 0.11 1.568 + 0.05
1-2 1.144 £ 0.10 1.476 £ 0.06
2-3 1.628 + 0.13 1.454 £ 0.06
3-4 1.360 + 0.12 1.304 £ 0.05
4-5 1.600 + 0.13 1.431+£0.05
6-7 1.331 £ 0.12 1.371 £ 0.05
- 9-10 1.746 + 0.15 1.641 £0.07
12-13 1.365 +0.13 1.143 +0.05
15-16 1.716 + 0.14 1.371 £ 0.05
19-20 1.181 +0.09 1.146 £ 0.06
Pb-210 (excess) activity dpm.g!
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Table 7.5. Mean **Ra and 2'°Po activities (dpm/g + SE) from the sediment surface to

19-20 cm depth in Noobijup Lake.

Sample Depth (cm) ““Ra dpm/g “Po dpm/g
0-1 0.631 £0.08 3.057 £ 0.09
1-2 0.627 £ 0.08 2.530+0.09
2-3 0.644 £ 0.05 2.222 +0.07
3-4 0.741 £ 0.07 1.766 + 0.07
4-5 0.603 £ 0.06 1.633 +0.06
6-7 1.007 £0.10 1.543 +£0.05
- 9-10 No result 0.741 £ 0.03
12-13 0.462 £ 0.06 0.591 £ 0.01
15-16 No result 0.634 £ 0.03
19-20 0.806 £ 0.08 0.547 £ 0.01
Pb-210 (excess) activity dpm.g!
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Figure 7.3. Mean excess Pb?' activity (dpm/g + SE) in sediments from surface to
19.5¢m depth at Noobijup Lake.
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Table 7.6. CIC calculated dates (year £ SE) and calendar dates (year = SE) for sediment
sections from the sediment surface to 19-20 cm depth in Noobijup Lake.

Sample Depth (cm) CIC year Calendar year SE (years)
0-1 42 1992 42
1-2 12.5 1984 4.5
2-3 20.9 1976 5.0
3-4 29.2 1968 5.7
4-5 37.5 1959 6.5
6-7 54.2 - 1943 8.3

9-10 79.2 1918 11.3

12-13 104.3 1893 14.4

15-16 129.3 1868 17.6

19-20 162.7 1835 21.9
7.3.2 C analysis

Radiocarbon dates from sediment profiles have indicated considerable variability in the
age of sediments between wetlands. Kodjinup Swamp, with the shallowest peats, had the
youngest Sediment deposits at 3100 = 50 years BP at the base of the profile (Figure 7.4).
The deepest organic deposits were found at Bokarup Swamp, however their age of 5570
+ 60 years BP at 278 cm was surpassed by Noobijup Lake (8430 £ 60 years BP at a depth
of 154 cm). The uppermost sediment date derived from AMS !¢ is consistent with *'°Pb
dates and suggests a slowing of the accumulation rate with depth from the surface in
Noobijup-Lake. 219y analysis dated sediments at 20 cm were dated at 162.7 £21.9 years
BP compared to a ¢ date of 990 * 55 years BP at 25 cm from the same profile.
Sediment dates at the Fibric/Hemic and Hemic/Sapric peat delineation show sediment
accumulation rates in these wetlands have not been constant, with zones of rapid

sedimentation evident within each profile.

Sedimentation rates have been calculated for each profile and for sections within each
profile using AMS 1C dates (Table 7.7). All rates are calculated using the sediment

surface as 0 years B.P. Bokarup Swamp has the highest sedimentation rate from the
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Figure 7.4. Sediment profiles showing major sediment classifications and C'* age

(years BP) at known depths at Bokarup Swamp, Kodjinup Swamp and Noobijup Lake.
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Table 7.7. *C calculated sediment age (years B.P. + SE) and sedimentation rate (+ SE)
for sediment profiles from Bokarup Swamp, Kodjinup Swamp and Noobijup Lake.

Wetland Sediment Profile = Sediment Profile Sedimentation rate

Depth (cm) Age (years B.P.) (cm per year)

Bokarup Swamp 0-22 27050 0.081+1.3x10™

22 — 174cm 4220 + 50 0.035+4.2x 103

174 — 288cm 1080 + 60 0.107 £6.0x 103

0—278cm 5570 + 60 0.052 +5.0x 10™

Kodjinup Swamp 0-38 700 + 55 0.054 +4.0x 107

' 38 — 69cm 150 + 40 0.206 +4.0x 10

69 — 134cm 2250 + 50 0.028 +2.6x10*

0—134cm 3100 + 50 0.043 +9.9x 10™

Noobijup Lake 0-25 990 +55 0.025+1.1x10™

25 —72cm 5070 + 60 0.009 +1.4x 107

72 — 154cm 2370 + 60 0.034 £9.4 x 10™

0—154cm 8430 + 60 0.018 +1.3x 10™

surface sediment to the base of the profile (0-278 cm) at 0.052 + 5.0 x 10™* cm/year. If
one core in each wetland is representative of whole wetland accumulation rates, these
dates indicate organic matter accumulation in the surface sediments of Bokarup Swamp
is rapid, with the rate of accumulation fastest between 4490 and 5570 years BP (0.107 £
6.0 x 10™ cm/year) and the slowest in the hemic layer (0.035 + 4.2 x 10~ cm/year). As
with Bokarup Swamp, the surface sedimentation rate was rapid in Noobijup Lake, with
the most rapid accumulation in the Sapric layer between 6060 and 8430 years BP (0.034
+ 9.4 x 10 cm/year) and slowest in the Hemic peat (0.009 + 1.4 x 10 cm/year in the
surface horizon. The rates of accumulation in Noobijup Lake were consistently the
slowest of all wetlands. (Table 7.7). Kodjinup Swamp displayed the opposite trend to the
other wetlands with a substantial increase in sedimentation rates towards the present. The
deep Sapric layer had the slowest rate of 0.028 + 2.6 x 10* cm/year with the Hemic peat
horizon having the fastest accumulation rate found in all profiles sections of 0.206 + 4.0 x

107 cm/year. Higher rates of peat accumulation such as those in the Sapric peat layer of
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Bokarup Swamp and Kodjinup Swamp may be the result of factors such as increased
organic matter supply or altered hydrology leading to a reduction in the rates of peat
decomposition. Alternatively, truncations in the profile of Kodjinup Swamp may indicate

a large scale disturbance such as the erosion of sediment layers by fire.

7.3.3 Model output

An average annual decay coefficient of 4.71 x 10 was calculated using data from
Noobijup Lake. When used in the model, this decay coefficient produced a peat depth of
154.000 cm after 8430 years. The '*C date at 8430 years had an error of 60 years. This
was used to calculate the error for the model by calculating the decay coefficient required
to generate a peat depth of 154.000 cm in Noobijup Lake between 8370 and 8490 years.

The error for the decay coefficient was + 6.4 x 10°°.

The application of the annual decay coefficient and the model's assumptions of constant
carbon inputs and exponential decay produced a curve with an asymptote at 154cm depth
in Noobijup Lake (Figure 7.5). The model predictions closely resemble the 210pp
accumulation rates for the first 10 to 12 cm of the profile (around 100 years), but then
deviate away from the remaining *'°Pb dated depths (Table 7.8). Model predictions
significantly differ from the two "C dated points (990 + 55 years BP and 6060 +60 years

BP), overestimating accumulation rates by almost double.

As with Noobijup Lake, the model accurately describes the rate of organic matter
accumulation in the surface sediments of Bokarup Swamp, however, long-term
predictions severely underestimate the total depth after a 5570 year simulation (Figure
7.6). The model predicts that after 270 years, 19.92cm of peat has accumulated, which is
in close agreement to the ¢ date of 270 years at 22cm (Table 7.8). At 4490 years, the
model slightly underestimates peat accumulation compared to the ¢ dated depth, but the

curve is approaching its asymptote.



214

Years BP
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

20

40 1

80 1

Depth (cm)

100
120 -

140 -

160 -

Figure 7.5 Combined *'°Pb and ''C dates (black line) from known depths in the profile
and the predicted peat depth (red line) over time from the model at Noobijup Lake.
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Figure 7.6 '*C dates (black line) from known depths in the profile and the predicted
peat depth (red line) over time from the model at Bokarup Swamp.
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Table 7.8 Comparison of 2'°Pb/**C sediment dated depth (cm £ SE) and model
predicted depth (cm #+ SE) for 2'°Pb/'*C dated sediment age (years BP+ SE) for
Noobijup Lake, Bokarup Swamp and Kodjinup Swamp.

Sediment Age (years 2°Pb/'*C  Dated Model predicted depth

BP + SE.) Depth (cm) £ SE. (cm) £ SE.
Noobijup Lake

42142 0.5+0.5 0.51£0.0
12.5+£4.5 1.5+0.5 1.19+0.0
2094 5.0 25£05 1.87+0.0
29.2+5.7 3.5+05 2.44+0.0
37.5+6.5 45+0.5 3.05+£0.0
542+83 6.5+0.5 4.15+0.0
79.2+£11.3 9.5+£05 5.63+0.1
1043+ 14.4 125+0.5 7.17+0.1
1293+ 17.6 155+£0.5 8.591+0.2
162.7+21.9 19.5£0.5 10.51+£0.3
990 £ 55 25+1.0 46.79 £ 0.5
6060 £ 60 721+1.0 144.48 £ 0.7
8430 £ 60 154+ 1.0 154.00 £ 0.8
Bokarup Swamp

270 £ 50 22+1.0 19.92 £ 0.0
4490 £ 50 172+ 1.0 151.93+0.5
5570 £ 60 278+ 1.0 16431 £ 0.6
Kodjinup Swamp

700 £ 55 38+1.0 56.82+0.0
850+ 40 69+1.0 66.3910.1

3100 £ 50 134+ 1.0 16531+ 0.4
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The final predicted depth based on current inputs and using the decay coefficient derived
from Noobijup Lake is 164.31 £ 0.06 cm after 5570 years. This compares to the ¢ date
of 5570 £ 60 years BP derived from a depth of 278 cm, a difference of around 114 cm of
peat depth.

The model produced an average accumulation rate of 0.029 gC/m?/year compared to the
overall accumulation rate of 0.052 gC/mz/year generated by the radiocarbon dates. This
indicates that either decay rates in the past were much slower or rates of organi¢ matter
input were substantially higher than current rates in order to accumulate the additional
114 cm of peat. For instance, a depth of 278 cm of peat can be achieved after 5570 years
by changing the average input to 105.46 gC/m?/year using the described decay
coefficient, bulk density profile and carbon content profile for Bokarup Swamp. A decay
coefficient small enough to generate a peat depth of 278 cm after 5570 years based on

current inputs could not be quantified.

Kodjinup Swamp is the shallowest and has the most recent deposits of the three wetlands.
Unlike Bokarup Swamp, the model prediction is an overestimate of peat accumulation
indicating current input rates are higher than those in the past, the decay coefficient is too
small or peat has been eroded from the profile (Figure 7.7). The model predicts a peat
depth of 165.31 + 0.04 cm after 3100 years compared to a depth of 134cm '*C dated to
3100 + 50 years, a difference of around 30cm. The most obvious feature of the “C dates
is the truncated profile, giving the upper most date of 700 + 55 years BP at 38 cm, 850 %
40 years is found at 69 cm and 3100 £ 50 years BP at the base of the profile, a difference
of 31 cm. The rapid increase in deposition between 850 and 700 years BP represents
either an error in the 'C dates, an erosional event or a period of exceptional productivity

and deposition of organic matter.

The model can be used to predict the impact of erosional events based on current
conditions. The model predicts that the depth of peat at 700 years BP would be around
56.82 cm, compared to the 38 cm shown by the '*C date, a difference of around 19 cm of

peat depth. The 700 year old peat 'orccun'ing at a shallower than predicted depth and an
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Figure 7.7 "*C dates (black line) from known depths in the profile and the predicted peat
depth (red line) over time from the model at Kodjinup Swamp. Coloured areas represents

the range and time periods of projected organic matter losses.

overestimate of peat accumulation by the model compared to the '*C dates indicate that a
disturbance event, most probably a fire, may have removed a large volume of peat from
the profile. The model predicts that 38cm of peat takes around 430 years to accumulation,
compared to the 700 + 55 years for the same depth using the '*C date, a difference of up
to 325 years. From the modelled data and "C dates it can be hypothesised that between
21 to 30 cm and 215 to 325 years of peat has been eroded. The sharp increase in the rate
of accumulation between 700 and 850 years BP indicates the fire may have occurred
around 850 years BP, the increase due to increased inputs following firing or the

remobilisation/redistribution of peat within the profile.

The model can be used to predict the asymptote, or maximum height of peat attainable
under specified rates of organic matter supply and decay. This is possible for Kodjinup

Swamp where the model has not produced an asymptote after a run time equivalent to the
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oldest carbon date. The model predicts that under current condition, the peat depth in
Kodjinup Swamp would reach an asymptote at around 217 cm at an age of 6300 years.
So with a current peat depth of 134 cm (3100 years BP) and a maximum water depth of
around 1m, it can be hypothesised that in another 3200 years the wetland basin will be

almost completely filled with organic matter if conditions remain relatively constant.
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7.4 DISCUSSION

The development of a sifnple, descriptive model based on sediment dates, contemporary
organic matter budgets and sediment characteristics has produced predictions of rates of
sediment organic matter accumulation that allow an examination and interpretation of
processes affecting wetland development. A decay coefficient was derived from
Noobijup Lake and used within the model to examine the rates of organic matter
accumulation in Bokarup and Kodjinup Swamps. Parameters within the model such as
run-time, rates of organic matter supply and decay can be altered to simulate organic
matter accumulation under different environmental conditions. These simulations can be
used to examine the impact of altered wetland hydrology, changes in organic matter
supply or water quality and erosional events such as fire on organic matter accumulation

rates.

7.4.1 Model assumptions

The model used to predict the long-term accumulation of organic matter in the sediments
of these wetlands is based on several critical assumptions. The use of a single, long-term
decay coefficient derived from one wetland assumes that this rate is representative of
similar surrounding systems. It assumes that the profile of Noobijup Lake is relatively
undisturbed and that the sediment dates derived from *'°Pb and '*C techniques are

accurate. -

Several papers summarise the evidence for and against the validity of 2'°Pb based
chronologies in organic soils (see review in Oldfield et al. 1995). 2!°Pb dates in sediments
have been corroborated by lamination counting (Bollhoffer e al. 1994), pollen analytical
techniques (Oldfield et al. 1979; Heijnis et al. 1987; Gale et al. 1995) and moss
increment counts (El-Daoushy et al. 1982). However, limitations to the resolution of
these techniques and the presence of numerous contaminants in the sediment often make
recent peat deposits difficult to date using this method (Belyea & Warner 1996). The

uneven 2'°Pb chronology for Bokarup and Kodjinup Swamp compared to Noobijup Lake
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highlights the potential problems of using 2'°Pb dating in organic soils. Oldfield et al.
(1995) have suggested that the variability of wetland surface waters and the associated
drawdown of water through the peat profile and reduced residence time may lead to the
uneven distribution of 2'°Pb in surface peat sediments. Bokarup and Kodjinup Swamps
both experienced the most variable surface water levels and had periods of no surface
water during this study and these factors outlined may in part explain the poor 2'°Pb
chronology from these wetlands. However, the presence of an unconsolidated sediment
layer at the surface of the profile in Bokarup and Kodjinup Swamps (and not in Noobijup
Lake) indicate that the surface sediments in these wetlands are mobile, which may have
led to the redistribution of 2'®Pb within the surface sediments. Benoit & Hemond (1990)
and Stevenson ef al. (1990) were also unable to obtain a chronology for wetland

sediments due to the remobilisation of 2!°Po and 2!°Pb from erosion events.

Many authors have documented striking discrepancies between the rate of surface peat
growth and the average rate of peat growth over millennia (eg. Clymo 1970; Lyndholm &
Vasander 1990; Rochefort ez al. 1990). *C analysis has been extensively used for dating
sediments to determining long-term organic matter accumulation rates in aquatic systems
(eg. Martel & Paul 1974; Shepphard et al. 1979; Kubiw et al. 1989; Korhola et al. 1995;
Meyers & Takemura 1997; Wei ef al. 1998). Organic sediments provide a reliable dating
material (provided contaminants are removed), as good agreement has been found
between '*C and other dating techniques, and peat is generally formed in situ (Geyh et al.
1971). The use of Accelerator Mass Spectrometry (AMS) radiocarbon dating in this study
has ﬁlrthér increased the accuracy of the dates used to derive the decay coefficient. AMS
requires significantly less mass compared to conventional radiocarbon dating and
produces less error in estimated dates (Vance & Telka 1998). The small error of +60
years for an estimated age of 8430 years BP for Noobijup Lake highlights the accuracy of
the technique.

Radiocarbon dates in this study were taken from three points from a single core in the
deepest peat deposits of each wetland. This assumes that dates derived from each core

and their position in the profile are representative of the entire wetland basin from which
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it was taken. It therefore assumes that the physical and biological characteristics have
been spatially uniform throughout the development of the wetland. The high costs
associated with radiocarbon dating have resulted in the literature being dominated by
studies that extrapolate peat accumulation rates from a single core from the deepest
deposits within the wetland. This assumption has been examined in several separate
studies. The spatial representativeness of peat profiles was examined using multiple cores
to date basal peats in south-eastern Australian wetlands (Head 1988). Two cores from
equivalent depths had dates of 6800 * 90 years and 6710 + 100 years. Makila (1997)
found the highest rates of peat accumulation from the centre of a concentric raised bog
using 79 "*C samples from across the peatland. Oldfield et al. (1997) tested the accuracy
of AMS radiocarbon dating against annually laminated lake sediments and found the '*C
measurements consistently overestimated sediment age. Age discrepancies were fhought
to have arisen from the resuspension and focussing of older organic material into the
deepest part of the lake basin. The process of sediment focussing may result in the rates
of peat accumulation determined for this study being overestimated. Although this study
assumes one core is represéntative of the accumulation rates for each wetland basin, it
increases its accuracy by having the rates of organic matter input and decomposition

determined independently of the radiocarbon dates.

Sediment dates derived from numerous studies of Australian wetland systems provide
good agreement with the dates found in the Muir-Unicup wetland. Gell et al. (1993)
successfully used 2'°Pb chronology to date recent organic deposits from a tea tree swamp
in south-east Victoria. Head (1988) used '“C radiocarbon dating to examine organic
matter accumulation in south-west Victorian swamps, dating the oldest deposits at 6000
years BP. Basal sediments (3m) in Tordit-Garrup Lagoon and Poorginup Swamp (two
wetlands in the Muir-Unicup system) were dated to 5720 £ 320 years BP and 8300 + 500
years BP respectively as part of an environmental impact study for a proposed peaf mine
(Magnet Industries 1993). Byenup Lagoon, also in the Muir-Unicup system, has been
dated at around 4800 years BP in a recent palynological study (Dodson & Lu 2000).
Nearby wetlands with organic sediments have been dated at 5600 + 60 years BP at a
depth of 92 to 95 cm (Horwitz et al. 1998) and 4380 + 130 years BP at 328 to 331 cm
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below the surface (Newsome & Pickett 1993). Loch McNess (a Swan Coastal Plain
wetland dominated by B.articulata) was also dated by Newsome & Pickett (1993) and
found to have basal organic deposits (405 to 407 cm) 8910 * 400 years BP and shallow
organic deposits (135 to 137 cm) 1370 + 200years BP. The successful applicétion of
these techniques and comparable results from similar systems combined with the lack of
obvious truncations in the chronology from Noobijup Lake provides a justification for the
use of the sequence of dates from this wetland to develop a decay coefficient

representative of a relatively undisturbed wetland.

The decay coefficient for this model (4.71 x 10°) was derived using radiocarbon dates
from known depths, as long-term decay coefficients for these peat deposits were
unavailable. Estimates of decompositibn have been inferred from short-term observations
(1-2 years) and generally represent an overestimate of decomposition from the whole
profile (Gorhafn 1991). Decomposition rates for organic litters in agricultural soils have
been documented for 20 years (Sorensen 1974), 10 years (Jenkinson 1977) and 8 years
(Ladd et al. 1985). Latter et al. (1998) provide the only example of long-term
decomposition in aquatic systems (23 years). These studies, although considered long-
term in a contemporary sense, are more representative of recent decay in the context of
soils that are over 8000 years old. Alternatively, artificial substrata (cellulose filter paper,
unbleached cotton paper) inserted at different depths of a peat profile have been used to
examine the in situ long-term decomposition of organic matter (Clymo 1963; Heal 1974;
Heal et al. 1978). Decay coefficients of 0.003 for blanket bogs and 0.015 for peat podzols
were derived by Heal et al. (1978), but produced underestimates of peat depth when used
in the model developed in this thesis. Decay coefficients (derived using radiocarbon dates
from known depths), for Northern Hemisphere bogs systems with similar environmental
conditions ranged from 1.1 x 10 to 6.5x10° (Clymo 1984). Clymo (1978) also used a
very small decay coefficient (1.0 x 10°)-to describe decay in the permanently anoxic
catotelm of Sphagnum bogs. This range of values encompasses the decay coefficient of

4.71 x 10” developed from Noobijup Lake.
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The use of a simple descriptive model and a single decay coefficient produces an
asymptotic curve of predicted peat depth. This curve accurately predicts the depth of
organic matter in the surface horizon (circa 0-100 years) and the overall depth of the
deposit compared to dating techniques in Noobijup Lake. However, the curve does not
accurately represent the accumulation rates throughout the whole profile, with model
predictions overestimating accumulation rates by almost double for much of the profile.
The stratigraphy of these organic deposits shows the presence of three distinct layers with
well defined boundaries common to each wetland (Figure 7.4). The model proposed by
Clymo (1984) estimates rates of organic matter accumulation in Northern Hemisphere
peat bogs within and across such defined functional soil layers. Organic matter is added
to the acrotelm (upper layer) at a constant rate, and a constant proportion of all material
in this layer decays each year. A small amount of this material survives its residence in
the acrotelm and is transferred to the thickening catotelm (lower layer). A much smaller
but constant proportion of alllthe material in the catotelm decays each year. This model
accurately predicted rates of peat accumulation compared to radiocarbon dated profiles.
Belyea & Warner (1996) proposed the application of a decay constant that varies with
depth within the acrotelm. This would allow a more realistic simulation of the gradual
transition from rapid, variable processes to slow constant ones in the catotelm.
Incorporating local, fine temporal scale changes into the model using a variable decay
coefficient reduces the applicability of the model to other peat forming systems. This
type of model is only applicable where the environmental history of the wetland has been

well documented.

The model of Clymo (1984) uses rates of organic matter input and decay based on
radiocarbon dates and describes the transfer of organic matter across two peat layers.
Using present day inputs generated from a carbon budget to describe the peat
accumulation across three defined layers would be 'mathematically challenging'. The
model would require substantially more detailed spatial and temporal data about the

characteristics of the peat deposit and the '*C dated chronology of the profile.
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7.4.2 Chronology, model predictions and wetland development

If all the assumptions outlined hold true, then the model predictions accurately represent
the accumulation rates of peat in these wetlands. The model predictions of an
underestimate of peat height in Bokarup Swamp and an overestimate of peat height in
Kodjinup compared to "¢ dates indicate that environmental conditions and rates of
organic matter supply and/or decay have been highly variable in the past. The '*C dates
for Bokarup Swamp and Noobijup Lake display a consistent pattern of an initial phase of
rapid accumulation at the base of the profile (sapric layer), followed by a slower rate of
accumulation in the middle (hemic layer) of the profile and a rapid surface deposition
rate. This pattern of organic matter accumulation is similar despite these wetlands having
had their origins nearly 3000 years apért. Kodjinup Swamp displays a distinctly different
pattern of accumulation, with a slow rate of accumulation in basal sapric deposits,
followed by an extremely rapid rate of hemic and surface deposition of organic matter.
This may be a result of disturbance to the profile. Differences in the rates and patterns of
organic matter accumulation in each wetland may be due to altered local and regional
environmental conditions leading to changes in decay and deposition rates or discrete

events that led to rapid and substantial erosion or deposition of organic matter.

Long-term rates of organic matter accumulation taken over the whole profile in these
wetlands ranged from 0.018 + 1.3 x 10 cm/year in Noobijup Lake, 0.043 + 9.9 x 10™
cm/year in Kodjinup Swamp to 0.052 + 5.0 x 10 cm/year in Bokarup Swamp based on
depth of organic sediments and radiocarbon dates. This range of values is generally lower
than those estimated from other recent Australian studies; 0.072 cm/year for Boggy Lake
and 0.045 cm/year for Loch McNess in south-western Australia (Newsome & Pickett
1993); 0.084 cm/year for Long Swamp in coastal south-east Australian (Head 1988);
0.299 cm/year in a tropical wetland (Bell et al. 1989); 0.235 cm/year for a coastal
Victorian wetland (Crowley & Kershaw 1994). Accumulation rates in Northern
Hemisphere systems are more similar to those found in the Muir-Unicup wetlands with
values ranging from 0.025cm/year for a Canadian forested peatland (Charman et al.
1994); 0.045 cm/year for a Canadian Sphagnum bog (Belyea & Warner 1996); 0.018
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cm/year in a Swedish swamp (Sergestrom et al. 1996); 0.056 cm/year in a Finnish raised
bog (Makila 1997). The review of decay coefficients has shown that decomposition is
severely reduced in these wetlands and it is unlikely the low rates of vertical
accumulation are due to excess organic matter degradation and loss. Clearly, the long-
term rates of organic matter supply to the sediment in these wetlands are low comi)ared to
other Australian systems and more comparable to Northern Hemisphere bog and swamp
habitats. The presence of high levels of dissolved organic matter, acidic sediments and
surface waters, exceptionally low phosphorus concentrations and highly reduced

sediments may all contribute to low organic matter inputs in these wetlands.

The uses of palaeoclimatic analogues has the potential to contribute significantly to the
understanding of climate change (De beckker et al. 1998), however, little is known of the
palaeoclimatic record of south-western Australia. On coastal plains, transgression and
regression to the sea corresponding to expanding and contracting polar ice masses have
set the starting dates for peatland development to the current Holocene period, at around
12 000 years BP (Kershaw & Nansen 1993). In south-western Australia the available
palaeoclimate data are sparse and contradictory. Early palynological work by Churchill
(1968) in Boggy Lake (100km south of the Muir-Unicup wetlands) indicated marked
fluctuations in rainfall through the mid to late Holocene in this region. Specifically it was
hypothesised that the period 4000 to 7000 years BP experienced climates wetter than
present. More recent research based on fossil molluscs (Kendrick 1977) and ostracods
and foraminifera (Yassini & Kendrick 1988) in the Swan River Estuary near Perth,
concluded that the mid Holocene was a period of reduced winter flooding and regional
aridity. This is supported by Semeniuk (1986) who suggested the period 7000 to 2800 BP
was more arid than contemporary conditions based on the degree of calcrete formations
in coastal sands near Perth. The similarities in the profiles of organic matter accumulation
in Bokarﬁp Swamp and Noobijup Lake, despite discrepancies in radiocarbon dates, infer
that climate change has not had a large impact on rates of organic matter accumulation in
these wetlands. The recent study of a Holocene sequence in Byenup Lagoon in the Muir-
Unicup hypothesised that an increase in effective rainfall in the mid Holocene (around

4800 years BP) initiated the continuous part of the sediment record (Dodson & Lu 2000).
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They suggest that since that time, changes are most likely due to local effects such as fire

and the interaction of species rather than climate shifts.

In the most extensive palynological study in the south-west region, Newsome & Pickett
(1993) revisited Churchill's site at Boggy Lake in the far south-west and investigated
Loch McNess (a swamp dominated by B.articulata) north of Perth. Churchill's hypothesis
of a wetter than present mid Holocene could not be supported iﬁ Boggy Lake due to the
poor resolution of Eucalyptus pollen, an over-reliance of ratios from two species and an
incomplete understanding of the ecological tolerances of key taxa. A more recent
investigation into Fucalyptus pollen morphology by Pickett & Newsome (1997) has
increased the resolution of pollen likgly to be found in Holocene sequences, however,
they were still unable to support Churchill's claims of climate change. The palynological
record from Loch McNess suggests that vegetation changes during the Holocene have
been minor, with the greatest change being in the non terrestrial taxa such as Cyperaceae
and Restionaceae. Changes observed were consistent with normal patterns of hydroseral
development as the wetlands infilled and increased the areas of habitat accessible to
aquatic vegetation (Newsome & Pickett 1993). There is considerable contradiction in the
palaeoclimatic conclusions drawn from studies in south-western Australia. Research on
nearby and similar organic profiles have concluded that climate has played little part in
wetland development and that local environmental conditions have dominated the

processes of organic matter accumulation.

7.4.2.1 Bokarup Swamp

The model predictions for Bokarup Swamp indicate that the current rate of organic input
(50.58 gC/m*/year) generates over 1 m less organic sediments than quantified using
radiocarbon dates for the same period of time. Simulated decreases in decay coefficients
to retard decomposition and favour accumulation were unable to produce the required
peat depth, leading to the hypothesis that increased inputs rather than decreased
decomposition have prevailed in the past. The model was used to derive an input of
105.46 gC/m2/year needed to accumulate 278 cm of organic matter in 5570 years, over

double the current input since the wetland's initiation. The high organic matter content of
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the sediments and the lack of layers of inorganic sediment indicate that Bokarup Swamp
has been continually vegetated and supports the hypothesis that increased organic inputs
are responsible for the more rapid accumulation. The continuous profile of organic matter
accumulation infers reasonably stable conditions in this wetland for around the past 5500

years.

Plates 2.1a/b show a lunette on the eastern side separating Bokarup Swamp from another
smaller wetland. The lunette is thought to have formed from the wind erosion of basal
sediments from the main wetland (Semeniuk & Semeniuk 1997). Dodson & Lu (2000)
found similar patterns of erosion and weathering in Byenup Lagoon, suggesting that up
until around 4800 years BP, this region was influenced heavily by westerly winds. The
deposition of sediments on the easterly side of Bokarup Swamp, which ceased around the

same time, again supports the hypothesis of continuous peat deposition since that time.

If Bokarup Swamp contains a profile that is predominantly organic and uninterrlipted by
inorganic sedimentation, then past accumulation rates are due to increased organic inputs.
The recent use of regression modelling by Latter et al. (1998) and Okland & Ohlson
(1998) to examine decomposition and compaction processes associated with long-term
peat accumulation, has allowed differential rates of accumulation to be determined for
specific species contributing to peat formation. The rapid phase of accumulation in the
early stages of wetland development common to both Bokarup Swamp and Noobijup
Lake may be due to increased inputs, but also increased inputs from more refractory
sources. The carbon budget showed that inputs at the wetland margin were over five
times higher than in the macrophyte dominated basin (Chapter 6) and dominated by
Melaleuca litter (Chapter 2). The pollen record from Byenup Lagoon shows that
Melaleuca species have been the dominant understorey vegetation associated with
wetlands in this area since the mid to late Holocene (around 5000 years BP) (Dodson &
Lu 2000). The higher rates of organic matter accumulation in the past may therefbre bea
result of increased inputs from fringing species. The dense macrophyte communities also
currently limit the distribution of submergent macrophytes. Models of hydroseral

succession developed for the Northern Hemisphere suggest submergent macrophytes
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contribute significantly to the sedimentation in the initial stages of wetland development
(Tallis 1983). In the early stages of wetland development and organic matter
accumulation, water levels may have been such that submergent macrophytes played a
more important role in the carbon dynamics of these wetlands. Macrofossil remains of
plant tissue were not apparent and no palynology has been done from these cores to
reconstruct the dominant taxa involved in organic matter accumulation. Accurﬁulation
rates in the past may therefore have been due to increased inputs from any of submergent

macrophytes, emergent macrophytes and/or littoral tree species such as Melaleuca.

Clearly, contemporary rates of organic matter supply are reduced from those in the past.
At present, Bokarup Swamp has one of the highest levels of surface water salinity of the
wetlands in the Muir-Unicup system (Chapter 2; Storey 1998). The wetland may be
showing elevated salinities either because it is receiving saline run-off from cleared
catchments, or it is showing long-term accumulation of salt as a result of progressive
effects of evaporation and/or concentration. The extensive stands of B.articulata do not
appear to be as 'healthy' as in other wetlands showing distinct signs of prolonged stress
such as leaf discolouration and necrosis of leaf tips (also noted by Storey 1998). The
decline of B. articulata in Lake Towerrinning (a wetland‘ in the Western Australian
wheatbelt) was attributed to increased salinities from agricultural clearing (Froend &
McComb 1991). Historical evidence shows that from the 1850's to the early 1900,
Bokarup Swamp was used for the watering of stock throughout the year, indicating that
water quality decline is a relatively recent phenomenon associated with agricultural

clearing.

Stresses placed on the emergent macrophytes by a reduced water table may also lead to
the decline in plant vigour and therefore a reduced organic matter contribution to the
sediments. Maximum water levels of only 40 cm and no surface water present for six
months of the year may stress the B.articulata community. The shallow maximum water
depths indicates that the level of organic sediments is approaching that of the surrounding
landscape, and that reduced surface water levels may be an expected part of the late

stages of the seral development of Bokarup Swamp. In order for understorey species to
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become established within the wetland basin, surface water levels must be reduced by an
increasing depth of organic sediments, to the detriment of the macrophyte communities.
This successional pathway has been observed in many Northern Hemisphere wetlands
(see reviews in Moore & Bellamy 1974; Wetzel 1975; Tallis 1983) but has not been
examined in Australian temperate wetlands. The increase in salinity of the local surface
and groundwater may exacerbate the decline in macrophyte productivity and prevent the

continued accumulation of organic matter in the sediments of Bokarup Swamp.

7.4.2.2 Kodjinup Swamp

The model prediction of an overestimate of organic matter accumulation compared to
basal radiocarbon dates and an anomalous chronology leading to a different accumulation
pattern to the other wetlands suggests that the process of accumulation has been disturbed
in Kodjinup Swamp. The model predicts a peat depth of around 30cm deeper after 3100
years and that the 700 and 850 year dated sediments should appear around 19cm higher
in the profile compared to radiocarbon dates. One hypothesis is that a severe fire removed
a large proportion of the organic matter and exposed the surface of the sapric peat. The
removal of the upper layers of the sapric peat would explain the apparent slow initial
accumulation rate compared to the other wetlands. The apparent rapid increase in
deposition between 850 and 700 years BP may represent the remobilisation of sediments
following rewetting. Eframova & Eframov (1994) documented the occurrence of low
intensity below ground peat fires that burned substantial volumes of peat while leaving
surface deposits in tact. Such a fire in Kodjinup Swamp may have led to the spatial
redistribution of organic sediments and an anomalous chronology. This hypothesis can be

tested in the furure by examining the macrofossil records of peat cores.

The presence of a layer of unconsolidated peat at the surface of Kodjinup Swamp that

failed to generate a reliable 2'°

Pb chronology supports the hypothesis that the sediments
in this wetland have been influenced by fire event(s) in the recent past. The vegetation
associations in Kodjinup Swamp also show a proliferation of Bracken Fern (Pteridium
esclentum) in this wetland, a species known for its occurrence following fire. This species

was not found at the other wetlands. There was, however, no evidence of macrofossil
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charcoal in the profile, which is indicative of past fire events (Patterson et al. 1987). In
the development of the methods for fossil charcoal analysis, Clark (1988) found that the
interactions between vegetation, topography, weather and fire intensity influenced
charcoal formation. The absence of macrofossil charcoal does not preclude the presence
of microfossil charcoal which requires microscopic examination and was not performed
on these sediments. The lack of charcoal in an obviously disturbed profile indicates that
the fire event would have been of high intensity, resulting in the complete combustion of
sedimentary organic matter (Fransden 1991). Numerous cores from locations across the
wetland would be needed to examine the occurrence and distribution of remnant

pedastals (sensu Horwitz et al. 1998).

An alternative to the hypothesis of disturbance by fire, is that the peat chronology is
correct and the decay coefficient is too small, resulting in Kodjinup Swamp having a
period of exceptionally high productivity leading to a deposition rate five times the long-
term average. This would require the sediments of Kodjinup Swamp to accumulate 31 cm
of organic matter in 150 years. As the review of accumulation rates in other Australian
systems has shown, accumulation rates such as this are possible in highly productive and
nutrient rich systems. However, this pattern is not evident in the other wetlands and such
sustained productivity and litterfall from allochthonous or autochthonous sources is
unlikely. Kodjinup Swamp does not have any direct drainage channels into the wetland
and so it is also unlikely that organic matter was transported from within the catchment

resulting in focussed deposition in the wetland basin.

Kodjinup Swamp is the shallowest and has the most recent deposits of the three wetlands
studied. Semeniuk & Semeniuk (1997) hypothesised the occurrence of circular through to
irregular shaped basins represented the geomorphic evolution where creeks
geomorphically degrade to become broad valley flats which in turn clog to form irregular
shaped basins (such as Noobijup Lake - Section 2.3.3). During intermittent climatic
cycles, sedimentary processes result in the basins becoming excavated, ringed By beach
ridges and finally circular (such as Bokarup and Kodjinup Swamps - Section 2.3.1 and

2.3.2 respectively). The radiocarbon dates from the three wetlands refute this hypothesis
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with Noobijup Lake being the oldest and having the most irregular shaped basin. The
progression from irregular to circular wetland is more complex in these organic rich
basins, where autogenic processes play a central role in wetland development. The model
can be used to predict the trajectory for wetland development under a range of scenarios.
For example, under current conditions of organic matter supply and decay, the peat depth
in Kodjinup Swamp would reach an asymptote at around 217 cm at an age of 6300 years
BP. With a current peat depth of 134 cm (3100 years BP) and a maximum water depth of
around 1m, it can be hypothesised that in another 3200 years the wetland basin will be
almost completely filled with organic matter. However, this trajectory of wetland
development can be easily altered by changes in rates of supply and decay of organic
matter through deterioration of water quality such as increased salinity or nutrients,
alteration to local hydrology or direct losses of organic matter through erosional events

such as fires.

7.4.3 Summary

Short-term studies examining wetland carbon budgets provide limited interpretation of
long-term accumulation processes as they do not allow for continued in situ
decomposition, nor use sediment characteristics in model predictions. Alternatively, ®
radiocarbon dating has been used to estimate the average input of organic matter supply
to model long-term rates of peat accumulation. The model developed in this thesis uses
both contemporary rates of carbon supply generated from organic matter budgets and
20p} and '"C sediment dating techniques to quantify short and long-term peat
accumulation rates. The application of a decay coefficient derived from Noobijup Lake
and applied to the other wetlands' results in model predictions and simulations in these
wetlands being independent of radiocarbon dates. The assumption of a constant rate of
organic matter supply to peat formation based on carbon budget data allows hypotheses
about the impact of environmental change on accumulation rates to be generated from
predictions based on constant, contemporary conditions. The use of organic matter bulk
density data allows any compaction occurring with depth in the profile to be incorporated

into the model. A correction for carbon content with depth also allows changes in
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inorganic sedimentation or selective carbon decay to be incorporated into the model.
Based on model predictions for Noobijup Swamp, the accuracy of this model lies in the
predictions of recent accumulation rates (up to 100 years) and the overall depth of the

organic matter deposit.

Based on the assumptions of constant organic matter supply and exponential decay the
model generates an underestimate of peat height in Bokarup Swamp and an overestimate
of peat height in Kodjinup compared to ¢ dates. This indicates that environmental
conditions and rates of organic matter supply and/or decay have been highly variable in
the past. The model predictions for Bokarup Swamp indicate that the current rate of
organic input generates over 1m less peat than quantified using radiocarbon dates for the
same period of time. The model was ﬁsed to determine that over double the current rate
of organic matter input since the wetlands' initiation was required to generate the
sufficient peat depth. In Kodjinup Swamp, the model prediction of an overestimate of
organic matter accumulation compared to basal radiocarbon dates and an anomalous
chronology suggests that the process of accumulation has been disturbed. It is
hypothesised that fire related disturbance(s) over the last 3000 years have resulted in the
redistribution of sediments within the peat profile and the formation of an unconsolidated

layer of peat at the sediment surface in this wetland.

Parameters within the model such as run-time, rates of organic matter supply and decay
can be altered. This allows the trajectory of wetland development to be examined under
different environmental conditions, such as altered rates of supply and decay of organic
matter, deterioration of water quality such as increased salinity or nutrients, alteration to
local hydrology or direct losses of organic matter through erosional events such as fires.
Model predictions can therefore be used in determining the impact of catchment

management on the process of peat accumulation in these wetlands.
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CHAPTER 8

SYNTHESIS

Carbon cycles, wetland development and management

recommendations

8.1 Summary

This thesis examined the cycling of organic matter in three shallow (<1 m) wetlands
(Bokarup Swamp, Kodjinup Swamp and Noobijup Lake) with deep peat deposits in the
Miur-Unicup region of south-western Australia. Each wetland had a different recent
history of disturbance from fire and altered drainage. Water quality of the wetlands is
also decréasing, with rises in regional groundwater and wetland salinity levels. The
impacts of these disturbances on wetland processes and development are unknown, and
therefore the sustainability of these ecosystems under current management practices

needs to be addressed.

Dominant inputs (Chapter 3) and losses (Chapter 4) of organic matter were quantified,
and the role of the dominant sources of organic matter in wetland food webs examined
(Chapter 5). Sources and sinks of organic matter were used to construct a seasonal and
annual carbon budget for each wetland (Chapter 6). Empirical data from the carbon
budgets, sediment dating (*'°Pb and '*C) and sediment characteristics such as peat bulk
density and organic content from each wetland were used to build a simple, descriptive
model of long term rates of organic matter accumulation in these wetlands (Chapter 7).
This thesis provides the only examples of a quantitative carbon budget and a descriptive,

predictive model of long-term peat accumulation rates for Australian wetland systems.

Sources and losses of organic matter were dominated by a strong seasonal cycle. Peak
rates of inputs and losses occurred during the summer periods of each year and coincided

with the period of maximum wetland water levels and temperatures. Emergent



234

macrophytes (predominantly Baumea articulata) dominated the organic matter supply in
each wetland basin through the contribution of litterfall and below ground structures.
Losses of organic matter (expressed as carbon dioxide and methane atmospheric flux)
were relatively low compared to other wetland systems (see review in Kiene 1991), and
may be a result of reduced microbial activity from highly anoxic organic sediments. The
importance of this microbial activity to system function was evident in wetland foodwebs
(through §"°C and 8N analysis), with the detrital litter (mainly of macrophytic origin)

hypothesised to be a primary source of energy in these wetlands.

The annual carbon budget demonstrated that each wetland basin is currently a sink for
tens of thousands of kilograms of carbon each year. The budget also highlighted the
potential for disturbance events (such as fire) to transform wetland areas from carbon
sinks to carbon sources. The development of a simple, descriptive model of peat
accumulation rates also demonstrated that short-term erosional events and long-term
changes to rates of organic matter supply and decay have led to variable rates of peat

accumulation between wetlands in the Muir-Unicup region.

8.2 The importance of ecosystem processes

One of the primary factors controlling the formation of organic sediments is the
suppression of the aerobic decay of plant material. In Bokarup Swamp, Kodjinup Swamp
and Noobijup Lake, dissolved oxygen concentrations at the soil-water interface were
consistently less than 1 mg/L, even with water depths as low as 10 cm. Diurnal profiles
of water column DO and temperature indicated that a high and persistent benthic oxygen
demand was driving sediment and water column anoxia. The high benthic oxygen
demand from sediment microorganisms is dependant on a continued supply of organic
matter as a substrate for respiration. The microbial decomposition of this material in turn
reduces DO concentrations and favours the organic matter accumulation. The deep peat
deposits in each wetland indicate that the conditions conducive to peat accumulation have
been persistent for several thousand years. The exposure of surface peats to aerobic
processes through altered wetland hydrology can accelerate the decomposition of organic

matter and alter rates of accumulation. If organic sediments are to continue to accumulate
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in the wetlands of the Muir-Unicup region it is essential that existing peat deposits
remain permanently inundated in order to maintain the anoxic sediment conditions

necessary for peat accumulation.

The accumulation of peat is also reliant on the supply of organic matter to wetland
basins. The contribution of carbon inputs from allochthonous sources is substantial in the
margins of these wetlands, with inputs exceeding those from emergent macrophytes in all
seasons. This has important implications for the development of these wetlands, as it
appears that long-term peat accumulation involves vertical accumulation in the main
basin and a lateral encroachment of the wetland margins (Chapter 6). However, rates of
lateral encroachment are dependent on, and more susceptible to, the influence of
hydrological regime, resulting in différent rates of accumulation in the wetland margins
to the central basin. This is evidenced by shallower peat deposits in the wetland margins
of all the. study wetlands, indicating the wetting and drying cycle experienced by this
habitat is accelerating organic matter decomposition. The processes involved in the
lateral accumulation of organic matter have not been described in this study due to
limited knowledge of decomposition rates in the wetland margins and no available
radiocarbon dates. Differences in the rates of organic matter inputs and losses need to be
quantified in for all macrohabitats occurring in wetland basins if the process of wetland

development is to be determined.

Emergent macrophytes, particularly B.articulata, dominated the carbon supply in each
wetland through the contribution of leaf litter and below ground structures. Macrophytes
contributed highly refractory particulate organic matter to sediments, provided a source
of DOM, which may have contributed to low water column productivity and provided a
colonisable substratum for biofilms. The results of the stable carbon and nitrogen
analyses demonstrate the importance of macrophyte organic matter in the foodwebs of
these wetlands as a source of organic matter for detrital microflora (Chapter 5). The
litterfall from emergent macrophytes therefore not only provides the primary resource for
peat accumulation in the wetland basins, it is also central to the functioning of wetland

foodwebs by providing an organic substrate for detrital microorganisms.
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Emergent macrophytes also exerted a strong influence on the transformations and losses
of organic matter in these wetlands. They provided an important source of methanogenic
substrate .and enhanced the atmospheric flux of the methane. Methane flux rates were
significantly higher through emergent vegetation indicating B.articulata acts as a-conduit
for gas transport from the sediments to the atmosphere. Conversely, rates of carbon
dioxide flux were higher from unvegetated sediments, which may have resulted from the
aerobic consumption of methane by methanotrophic bacteria in surface sediments or in
the water column (Chapter 4). The transport of methane to the atmosphere through
emergent vegetation is an important process, as it removes methane from saturated
sediments and creates an aerobic rhizospere for methanotropic bacteria. The stable
isotopes study hypothesised that detrital microorganisms (such as methanotrophic
bacteria) were an important energy source in these wetlands. The balance between these
two processes is therefore crucial to wetland function and is reliant on a hydrologic

regime that sustains macrophyte communities.

Emergent macrophytes dominate the pathways of organic matter sources, sinks and
transformations in Bokarup Swamp, Kodjinup Swamp and Noobijup Lake. The
maintenance of emergent macrophyte communities is therefore paramount to sustain
fundamenfal wetland processes. Altered wetland hydrology leading to prolonged flooding
or drought in excess of plant tolerances may lead to a decline in productivity and
subsequent reduction in organic matter inputs. Recent changes to water quality in the
Muir-Unicup region may also result in changes to organic matter supply. Rising salinity
levels as a result of catchment agricultural practices in many of the wetlands in this
system may reduce plant vigour. Equally, high levels of phosphorus from agricultural
runoff may increase macrophyte productivity. Froend & McComb (1994) have described
the tolerances for B.articulata to changes in water quantity and quality. The maintenance
of water quality and quantity in the Muir-Unicup region must be addressed to ensure the

continued supply or organic matter important to short and long-term wetland processes.

A strong seasonal cycle dominated wetland physico-chemistry and organic matter inputs,

transformations and losses in all wetlands. Allochthonous and autochthonous iﬁputs of
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organic matter peaked during the summer periods of each year and corresponded to the
timing of maximum organic matter decomposition rates. This period of increased organic
matter inputs and losses coincided with the period of maximum wetland water levels and
temperatures. The coincidence of these processes is important, as the difference between
inputs and losses of organic matter control the rate of peat accumulation. There was
approximately a six-month lag (taking into account the sampling interval) between
maximum rainfall and maximum water levels. The result is a suite of wetlands with
highly seasonal water levels that are deepest in the warmer summer periods, an
uncommon feature in south-west Australian wetlands. High water levels during this
period may be important for providing the low benthic oxygen conditions at the time of
the highest organic inputs and therefore favouring the accumulation of peat. The presence
of the physico-chemical conditions most conducive to peat accumulation coinciding with
peak organic matter inputs has not been noted in the Australian limnological literature.
The fact that the co-occurrence of these conditions occur in a limited geographic region
may be the predominant reason explaining the occurrence and distribution of peat

deposits in south-western Australia.

8.3 Disturbance and rates of organic matter accumulation

The deep organic sediments in the basins of the Muir-Unicup wetlands suggest that they
have all been in net gain of carbon for a considerable period. A carbon budget
quantifying whether Australian wetland systems are a net source or sink of carbon had
not been previously constructed. The development of an annual carbon budget for
shallow, macrophyte dominated wetlands has demonstrated that each wetland basin is
currently a sink for tens of thousands of kilograms of carbon each year. These wetland
types are geographically restricted in south-western Australia and therefore become
important in both regional and global carbon cycles, sequestering enormous quantities of
carbon in their peat deposits. The unvegetated area in Bokarup Swamp created by a fire
event, however demonstrates the capacity for these wetlands to revert from carbon sinks
to carbon sources following disturbance. It is the only habitat studied that is a source of

carbon, contributing over 300 kgC/year to the global carbon budget and highlights the
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role of macrophytes not only as a carbon source, but also as an integral part of a self-
perpetuating, functioning, homeostatic system. Increases in the periods of no surface
water, loss of macrophytes from decreased water quality and the fire management of the
surrounding forests also have the potential to accelerate decomposition, and turn these
wetlands from a carbon sink to a carbon source. The consequences of these disturbances
extend well beyond the boundaries of these wetlands, as they can affect local, regional

and global carbon cycles.

The development of a simple, descriptive model (based on data from organic matter
budgets, sediment dates and sediment characteristics) has produced predictions of rates of
sediment organic matter accumulation (Chapter 7). The model predictions for Bokarup
Swamp indicate that past long-term rafes of organic matter supply would have needed to
be over double the present rates in order to accumulate the current depth of peat. At
present, Bokarup Swamp has one of the highest levels of surface water salinity of the
Muir-Unicup wetlands and the lowest imput of organic matter from macrophytes. The
extensive stands of B.articulata do not appear to be as 'healthy' as in other wetlands
showing distinct signs of prolonged stress such as leaf discolouration and necrosis of leaf
tips. Maximum water levels of only 40 cm and no surface water present for six months
may contribute to the decline in plant vigour caused by decreasing water quality. The
shallow maximum water depths indicate that the level of organic sediments is
approaching that of the surrounding landscape, and that reduced surface water levels
would be an expected part of the late stages of the seral development of this wetland. The
increase in salinity of the local surface and groundwater may exacerbate the decline in
macrophyte productivity to the point where rates of organic matter decomposition exceed
inputs. If this were to occur, Bokarup Swamp would not reach the terminal stages of

wetland development.

The model prediction of an overestimate of organic matter accumulation compared to
basal radiocarbon dates and an anomalous chronology suggest that the process of peat
accumulation has been disturbed in Kodjinup Swamp. It was hypothesised that a severe

fire event(s) removed a large proportion of the sediment organic matter. Peat fires can
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cause the direct loss of organic substrate through combustion and compaction, remove
vegetation contributing to peat accumulation and accelerate decomposition through
increased aerobic exposure of peat surfaces (Pitkanen et al. 1999). Altered hydrology
leading to increased drought conditions and the occurrence of wetlands approaching the
late stages of seral succession will mean they may be more susceptible to disturbance
from fire. The impact from short-term disturbances such as fire on peat accumulation
rates and will therefore depend on the peat conditions (primarily moisture content) and

the timing and frequency of fire events.

The model can also be used to predict the trajectory for wetland development under a
range of scenarios, providing information on short and long-term wetland processes. The
predictive power of the model permits 'the simulation of different scenarios and allows for
thresholds critical to continued peat formation to be identified. The ability of the model to
predict the long-term impacts of current or simulated environmental conditions is an
important component in identifying environmental conditions that may cause impacts on
rates of peat accumulation that are not apparent in the short-term. The monitoring of
environmental conditions and rates of organic matter supply and decay, and simulating
the long-term impact on organic sediment could provide a valuable tool for assessing the

impact of current and proposed management on wetland function and development.

8.4 Wetland development and management recommendations

8.4.1 Water quality and quantity

Altered wetland physico-chemistry is the greatest threat to the biogeochemistry of the
Muir-Unicup wetlands. A myriad of land management practices and management options
adopted in this region have led to substantial changes in water quality and quantity since
the Muir-Unicup region was opened to large-scale agriculture in the 1970's. Extensive
networks of surface water drainage channels have been constructed within the catchment
to remove saline overland flow from agriculturally productive land into nearby rivers and
wetlands. While this does prevent the localised salinisation of individual wetlands, the

threats to the functioning of the Muir-Unicup wetlands from periodic drought through



240

water diversions have not been established. The results from this thesis demonstrate that
drying phases lead to increased aerobic decomposition and losses of organic matter, and
may result in a long-term reduction in peat accumulation. Dry phases also increase the
risk of short-term disturbances from fire, which can severely alter the trajectory of
wetland development. Equally, extended periods of inundation can reduce macrophyte
vigour and affect the long-term rates of organic matter supply. The drainage system
constructed through Kodjinup Swamp Nature Reserve, for example, has reduced the local
catchment by two thirds, resulting in Kodjinup Swamp drying out for the first time on
record immediately following the drain construction. The issue of drainage needs to be
addressed, as diverting water into and away from wetlands can have important ecological
consequences. Further research outlining the impacts of flooding frequency, timing and
duration on wetland function would provide a basis for a management regime to ensure

sufficient water quality and quantity to sustain aspects of ecosystem function.

Extensive plantations of Blue Gums (Eucalyptus globulus) and Pinus radiata have been
recently established throughout the catchment on land considered unsuitable for
traditional agriculture (crops and grazing). Many of these plantations cover hundreds of
hectares immediately adjacent to wetland reserves. The role of these plantations in
reducing the level of the regional groundwater is important, however, their impact on
localised groundwater drawdown and hence wetland water levels is unknown. The
saturation of peat deposits in the Muir-Unicup wetlands has been identified as a critical
component in maintaing the physico-chemical conditions conducive to peat
accumulation. Equally, the impact on water levels following plantation harvests is
“unknown, and has the potential to lead to severe increased water depths through localised
rises in the groundwater table. Although only short-term, this impact may reduce
macrophyte productivity or even cause their death. This thesis has demonstrated the
central role of macrophytes in the ecological processes of these wetlands, and quantified
the detrimental impact of their loss to long-term wetland development and function.
Reasearch into the impact of these extensive plantations on local and regional
groundwater levels would provide for management strategies that minimised detrimental

impacts on wetland function from altered hydrology.
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8.4.2 Fire

Due to the high moisture content afforded by the organic deposits and their location in
basins, the Muir-Unicup wetlands have probably not been affected by fire to the same
extent as the surrounding vegetation. As such, these systems may be considered refugia
from fire for many species of flora and fauna. Equally, the lack of obvious impacts of
past fire events in many of the Muir-Unicup wetlands does not preclude their current

susceptibility to damage from fire.

Within the Muir-Unicup region fire is a natural phenorhenon because of frequent summer
drought and lightning storms. Fire is also a management strategy of conservation
agencies for the regeneration of logged areas and as a fuel reduction and fire suppression
strategy. The Muir-Unicup catchment contains a diverse mosaic of peat-floored wetlands
with different physico-chemistries and rates of peat accumulation, and of considerably
different ages and stages in seral development. The susceptibility of each wetland to
disturbance from fire will therefore differ depending on past and current wetland
conditions. The silvicultural practice of rotational prescription burning therefore cannot
be applied homogeneously to a landscape that is heterogeneous in nature (Wardell-
Johnson & Horwitz 1996). In order to preserve areas with highly organic sediments that
are sensitive to fire, detailed maps need to be constructed detailing their distribution.
Once identified, the moisture content of individual organic deposits need to be assessed
to determine their vunerability to fire at time of the prescription burn. Fire regimes need
to be developed for the Muir-Unicup region that recognise the mosaic of wetland types
and provi.de a diversity of 'prescriptions', which include a regime of fire exclusion. A
regime targeted to a specific vunerable habitat will allow for representative wetlands to
continue to develop and accumulate peat without anthropogenic disturbance from fire,
while retaining a mosaic of wetlands with a range of developmental stages, ages and

intrinsic characteristics.



242

8.4.3 Conclusion

To quantify the rates of organic fnatter accumulation in wetland systems, and predict
their future response to environmental change, we need to consider the management of
these systems at various spatial and temporal scales. This research has demonstrated
differences in physico-chemistry, rates of organic matter supply and decay, foodweb
structure and short and long-term rates of peat accumulation between Bokarup Swamp,
Kodjinup Swamp and Noobijup Lake in the Muir Unicup region of south-western
Australia. These differences are evident despite the fact that these wetlands all contain
peat-floored basins dominated by the same species of emergent macrophyte and are in
close proximity to each other within the same catchment. It has also been shown that
these wetlands are in different stages of seral development as a result of differeing ages
of the peat deposits and exposure to disturbance events. Without quantitative data
describing the contemporary ecological processes as well as estimates of long-term rates
of organic matter accumulation, we have somewhat optimistic expectations when trying

to predict the effects of environmental change on wetland development.

The Muir-Unicup wetlands are vulnerable to large-scale disturbance from human activity
that can affect short and long-term fundamental wetland processes. The preservation of
wetlands in small isolated pockets of forest surrounded by cleared agricultural land may
not ensure the long-term survival of these systems. Disturbance is a key proceés in the
development of wetland systems, and the active prevention of disturbance may also lead
to the disintegration of many wetland processes. Management of these systems requires
landscape scale planning over long-term time frames (decades to centuries).
Palaeoecological techniques combined with contemporary process data provide a
valuable baseline from which to judge the present situation and argue for a long-term
landscape scale management and conservation policy. Such management would result in
a landscape where key processes involved in wetland development are allowed to operate

without undue hindrance from anthropogenic disturbance.
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APPENDIX 1- TAXONOMIC LISTS FOR VEGETATION TRANSECTS

Bokarup Swamp.

Transect 1  Transect2  Transect 3

FAMILY Species A B C A B C A B C
ZAMIACEAE Macrozamia riedlei X X X
DILLENIACEAE H. hypercoides X X

H. racemosa X
DROSERACEAE Drosera pallida X X

D. penicillaris X X
EPACRIDACEAE Leucopogon capitillaris X X
MIMOSACEAE A.extensa X X

A.heuglelii X X

A.pulchella X
PAPILIONACEAE Bossiaea linofolia X

Davesia spl X X

Isotropis cuneata X
PROTEACEAE B. listoralis X X

H. prostrata X X

Synaphea spinulosa X X
THYMELAEACEAE Pimelia sulphurea X X
MYRTACEAE Eucalyptus calophylla X X

E. rudis X X

Hypocalymma sp3 X

Melaleuca raphiophylia X

M.densa |
ASTERACEAE Asteridia pulverulenta X X

Craspedia spl X X
XANTHORRHOEACEAE xanthorrhoea preissii X X
ANTHERICACEAE Chamaescilla corymbosa X Cx

Sowerbaea laxiflora X X
IRIDACEAE Ixiaspl X
ORCHIDACEAE Caladenia flava X
HAEMODORACEAE Conostylis setigera X X

Tribonanthes violacea X
HYDROCHARITACEAE Vallisneria gigantea X X
MENYANTHACEAE Villarsia sp. X X
CYPERACEAE Baumea articulata X X x

Schoenoplectus validus X X
Species Richness 2 3 0 27 6 22 5 5




Kodjinup Swamp
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Transect 1 Transect 2 Transect 3

FAMILY Species A B C D A B C A B C
DENNSTAEDTIACEAE  Pteridium esculentum x X
ZAMIACEAE Macrozamia riedlei x X X X
STERCULIACEAE Thomesia sp X
DROSERACEAE D. penicillaris X X X
EPACRIDACEAE Leucopogon X X

capitillaris

L. propinea X X
MIMOSACEAE A.heuglelii x X X X

_ Acacia saligna X X

PROTEACEAE B. littoralis x X x X X X

Isopogon sp 1 X X

Lambertia spl X X
MYRTACEAE Baeckea spl : X X

Eucalyptus calophylla  x X X

E. rudis X X X

Hypocalymma sp1 X X X

Hypocalymma sp2 X X

Kunzea recurva X

Melaleuca X X ).

raphiophylia

M.densa X X X
GOODENIACEAE | Scaevola spl X X X
XANTHORRHOEACEAE xanthorrhoea preissii X X X
ORCHIDACEAE Caladenia flava X X
HAEMODORACEAE Conostylis setigera X X
HYDROCHARITACEAE Vallisneria gigantea X X X X X
MENYANTHACEAE Villarsia sp. X X X X X
CYPERACEAE Baumea articulata X X X x x
Species Richness 13 4 6 18 6 3 18 4 3
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Noobijup Lake |
Transect 1 Transect 2 Transect 3

FAMILY Species A B C D A B C A B C D
ZAMIACEAE Macrozamia riedlei X X X X X X
DILLENIACEAE Hibbertia amplexicaulis X X X X X

H. racemosa X X
DROSERACEAE Drosera pallida X X X X X X

D. penicillaris X X X X X
EPACRIDACEAE Leucopogon capitillaris X X X
PITTOSPORACEAE Sollya heterophylla X X
MIMOSACEAE A.pulchella X , X X X
PAPILIONACEAE Kennedia spl x X ' X X
PROTEACEAE Banksia latifolia X X X X X

Dryandra nivea X X X X X X

Hakea lissocarpha X X

H. prostrata X X

H. ruscifolia X X

Synaphea spinulosa X X X
MYRTACEAE Baeckea spl X X X X

Eucalyptus calophylla X X X

E. rudis X X X

Hypocalymma sp1 X X

H.angustifolium X

Melaleuca raphiophylla X X X X

_ M.densa X

EUPHORBIACEAE Phyllanthus calycinus X
RUTACEAE Boronia spathulata X X
APTACEAE Xanthosia heuglii X X X X
GOODENIACEAE Scaevola spl X X
ASTERACEAE Craspedia spl1 X X X

Ursinia spl X X
XANTHORRHOEACEAE xanthorrhoea preissii X X X X X
ANTHERICACEAE Chamaescilla corymbosa X X

Thysanotus manglesianus X X
ORCHIDACEAE Caladenia flava X X X X X X

C.heuglii X X X X X . X
HAEMODORACEAE Conostylis setigera X X X X X
HYDROCHARITACEAE Hydrilla verticillata X X X

Vallisneria gigantea X X X
MENYANTHACEAE Villarsia sp. X X X
CYPERACEAE Baumea articulata X X X X X

B.arthrophylla X X X
Species Richness 28 14 5 2 23 6 25 10 4 2
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APPENDIX 2 - RAW DATA FROM PHOSPHOLIPID PRELIMINARY

EXPERIMENT
Replicate 0-15cm 15-30cm 30-45cm
ug PO4 running pgPO4 running pgPO4  running
s.d. s.d. s.d.

1 38.82 23.55 12.15

2 52.75 9.85 36.05 8.84 18.88 4.76
3 42.56 7.21 34.93 6.92 13.98 3.48
4 57.98 8.87 3549 5.99 12.76 3.05
5 43.15 7.98 40.61 6.33 18.27 3.15
6 52.87 7.53 26.64 6.43 14.90 2.82
7 52.26 7.05 32.76 5.87 17.66 2.74
8 61.98 8.06 42.16 6.35 19.66 2.93
9 39.79 8.31 37.16 6.03 2222 3.43
10 47.66 7.85 38.27 5.82 12.86 3.46
11 59.37 8.08 25.99 6.12 13.41 3.40
12 63.28 8.61 43.19 6.42 16.43 3.24
13 55.47 8.34 28.76 6.36 15.67 3.11
14 52.44 8.34 32.15 6.36 21.29 3.11
15 57.20 7.87 39.47 6.07 16.93 3.18
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APPENDIX 3 - RAW DATA USED IN CARBON BUDGET CALCULATIONS.

Bokarup Swamp (g/m?)

Winter Spring Summer Autumn

Jul-95 Jul-96 ‘Sep-95 Oct-96 Dec-95 Feb-96 Jan-97 Apr-96
Allochthonous litterfall nd 37.872 52.302 34.408 129.777 128.596 89.117 54.244
Autochthonous litterfall nd 8.242 6.381 7.179 20.473 20.473 11.699 8.242
Macrophyte roots/thizomes 3.185 3.185 3.185 3.185 3.185 3.185 3.185 3.185
Water column production 0.009 0.015 0.091 0.062 0.353 0.532 0.062 0.278
DOC 0.393 0.600 0.213 0.284 0.473 0.702 0.454 0.070
Biofilm nd 0.000 0.649 1.166 5.860 0.000 4381 0.000
Microbial Biomass 0.142 0.178 0.197 0.269 0.327 0.341 0.269 0.232
CO2 - Open water 0.903 1.150 nd 1.754 1.696 2.182 2.377 2.218
CO2 - Macrophytes 0.710 0.903 nd 1.036 0.931 1.073 1.036 1.109
CH4 - Open water 0.472 0.564 nd 0.854 0.896 0.947 0.854 0.547
CH4 - Macrophytes 0.497 0.641 nd 1.129 0.991 1.064 1.129 0.871
Total CO2 0.807 1.026 nd 1.395 1.314 1.628 1.707 1.663

Total CH4 0.591 0.733 nd 0.945 0.914 1.010 0.945 0.828



Kodjinup Swamp (g/m?)

Allochthonous litterfall
Autochthonous litterfall
Macrophyte roots/rhizomes
Water column production
DOC

Biofilm

Microbial Biomass

CO2 - Open water

CO2 - Macrophytes

CH4 - Open water

CH4 - Macrophytes

Total CO2

Total CH4

Winter
Jul-95

nd

nd
10.673
0.000
0.105

nd
0.309
1.286
1.091
0.390
0.686
1.188
0.538

Jul-96

24772
1.089
10.673
0.000
0.115
0.000
0.259
1.402
1.156
0.591
0.704
1.279
0.647

Spring
Sep-95

25.197
7.084
10.673
0.013
0.759
0.175
0.276
nd
nd
nd
nd
nd
nd

Oct-96

27.299
10.740
10.673
0.045
2.035
0.526
0.398
1.294
1.787
0.717
1.199
1.540
0.958

Summer
Dec-95

78.185
33.692
10.673
0.069
1.837
0.637
0.440
1.836
1.466
0.931
1.298
1.651
1.115

" Feb-96

81.195
32.661
10.673
0.079
1.304
0.482
0.671
1.805
1.687
0.936
1.303
1.746
1.119

Jan-97

52.660
22.691
10.673
0.105
1.167
0.813
0.940
1.981
1.887
0.970
1.346
1.934
1.158

Autumn |
Apr-96

43.408
8.085
10.673
0.018
0.515
0.099
0.401
2.022
1.988
0.360
0.642
2.005 -

0.501



Noobijup Lake (g/m?)

Allochthonous litterfall
Autochthonous litterfall
Macrophyte roots/rhizomes
Water column production
DOC

Biofilm

Microbial Biomass

CO2 - Open water

CO2 - Macrophytes

CH4 - Open water

CH4 - Macrophytes

Total CO2

Total CH4

Winter
Jul-95

nd

nd
3.095
0.006
0.364

nd
0.052
0.955
0.713
0.361
0.686
0.834
0.524

Jul-96

21.606

7.958
3.095
0.011
0.343
0.625
0.063
0.940
0.843
0.394
0.668
0.892
0.531

Spring
Sep-95

18.201
2.914
3.095
0.024
0.272
1.328
0.079
nd
nd
nd
nd
nd
nd

Oct-96

7.395
5.563
3.095
0.059
0.516
1.742
0.172
1.430
0.914
0.526
0.697
1.172
0.612

Summer
Dec-95

33.983
17.366
3.095
0.203
0.446
3.026
0.219
1.510
0.899
0.550
0.812
1.205
0.681

Feb-96

36.527
17.700
3.095
0.184
0.281
8.612
0.295
1.791
1.176
0.569
0.965
1.483
0.767

Jan-97

18.636
14.027
3.095
0.353
0.290
18.783
0.350
1.708
1.067
0.633
0.906
1.388
0.770

Autumn
Apr-96

29.097
5.967
3.095
0.044
0.123

15.887
0.158
1.285
1.094
0.549
0.840
1.189
0.694
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APPENDIX 4 - PERCENT ORGANIC CARBON VALUES FOR DOMINANT
ORGANIC MATTER SOURCES DETERMINED BY IRMS.

Summer SE Autummn SE  Winter SE Spring S.E
Bokarup Swamp
Biofilm unvegetated 18.37 0.04 15 0445 7.74 1.94
Biofilm vegetated 14.42 1.86 8 0.57
B.articulata leaves 35.6 0.16 28.9 1.37 28.46 2.11
B.articulata roots 33.7 2.29 27.24 2 16.9 0.43
B.preisii leaves 33 1.9 36.07 1.87 23.13 2.36
B.arthrophylla leaves ~ 29.35 0.8 42.63 1.82 2548 4.1
Nymphoides sp. 34 0.31 3243  0.097 23.3 2.68
Triglochin sp. 37.36 1.15 37.35 2.6 30.65 3.9
M.raphiophylla 37.7 0.51 43.42 1.16 30.2 2.9
E.rudis 40.7 0.39 42.7 1.5 2697 0.2
Kodjinup Swamp
Biofilm vegetated 25.3 0.6 24.7 1 18.97 1.7
B.articulata leaves 38.2 2 33.81 0.58 25.11 6.32
B.articulata roots 33 6.3 29.8 094 23.88 1.66
Nymphoides sp. 26.5 6.6 26.48 1.7  22.59 5.69
Triglochin sp. 28.9 0.47 36.38 344 21.16 9.2
M.raphiophylla 40.9 0.6 36 2.1 33 7.6
E.rudis 41.75 0.4 379 2.1 29.19 4.17
Noobijup Lake
Biofilm vegetated 25 1.4 1738 0.09 11.3 0.92 13.14 2.21
B.articulata leaves 35 0.43 28.2 1.58 37.61 0.56 28.35 0.29
B.articulata roots 34.2 0.5 27.89 0.5 33.1 1.76  26.52 0.77
B.arthrophylla leaves 38.8 0.37 40 1.2 35.86 0.46 29.8 0.53
Nymphoides sp. 45.5 0.64 25 248 37.78 3.05 31.79 3.68
Triglochin sp. 333 0.45 30.2 2.57 39.84 2.1 4598 1.29
Myriophyllum sp 39.6 0.9 3197 1.58 43.38 3.96 44.87 0.29
M.raphiophylla 49.8 1.2 30.6 0.33 57.27 5.79  40.37 0.78
E.rudis 58.4 6.78 37.97 4.93 57.67 221 4112 0.14
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