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Abstract

Headwater streams are extremely vulnerable to the consequences of land-use change as
they are tightly coupled with the surrounding landscape. Understanding the natural
processes that influence the structure and function of these ecosystems will improve our
understanding of how land-use change affects them.
Benthic substratum habitat was investigated in a sub-tropical headwater stream by
quantifying temporal change to sediment texture of surface sediments (<10cm), over
four years. Hydrological characteristics were also surveyed in detail, as hydrological
regime is a primary determinant of sediment transportation. Additionally, measures of
hydro-geological features - hydraulic conductivity and groundwater depth were made in
order to explore features of sediment habitat that extend beyond the sediment-water
interface.
Whilst the typical discharge pattern was one of intermittent base flows and infrequent,
yet extreme flood events associated with monsoonal rain patterns, the study period also
encompassed a drought and a one in hundred year flood. Rainfall and discharge did not
necessarily reflect the actual conditions in the stream. Surface waters were persistent
long after discharge ceased. On several occasions the stream bed was completely dry.
Shallow groundwater was present at variable depths throughout the study period, being
absent only at the height of the drought.
The sediments were mainly gravels, sand and clay. Changes in sediment composition
were observed for fine particulates (size categories less than 2mm). The grain size
change in the finer sediment fractions was marked over time, although bedload
movement was limited to a single high discharge event. In response to a low discharge
regimen (drought), sediments characteristically showed non-normal distributions and
were dominated by finer materials.

High-energy discharge regimes (flood) were

characterised by coarsening of sands and a diminished clay fraction. Particulate organic
matter from sediments showed trends of build-up and decline with the high and low
discharge regimes, respectively.
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Benthic habitats were described according to prevailing hydro-geological parameters.
Faunas from sediment substratum samples were associated with identified habitat
categories.

The fauna reflected the habitat variability in terms of hydrological

disturbance of the substratum structure and intermittency of discharge. An applied
multivariate procedure was used to correlate temporally changing environmental
parameters and faunal abundance data.

Faunas were correlated with a group of

variables dominated by either discharge variables or sediment textural parameters.
Sediment characteristics that affect substratum quality and substratum preference at the
micro-scale were investigated via hypotheses testing. A model of carbon loss was used
to determine how long particulate organic matter could potentially sustain microbial
activity under experimental conditions. An estimate of up to 200 days was determined
from this laboratory experiment. Secondly, enriched carbon isotopes were used in a
field-based experiment to establish a link between sediments and macrofauna.
Enrichment via organic sediments was found for various detritivorous and carnivorous
taxa.

In the ‘third’ experiment, artificial treatments were applied to elucidate

substratum preference. Fauna was offered the choice of variable quantities of clay
and/or quality of organic matter. There were no significant preferences found for the
different substratum treatments, although further investigation is needed and a different
outcome from this method may be achieved under more benign field conditions than
those encountered during this experiment.
Finally, the study was set within a context of the primary features of scale. Climate and
hydrological features, including linkages with the alluvial aquifer and terrestrial
ecosystem, and their potential to change within ‘ecological time’ are perceived as
critical to understanding the role of benthic sediment substratum.
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Chapter 1
General Introduction

1.1 Substrata
Habitat selection by aquatic invertebrate fauna is determined by biotic and abiotic
factors (Hynes, 1970; Taylor and Littler, 1982; Minshall, 1984; Lake, 1990; Allan,
1995; Barnes and Hughes, 1999). These factors have been categorised as macro-level
variables which may alter environmental conditions on a large scale; e.g. water
temperature, flow regime (depth and volume), chemical composition and substratum
and, micro-level variables that operate on a local scale; e.g. light, food, current velocity
(Minshall, 1984; Dean and Connell, 1987c; Etter and Grassle, 1992; Allan, 1995;
Barnes and Hughes, 1999). Of these, substratum is considered a primary determinant of
the occurrence and microdistribution of fauna (Hynes, 1970; Minshall, 1984; Allan,
1995; Giller and Malmqvist, 1998; Edgar, 2001). This is particularly so in streams and
rivers where the majority of invertebrate fauna is benthic (Giller and Malmqvist, 1998).
The nature of a substratum affects the distribution of both marine and freshwater fauna
in a variety of ways, chiefly modifying variables such as food and current and providing
shelter and a surface for attachment (Minshall, 1984; Swan and Palmer, 2000; Edgar,
2001). The physical characteristics of substratum that are of prime importance to fauna
are size and heterogeneity (Cummins, 1962; Minshall, 1984; Allan, 1995; Edgar, 2001).
The inorganic component of benthic substrata is usually divided into soft and hard
categories; soft-bottomed substrata are those with particle sizes generally less that 2mm
(Lock, 1990), and are the topic of further interest here.

This type of substratum

predominates in the marine environment (Edgar, 2001), and is commonly referred to as
a silty or sandy bed in freshwater environments. The unique nature of soft substrata
includes their individual and composite structural properties and their inhabitants.
Figure 1.1 illustrates fauna in a marine soft-bottomed substratum, this shows the
intricate structural architecture of burrows built by fauna in soft sediments. Little is
known, however, about the burrows of sediment-dwelling insects (Charbonneau and
Hare, 1998).

The action of burrowing may enhance the transport of dissolved

substances between sediment and water (Bird et al., 1999).
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[image removed]

Figure 1.1 Interstitial fauna in marine soft-bottomed sediments (from Barnes 1999).

Non-living particulate organic matter also forms part of the substratum and is variable
on a scale of retentiveness – the accumulation of organic matter and detritus associated
with the substratum (Giller and Malmqvist, 1998).

Key ecosystem processes of

substrata are also defined and emphasised by fine scale granulometry e.g. oxygen,
interstitial space and organic matter translocation (Lock, 1990; Allan, 1995; Giller and
Malmqvist, 1998; Barnes and Hughes, 1999; Boulton and Brock, 1999; Edgar, 2001).
Many substratum characteristics vary naturally on a temporal scale (Giller and
Malmqvist, 1998). Table 1.1 provides a summary of patterns of stream-invertebrate
substratum relationships.
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Table 1.1 General patterns of relative macroinvertebrate-substratum
relationships in lotic waters (from Giller and Malmquist 1998).
Substratum type
Mineral
Bedrock
Mud
Sand
Gravel
Cobble/Pebble
Boulder
Organic
Moss
Macrophyte
Filamentous algae
Leaves
Wood

Species Richness

Biomass

Density

*
*
**
***
***
****
**

* ***
**
* ***
**
***
** ***

* ***
***
**
*** ****
*** ****
***

***
**
**
***
**

****
****
**
****
****

*****
****
**
***
***
****
**
****

****
***
****

*****
*****

*, very low; **, low; ***, intermediate; ****, high,; *****, very high two sets of asterisks represent a range

Determining the role of substratum is complicated because of interaction or covariation
with other variables (McCoy and Bell, 1991; Allan, 1995; Edgar, 2001). As such, it is
difficult to generalise about the size, stability or heterogeneity of substratum structure as
it is critically linked to variations in water flow (Hynes, 1970; Minshall, 1984; Allan,
1995; Edgar, 2001).

Catchment disturbance can alter the substratum habitat and

subsequent impact of hydrological variability (as well as flows per se) (Campbell and
Doeg, 1989; Burt, 1996; Lake et al., 2000).

Substratum is the determinant of

microdistributional environmental conditions of stream organisms ‘…its structure is
linked to variations in flow resulting in a variable spatial and temporal mosaic’
(Minshall 1984 p358).

1.2 Disturbance
Disturbance plays a critical role in organizing communities and ecosystems (Sousa,
1979a; 1979b; Resh et al., 1988; Townsend, 1989; Lake, 1990; Grimm, 1994; Petts and
Calow, 1996; 2000). Disturbance has been defined as any relatively discrete event in
time that removes organisms and opens up space which can be colonised by individuals
of the same or different species, depletion of community diversity, and disruption of
ecosystem processes such as nutrient exchange (Townsend, 1989; Grimm, 1994; Lake,
2000). Disturbance can occur as a result of natural and/or anthropological causes. It is
a powerful structuring force in stream ecosystems (Resh et al., 1988) and the context in
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which ecosystem stability is often judged (Grimm and Fisher, 1989; Lake, 1990).
Fluctuations in flow in streams and rivers are an obvious agent of disturbance (Grimm,
1994; Hildrew and Giller, 1994; Lake, 2000).
The ecological consequences of flow related disturbance are widely studied (e.g. Grimm
and Fisher, 1989; Rader and Ward, 1989; Scrimgeour and Winterbourn, 1989;
Feminella and Resh, 1990; Minshall et al., 1992; Dudgeon, 1993; Flecker and Fiefarek,
1994; Matthaei and Townsend, 2000; Thomson et al., 2002). Studies of temporal
patterns in stream ecosystems associated with variable magnitude and frequency of flow
have shown measures of ecosystem stability to be variable with a complex range of
antecedent and event conditions (e.g. Delucchi and Peckarsky, 1989; Grimm and Fisher,
1989; Boulton et al., 1992; Peterson and Stevenson, 1992; Boulton and Lake, 1992b;
Clinton et al., 1996; Miller and Golladay, 1996).
Response to disturbance also varies spatially, possibly as a consequence of
environmental patchiness (Townsend, 1989; Peterson and Stevenson, 1992). Peterson
and Stevenson (1992) examined the effects of disturbance timing and current speed on
stream algal communities and observed interaction effects between these variables and
their measures of community stability.

Scarsbrook and Townsend (1993) using a

habitat templet approach, contrasted streams with different disturbance regime and
spatial refugia. They observed significant changes in faunal assemblages associated
with the physically defined spatial axes of their templet. Lancaster and Hildrew (1993)
in a study of microdistribution observed size- and species-specific responses of fauna to
high and fluctuating flows. Local densities of fauna were found to be higher in areas of
flow refugia. However, this may have been a response to seasonal variation rather than
efforts to seek refuge from short-term flow increases (Lancaster and Hildrew, 1993).
The effects of low flow disturbance include siltation, decrease in oxygen concentration
and desiccation (Williams, 1987; Hildrew and Giller, 1994).
The response of stream fauna to disturbance caused by hydrological variability is likely
to be modified depending on microhabitat characteristics. In part, these characteristics
are shaped by the relationship between sediment texture and surface discharge, as it
underpins stream habitat form in terms of physical stability and structural complexity.
Sediment composition can also be a major modifier of the physico-chemical
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environment within microhabitat. Figure 1.2 shows a conceptual diagram of the factors
controlling sediment habitat.

[image removed]

Figure 1.2 A conceptual diagram of the hierarchy of factors controlling local sediment habitat
conditions of major importance to interstitial metazoans (from Ward et al. 1998).

1.3 Forested headwater streams
Hydrology and geomorphology

Fundamental hydrological pathways of headwater streams are illustrated in Figure 1.3.
The relative simplicity of this diagram belies the complexity of relationships between
headwater hydrological and geomorphic features that contribute to a differential
response of channel forms to hydrological disturbance (see below; Resh et al., 1988).
Disturbance of the stream biota may occur through erosion and abrasion, siltation
burial, desiccation and extremes of water quality (Petts and Calow, 1996). The amount
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of sediment lost from a hillslope depends on site factors such as gradient, soil type and
vegetation (Campbell and Doeg, 1989).
text

[image removed]

Figure 1.3 Hydrological pathways in headwater catchments. 1, Infiltration-excess overland
flow. 2, Saturation-excess overland flow; 2a, direct runoff from saturated soil; 2b, return flow.
3, Subsurface storm flow. 4, Groundwater flow (from Burt 1996).

The physical components of the erosion process are the types of materials and their
associated loads. Materials are transported as washload (finer materials washed in) and
suspended materials (bed materials mobilised from within the channel) interact with the
bedload component of sediment transport (Walling and Webb, 1996).

Suspended

sediments may come from erosion of the channel, bank, gully or tracks, their source
potentially exerting an important influence over features of the load (Walling and
Webb, 1996). Natural suspended sediment load is organic and inorganic. Materials
>0.45µm are transported attached (via physical and chemical sorption) to or
incorporated with other substances. Materials <0.45µm travel in solution and their
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behaviour in relation to discharge is determined by the nature of runoff production
within the catchment (Walling and Webb, 1996).
Headwater streams are ecotones where the hydrological component is highly intricate.
Spatial and temporal variability in the flow-net of headwater streams encompasses the
surface and sub-surface waters (Allan, 1995; Pielou, 1998). Contemporary descriptions
of the hydrology of lotic systems portray a complex model of dynamics incorporating a
landscape perspective (e.g. riparian zone and extended floodplain), ecotone division of
the sub-surface between riparian, in-stream and groundwater ecosystems and
multifaceted functionality (Ward and Palmer, 1994; Brunke and Gosner, 1997; Pusch et
al., 1998; Ward et al., 1998; Woessner, 2000; Malard et al., 2002). A good example of
this complexity is our understanding of processes within the hyporheic zone. This zone
is defined as the portion of the saturated zone in which the surface and groundwater mix
(Woessner, 2000) or exchange (Boulton et al., 1998). The bed sediments of the surface
system form the upper most layer of the hyporheic zone (Triska et al., 1989). Pielou
(1998), however, stresses the importance of terminology in this context – noting a
potential difference between sub-surface water and true phreatic water. The flow-net
dynamics of the hyporheic zone are controlled by geomorphic features, particularly
alluvial sediments (Wondzell and Swanson, 1996a; Brunke and Gosner, 1997).
Geochemistry and effects on biota

Processes of retention, production and transformation are known to generate different
chemical environments and these have been set in an ecological context through
hyporheic zone and groundwater research (Valett et al., 1990; Boulton et al., 1998).
Vertical linkage provides a mechanism for exchange and influence via the
replenishment of interstitial oxygen by down-welling, and nutrient enrichment of
surface waters by up-welling (Valett et al., 1990; Boulton et al., 1998). The hyporheic
zone inputs, including surface derived organic material and groundwater discharge,
mean that this zone of river-groundwater exchange is a source/sink for dissolved
organic matter (Brunke and Gosner, 1997; Pusch et al., 1998). Pusch et al. (1998)
contend that ecological connectivity of the interstitial microbial loop may be a driver of
high riparian zone productivity and biodiversity. The habitat volume offered by the
hyporheic zone is potentially ten times that of the surface channel, and its size and
localised importance expands and contracts laterally along the longitudinal gradient
(Sedell et al., 1990).
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Hyporheic zone water forms with seasonal changes in temperature and discharge
(Hendricks and White, 1995).

In a humid climate, potential interaction between

groundwater and the surface gravel bed of headwater streams is clearly predicted
(Pielou, 1998; Allan, 1995). Exchanges such as those observed for hyporheic zones
could also occur, though, in the absence of a connecting ecotone (hyporheic zone as
described by Brunke (1997)). Valett (1993) asserts that the physical, chemical and
biological conditions in the hyporheic, benthic and surface waters are characterised by
hydrologically mediated exchange. The cause of high variability in chemistry with
exchange is due to differential rates and types of biogeochemical processes (aerobic and
anaerobic). These may be fundamentally different, suggesting a significant role of
geomorphology in the exchange process (Findlay, 1995). Valett (1997) investigated the
hydrological interaction between groundwater and surface water (via alluvium in
headwaters), concluding that the structure and function of nutrient characteristics is
dependent on alluvial hydrogeological properties, most specifically, hydraulic gradient.
The characteristics of the stream-bed surface sediments and different linkages, in a
context of invertebrate habitat, have not been widely studied (Palmer et al., 2000). Dent
et al. (2000) provides a recent analysis of research on subsurface influences on surface
biology; highlighting the absence of direct research into this particular environment.
The chapter is inferential in nature deriving much of the background and conclusive
research from studies specific to the hyporheic zone (Dent et al., 2000). In this book’s
introduction, surface-subsurface exchange is defined as exchange between any two
subsystems e.g. surface, hyporheic, riparian, groundwater (Stanley and Jones, 2000).
Catchment disturbance - sedimentation

Aquatic ecotones are highly sensitive to landscape disturbances, with stability variable
with respect to location within the landscape (e.g. headwaters versus lowlands)
(Wissmar and Swanson, 1990). Wissmar and Swanson (1990) hypothesise that upland
streams are less stable than lowlands because of their high frequency of disturbance and
stronger landform controls such as topography. Topographic relief has a critical bearing
on headwaters via focus of surface and subsurface flows and the availability of water
and energy to transport matter (Wissmar and Swanson, 1990).
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Sediments in streams occur as suspended material or deposits on the stream-bed and
interstices. Increased inputs of sediments are potentially deleterious to all forms aquatic
flora and fauna (Doeg and Milledge, 1991; Waters, 1995; Prosser and Norris, 2001;
Richardson and Jowett, 2002; Sutherland et al., 2002). A summary diagram from
Boulton and Brock (1999) illustrates the general features of sedimentation (Figure 1.4).
There are numerous qualifiers to this outline to be considered in assessing both sources
and impact of sedimentation. Firstly, it is important to note the wealth of information
from North American systems, which have been the subject of at least a century of
study on sedimentation (see Waters, 1995), compared with those in Australia. Whilst
practices such as land clearance, mining, extraction and urbanisation have the universal
outcome of sedimentation, their frequency and impact is variable and may produce
different responses in the biota across different biomes.

[image removed]

Figure 1.4 General features of sedimentation (from Boulton and Brock 1999).

Waters (1995) provides a comprehensive review of sedimentation issues in North
American streams. His monograph outlines and provides a focus on research into
forestry and mining practices and urbanisation as sources of sediment, and subsequent
ecosystem research effort from the 1950’s onward, chiefly to protect aquatic
environments for fish (including their food!).

Sediment generated from forestry

practices has been extensively investigated. Greatest excess sediment generation is
from logging roads, particularly if built near streams, and much greater if road
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construction creates conditions for mass soil failures and landslides (Waters, 1995 p24).
Logging and road construction can affect volume, rate and timing of sediment
movement leading to accelerated erosion (Platts et al., 1989). Forestry practises may
have a major influence on stream discharge and water quality (Waters, 1995). Impacts
of forestry operations on stream fauna occur through streambank erosion,
sedimentation, debris accumulation, decreased allochthonous inputs, increased light,
water temperatures and autochthonous production (Campbell and Doeg, 1989; Waters,
1995; Lane and Sheridan, 2002).
Lenat et al. (1979 cited in Waters, 1995 p76) summarised the effects of sediments on
benthic macroinvertebrates as being dependent on the magnitude of inputs. When
amounts of sediment are small, density and standing stock of benthos may be decreased
due to reduction of interstitial habitat, although structure and species richness may not
change (habitat reduction). The presence of greater amounts of sediment that drastically
change substratum type will change the number and type of taxa, thus altering
community structure and species diversity, but often with increasing densities (habitat
changes) (see also Lemly, 1982 and; Gurtz and Wallace, 1989). Madridet (1996)
recognised linkages between the riparian and sediment character (percentage of fines),
invertebrate functional feeding groups and particulate organic matter, stating that
alteration of the riparian vegetation can act on the in-stream habitat lowering porosity,
hydraulics and consequently dissolved oxygen. There are both surface and subsurface
responses to changes in catchment condition (Platts et al., 1989).
Apportioning cause for sedimentation was not, however, always straightforward as the
following studies demonstrate.

For example, Moring (1982) noted that extreme

variability in sediment discharge and increase in discharge post logging may obscure
the actual impact of sedimentation. Adams (1980) states that numerous studies related
increased fines content to detrimental biological impacts but temporal variations may be
large enough to obscure the effects of land use. Additionally, the biological effects of
sediments from different sources may vary in duration, seasonality and severity
(Waters, 1995 p70).

Furthermore, the principal effect of excess sediment on the

streambed is determined as increased embeddedness of cobbles by fine sediments,
which fill the spaces below and between cobbles, thus reducing habitable area for
Ephemeroptera, Plecoptera and Trichoptera. The emphasis has been on these taxa
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because they are preferred fish foods (Waters, 1995; Walling and Webb, 1996). Other
taxa and particle sizes have been neglected (Waters, 1995).
Sedimentation perspective for Australian rivers

The impact of European settlement on Australia (and New Zealand) and subsequent
alteration of the landscape has induced many direct sedimentation effects on rivers that
are relatively ‘recent’ in terms of impact/recovery assessment. An extensive assessment
of sedimentation issues in a large number of New Zealand streams has been provided by
Quinn and Hickey (1990), and Brizga and Findlayson (2000) provide an overview of
sedimentation issues for Australian systems. Rutherfurd (2000) provides a review of
erosion and sedimentation by human impact on Australian streams describing the
impacts to channel morphology. He makes significant comment about the current
perspectives on sedimentation in Australia, including increasing consideration of the
extremely variable climate cycles and variability in river reach response to impact, but
draws attention to the study emphasis on south-eastern Australian streams.
Ecosystem studies on Australian and New Zealand streams have illustrated
sedimentation impacts on habitat diversity and physical structure including smothering,
infilling of pools and scour holes, and infilling of interstices potentially stopping the
exchange of food and oxygen with sub-surface zones (Ryan, 1991; Metzeling et al.,
1995; Hancock et al., 2001; Prosser and Norris, 2001; Prosser et al., 2001b; Richardson
and Jowett, 2002). Quiescent waters provide the in-stream environment for the greatest
potential ecological effect (Prosser et al., 2001b).

Benthic habitat may become

smothered while the water column may be affected by increased turbidity due to resuspension and altered nutrient concentrations (Doeg and Milledge, 1991; Quinn et al.,
1992; Doeg and Koehn, 1994; Prosser and Norris, 2001; Prosser et al., 2001b; Hancock,
2002; Richardson and Jowett, 2002). Bunn (1988) reported the disruption of leaf litter
processing due to inorganic sedimentation, via anoxia and subsequent reduction in
microbial activity and leaf quality.
Investigations into forestry practices, mining and dam construction have historically
provided much of the information about ecosystem impacts of stream sedimentation.
Much data has been collected relating to degradation of water quality while fewer
studies have assessed the ecological impacts (e.g. Gilmour, 1971; Blyth et al., 1984;
Richardson, 1985; Campbell and Doeg, 1989; Doeg and Milledge, 1991; Lane and
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Sheridan, 2002). General abundance and species-specific declines are noted in response
to sedimentation (Richardson, 1985; Boulton and Brock, 1999). Metzeling (1995)
provides a table that includes 45 invertebrate taxa whose abundance was decreased by
sedimentation during dam constructions. References to research into adverse effects on
fish taxa are also provided (Metzeling et al., 1995).
The current intensive Australian research effort into sedimentation is focused on
geomorphology, though a small but increasing number of studies are bridging the
disciplines of geomorphology and ecology e.g. Bartley and Rutherfurd (2001) and
Hancock (2001). Nonetheless, the current geomorphic research effort provides a wealth
of information to be usefully applied to stream ecosystem research and protection.
In Australia, hillslope, gully and stream-bank erosion are all significant sources of
erosion, though different processes dominate in different areas (Prosser et al., 2001a;
Prosser and Norris, 2001). Channel erosion may predominate as a sediment source in
Australia (Prosser et al., 2001b), with one of the biggest ecological impacts being the
formation of sand slugs, especially in southern rivers (Prosser et al., 2001a). The
National Land and Water Audit claims that 30,000 kilometres of streams have
experienced accelerated sand deposition to the extent that slugs could be expected
(Prosser and Norris, 2001). Coastal rivers in Tasmania and Queensland were found to
be relatively unaffected by sand deposits, except downstream of high gully erosion or
alluvial mining (Prosser and Norris, 2001). The contribution of suspended sediments
was identified as a significant issue in Queensland, however, as the high-energy streams
draining the coastal catchments export several million tonnes of sediment per year to the
marine environment (Yellowlees 1990 cited in Bunn et al., 1998; Prosser and Norris,
2001). First order catchments experience sedimentation in regions where banana and
sugarcane farming are the predominant land-use activities and are estimated to yield
80% of sediment from surface soils (Prosser et al., 2001b). An estimate of accumulated
sediment from cropland erosion stored in the lower Johnstone River catchment, a
tropical lowland river, was in the order of 760 000 tonne (Bunn et al., 1998). This
accumulated sediment was associated with the proliferation of the invasive para grass
(Urochloa mutica) in disturbed stream channels.
Sedimentation in Australian rivers and streams is a current and ongoing issue. Wasson
(1996 cited in Prosser et al., 2001b) has predicted up to 100 fold increase in hillslope
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erosion as a result of catchment clearing and agricultural use in Australia. Prosser
(2001b) emphasises that much of the vast supply produced in historical times is still
stored within the river systems and will continue to affect the ecosystems for decades.
Barltey and Rutherford (2001) and Rutherfurd (2000) point out the understatement of
the impacts of sheep and cattle grazing, while Prosser (2001a) notes the potential for
massive erosion from northern Australian rangelands. Yet, habitat degradation is often
neglected compared with concerns over water quality (Prosser et al., 2001a).

1.4 Thesis structure
Aims

The principle aims of this thesis were to describe the effects of the hydrological regime
on temporal changes to physical characteristics of substratum habitat and the patterns of
invertebrate response to temporal changes in physical characteristics. Experimentation
was used to inquire into sediment habitat resources for invertebrates and explore
specific questions about trophic links and carbon processes.
Structure

Chapter 3 addresses the principal aim of the study - to describe the temporal changes to
physical characteristics influenced by hydrology.

The complete range of mineral

sediment grain sizes of substratum samples was measured in fine detail, and the
temporal changes described using statistical parameters. These parameters were related
to a detailed description of the hydrology of the catchment during the study period.
Changes that occurred under low and high discharge regimes were considered in terms
of habitat and organic matter change.
Chapter 4 comprises a description of the temporal change to the interstitial faunal
assemblage collected from the substratum samples that were used to determine physical
change in mineral sediments in Chapter 3. The faunal assemblage from the study period
was described in detail. Habitat associations of fauna are discussed as well as the
impact of the distinct hydrological regime that prevailed during the study period.
Multivariate statistics are used to describe the relationships between faunal assemblages
from different sampling times. Selected environmental parameters are then used in an
applied multivariate analysis in order to relate the assemblage to the environment
characteristics. The impacts of the observed physical changes are considered in the
context of disturbance.
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Chapter 5 is a compilation of experiments that explore aspects of sediment habitat
resources, focusing on trophic structure and carbon processes. These experiments also
have the common component of sediment-bacteria association. In 5a the question is
posed - how long will accumulated organic matter last? Oxic respiration rates in
sediments were monitored and these data were interpreted using a model for carbon
decomposition. The outcome is compared with the hydrograph and a mass balance of
carbon. In 5b, I used
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C enriched stable isotope tracer in the natural environment to

demonstrate a trophic pathway linking the benthic microbial community of sediments
and macrofauana. The final section, 5c, was a test of the hypothesis that stated - fauna
exhibit a substratum preference. This was undertaken in the field, using implants with
contrasting treatments of organic matter quality and clay load.

Colonisation by

invertebrates after 14 days is compared between treatments.

1.5 Terminology
Aquatic sediments have been broadly defined “to include all unconsolidated material
that makes up the bottom of aquatic ecosystems, including fine silts, sands, loose
cobble, boulders, and partially or fully buried organic matter” (Palmer et al., 2000
p1063). The present study uses this definition and the terms sediment and substratum
are often interchanged. In instances where ambiguity may arise, the term mineral
sediment is used to refer to the inorganic component of substratum.
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Chapter 2
Study area

2.1 Conondale Range
This study was conducted in the Conondale Range, located about 100km north of
Brisbane and 35km inland from Nambour, in south-east Queensland (26°50'S 26°35'S
152°30'E 152°40'E) (Figure 2.1).

The Conondale Range runs east-west for

approximately 65km, linking the Jimna Range (west) and the D’Aguilar and Blackall
Ranges (east). The study area is largely State Forest with approximately one quarter of
the area National Park (total area 28 936 ha). The region forms the upper catchments of
the Mary and Brisbane Rivers and is utilised for the production of hardwood timbers,
mining (latent), conservation and recreation. Surrounding lowland areas have largely
been cleared and are used for grazing.
The geology of the Conondale Range is dominated by the Booloumba Beds
stratigraphic unit, which consists predominantly of slate and phyllite, with variable
quantities of greenstone, jasper, chert and siltstone. Other stratigraphic units within the
range are granite and sandstone of volcanic provenance (Department of Forestry
Queensland, 1983).
Forest types are sub-tropical rainforest, wet sclerophyll and dry sclerophyll. Rainforest
flora includes: strangler figs (e.g. Ficus macrophylla, F. oblique, F. watkinsiana), palms
(Linospadix monostachya, Calamus mulleri, Achonotophoenix cunninghamiana), ferns
(Cyathea cooperi, Cyathea leichhardtiana, Lastreopsis spp.), vines (Melodinus
australis, Malaisia scandens, Ripgonum elseyanum, Morinda jasminiodes, Carronia
multisepala and Cissus antarctica) and numerous epiphytes. Rainforest in the alluvial
areas in deep gorges often occurs with tall emergent flooded gum Eucalyptus grandis.
Piccabean palms (A. cunninghamiana) and cabbage tree palm (Livinstona australis) are
common along with abundant ferns from a wide variety of genera (Blechnum,
Adiantum, Sticherus, Lindsaya, Lastreopsis, Pteris, Culcita, Dalvallia, Asplenium,
Platycerium, Todea, Pellea, Phymatodes, Arthropteris). The wet sclerophyll or tall
open forest is characterised by a rainforest understorey and dominant genera include
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Eucalyptus, Tristania and Syncarpia. Dry sclerophyll or open forest is dominated by
eucalypt species (E. drepanophylla, E. propinqua and E. acmeniodes) and a sparse
ground layer of grasses. This forest type is widespread in the region, particularly in
areas of high fire frequency (Department of Forestry Queensland, 1983 Czechura,
1991).
The Conondale Range is intrinsically valuable as it represents specialised habitat highly
suitable for fauna conservation (Department of Forestry Queensland, 1983).

It is

significant zoogeographically as a moist upland refugium for wildlife associated within
and across vegetation types (Department of Forestry Queensland, 1983, Czechura,
1991; Parris and McCarthy, 1999). Numerous endemic, narrowly restricted and/or rare
reptiles and rare birds are known from the Conondale ranges. Additionally, the spiny
lobster (Euastacus hystricosus), green ground beetle (?Family Buprestidae), large
purple ground beetle (Leiradira violaceum), Maconell’s giant land snail (Hedleyella
maconelli) and a species of mygalamorph spider (Ixamatus sp.) are endemic to the
Conondale, Blackall and D’Aguilar ranges. Feral cats, pigs and deer are common
(Department of Forestry Queensland, 1983, Czechura, 1991; Parris and McCarthy,
1999).

2.1.1 Climate
The regional climate is classified as sub-tropical and is dominated by a sub-tropical
ridge of pressure where stable high pressure systems can cause drought and stable low
pressure systems cause flooding (Stanley and Ross, 1983, see also Chapter 3). There is
a low to moderate variability rating for annual rainfall and moderate to high variability
for summer rainfall; (Rader and Ward, 1989; Bureau of Meteorology Australia–
Climate Averages 2002). The annual average rainfall for the region is 1200mm and
annual average air temperature 15°C minimum and 24°C maximum.

The rainfall

pattern has a monsoonal influence and most rain falls between October and March,
although, in winter, rain depressions further south may account for up to 30% of the
annual rainfall. This distinguishes the region from northern tropical areas (Stanley and
Ross, 1983).
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2.1.2 Study sites
Two streams in small forested catchments were used in this study: Humbug Creek
(Jimna State Forest) and the adjacent Ferny Creek (Conondale National Park). Humbug
Creek is positioned at 26° 46' S, 152° 32' E, and Ferny Creek at 26° 46' 30'' S, 152° 32'
30'' E (Figure 2.1).
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Figure 2.1 Location of Conondale Range and study sites marked with arrow
Weirs indicated by circles .

.
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The local geology is Bunya Phyllite with up to 50% quartz, grading to phyllitic shale
and silicified sandstone in thin bands. The soils are predominantly dermosol (structured
clay) of various colours. The slopes are variable between 2 and 30°.
Both catchments are forested. Humbug Creek was last logged in 1966 and Ferny Creek
in 1939.

The vegetation consists of dry sclerophyll on the ridges (ironbark, E.

drepanophylla; white mahogany, E. acmeniodes and grey gum, E. propinqua),
particularly above Humbug Creek, and wet sclerophyll, emergent eucalypts (flooded
gum, E. grandis and tallowwood, E. microcorys) with a rainforest understorey, on the
lower slopes. Rainforest exists in narrow gullies, including the riparian zone. The most
common vegetation type occurs on higher slopes. This is moist eucalypt forest (Sydney
blue gum, E. saligna; blackbutt, E. pilularis, grey gum, E. propinqua) and has scattered
rainforest species with a shrubby understorey. Understoreys are partly determined by
fire history.
The long term mean annual rainfall for this locality is 1035mm (Jimna Forest Office),
though higher falls are expected in the catchments. The mean maximum air temperature
of the hottest months (December and January) is 30.4°C and the mean minimum of the
coolest month (July) is 7.2°C (Queensland Forest Research Institute, unpublished data).
The Queensland Forest Research Institute (QFRI, Gympie Queensland) selected these
catchments as part of a paired catchment study that commenced in 1995. The study
undertook to compare the impacts of forest management on ecosystem processes. This
was to be achieved through the collection of baseline data over 3-5 years before logging
commenced, and post-logging changes were to be monitored for as long as possible.
This thesis was established as an associated project of the multi-disciplinary QFRI
study. The paired catchment study ceased prematurely in 1998 when the state forest
catchment proposed for logging came under a interim Regional Forest Agreement
(National Forest Policy Statement-Commonwealth of Australia 1992, 1995), which
prevented the cutting down of trees. Hydrological and local climate installations were
maintained on Humbug Creek until the conclusion of field work for the present study in
April 1999.
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The two study catchments were selected to be as similar as possible especially with
regard to rainfall, soils, geology, vegetation, elevation, aspect and site history. The
uppermost point of the reach sampled on each creek was at the base of bedrock pools,
however, their beds were quite dissimilar downstream.

Humbug Creek has a

predominantly gravel bed with some cobbles (Figure 2.2), whereas Ferny Creek has a
bed of embedded cobbles (Figure 2.3). A summary of geomorphological information
and incidental physico-chemical observations from studied reaches (upstream of the
weirs) of Humbug and Ferny Creeks is presented in Table 2.1.

Table 2.1 Summary of geomorphology and physico-chemistry for Humbug and
Ferny Creek collected between 1995 and 1999.
Variable
catchment area (km2)
altitude (m asl)
mean depth (low flow)(cm)
mean width (low flow) (m)
slope of stream bed
mean air temp (ºC)
mean water temp (ºC)
pH
mean dissolved oxygen (surface) (mg.l-1)
mean dissolved oxygen (bottom) mg.l-1)
mean redox (bed surface) (mV)
mean redox (2cm depth) (mV)
mean redox (5cm depth) (mV)

Humbug Creek*

Ferny Creek**

1.6
~ 700
<30
1.8
0.038
20.5
15.3
5.98
2.4
0.81
143
161
155

1.5
~ 700
<30
2.5
0.046
25
16.9
6.64
2.1
0.8
222
na
na

*in-stream physico-chemistry collected predominantly February to October
** in-stream physico-chemistry collected predominantly October to April
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Figure 2.2 Photographs of Humbug Creek during the study period. Top two photographs were
taken in the dry season around the weir. Middle two photographs were taken at the top end of
the study reach during the dry season. Bottom two photographs near to the weir taken post
flooding.
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Figure 2.3 Photographs of Ferny Creek in the dry season taken from over the study period.
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Chapter 3
Temporal variability in hydrology and sediments

3.1 Introduction
Many headwater streams are characteristically intermittent, experiencing a cessation of
flow that occurs late in the dry season in humid climates (Burt, 1996). An intermittent
stream is defined by Pielou (1998 p92) as a stream ‘…gaining from the groundwater
(from submerged seeps or springs) in the wet season, but losing to the groundwater the
rest of the time’. Groundwater regimes are affected by aquifer recharge due to change
in

precipitation

characteristics,

infiltration

and

evaporation

(Arnell,

1996).

Groundwater aquifers in most humid-temperate climates are recharged seasonally
(Arnell, 1996).

In the humid-temperate (sub-tropical) climate regions of northern

Australia, rainfall occurs predictably between October and March and produces highly
seasonal surface discharge and runoff (McMahon et al., 1992, Chapter 2). With respect
to runoff, water that infiltrates to groundwater moves at much lower velocities by longer
paths reaching the stream slowly over lengthy periods of time, sustaining stream flow
during rainless periods (Burt, 1996).

Subsurface water patterns and hydrological

interactions between streams and subsurface hyporheic zones are ultimately controlled
by the structure of sediments and hydrology (Gordon et al., 1992; Naegeli et al., 1996;
Ward et al., 1998; Harvey and Wagner, 2000), these constraints vary at the catchment
scale (Dent et al., 2000).

3.1.1 Structure and functional composition of bed sediments
Hydrological retention is strongly influenced by sediment features; this is a reach scale
process (Moring, 1982; Brunke and Gosner, 1997; Morrice et al., 1997; Boulton et al.,
1998). Viewed simply, the intrusion of differently sourced water (groundwater or upwelling) into sediment interstices would obviously modify a range of physico-chemical
variables and biogeochemical processes associated with that habitat. Williams (1993)
suggests gravel, rocks and debris (e.g. logs) protruding above the stream-bed can
strongly affect the intermixing of surface and subsurface water. Variability in the
particulate and dissolved matter characteristics of water from different sources is well
documented (Lock, 1990; Chambers et al., 1992; Arakel, 1995; Valett et al., 1997;
Ward et al., 1998). Processes of retention, storage, energy flow and distribution depend
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on subsurface water patterns (Naegeli et al., 1996; Boulton et al., 1998; Ward et al.,
1998).
Sediment grain size affects permeability and, therefore, the ease with which water and
dissolved substances move through the sediments.

It is inversely related to the

percentage of sediment fines in the gravel (Moring, 1982). Permeability of stream
gravel is related to porosity, hydraulic gradient and size, shape, depth and arrangement
of particles. Porosity, the ratio of pore volume to total volume of sample, is dependant
on grain size, distribution, shape, roughness and packing (Brunke and Gosner, 1997). It
is a predictor of hyporheos variability (Strayer et al., 1997).
Deposition can change sediment textural characteristics, block interstices and reduce
interstitial volume (Beschta and Jackson, 1979; Moring, 1982; Ryan, 1991; Doeg and
Koehn, 1994). Clogging (tight packing and compact texture) amounts to low porosity
and reduced permeability, but high stability against increasing discharge (Brunke and
Gosner, 1997). Laboratory and field experiments have established that sediments need
to be disturbed to remove fines (Carling, 1996).
Interstitial storage of particulate organic matter is influenced mainly by grain size
distribution and bedload movement that may import or release matter, depending on the
season (Brunke and Gosner, 1997). The quantity of organic matter in the hyporheic
zone is relatively low and can vary greatly as a result of flash flooding. The scouring
and deposition of sediments probably accounts for much of this variation (Valett et al.,
1990).

In general, spates reduce the amount of particulate organic matter in the

hyporheic zone (Pusch et al., 1998). Anaerobic sediment patches that are created by
entrainment of organic matter are focal sites of microbial denitrification (Pusch et al.,
1998). Entrainment and intercalation of particulate organic matter produces hot spots of
biochemical (nutrient driven) activity (Grimm and Fisher, 1984; Triska et al., 1989;
Naegeli et al., 1996; Pusch et al., 1998; Chafiq et al., 1999). At a larger scale, in
forested headwater streams, coarse woody debris plays an important role in controlling
sediment movement and sustaining diversity of habitats (Petts and Calow, 1996).
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3.1.2 Mineral sediment transport processes
To understand substratum structure and stability, it is necessary to describe the physical
characteristics in sufficient detail, and in such a way that they relate to the relevant scale
and processes affecting their variability. Stream benthic mineral sediments can be
examined using sediment textural characteristics (Cummins and Lauff, 1969; Tucker,
1988; Gagnier and Bailey, 1994; Lewis and McConchie, 1994a). Texture refers (at
least) to the size, shape and fabric of mineral sediment grains. It is a function of the
type, magnitude and persistence of processes acting on mineral sediments (Tucker,
1988; Lewis and McConchie, 1994a). Fundamental studies of the relationships between
grain size distributions and processes are surprisingly few; they have shown great
complexity with a variety of processes acting in most environments at varied energy
levels (Lewis and McConchie, 1994a).
Grain size depends on sources, weathering processes, abrasion and selective sorting
during transport. Transportation (traction, saltation and suspension) depends on: i)
competency and capacity of the transporting agent, which reflects such factors as
volume, velocity, bed roughness, and turbulence; ii) range of particle sizes available
(ultimate and local); and iii) complex boundary conditions between transport
mechanisms (West, 1978; McManus, 1988; Gordon et al., 1992; Lewis and McConchie,
1994a; Carling, 1996). Quantitative analysis is necessary to characterise grain size
distributions precisely and permit statistical distinction of similarities and differences
between processes (McManus, 1988; Gordon et al., 1992; Lewis and McConchie,
1994b).
Deposition outcomes (what is actually being measured in sediment samples) are
indicative of different hydraulic conditions and these can be described by statistical
parameters providing evidence of environmental process or energy level discrimination
(West, 1978; McManus, 1988; Gordon et al., 1992; Lewis and McConchie, 1994a).
The key environmental process leading to deposition is erosion; modifying influences
are competence or power of the stream, the capacity or load which is being carried and
cohesion which relates to the sediment fabric (West, 1978; McManus, 1988; Gordon et
al., 1992; Lewis and McConchie, 1994a). Sheer stress and roughness are examples of
parameters largely determined by fabric (Lewis and McConchie, 1994a; Carling, 1996).
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Load has two components, particle size and the amount of alluvium supplied; therefore
gravel and sand act independently, gravel possessing the advantage of particle size and
sand the advantage of amount supplied (West, 1978). Material most easily entrained is
medium sand (0.5mm).

Finer sediments require faster currents because smaller

particles are in the laminar flow layer and exceedingly small particles (clays) have
electrostatic attraction (Pielou, 1998).

It is necessary to take into consideration,

however, cohesion versus erosive force. If competence ratios were the only criterion of
the erodibility of sand streams (as they are for gravel), all sand streams would be
unstable. The modifying influence is cohesion which varies with the amount, and
inversely with the particle size, of silt-clay content (West, 1978). At the opposite end of
the scale, bedload transport is not a steady process either, and this has led to the
development of a large number of formulae describing a range of sediment and
hydraulic conditions (Batalla, 1997). Spatial and temporal organization of the bedload
produces subtle changes in bed elevation and bed roughness (Carling et al., 1998).
Particle size analysis (PSA) is the recommended technique for standardised mineral
sediment description (Gagnier and Bailey, 1994). The principle is that during the
procedure of entrainment, transportation and deposition, individual geomorphic
processes will imprint a characteristic distribution or environment signature of sediment
source (Folk and Ward, 1957; Friedman and Johnson, 1982; McLaren and Bowles,
1985; Lewis and McConchie, 1994a). Mean particle size reflects the overall average
sizes and is influenced by source or supply.

Standard deviation is a measure of

dispersion about the mean and gives an appreciation of size grading processes active
during transport and deposition. Skew, a measure of the non-normality of distribution,
results from mixing of variable proportions of two normal populations. It is controlled
more by depositional processes than transport conditions and is sensitive to the presence
or absence of fine fractions (Friedman and Johnson, 1982; Sly et al., 1983; McManus,
1988; Chamley, 1990; Lewis and McConchie, 1994b). Figure 3.1 summarises the
trends in mineral sediment texture with transport and deposition.
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[image removed]

Figure 3.1 Trends in sediment grain texture with transport and deposition (from McLaren and
Bowles 1985).
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The hydraulic and geomorphic processes that drive changes in mineral sediment texture
are predictable and transferable from system to system (Folk and Ward, 1957; Tucker
and Vacher, 1980; Sly et al., 1983; Lewis and McConchie, 1994a).

It is the

environment in which the processes are working that produces the variability in
outcome (Tucker and Vacher, 1980; Sly et al., 1983; Lewis and McConchie, 1994a).
The complexity of interaction between environment and process means that outcomes
can not be modelled simply, except, for example, in a flume experiment where the
environmental factors are controlled (Batalla, 1997). Thus the results from studying
erosion and deposition in a natural system will be unique in both time and space.
A perspective on the scale of geomorphology, stream habitats and ecological processes
is shown in Figure 3.2. This figure illustrates: (a) the action of external physical
geomorphic processes to create a hierarchy of fluvial landform patches; (b) the
subsequent gradual development of landscape processes leading to persistent channel
habitat categories, and (c) ecological responses requiring different time and space to
occur.

The purpose of including Figure 3.2 is to introduce the scope and inter-

connectedness of scales relevant to the system being studied. Furthermore, the figure
provides an integrated reference for the present chapter which describes the
characteristics of temporal change in a stream system using results derived from
separate disciplines (hydrology, geology and ecology).

3.1.3 Aims
In headwater streams, gravel beds may be frequently disturbed by discharge, however,
the nature of change in physical characteristics of the composition of sediments is not
usually known at a scale relevant to the ecology of interstitial invertebrates. The aim of
this chapter was to survey the temporal variability in sediment characteristics,
catchment and in-stream hydrology to define the changes to invertebrate habitat.
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Figure 3.2 Geomorphology, stream habitats and ecological processes over spatial and temporal
scales. (a) external geomorphic processes. (b) channel habitat categories associated with a. (c)
ecological responses (from Hildrew and Giller 1994).
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3.2 Materials and methods
The study was conducted in Humbug Creek (Chapter 2). The sampled reach (157m)
was characterised by narrow (1.5–2m) runs, shallow pools and extensive gravel bars.
The bars were usually associated with damming or narrowing of the channel caused by
large woody debris. There was a series of bedrock pools just above the top of the study
reach (~2-3m2), and two bedrock walls were present in the channel further downstream
within the study reach. The reach was surveyed in late 1995. The mean slope of the
bed along the reach was 0.4 %. The maximum width of channel was 8.7m, and
maximum width of the active alluvial channel was approximately 3.3m. The mean
channel width at low flow was 1.8m. Bank height ranged from <1m to 3m. Figure 3.3
shows a planform of the reach and installations (see below).

3.2.1 Catchment hydrology
Daily rainfall and discharge data were collected from gauges and loggers on site.
Groundwater piezometers were installed in November 1996 along the midline of the
creek bed, at four locations spanning the study reach (Figure 3.3). Water depth in
piezometers was recorded fortnightly when there was no surface discharge. The data
collection period was from December 10th 1996 to January 21st 1999.
Vertical hydraulic gradient was measured using six sets of four mini-piezometers
installed associated with standpipe traps (see below), and near groundwater piezometer
H1 (Figure 3.3). Mini-piezometers were installed to a depth of 30cm below the bed
surface and 30cm apart from each other and individual standpipes. Vertical hydraulic
gradient was measured at each mini-piezometer using a manometer, when there was
sufficient surface discharge.

Installations were made in November 1996.

Mini-

piezometers were monitored on 15th March 1997, 20th May 1997, 7th May 1998, 5th
September 1998, 17th October 1998, 6th April 1999. Figure 3.4 provides an illustration
of the installations in the study reach. The number of times vertical hydraulic gradient
measurements were made was limited due to insufficient surface water to operate the
manometer.
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Figure 3.3 Planform showing position of standpipes, mini- piezometers
and groundwater piezometers in Humbug Creek.
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Figure 3.4 Photograph of in-stream installations of standpipes (red arrows) and minipiezometers (blue arrows) [not all are marked], and the location of groundwater piezometer H1
(green arrow). Aspect is looking downstream toward the weir.
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3.2.2 Substratum collection
To describe changes to the substrate over time substratum samples were collected from
the mid-channel of the creek bed surface to a depth of 10cm using a deep-sided, flat
based scoop with a volume of 240cm3.

Three samples from within an area of

approximately 0.5m2 were pooled to form a single composite sample (total sample
volume 720cm3 or 0.72L). A hand covered the top of the trowel while sampling to
exclude leaf litter. This method proved suitable because of the low flow conditions,
with no measurable current, on most occasions.

Waters were generally clear and

shallow allowing careful observation while collecting to ensuring no discernible loss of
substrata. Additionally, the substratum was very consolidated due to the large amount
of clay. Similar methods for collecting sediments have been used by other workers
(Godbout and Hynes, 1982; Strayer et al., 1997; Rempel et al., 2000; Smith et al.,
2001). Difficulties were associated with embedded stones or roots beneath the surface
and occasionally it was necessary to abandon an attempted collection. Sampling was
restricted to erosion areas, no gravel bars or pools were sampled.
Substratum samples were placed into plastic bags, stained with Rose Bengal and
preserved in the field in ten percent buffered Formalin (37% formaldehyde). Water
depth was measured at each composite sample location.

Physico-chemical

characteristics were measured for the reach on each sampling date and occasionally
other parameters, such as redox and total organic carbon, were also determined.
Substratum samples were collected on eleven dates between February 1996 and March
1999 (Table 3.1). Sample collection times were related to seasonal flow and major
hydrological events.
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Table 3.1 Substratum sample collection dates and number of samples collected. The total
number of samples was 98. NOTE: This legend is used throughout Chapters 3 and 4.
Collection date
February 2nd 1996
th

May 15 1996
th

Number of samples
6
6

August 20 1996

6

November 17th 1996

10

th

January 25 1997
th

10

March 15 1997

10

May 20th 1997

10

th

10

th

August 24 1998

10

February 14th 1999

10

August 15 1997

th

March 20 1999

Legend

10

Early in the study, the number of substratum samples collected was increased from six
to ten to obtain a reasonable power for statistical analysis. A power test was performed
following Keppel (1982). This indicated that while six samples were adequate for
physical analysis this number was insufficient to characterise biological (invertebrate)
samples (Chapter 4).
Standpipe traps

Standpipe traps were used to collect transported sediments. Six standpipe traps were
installed in the creek bed upstream of the weir during November 1996 (Figure 3.3). The
total pipe length was 690mm with an outside diameter of 80mm. Each trap was dug
into the dry creek bed so that the tops of the entry slots were buried 80mm from the
surface of the creek bed. Thus, the entry slots were positioned between 8 and 10cm
from the surface. Capped bottles with cut out panels covered with 2mm plastic mesh
were placed into the traps to collect transported sediment. The bottles were collected,
and replacements installed, on January 1997, June 1997, May 1998, October 1998 and
March 1999. Figure 3.5 provides an illustration of the equipment and installation.
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Figure 3.5 Photographs of the different stages of installing standpipes in Humbug Creek. The
bottle shown is an example of the replaceable ‘trap’ for sediments which were inserted into
standpipes. Yellow arrows show 4 of the 6 standpipes, blue arrows show mini-piezometers
(aspect is looking upstream from weir).
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3.2.3 Mineral sediment grain size determination
Grain size analyses of mineral sediments from substratum samples were undertaken for
the entire size range of each sample. For grain sizes larger than 62.5µm sieve analysis
was used and material smaller than 62.5µm was determined by pipette analysis.
Detailed methodology was obtained from the following sources: Friedman and Johnson
(1982), Lewis and McConchie (1994b), McManus (1988), McTainsh, Duhaylungsod
and Lynch (1988). These methods were modified to a small extent to account for
sample type and laboratory resources (see below), but were otherwise applied
conservatively in terms of analytical procedure. New test sieves were used for the
analyses.
Raw sediment sample

For each substratum sample the following laboratory methods were used. Organic
matter (including invertebrates) was elutriated from substrata using a saturated solution
of calcium chloride. Organic material retained on a 0.25mm sieve was preserved in
70% ethanol. Material washed through this sieve was retained separately (<0.25mm
fraction).
>0.25mm mineral sediments

The mineral sediments remaining were washed into a large bucket and decanted through
a series of brass sieves (5, 2 and 0.25mm). This procedure was repeated three times.
Material retained on larger sieves was examined under a magnification lamp for organic
matter, which was removed by hand. Mineral sediments were then dried and weighed
to three decimal places and then dry sieved using an Endecott sieve shaker. Two sieve
series were used for the dry sieving, the pan residue from the first added to the second
smaller series. Each series was shaken for 20 minutes. Sediments retained on each
sieve were weighed to three decimal places. The sieve intervals and grain size they
retained are given in Table 3.2.
<0.25mm sediments

The <0.25mm fraction of the substratum sample was sub-sampled for determination of
carbon content (see section 3.2.4). The sediments were then saturated with sodium
hypochlorite to remove organic material that had not been elutriated. A sub-sample of
approximately sixty grams was then wet sieved using an Endecott shaker. Samples
were shaken for a total of thirty minutes under low-pressure water spray introduced at
the top of the sieve stack. The sieve intervals (third series) are given in Table 3.2.
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Sediments retained on each sieve were then dried, cooled in a desiccator and weighed to
three decimal places. In this procedure the first two litres of sieve wash water were
collected along with a second sample of the following five litres. The two litres of wash
water were then combined with the sediment settled out (after 24hrs) in the five litres of
wash water. Approximately ten grams were then sub-sampled for pipette analysis of
53-2µm sediments.
53-2µm sediments

The standard procedure followed for pipette analysis was to disaggregate a 10g sample
of mud in a basin and then transfer it to a measuring cylinder containing distilled water.
To each cylinder 20ml of dispersant (sodium hexametaphosphate 50g l-1) was then
added and the cylinder volume topped up to 1000ml. Covered cylinders were then
allowed to stand overnight to equilibrate. Prior to sampling cylinders were checked for
flocculation and more dispersant or a sub-sample was prepared as required.

The

cylinder contents were then mixed and a 20ml extract was taken with a bulb pipette at 8
specific times and depths over a 4½ hour period. Ambient temperature was monitored
throughout.

The extracts were then emptied into individual pre-weighed beakers.

These sediments were then dried and weighed to three decimal places. The particle size
range determined using these analyses is shown in Table 3.2.
Grain size analysis of mineral sediments collected from standpipe traps were also made
using the procedures described above.

Table 3.2 Sieve intervals and particle size retained (mm and phi* equivalent) in mineral
sediment analyses.
Sieve set

Size

Φ*

Series one
Series one
Series one
Series one
Series one
Series one
Series one
Series one
Series one

31.5mm
16mm
8mm
4mm
2mm
1.7mm
1.4mm
1.18mm
1000µm

-5
-4
-3
-2
-1
-0.75
-0.5
-0.25
0

Series two
Series two
Series two

850µm
710µm
600µm

+0.25
+0.5
+0.75

Cont…
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Series two
Series two
Series two
Series two
Series two

500µm
425µm
355µm
300µm
250µm

+1.00
+1.25
+1.50
+1.75
+2.00

Series three
Series three
Series three
Series three
Series three
Series three
Series three
Series three

212µm
180µm
150µm
125µm
106µm
90µm
75µm
63µm

+2.25
+2.50
+2.75
+3
+3.25
+3.50
+3.75
>+4

Pipette Analysis
Pipette Analysis
Pipette Analysis
Pipette Analysis
Pipette Analysis
Pipette Analysis
Pipette Analysis
Pipette Analysis

53µm
44µm
31µm
22µm
15.6µm
7.8µm
3.9µm
2.0µm

+4.25
+4.5
+5.0
+5.5
+6
+7
+8
+9

*Phi (Φ) = -log2 of grain size (mm)

3.2.4 Organic matter
The >0.25mm organic matter that was retained from substratum samples was sorted
under a stereo microscope to remove invertebrate fauna (see Chapter 4). All particulate
organic matter (POM) thus retained was then dried and weighed to three decimal places.
A <2g amount was weighed and ashed at 550°C for two hours to determine percent loss
on ignition (Grimshaw and Allen, 1989). These data were used as estimates of the
carbon content of substratum samples. This procedure was also used to estimate carbon
content in sediment samples <0.25mm, and samples from standpipe traps.

3.2.5 Data analysis
Classification

Raw data from all grain size determinations were collated with sizes ranging between
>31.5mm (>-5Φ) and 2.0µm (+9Φ). Raw data were not corrected for analytical error.
The classification of grain sizes followed the Wentworth (1922) grade scale and results
are referred to based on the arithmetic phi (Φ) scale proposed by Krumbien (1934)
(Table 3.3). The Wentworth grade scale is a ratio scale where boundaries differ by a
factor of 2. Coarser materials are twice the size of their predecessor and finer material
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half the size. Phi is defined as the negative log to the base two of the grain size in
millimetres.

Table 3.3 Wentworth grade scale for sediments with phi equivalent (after McManus
1988).
Wentworth (1922)

Cobbles
Pebbles

Granules
Sand

Clay

Very coarse
Coarse
Medium
Fine
Very fine

mm

Phi Φ

2048
1024
512
256
128
64
32
16
8
4
2
1
Microns 500
250
125
62
31
16
8
4
2

-11
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
1
2
3
4
5
6
7
8
9

The Wentworth classification grade scale was used in preference to the grade scale
proposed by Cummins (1962) for stream ecologists, and recent adaptations (Waters,
1995; Boulton and Brock, 1999). The reasons for choosing the Wentworth scale for this
study were compatibility and communication. Wentworth’s is the most widely used
scale across numerous disciplines. For example, environmental science, engineering,
agriculture, hydrology and geology all commonly use the Wentworth scale. As it is the
most widely used across disciplines, adaptations for limnology would seem redundant.
Additionally, there is a reason not to use a ‘gravel’ grade scale within the size
categories, as proposed by some workers (e.g. Cummins, 1962; Waters, 1995; Boulton
and Brock, 1999) as it is a common descriptor of sediments. The inclusion of such
categories increases the potential for misunderstanding. The term gravel is widely
accepted as a non-specific reference to a variety of sediments, as are the terms sand and
mud (Folk, 1966; West, 1978; Lewis and McConchie, 1994a). The use of nomenclature
provided by a universally accepted classification denotes where precise descriptions of
grain sizes are being used, for example granule, fine sands and clay. Thus, adapting
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scales to accommodate commonly used terminology can indeed be seen as a hindrance
to unequivocal communication.
Data resolution

Almost the complete range of naturally occurring grain sizes was covered by the
sampling approach as material larger than -7Φ (128mm) was rarely encountered (these
cobbles were measured by hand). Frequency distributions revealed sediment samples
were generally uni-modal and distinctly skewed toward the larger grain sizes, as would
be expected. In this study the sand (-0.75 to +4Φ / 2mm to 62.5µm) and mud (<4 to 9Φ
/ <62.5 to 1.95µm) populations within the sediments are the focus of further description.
Removing larger grain sizes from analyses prevents ‘dilution’ of the data and is
commonly undertaken (Folk and Ward, 1957; Adams and Beschta, 1980; McLaren and
Bowles, 1985; Ryan, 1991). In this study it also allows for resolution at a scale
estimated to be relevant to the annual temporal variability in substratum and
invertebrate fauna (see Chapters 3 Results and Discussion, and Chapter 4). Working
with a limited number of sediment populations also means that there are potentially a
smaller number of physical processes involved in determining their distribution, and
this should assist with interpretation (Lewis and McConchie, 1994a).
Grain size distributions

Frequency histograms of the mean size frequencies (weight percent finer) for each suite
of substratum samples were plotted and used to determine modality and to describe and
validate data (not shown).

These data were then used to construct cumulative

probability plots for detailed descriptive interpretation, and to calculate the moment
statistics for further analyses. Covariations of moment measures were examined using
standard bivariate plots for three parameters; mean, standard deviation and skew.
Percentage values of muds were also taken from cumulative data to plot the ratios of
different fractions.
Organic matter

The mean and standard error for each sampling occasion for the dry weight of POM, its
carbon content (percent loss on ignition) and the carbon content of <0.25mm sediments
were calculated. One way analysis of variance tests (ANOVA) were performed to
determine whether there were significant differences for organic matter content between
sampling times. Post-hoc testing was performed using Tukey’s test for significant
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differences. SPSS 11 statistical software was used for these analyses (SPSS Inc., 2001).
POM data for January 1997 were not reported as the fauna sample was lost.
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3.3 Results
3.3.1 Catchment hydrology
The monthly discharge for Humbug Creek over the study period is shown in Figure 3.6.
There were two floods during the sampling period: a moderate flood that occurred in
May 1996 and a large flood in February 1999 (Figure 3.6, Chapter 2, Bureau of
Meteorology Australia – Queensland flood summary 2002). With these exceptions,
discharge was consistently low, 1997 having the lowest annual discharge for the study
period. Daily rainfall for the study period and mean rainfall for the 28 days preceding
substratum sample collection, are shown in Figure 3.7. These figures illustrate the
prevailing dry conditions for most of the study period. On only one occasion (February
1999) were samples collected shortly after a major flood event in Humbug Creek.
Groundwater

Groundwater depth was quite variable at spatial and temporal scales (Figure 3.8). There
was one consistent dry spell, during September and October 1997, when all wells were
empty. From June 1998 to November 1998, water in well H1 was close to the surface,
compared with other wells. However, all wells showed a similar pattern on most
occasions. Over the monitoring period there was a general pattern of peaks and troughs
that was associated with rainfall (see Figure 3.7). Comparing the water level pattern
across all wells suggests a lag in the response (filling and drying) of ‘H1’, the most
downstream well (though this pattern is not strictly consistent). The response pattern
most similar to ‘H1’ was ‘H2’ – the closest in proximity.
Hydraulic gradient

Vertical hydraulic gradient was measured on six occasions over 14 months (Figure 3.9).
On the first five monitoring occasions, the data indicate there was a predominance of
up-welling from subsurface waters. In April 1999, however, the gradient was reversed
to down-welling.
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Figure 3.6 Mean monthly discharge from Humbug Creek for most months between 1995 and 1999 (discharge measured on the first day of each month,
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3.3.2 Mineral sediment characteristics
Specific features of the grain size data

Cumulative probability plots provide details of the distribution (weight percent) for the
sediment size range -0.75 to 9Φ for all sampling times (Figure 3.10). The percentage
data were not adjusted for the removal of coarser sediments, thus the relative proportion
to the whole sample collected is shown. Overall, sand and mud populations were
extremely poorly sorted having an average distribution of grain sizes greater than 2Φ in
range.
Sand comprised approximately thirty percent of the weight of each whole sample, based
on the means for each suite, except samples from 1999 where sands were less than
~10% (Figure 3.10). All sand data were skewed positively, that is, dominated by larger
grain sizes. Mud was a relatively small proportion of most samples comprising a
maximum of six percent of the total weight (Figure 3.10). Across sampling times, there
were marked trends associated with discharge (see Figure 3.6). The May 1996 and
February 1999 suites, both collected following flood events, show less variation
compared with standard errors for August 1996 and March 1999, respectively (Figure
3.10). Also noteworthy was the dominance of comparatively larger grain sizes in the
finer fractions for the 1998 suite of samples.
Cumulative plots were not analysed further but used as aids in interpretation. They
were used to identify any characteristic sub-populations, according to linear segments of
the cumulative curve.

Additionally, further descriptive information about textural

characteristics was derived from cumulative plots. Porosity was estimated from grain
size characteristics (as displayed in the cumulative plots), using a ternary diagram and
graphic (Appendix 1). Over all samples, the porosity was estimated at less than thirty
percent.
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Figure 3.10 (A to C) Cumulative probability plots of mean (+SE) sediment grain sizes
within the range -0.75 to 9 phi. Samples collected between 1996 and 1999.
Refer to Table 3.1 for collection dates and sample sizes.
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Figure 3.10 (D to F) Cumulative probability plots of mean (+SE) sediment grain sizes
within the range -0.75 to 9 phi. Samples collected between 1996 and 1999.
Refer to Table 3.1 for collection dates and sample sizes.
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Figure 3.10 (G to I) Cumulative probability plots of mean (+SE) sediment grain sizes
within the range -0.75 to 9 phi. Samples collected between 1996 and 1999.
Refer to Table 3.1 for collection dates and sample sizes.

51
99.9

J

February 1999

percent finer by weight

99

90

70

99.9

K

March 1999

99

90

-0.75
-0.5
-0.25
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
2.25
2.5
2.75
3
3.25
3.5
3.75
4
4.5
5
5.5
6
7
8
9

70

grain size (phi)

*

99.9

A

February 1996

99

E

January 1997

I

August 1998

90

-0.75
-0.5
-0.25
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
2.25
2.5
2.75
3
3.25
3.5
3.75
4
4.5
5
5.5
6
7
8
9

70

B

May 1996

F

March 1997

J

February 1999

C

August 1996

G

May 1997

K

March 1999

D

N ovember 1996

H

August 1997

Figure 3.10 (J to K) Cumulative probability plots of mean (+SE) sediment grain
sizes within the range –0.15 to 9 phi. Samples collected between 1996 and 1999.
Refer to Table 3.1 for collection dates and sample sizes. * provides thumbnail of
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3.3.3 Sediment variation on a temporal scale
Sands

The patterns of grain size variability for sands are shown in Figures 3.11 to 3.14. There
was distinct grain size variability for sands between suites from 1996 and 1997 and
those from 1998 and 1999 (Figure 3.11). The latter years had a generally larger mean
grain size with low standard deviation values. The suites from 1996 were poorly sorted
overall with a large spread of both mean and standard deviation values. In contrast, the
spread of 1997 sands along both axes was limited. This pattern is consistent with the
hydrograph for this period (Figure 3.6). Discharge was variable during 1996 compared
with consistently low discharge during 1997. A comparison of samples from Figure
3.11 illustrates samples collected in contrasting discharge regimes.

A group had

comparatively larger mean grain sizes and low standard deviation and were associated
with flooding. The exception was the suite of samples from 1998 that may have been
influenced by the amount of particulate organic matter (see below). Other suites that
have smaller mean grain sizes and higher standard deviation, were collected during
intermittent and low discharge.
Figure 3.12 shows the mean grain size versus skew for sands. The skew, as a measure
non-normality of the distribution, is variable with the proportional representation of
different size fractions (see Figure 3.10). The positive skew suggests a dominance of
coarse materials in the samples. Though the skew range is ‘fine’ or narrow, there is a
spread of points preserving the differences among suites over time (similarly evident in
Figure 3.11). The spread on the Y-axis (skew) is associated with the suites from 1997.
This contrasts with the earlier low variability in standard deviation observed for 1997
(Figure 3.11).
These data were further explored by partitioning the sands into coarse and medium (1 to
2Φ), and fine and very fine (2.25 to 3.75Φ) categories (Figures 3.13 and 3.14). For
coarser sands, the relative position of suites with larger mean sizes compared with
smaller ones is preserved, though the skew was generally reversed. The pattern for finer
sands was inconsistent with coarser fractions. Here, skew tended toward negative
values, highlighting the dominance of the finer materials.

Suites from May and

November 1996 were outliers having a smaller mean grain size and negative skew.
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Figure 3.11 Standard deviation vs mean grain size for sands (-0.75 to 3.75 phi)
from each suite of sediment samples collected between 1996 and 1999.
Refer to Table 3.1 for collection dates and sample numbers.
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Figure 3.12 Skew vs mean grain size for sands (-0.75 to 3.75 phi) for each suite of
sediment samples collected between 1996 and 1999.
Refer to Table 3.1 for sample collection dates and sample numbers.
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Figure 3.13 Skew vs mean grain size for "coarse and medium" sands (1 to 2 phi)
from each suite of sediment samples collected between 1996 and 1999.
Refer to Table 3.1 for collection dates and sample numbers.
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Figure 3.14 Skew vs mean grain size for "fine and very fine" sands (3 to 4 phi)
from each suite of sediment samples collected between 1996 and 1999.
Refer to Table 3.1 for collection dates and sample numbers.
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Mud

Covariation of mean and standard deviation for mud suites (silt/clay 4 to 9Φ) depicts a
similar pattern to sands, though the emphasis on discharge variables is arguably stronger
for sands. Figure 3.15 shows that there was a relatively narrow spread across mean
grain sizes and standard deviation values, among suites collected in different years.
While the link with discharge variability was preserved, the outlying suite from 1998
condenses the other data. The 1998 suite has a much larger mean grain size and lower
standard deviation.
Figure 3.16 shows the mean for muds plotted against skew. Overall, the skew was
strongly positive and the range markedly larger for muds compared with sands (see
Figure 3.12). The suites for 1997 had the most spread along the skew axis, similar to
the pattern observed with sands. The 1998 suite, whilst an outlier in terms of mean size
and standard deviation, is within the range of other data for skew. For both sands and
mud standard deviation versus skew were also plotted.

These plots provided no

additional information and are not shown.
A comparison was also made of the percentage values of fractions of the mud. Figure
3.17 shows the ratio of the 4 to 5.5Φ size fraction plotted against the 6 to 9Φ fraction.
This shows a distinction between size classes of fine sediments collected during low to
moderate discharge regimen compared with the large flood event of 1999. Samples in
1999 have relatively less fine material.
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Figure 3.15 Standard deviation vs mean grain size for silt and clay ( 4 to 9 phi)
for each suite of sediment samples collected 1996 and 1999.
Refer to Table 3.1 for collection dates and sample numbers.
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Figure 3.16 Skew vs mean grain size for silt and clay (4 to 9 phi)
for each suite of sediment samples collected between 1996 and 1999.
Refer to Table 3.1 for collection dates and sample numbers.
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Figure 3.17 Differentiation based on the percentage of 4...5.5 phi compared with
the percentage of 6...9 phi. Sediments collected between 1996 and 1999.
Refer to Table 3.1 for collection dates and sample numbers.
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Standpipe traps

Sediments were present in standpipe traps only in March 1999, following the large
flood. At all other collection times the trap bottles were empty. The mean weight of
mineral sediment, organic matter and carbon content is shown in Figure 3.18, different
amounts of material collected by each trap with the weights ranging from 10 to 158
grams. The cumulative probability plots show there was a ‘dip’ in the frequencies at
1.75Φ (0.297mm) (Figure 3.19). At this interval, the proportion of grains was up to
three orders of magnitude smaller than for the neighbouring larger and smaller intervals.
This was apparent for all standpipe sediments. The sediments in standpipe two were
typically finer than sediments in other traps. Other variability across traps was observed
when comparing the fine mud categories, where there was divergence toward coarser
sizes for standpipe five and finer for standpipe two. Other traps were more similar for
this size category.
The distribution of sand grain sizes in traps differed from sands in substratum samples
collected from the creek bed in February and March 1999 (Figure 3.20). Sands from
standpipe traps were finer compared with those from the creek bed. The mean grain
size for sands from standpipes was 0.85Φ compared with bed sediment samples of
0.33Φ for February 1999 and 0.5Φ for March 1999. For the mud fraction the suites
were more similar (Figure 3.20). The mean grain size for mud in standpipes was 6.1Φ,
February 1999 6.2Φ and March 1999 6.2Φ
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Figure 3.18 Contents of standpipe trap for each collection date. Mean (+SE) total dry weight
of inorganic sediment, particulate organic matter and percent loss on ignition for sediment.
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Figure 3.19 Cumulative probability plots of sediment grain size collected from
individual standpipe traps (20/iii/99) opening 8-10cm below bed surface.

percent finer by weight

99.9
99
90
February 1999
March 1999
standpipes

70
50
30
10
-2

0

2

4

6

8

10

grain size (phi)
Figure 3.20 Cumulative probability plots of mean sediment grain
sizes (+SE) for comparison of standpipes and sediments post flood in 1999.
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3.3.4 Organic matter
POM was dominated by leaf fragments, fine detritus, fruit of the piccabean palm, flower
buds from flooded gums and fragments of ‘charcoal’ (see Chapter 2 and Table 5c.2).
Occasionally, small pieces of wood or large pieces of ‘charcoal’ were also found.
Layers of surface leaf litter on the creek bed were thick. The total dry mass (Figure
3.21), and carbon content of POM >0.25mm (Figure 3.22) were reduced following
flood February 1999. Following the May 1996 flood on carbon content was reduced,
though dry mass was increased. A more seasonal pattern was displayed in results of the
carbon content of substratum <0.25mm (Figure 3.23). The figure shows a trend of
increasing amount toward early summer that was highest in late summer (March),
though low or relatively moderate amounts were found in February.

The lowest

amounts of carbon in <0.25mm substratum were found in May 1997, during the dry
period.
ANOVA revealed significant differences between sampling times for total dry mass and
carbon content of POM >0.25mm (F9,78 = 6.46, p<0.01, N=87: F9,78 = 3.99, p<0.01
N=87, respectively). Tukey’s test for total dry mass showed there were three significant
homogeneous subsets though there was substantial overlap (Appendix 2).

Carbon

content of POM grouped into two homogeneous subsets, again there is no obvious
pattern to these data (Appendix 3).

ANOVA of the carbon content of sediments

<0.25mm revealed there was no significant difference between different sampling times
(F9,77 = 1.554, p>0.05, N=86).
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Figure 3.21 Total dry mass of particulate organic matter from sediments >0.25mm.
Mean +SE for each sampling occassion. Data are log transformed. Refer to Table 3.1
for collection dates and sample numbers.
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Figure 3.22 Loss on igniton of particulate organic matter from sediments >0.25mm. Mean +SE
for each sampling occassion. Data are log transformed. Refer to Table 3.1 for collection dates
and sample numbers.
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Figure 3.23 Loss on ignition for sediments <0.25mm. Mean +SE for each sampling occassion.
Refer to Table 3.1 for collection dates and sample numbers.
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3.4 Discussion
3.4.1 Catchment hydrology
There is little information to classify individual headwater streams in this region though
many upland streams in the Conondale Ranges are typically intermittent.

The

hydrograph reflected the climatic extremes that were encountered over the study period.
Dry conditions were more pronounced than the long-term average, due to the
persistence of the prevailing El Niño/Southern Oscillation (ENSO)1 (Chiew et al., 1998;
The Long Paddock, 2002). These conditions were apparent over the 1996/97 summer
and throughout 1997 and 1998. A drought impact is considered pertinent to results
collected throughout the study period.

The dry conditions contrasted with floods,

particularly the February 1999 event that was associated with extensive flooding
throughout the upper catchments of the Brisbane River, and in south-east Queensland
(Bureau of Meteorology Australia – Queensland flood summary, 2002). These floods
followed the switch to the La Nina meteorological pattern (The Long Paddock, 2002)2
(see also Figures 3.6 and 3.7).
There was little concordance between rainfall and discharge and the actual conditions in
the creek. This occurred under the following scenarios: i) there was no measurable
discharge, but there were continuous surface waters along the reach, and ii) there were
remnant pools only, but substantial rainfall events also created ephemeral surface
waters. When collecting sediments, the first case was observed in March 1997, and the
second in the November 1996 and January 1997.
The presence of groundwater was a hydrological feature of the study period, being
present through most of the dry periods when surface water was absent.

The

1

El Niño: A large-scale influx of warm water along the western American coast and a corresponding
influx of cool water in the north-eastern Australia.
The Southern Oscillation Index (SOI) is the index that measures the differences in air pressure between
Tahiti and Darwin. The index scale ranges from about +30 to –30.
ENSO: A large climate change across the central Pacific Ocean, resulting in high atmospheric pressure
and warm currents in the eastern Pacific region and low atmospheric pressure and cool currents in the
western pacific.
2

La Nina: A large-scale influx of cool water along the western American coast and a corresponding
influx of warm water in north-eastern Australia.
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groundwater response broadly reflected a climatic pattern of wet summers and dry
winters. The observed spatial variability, was most likely due to the interaction of a
downstream effect and sub-surface geomorphology. The most downstream well was
usually last to respond and each well was most similar to the next in proximity. The
depths to which wells were sunk reflected the difficulties in penetrating the substrate;
upstream wells were shallower, and may indicate an upstream/downstream gradient of
geological variability. The most upstream sites were located closest to bedrock pools.
The downstream section of the reach that was monitored using mini-piezometers was
identified as an up-welling zone. The relatively shallower depth of the groundwater
(piezometer H1) near the observed up-welling zone is consistent with Hayashi and
Rosenberry’s (2002) statement that the highest rates of groundwater discharge
commonly occur at up-wellings. Hydrological retention is influenced by geological
setting and alluvial characteristics (Morrice et al., 1997). The hydraulic gradient was
reversed following the flooding in 1999.

Such a reversal is predictable based on

seasonal catchment hydrology and permeability of the bed (Bretschko, 1992; Hendricks
and White, 1995; Brunke and Gosner, 1997; Pielou, 1998). Wondzell (1999) observed
a complete reversal of location of groundwater up-welling and surface water downwelling following a flood.

It is assumed there was also substantial chemical and

biogeochemical flux between surface and sub-surface systems based on hydrologic
exchange (Triska et al., 1989; Chambers et al., 1992; Hendricks and White, 1995;
Wondzell and Swanson, 1996b; Wroblicky et al., 1998; Woessner, 2000). There is
anecdotal evidence from field notes that recharge resulted in anoxia in ephemeral pools.
Between June 1998 and October 1998 the water level in ‘H1’ piezometer was close to
the surface. Widespread rainfall had been occurring throughout the June to October
period, though there was no measurable discharge. Sediment samples for an experiment
were (Chapter 5) collected on October 17 1998. In 6 x 250ml sediment samples the
only fauna found were three Chironomus sp. (Diptera: Chironomidae) individuals.
Sediments smelled strongly and there was no measurable dissolved oxygen in the
waters. The impression was that the pools had been formed, or topped up, by waters
from below the surface

3.4.2 Benthic habitat
There are three potential habitat categories applicable to the benthic sediments in
Humbug Creek: the surface interstitial habitat, hyporheic and groundwater habitats.
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Surface interstitial habitat was formed within the interstices of the upper bed sediments
and present when surface waters were present, rising and in recession. While the
occurrence of discharge was intermittent, viable surface interstitial habitat persisted
beyond discharge cessation, as there were long lag times until surface waters contracted
to pools. Thus, persistent surface interstitial habitat was characterised by high spatial
variability, and was likely to have been invaded by organisms seeking refuge from
drying conditions (Williams and Hynes, 1976; Williams, 1987; Boulton, 1989; Hearden
and Pearson, 1991; Boulton et al., 1992; Boulton and Lake, 1992b; Miller, 1994 cited
in Miller and Golladay, 1996). Over time, the habitat became unviable for invertebrates
as it dried out completely. During drying there would also have been a deterioration in
physico-chemical conditions (Towns, 1985; Boulton and Lake, 1990; Williams, 1996).
Clinton (1996) reported hyporheos to migrate deeper into sediments to avoid conditions
associated with drying. An extensive standing crop of leaf litter may have enhanced the
quality of this habitat (see below and Chapter 4).
Interstitial habitat may equally have served as a refuge from high discharge, either from
current, suspended particles or other factors (Williams and Hynes, 1976; Boulton et al.,
1998; Dent et al., 2000). The stability of the substratum is likely to be a chief variable
determining the use of refugia (Chapter 4). In a sandy stream, hyporheic refuge from
flood was reported to be used only by some taxa and in small numbers (Palmer et al.,
1992). Giberson and Hall (1988) did not detect an increase in the hyporheos following
floods. They concluded that the larger surface substrate materials, not moved by the
spate, provided refugia. In a tropical sandy stream, Benzie (1984) observed post-flood
colonisation to come from all directions, including vertical. He suggested colonisers
were derived from very short distances. A similar localised response of chironomid
communities was reported in response to cumulative discharge pattern (Schmid, 1993).
This response to temporal stability confers resilience on local communities.
Ephemeral ‘pools’ in the creek bed were common following rainfall and this water was
expected to infiltrate surface interstitial habitats (Chapter 4). Such water potentially
provides another ‘surface’ water resource. After heavy rainfall these pools were vast
and may have contributed to subsurface water via infiltration.

The appropriate

classification of habitat utilising this water source is unclear (see below).
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Hyporheic habitat occurs in the sediments at the interface between surface and
groundwater (Triska et al., 1989). This ecotone is an environment of exchange between
the hydrological compartments (Boulton et al., 1998). In this study the prevailing upwelling hydraulic gradient allows speculation that a hyporheic zone could have existed
within thirty centimetres of the surface (Figure 3.9). This is supported by evidence of
the occurrence of groundwater close to the bed surface (Figure 3.8). As the source of
the up-welling waters was undetermined, the occurrence of this zone is unverified. At
different times the hyporheic zone would have occurred at another location.

For

example, when the predominant hydraulic gradient became down-welling, the
hyporheic zone would have been located deeper in the sediments. Malard (2002)
observed a reduction in hyporheic zone size with increasing discharge. The hyporheic
zone may be used as a refuge by organisms normally found in the immediately
subsurface interstices when this habitat becomes unviable (see earlier discussion).
There is indirect evidence of a variable groundwater habitat. Characteristics typical of
the pattern of intermittent streams were observed in groundwater, that is, the creek was
gaining base-flow from the groundwater during the wet season (Figure. 3.8). This
meant that seasonally there was a gradual infusion of groundwater through the
sediments and up toward the bed surface. Temporal variation in hydrological retention
has been shown to be related to seasonal changes in discharge (Morrice et al., 1997).
Thus the location of groundwater habitat, as determined by the water source, would
have been transient.

3.4.3 Temporal changes in fine sediment texture
Sediment movement and deposited sediments

The lack of sediments in standpipe traps suggests there was no movement of bedload
between January 1997 and October 1998. Over a two-year monitoring period there was
only one event that led to significant bedload movement – the flood in February 1999.
Critical factors involved in determining whether movement of the bedload would have
occurred relate to a stream’s capacity and competency (West, 1978; Lewis and
McConchie, 1994a). Critical tractive force (stream competency) for Humbug Creek
was determined to be approximately 125mm at bankfull. This estimate is derived,
however, from equations based on non-cohesive materials greater than one centimetre in
diameter (Newbury and Gaboury, 1993). Therefore, while the estimate is obviously
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crude, it serves to illustrate the point that loose cobble-sized materials could have been
moved following several of the discharge events recorded. However, the cohesion of
bed sediments and their poor sorting characteristics would have meant much greater
energy was required to mobilise the bed load (West, 1978; Schalchli, 1992; Lewis and
McConchie, 1994a). Only the 1999 collection yielded any material, indicating that the
gravel bed had been set in motion. It is suggested that, for Humbug Creek, only
discharge events that set the gravel bed in motion cause physical disturbance of habitat
at a scale likely to affect invertebrate community structure (see Lancaster and Hildrew,
1993; Robertson et al., 1995; Dole-Olivier et al., 1997).
Spatial heterogeneity in sediment deposition is indicated based on comparing standpipe
trap sediments with those collected in 1999. The fining of sands in standpipe traps may
have been a function of the depth of the traps. The subsurface sediments (8-10cm)
could have been comparatively finer due to differences in hydraulic processes affecting
the proportion of fines in the surface sediments, that is, selective erosion of fines at the
surface, possibly due to the hydraulic forces associated with up-welling (Schalchli, 1993
cited in Brunke and Gosner, 1997). The opposite size trends were observed for muds
and are perhaps more likely to be due to the mesh screens, perhaps disrupting
consolidated sediments and causing a loss of finer materials. The consistency of these
results over all traps would suggest other factors, however.

For example, in the

deposition process following the flood peak, the very fine particles may have
accumulated amongst surface sediments in sufficient proportion to differentiate them
from subsurface distributions.
Supply is the probable factor involved in variability in grain size distribution amongst
traps. Standpipe two was located slightly closer to the left bank than other traps, while
standpipe five was in a narrower section of the reach, thus the sediment (supply) may
have been subtly different due to differences in earlier deposition characteristics.
Differences observed amongst sediment weights and relative amounts of mineral and
particulate organic matter collected in traps were most likely a function of ‘natural’
spatial variation in the bedload movement of sediment (see Batalla, 1997; Carling et al.,
1998; Matthaei et al., 1999).
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High discharge regime

The general decline in observed mean values for POM >250µm total dry mass and
carbon content following high discharge is expected due to downstream loss and burial
of material (Petersen et al., 1989; Metzler and Smock, 1990; Jones et al., 1995; Jones,
1997; Pusch et al., 1998). The impacts of the loss of POM may be significant in terms
of physical stability of invertebrate habitat and ecological structure and function
(Bretschko and Leichtfried, 1988; Lock, 1990; Metzler and Smock, 1990; Jones and
Smock, 1991; Smock et al., 1994; Boulton et al., 1998; Pusch et al., 1998, see also
Chapter 5). Penetration of organic matter into the bed may also alter local physicochemical parameters (Brunke and Gosner, 1997; Jones, 1997; Boulton et al., 1998;
Pusch et al., 1998; Crenshaw et al., 2002).
Sediment suites with larger sand means were those associated with the discharge during
floods, and logically higher energy conditions (Figure 3.11). The trajectory based on
mean size indicates contrasting energy levels of the process environments.

The

differences in sorting also demonstrate the different work of selective processes arising
from contrasting discharge regimes. ‘Better’ sorting of sands was observed following
high discharge events and similarly accounts for the relatively large spread of standard
deviations for 1996 compared with 1997.
A weaker influence of discharge for muds, compared with sands, is shown in the
covariation of silt/clay mean grain size and standard deviation (Figure 3.15). This
contrast can be explained by the higher overall variance shown these values for muds
and an outlying result for the 1998 suite (Figure 3.15, see also below). However, the
result of comparing percentage values of mud fractions provides clear evidence of the
differences in physical process at varied energy levels (Figure 3.17).

Sediments

collected after the flood event in 1999 were distinguished from all other suites, having a
higher ratio for silt to clay, indicating a higher energy. The change from silt to clay
reflects deposition under conditions of decreasing hydrodynamic energy (Sly et al.,
1983). The percentage value or “fractional ratio” comparison is similar to evaluating
kurtosis as it enables discrimination amongst levels of hydraulic vigour (Sly et al.,
1983).
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Low discharge regime

Retention of POM associated with low discharge regimes potentially provides increased
food resources and habitat, including refugia (Williams, 1987; Richardson, 1991; Dent
et al., 2000; Larned, 2000). POM retention and potential availability is increased during
drought (Larned, 2000). Accumulation of litter on the stream bed is a feature of other
intermittent streams in Australia (Towns, 1985; Boulton and Suter, 1986). Degradation
of the value of this resource has, however, been reported due to physico-chemical
conditions associated with water quality (Williams, 1987; Boulton, 1989; 1990;
Chapman and Kramer, 1991; 1992b; Boulton and Brock, 1999, see also Chapter 4).
Favourable conditions for bacteria (e.g. temperature) may also result in the reduced
input of organic matter to the sediment due to the rapid degradation of the nutrient
elements (Mermillod-Blondin et al., 2000).
The role of discharge in depositional process, as indicated by the skew for ‘all’ and
coarse sand suites, is reinforced by the repetition of pattern i.e. relative order of
sampling suites along the skew gradient (Figures 3.12 and 3.13). Despite the pattern
reversal due to the removal of the influence of finer particles, differential deposition is
observed between sampling times. This pattern breaks-down for finer sands, but this
can be explained if these results are an artefact of the overall fine range in skew and
mean values (Figure 3.14). The skew range for muds over all suites was considerably
larger than for sands supporting speculation about factors other than discharge per se
contributing to the results observed for sediments collected in 1997 (Figure 3.16).
Factors other than preceding discharge may have contributed to the variability observed
in skew for 1997 suites. The result could be related to time since discharge event(s), or
amount of discharge over the antecedent period. The conditions at the actual collection
time were quite similar, with three out of four collections from partially or completely
dry creek beds. Rainfall and temperature may influence skew. Such factors can affect
biological and chemical parameters within the substrate and consequently diagenetic
changes to the sediments (Lewis and McConchie, 1994a; Arakel, 1995). While such
changes are unlikely to directly affect sand grain sizes they may affect the skew, as it
reflects the relative proportions of coarse and fine fractions. For example, diagenetic
change could alter the representation of the mud fraction, therefore indirectly affecting
the sand skew.

Sediment differences between pools and riffles have also been

determined to be much greater at lower discharges when sustained sediment transport is
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confined to the smaller-grain sizes (Sear, 1996). However, as mentioned, the actual
range in skew values for these data is small and prompts reservation about any
speculative explanations.
1998 sediment suite characteristics

The 1998 suite exhibited some varied patterns in grain size characteristics compared
with its relatively undistinguished hydrology. For ‘all’ sands the 1998 suite was within
the group associated with high floodwaters (Figure 3.11). The common characteristics
of this group were larger mean grain sizes and lower standard deviations, i.e. dominated
by coarse grain sizes (Figures 3.11 to 3.16). For the coarser sands, the 1998 suite was a
distinct outlier having a larger mean grain size and more positive skew yet, in the finer
sands, its grain size and skew were not distinguished from other data. When these
sediment samples were collected in August, discharge was low (0.037ML) and had been
for the preceding twenty-eight days (Σ 0.11ML).

There were, however, several

discharge ‘events’ in February, March, May and June 1998. These comparatively
higher discharge events were possibly not sufficient to remove coarser grain sizes, but
may have affected the sediment distribution by selectively removing fines (see reference
to Sear, 1996 above). Evidence of discharge-related process is most clearly revealed by
the standard deviation or sorting characteristics of sediment grain sizes (Folk and Ward,
1957; Friedman and Johnson, 1982; Chamley, 1990; Lewis and McConchie, 1994a).
An alternative explanation for the characteristics of the 1998 suite is that the amount of
POM present on the creek bed affected fines. In the absence of sufficient discharge to
scour POM from the bed surface, it is likely that the intrusion or build-up of fines in the
top gravel layers would have been prevented by large amounts of POM. Therefore, the
representation of fines in these samples would be diminished. The necessary conditions
for this situation were observed. There was a relatively high POM load in the substrate
for 1998 (Figure 3.21). Field observations of the flow debris at the sampling time, in
May and early August 1998, revealed that despite obvious discharge related
disturbance, the overall loss of POM from the reach appeared negligible. Increased
storage of leaf litter (resulting from reduced rates of processing) has been reported to
enhance retention of mineral particles in other headwater streams (Wallace et al., 1993).
Patterns observed for the muds offer further insight into the grain size distribution for
1998. Covariation of moment results revealed 1998 was a distinct outlier for mean
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grain size and standard deviation, though not for skew (Figures 3.15 and 3.16). Thus
any influence of finer materials in determining the suite characteristics (well-sorted
coarse silts) was apparently minor. Exploring this result further by using percentage
value comparisons, showed that the 1998 suite characteristics were closer to other suites
with recent surface discharge, in contrast to ‘no’ recent surface discharge (Figure 3.17).
Based on percentage values, the hydrodynamic energies associated with the August
1998 suite are most similar to May 1996, March 1997 and May 1997 (with the obvious
exceptions from 1999, distinguished from other results due to their much higher energy
regime). There are two anomalies to consider however. February 1996 suites were not
included in the associated group despite high discharge, nor in August 1996, though its
discharge was comparable to May 1997. This can be explained using field notes to
confirm an obvious contrast between August 1996 and the other dates. The August
1996 period was characterised by stagnant pools and abundant leaf litter, whereas on the
other occasions recent discharge had obviously preceded collection.

If a rainfall

criterion is considered, August 1996 would be further likely to be removed as the sum
of rainfall for twenty–eight days preceding sample collection was <50mm, compared
with May 1996, March and May 1997 with >170mm rainfall. There is no manifest
reason for the exclusion of the February 1996 suite.

Although it may be worth

considering that construction of major hydrological installations (including track
construction) had taken place in 1995, prior to February 1996 there had been limited
discharge and sediment characteristics may have been impacted upon by these works.

3.4.4 Implications of sediment change
High energy event disturbance

The action of physical processes that resulted in the observed altered grain size
distribution (i.e. erosion and transportation cf. outcome) is also likely to have produced
substantial physical disturbance (see Nuttall, 1972; Sagar, 1986; Palmer et al., 1992;
Smock et al., 1994; 1995; Matthaei et al., 1997; Matthaei and Townsend, 2000). Thus
there are several interrelated factors potentially contributing to disturbance. These
factors are also in a complex relationship with event magnitude (see Dole-Olivier et al.,
1993; Dudgeon, 1993; Lancaster and Hildrew, 1993; Ward and Palmer, 1994;
Robertson et al., 1995; Sear, 1996; Dole-Olivier et al., 1997).

The impact of a

disturbance would be expected to increase with higher energy discharge events. It is
pertinent to emphasise that disturbance due to discharge magnitude cannot be uncoupled
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from the physical processes, but it is possible to discriminate between discharge event
energy levels.
Energy level discrimination was most evident in percent value comparisons (Figure
3.17) and standpipe trap results (see Figures 3.18, 3.19 and 3.20). The standpipe trap
results, where bedload movement was evident following the extremely high discharge
event in February 1999, provide an illustrative example of physical disturbance. The
physical processes involved in the movement of bedload are likely factors contributing
to the disturbance, not just the outcome – change in the grain size distribution (Chapter
4).
Benthic organic matter change

The scouring of POM observed in this study, while clearly related to discharge energy,
would also have been a function of substratum type. Wanner et al. (2002) reported that
the organic matter content in the upper layers of a lowland river was determined by the
local hydrological regime and this was reflected by the particle size distribution of
mineral sediments. Robertson et al. (1995) observed organic matter abundance patterns
to be correlated with hydraulic variables. Minshall et al. (2000), however, found that
the transport of fine particulate organic matter (53-106µm) in quiescent waters was not
subject to the mechanisms governing traditional mineral sediment transport. A recent
study of fine particulate matter analogues found that differences in particle transport
along a longitudinal gradient were determined by velocity and depth (Paul and Hall,
2002).
Substratum characteristics would have modified retention and the action of physical
processes (Rabeni and Minshall, 1977; Bretschko and Leichtfried, 1988; Parker, 1989;
Petersen et al., 1989). The extent of influence would be a complex function of the
interaction of parameters such as compaction, the specific nature of organic matter
(principally type and size), topography of the stream bed and extraneous features of the
creek bed landscape such as coarse woody debris (Petersen et al., 1989; Metzler and
Smock, 1990; Allan, 1995; Jones, 1997).

Biological features of POM, such as

microbial colonisation and accessibility to meiofauna, could also be affected by varied
communition and/or burial resulting from sediment transport and changes to mineral
sediment texture (Petersen et al., 1989; Smith and Lake, 1993; Boulton et al., 1998;
Pusch et al., 1998; Chafiq et al., 1999; Dent et al., 2000; Hakenkamp and Morin, 2000,
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see Chapter 5). Particulate organic matter and bacterial abundances and activity have
been observed to decrease with depth, indicating a filter effect due to biological
(degradation) and physical (passive retention) processes (Mermillod-Blondin et al.,
2000).
Response of fauna to grain size change

The impact on macroinvertebrates compared with minute invertebrates is difficult to
predict. There are different spatial scales for refugia (Sedell et al., 1990) and their use
contributes to either resistance or resilience depending on scale (Townsend and
Hildrew, 1994). Most probably the outcome in terms of resistance or resilience would
be highly taxon specific, depending on species requirements for refugia and subsequent
colonisation (Ryan, 1991 see references cited therein; Palmer et al., 1992; Lancaster and
Hildrew, 1993; Palmer et al., 1995, see also Chapter 4; Robertson et al., 1995). The
presence of relictual individuals can also influence the success of colonisers (Lake,
1990). Recovery would also be affected by the patchiness of disturbance, this may
confer a variable outcome at the organism or population scale (Sagar, 1986; Lancaster
and Hildrew, 1993; Palmer et al., 1995; Robertson et al., 1995; Dole-Olivier et al.,
1997; Lancaster, 2000; Matthaei and Townsend, 2000). Structural complexity of the
substrata has an important role in determining many of the responses of invertebrates to
physical disturbance (Minshall, 1984; Lake, 1990; Scarsbrook and Townsend, 1993).
Yet, in spite of the predictability of physical processes, the ‘ecological’ outcome is
likely to be a complex function of multiple factors acting at different scales (Chapter 4).
Minute interstitial invertebrates and microscopic organisms are expected to have been
more impacted as a result of compositional change than macroinvertebrate. The habitat
scale of these organisms means that even slight variation in grain size distribution could
significantly alter organisation and structure of interstitial spaces, and particle surfaces
available for colonisation (Bretschko and Leichtfried, 1988; Wotton, 1990; Arakel,
1995). A distinct change in skewness, to represent a dominant fine versus coarse
fraction, or vice versa, could alter the taxonomic composition of the invertebrate
inhabitants (de March, 1976; Quinn and Hickey, 1990; Ruse, 1994; Dole-Olivier et al.,
2000, see also Chapter 5c). However, as mentioned above, the physical disturbance
caused by the hydraulic and geomorphic processes and variable energy levels of the
associated discharge is also expected to impact on these invertebrates.
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3.4.5 Summary
Catchment hydrology in the study area, while dominated by the El Niño/southern
oscillation pattern, is highly seasonal and Humbug Ck is characteristically intermittent.
Temporal changes in sediment grain size corresponded to antecedent discharge events.
Energy levels of discharge events can be discriminated using the grain size distributions
of fine sediments. Other observed patterns in grain size distribution were possibly
related to complex interactions with seasonal features of the creek bed such as variation
in litter retention.
The invertebrate habitat has dynamic spatial and temporal boundaries. The hydrological
characteristics observed during the study period were complex and presented a highly
variable habitat for interstitial fauna, and were potentially an agent of habitat
disturbance (Chapter 4). The prevailing hydrological pattern is expected to play a
dominant role in determining colonisation of habitat by invertebrates as it governs the
spatial extent and temporal viability of habitat. In optimum conditions, habitat choice is
generally based on taxon preference (see Holm, 1988; Corkum, 1989; Hearden and
Pearson, 1991; Robertson, 2000; Fonesca and Hart, 2001), however, the marked
seasonality in habitat availability observed in Humbug Creek is likely to make habitat
availability a primary determinant of colonisation. A predicted outcome of such a
colonisation driver is that the patterns in community composition will strongly reflect
seasonal environmental conditions.
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Chapter 4
Temporal changes in sediment fauna

4.1 Introduction
Substratum distribution patterns of benthic fauna can be categorised into those which
inhabit the surface substratum, those living in the interstitial spaces, or both (Brusven
and Prather, 1974; Edgar, 2001).

It is well documented that a primary factor

influencing micro-distribution of the benthos is grain size, which in turn is a
determinant of variability in physico-chemical characteristics, organic matter storage
and biogeochemical processes (Cummins and Lauff, 1969; Strayer et al., 1997; Boulton
et al., 1998; Hakenkamp and Palmer, 2000; Edgar, 2001). Grain size is the primary
divisor of hard compared with soft sediments, where the former includes coarser
material and bedrock and the latter fine sediments and muds. These divisions exist in
marine, freshwater and terrestrial ecosystems and account for major biotic community
characteristics (Lake, 1990; McCoy and Bell, 1991; Barnes and Hughes, 1999; Edgar,
2001). As a result, they represent an opportunity to contrast sediment biota across
markedly different ecosystems, as many features of colonization are potentially
analogous.
Particle size is one of the physical characteristics of a substratum that is of prime
importance to fauna (as described above and in Chapter 1), yet there are only a limited
number of studies relating sediment size range to macroinvertebrate distributions in
streams (Gagnier and Bailey, 1994). This is despite clear leads such as Cummins
(1969) who determined particle size as the primary factor influencing benthos microdistribution, and de March (1976) who suggested spatial and temporal patterns in
species abundance were related to temporally variable sorting characteristics.
Furthermore, Palmer (1990b), Giere (1993) and Robertson (2000b) discuss the
“neglect” of the lotic meiofauna (predominantly epibenthic or interstitial), especially
compared with their marine ecosystem counterparts.

Substratum characteristics in

natural streams are heterogeneous, and this often confounds micro-environmental
interpretation of biota-substratum relationships (Brusven and Prather, 1974). However,
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most observed patterns in micro-distributions are long term (Lancaster and Hildrew,
1993) and this facilitates their investigation.
Sediment biota live on and amongst the interstices of a matrix that can include all
unconsolidated material making up bottom substrata including silt, sand, gravel, cobbles
and organic matter (Palmer et al., 2000a; Edgar, 2001). Key factors that influence their
distribution are the interplay of hydraulic and sedimentary characteristics (Dole-Olivier
et al., 1993; Rempel et al., 2000; Edgar, 2001), food resources (Leichtfried, 1988; 1994)
and species specific traits and interactions (Williams, 1984; Hakenkamp and Palmer,
2000). The majority of infauna (interstitial sediment biota) are located within the top
10cm of the bed sediments (Ryan, 1991; Marchant, 1995; Madridet et al., 1996) though,
this may be seasonally variable (Marchant, 1995). Penetration into the hyporheic zone
is related to availability of habitat in terms of substratum structure (Madridet et al.,
1996). Finer sediments tend to concentrate faunal abundance at the surface (Swan and
Palmer, 2000), while decreased grain size and smaller interstitial pores lead to higher
numbers of meiofauna compared to macroinvertebrates (Hakenkamp and Palmer, 2000).
Interstitial space has also been positively correlated with faunal abundance (Ryder, 1989
cited in Ryan, 1991).
Underpinning the predominant role of sediment characteristics, and much of their form
is the influence of hydrology. Hydrology exerts a hierarchical dominance over the
nature of sediment habitat (Ward et al., 1998), yet the interplay between the two makes
them practically inseparable (Dole-Olivier et al., 1993; Naegeli et al., 1996;
Hakenkamp and Palmer, 2000, see also Chapter 3). For example, at the local scale of
hydrological and geomorphic interaction or outcome, a key broad biological
consideration is the interstitial flow rate.

Flow rate variability through sediments

influences biotic and abiotic processes that determine faunal abundance, diversity and
function (Brunke and Gosner, 1997; Dole-Olivier et al., 2000; Hakenkamp and Palmer,
2000; Swan and Palmer, 2000).
Hydrology

In the context of this study, the focus on the role of hydrology is strong, as the study
stream is seasonally intermittent (Chapter 3). Spatial and temporal variability in the
hydrology of intermittent streams and other temporary water-bodies encompasses the
surface and sub-surface waters.

Early descriptions by stream ecologists of the
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hydrology of temporary waters, (e.g. Williams and Hynes, 1977b), stressed the physical
components of water zones and hydraulic factors that control the water content.
Descriptions from the 1990s portray a complex model of dynamics incorporating a
broader spatial scale (e.g. riparian zone and extended floodplain), an ecotone division of
the sub-surface linking river and groundwater ecosystems and multifaceted functionality
(Gibert et al., 1994; Ward and Palmer, 1994; Brunke and Gosner, 1997; 1998). In this
context, hyporheic zone research has been particularly prolific, yielding a wealth of
information about the physical and chemical characteristics of the interstitial
environment (Dole-Olivier et al., 1994; Boulton et al., 1998). Research that pertains to
interstitial invertebrates has, however, generally been confined to floodplains (DoleOlivier et al., 1993; 1994; Gibert et al., 1994; Malard et al., 2002) and arid zone
intermittent ecosystems (Boulton and Stanley, 1995; Clinton et al., 1996; 1998).
Hydraulic and sedimentary controls determine structure and distribution of sediment
biotic communities, although, the precise causal relationships are largely undetermined
(Dole-Olivier et al., 1994; Madridet et al., 1996; Boulton et al., 1998; Ward et al.,
1998).

Interstitial habitats are heterogeneous because of the influence exerted by

hydrology (Dole-Olivier et al., 1993). Sedimentary controls on the hydraulic throughflow play a vital role in determining physico-chemical processes (Bretschko, 1991;
Boulton et al., 1998; Pusch et al., 1998; Ward et al., 1998; Malard et al., 2002).
Particularly relevant are the rates and directions of interstitial flow that vary across
lateral, longitudinal and temporal scales (Dole-Olivier et al., 1997; Valett et al., 1997;
Hakenkamp and Palmer, 2000). At the broader scale, the hydraulic determinants of
grain sizes, such as the discharge related transportation and deposition mechanisms of
the erosion process are important controls (Sagar, 1986; Palmer et al., 1992; Dudgeon,
1993; Lancaster and Hildrew, 1993; 1995, Ward, 1994; Rempel et al., 2000; Swan and
Palmer, 2000).

4.1.1 Variables describing the links between fauna and creek bed
conditions
In lotic freshwater systems other studies have investigated the links in intermittent
streams between physico-chemical parameters and temporal change relevant to fauna
(Towns, 1985; Smith and Pearson, 1987; Boulton and Lake, 1990; Chapman and
Kramer, 1991; Williams, 1996). Several studies have investigated sediment structure
and function (de March, 1976; Bretschko and Leichtfried, 1988; Klemens, 1991;
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Bretschko, 1994). However, few studies have investigated links between sediment size
composition and fauna (Hynes et al., 1974; Palmer, 1990a; Bretschko, 1992; Gagnier
and Bailey, 1994; Dudgeon, 1995; Trayler and Davis, 1998; 2000b). Recently, there
has been a surge of research publications about sediments as habitat, ironically this has
highlighted the paucity of information about lotic freshwater sediments and meiofauna
(Dole-Olivier et al., 2000; Hakenkamp and Palmer, 2000; Robertson, 2000; Swan and
Palmer, 2000).
At a fine scale, features of the fauna and habitat components determine sediment
colonisation patterns (Bretschko, 1992; Ruse, 1994; Dole-Olivier et al., 2000;
Hakenkamp and Palmer, 2000, see also Chapter 5).

Space and dissolved oxygen

availability are considered to be of primary importance in determining habitat suitability
for colonisation of sediments (Giere, 1993; Madridet et al., 1996; Strayer et al., 1997;
Rempel et al., 2000). Sediment characteristics largely control the structure and amount
of interstitial space (Ward et al., 1998; Hakenkamp and Palmer, 2000). Compaction
may restrict the physical penetration of fauna into the sediments and can concentrate
faunal abundance toward the surface (Swan and Palmer, 2000, see also Chapter 3).
Limits on the penetration of fauna into compacted stream sediments are variable but
generally in the order of 5-15 cm (Ford, 1962 and Wiley, 1981 both cited in Williams,
1984; Palmer, 1990a; Madridet et al., 1996; Brunke and Gosner, 1997; Trayler and
Davis, 1998). Pore spaces may also be filled by POM resulting in anoxic conditions
(Strommer and Smock, 1989; Madridet et al., 1996).

4.1.2 Trophic resources
Complex trophic interactions are also mediated via sediments from the microbial scale
through to POM. Sediment characteristics play a key role in shaping biogeochemical
processes as a physical substratum and by influencing the dynamics of biochemical
processes within the sediment environment, including dissolved oxygen concentration
(Williams, 1987; Valett et al., 1990; Findlay, 1995; Brunke and Gosner, 1997; Boulton
et al., 1998; Pusch et al., 1998, see also Chapter 5). Sediment redistribution can also
result in the translocation and intercalation of organic matter leading to intensification
of biochemical process (Strayer, 1994; Naegeli et al., 1996; Boulton et al., 1998; Pusch
et al., 1998; Swan and Palmer, 2000). Links have also been identified between the
distribution of meiofauna and organic matter within sediment habitat (Williams and
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Smith, 1996; Lenting et al., 1997; Palmer et al., 2000b, Swan and Palmer, 2000; see
also Chapter 5; Schmid-Araya, 2000; Rempel, 2000).
At a macro scale, leaf litter forms a major allochthonous food resource which has been
demonstrated to be spatially distributed in accordance with hydraulics and sediment
characteristics (Gagnier and Bailey, 1994; Madridet et al., 1996; Brunke and Gosner,
1997, see also Chapter 3). Sediments composed of fine grains contain more stored
detritus than coarse sediments (Leichtfried, 1985; Brunke and Gosner, 1997). The
function of sediments in determining the quantity and quality of food available for biota
(micro to macro) is best understood for the hyporheic zone sediments (Leichtfried,
1988; Boulton et al., 1998, see also Chapter 5). The distribution of organic matter
based on protein content, an indicator of food quality, has been linked with the spatial
distribution of particular sediment size classes (Bretschko and Leichtfried, 1988;
Leichtfried, 1994).

Breakdown of within-sediment litter is brought about by the

activities of biota and biogeochemical processes ameliorated by sediment characteristics
(Hargrave, 1972; van Es, 1982; Mickelburgh et al., 1984; Hedin, 1990; Smith and Lake,
1993; Larned, 2000, see Chapter 5).

Spatial and temporal distribution of major

autochthonous sources have also been clearly shown to be under the influence of
sediment/hydraulic control (Grimm, 1994; Jones, 1995; Holmes et al., 1998).
Research into the trophic dynamics of sediment infauna are extremely limited in the
lotic freshwater environment (Schmid-Araya and Schmid, 2000; Schmid-Araya et al.,
2002). Seasonal patterns of particulate organic matter in sediment have been shown to
explain the seasonal patterns in fauna (Outridge, 1988; Strayer et al., 1997; Robertson et
al., 2000a). Outridge (1988) states that microbial activity is probably an important
factor influencing benthic invertebrate ecology in most tropical freshwaters.

The

activities of microbial assemblages are dependent on sediment characteristics and
interstitial flow. The sediments provide a substratum and habitat for microorganisms
and affects their environment in terms of oxygenation (via flow, composition and
compaction), nutrient supply and temperature (Findlay and Sobczak, 1996; Hendricks,
1996; Boulton et al., 1998; Chafiq et al., 1999; Dent et al., 2000; Findlay and Sobczak,
2000).

The distribution of bacterial density has been linked to sediment size

distribution (Cammen, 1982; Hedin, 1990, see Chapter 5) and to a large extent,
microbial activity may be mediated by surface to sub-surface exchange (Findlay and
Sobczak, 1996; Hendricks, 1996; Boulton et al., 1998; Findlay and Sobczak, 2000, see

79
Chapter 5). Up-welling water can cause nutrient hot spots (Triska et al., 1989; Jones et
al., 1995; Valett et al., 1997; Boulton et al., 1998).

4.1.3 Species traits
The specific biological characteristics of sediment biota are partly influenced by their
locality within the sediments. Epigean and hypogean infauna are distinguished as
having separate sediment affinities, implying that there is a vertical discontinuity largely
determined by sediment and hydraulic characteristics (Bretschko, 1991; Panek, 1991;
1992). There is, however, a lack of research on the proportions of migration of these
fauna (Brunke and Gosner, 1997).

Hakenkamp and Palmer (2000) provide a

comparative summary of hyporheic studies and the influence of the size and depth of
sediments.
Defining the boundaries of different sub-surface sediment habitats is complicated as
they are ecotones and their interface boundaries may be spatially indistinct (Williams,
1989; Dole-Olivier et al., 1994; Ward et al., 1998; Brunke and Fischer, 1999). The
physical boundaries are also variable on a temporal scale, particularly when defined in
relation to their hydrology (Gibert et al., 1994; Grimm, 1994; Stanley et al., 1997; Ward
et al., 1998). The biota are taxonomically diverse, including many specialists that are
recognised in association with hydrological components (e.g. groundwater) (Boulton et
al., 1992b; Gibert et al., 1994; 1998; Ward et al., 1998; 2000; Dole-Olivier et al., 2000).
The hyporheic zone functions as a refuge by early instar invertebrates against
temperature extremes, currents and physical instability (Brunke and Gosner, 1997;
Boulton et al., 1998; Dent et al., 2000). Spatial hydrology may also be a determinant of
refugia use (Dole-Olivier et al., 1997). Palmer et al.’s (1992) findings for a sandy
substratum did not support the hypothesis of refugium use during high flow disturbance.
In contrast, Paltridge (1997) observed that biota utilised the sandy hyporheic zone as a
refuge during seasonal drying of an intermittent stream in the tropics. Marchant (1995)
reported seasonal variation in the abundance of fauna in the hyporheic zone in a
temperate-zone upland river. Functional diversity has also been recognised in the
sediment biota from terrestrial and marine environments (Wallwork, 1976; Dean and
Connell, 1987c; CSIRO, 1991; Giere, 1993; Barnes and Hughes, 1999). Edgar (2001)
notes that marine organisms living in soft-bottomed habitats are constrained in size and
shape by structural characteristics of the sediments. However, very little information is
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available on the functional diversity of sediment infauna in freshwater, with the
exception of microcrustacea where detailed investigation has revealed species-specific
distributions, habitats, feeding preferences and life history tactics (Dole-Olivier et al.,
2000; Schmid-Araya, 2000). Refuge use and variable survivorship associated with
drying/rewetting in arid zone intermittent streams suggests there may be a wealth of
functional diversity amongst the hyporheos of these streams (Stanley et al., 1994;
Clinton et al., 1996).

4.1.4 Aims
The broad aims of this chapter were to determine the temporal change in faunal
assemblage within the gravel sediments of an intermittently flowing headwater stream
in south-east Queensland. The specific aims were to:
•

Describe the fauna and associated habitats.

•

Analyse a range of environmental parameters to investigate temporally variable
features of the hydrological regime and interstitial habitat e.g. catchment
hydrology, sediment grain size characteristics and organic matter content.

•

Determine key environmental variables relating to patterns observed in the
faunal assemblage.
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4.2 Materials and methods
4.2.1 Study site and sample collection
The study site is described in Chapter 2, with details of the geomorphic characteristics
given in Chapter 3. The hydrological conditions over the sampling period are also
described in detail in Chapter 3.
The invertebrate fauna were obtained from substratum samples collected from a 157m
reach of Humbug Creek between February 1996 and March 1999, spanning conditions
from dry-bed to post-spate (refer to Chapter 3). Sample collection times were related to
seasonal flow and major hydrological events. Three substratum sub-samples were
collected with a deep-sided, flat-based scoop with a volume of 240cm3 and combined
(total sample volume 720cm3), stained with rose bengal and preserved in the field with
10% buffered Formalin (refer to Chapter 3). Sample collection times for invertebrate
fauna are given in Table 4.1.1

Table 4.1 Collection dates for substratum samples from which fauna were obtained, the
total number of samples collected was 88.

Collection date

Number of samples

February 2nd 1996

6

May 15th 1996

6

August 20th 1996

6

th

November 17 1996

10

th

March 15 1997

10

May 20th 1997

10

th

10

th

August 24 1998

10

February 14th 1999

10

March 20th 1999

10

August 15 1997

1

Legend

As reported in Chapter 3, the number of substratum samples collected was increased from six to ten in order
to obtain a reasonable power for statistical analysis as power analysis indicated that while six samples were
adequate for physical analysis this number was insufficient to characterise biological (invertebrate) samples.
Fauna from substratum samples collected during January 1997 are not included as they were lost.
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Laboratory processing

Each substratum sample was placed in a saturated solution of calcium chloride,
repeatedly washed and decanted into a 0.25mm brass mesh sieve (refer to Chapter 3).
The organic material collected on this sieve was then preserved in 70% ethanol. These
samples were then examined using a stereo binocular microscope, and all invertebrates
were retained for identification and enumeration. POM from these samples was also
retained and processed as described in Chapter 3.

4.2.2 Taxonomy and identification
The majority of insect taxa were identifiable to genus or species using stereo and/or
compound microscopy. Species identifications were based on the following taxonomic
keys: Diptera, (Smith, 1989; Elson-Harris, 1990; CSIRO, 1991; Cranston, 1996, 2000);
Coleoptera, (Watts, 1992; Lawrence, 1995; Davis, 1998; Watts, 1998; Glaister, 1999);
Ephemeroptera, (Dean and Suter, 1996; Suter, 1997; Dean, 1999); Trichoptera, (Dean,
1997; Jackson, 1997; St Clair, 2000); Odonata, (Hawking and Theischinger, 1999);
Bivalves and Gastropods, (Smith, 1996). Non-insect taxa were often minute and were
identified to the lowest practical taxonomic level, or grouped and/or categorised where
identities were undetermined. For example, annelids were grouped into classes and
then into size categories. The major impediment to taxonomic identification in all
groups was the small size of specimens.
Dr Heather Proctor (Acarina) and Professor Patrick DeDeckker (Ostracoda) kindly
identified the mites and ostracods. Other expert taxonomists confirmed identifications
for some specimens.

4.2.3 Environmental parameters
The environmental variables associated with the invertebrate fauna were measured at
the study site at corresponding sample collection times, or were derived from
substratum sample data. Details of the collection of the raw data can be found in the
methods section of Chapter 3 (note: samples from January 1997 are not included due to
loss of the fauna sample). Environmental variables were grouped into three categories:
(i) catchment hydrology, (ii) sediment characteristics, (iii) organic matter content.
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4.2.4 Data analysis
The abundance of individual taxa in each sample was converted from the sediment
sample volume of 720cm3 to a density per 1000cm3, to facilitate comparisons with other
studies.
Descriptive analyses of the invertebrate fauna

Fauna samples were grouped into major taxonomic units to summarise information.
The detailed taxonomic list is also provided and forms the basis for descriptions of the
faunal assemblage. Total faunal abundance per sampling time was determined and
species richness (Margalef’s index), diversity (Shannon-Wiener) and evenness (Pielou’s
index) were calculated for different sampling times using Primer 5 software (Primer-E
Ltd., 2000). Species indices were compared among times and categories using one-way
ANOVA, with post-hoc testing using the multiple pair-wise comparisons method of
Tukey’s honestly significant difference test in the statistical software SPSS 11 (SPSS
Inc., 2001).
Pattern analysis of the faunal assemblage

The PATN 3.6 software package (1993, CSIRO Division of Wildlife Ecology) was used
to ordinate the faunal assemblage abundance data to explore the representation of fauna
at different sampling times in multidimensional space. The PATN analysis routine
generated a dissimilarity matrix based on the Bray-Curtis association measure (Faith et
al., 1987; Belbin, 1995). This matrix was then used to run an ordination based on a
semi-strong hybrid algorithm (non-metric) with the following options: solutions in 3-5
dimensions, 100 iterations from 50 random starts. An orthogonal axes rotation was then
performed on the ordination using the PCR (varimax rotation option). This optimised
the positioning of scores on the chosen axes (Belbin, 1995).
Trials were performed on several data sets (all fauna, aquatic taxa, common taxa, major
taxonomic group) in order to compare their degree of structure in patterns and
ordination stress. A fourth root transformation of 'all fauna' was perceived to provide
the best representation of patterns in multidimensional space, and this data set was used
as the basis for all further analyses.
The principal axis correlation (PCC varimax rotation) was used to generate a set of
best–fit vector scores associated with the 'all fauna' ordination. These scores correlate
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to specific taxa that are likely to be influencing the pattern generated in the ordination
(Belbin, 1995).

A Monte-Carlo randomisation routine was used to determine the

statistical significance of the vector correlations (Manly, 1991; Belbin, 1995).
Assemblage patterns and environmental variables

Nineteen environmental variables were initially selected, representing three categories:
(i) organic matter, (ii) sediment characteristics, (iii) catchment hydrology. Scatterplots
were created to ascertain approximate distributions of mean variables and to determine
appropriate transformations of environmental variables.

The transformed variables

were then tested in sequence for correlation using Systat V6 statistical software (SPSS
Inc., 1996). Two variables were subsequently deleted from the set as there was a
greater than ninety-five percent correlation with other variables. A third variable was
deleted due to high correlation with another (0.92) and a relatively high proportion of
missing data. All environmental parameters considered for analyses are shown in Table
4.2.

Table 4.2 Environmental variables and transformations applied.
Name

Parameter

Transformation

one
two

none
log plus 1

four
five

sediment (<250µm) - loss on ignition
particulate organic matter (>250µm) – loss on
ignition
particulate organic matter (>250µm) – total dry
mass (g)
water depth (m)
median grain size of sand (phi)

six

mean grain size of sand (phi)

seven

median grain size of mud (phi)

eight

mean grain size of mud (phi)

nine
ten
eleven
twelve
thirteen
fourteen

ratio of amount of sand to mud
ratio of amount of clay to silt
standard deviation of sand grain sizes
standard deviation of mud grain sizes
water temperature (°C)
air temperature

none
square root plus
constant
square root plus
constant
square root plus
constant
square root plus
constant
square root
square root
square root
square root
none
none

fifteen
sixteen

total discharge in the preceding 28 days (mm)
mean discharge in the preceding 28 days (Ml)

log plus 1
log plus 1

seventeen
eighteen

instantaneous discharge (Ml)
mean daily rainfall in the preceding 28 days
(mm)
sum of rainfall in the preceding 28 days

log plus 1
log plus 1

three

nineteen

log plus 1

log plus 1

Deleted, correlated
with 13
Deleted, correlated
with 15

Deleted, correlated
with 18
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The PATN routines PCC/MCAO were applied to a merged data set composed of fourth
root transformed ‘all fauna’ and a final set of 16 transformed environmental variables
(Table 4.2). A range standardised version of this data set were compared with the
findings of the first analysis and this suggested that the transformations alone were
sufficient to produce adequately range limited raw data that would allow equal
weighting of attributes for association measures (Belbin, 1995).
The BIOENV (biota–environmental matching) routine of Primer 5 (Primer-E Ltd, 2000)
was used to further analyse these data. This multivariate procedure entails a rank
correlation

based

on

comparison

of

the

similarity

matrices

multidimensional scaling patterns (Clarke and Warwick, 1994).

that

underlie

By using these

matrices the ‘match’ between the patterns of the fauna and the environmental data sets
can be compared, and the contributing environmental variables are ordered according to
degree of match (Clarke, 1993). The solution identifies driving environmental variables
(singular or groups thereof) and provides a correlation score in the range –1 to +1.
There is no significance test as such (Clarke and Warwick, 1994).
The following criteria were applied when using the BIOENV procedure. A Bray-Curtis
based dissimilarity matrix was generated for the ‘all fauna’ data set and compared to the
environmental matrix formed from normalised Euclidean distance for the environmental
variables.

It was necessary to remove biota data sets from sampling times one

(February 1996) and two (May 1996) as zero fauna for some samples within those times
did not conform to BIOENV prerequisites. An option of ten solutions with a maximum
of five variables per solution was selected. Spearman’s rank correlation was then
employed to compare the matrices.
The percentages of total abundance comprised by major taxonomic groups were
compared for 1996 and 1998 with 1997 and 1999. The groups having a greater than one
percent change in relative abundance between the two grouped data sets were identified.
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Particulate organic matter

Background data for these analyses were derived from the results of studies described in
Chapter 3. For each sampling occasion the dry weight of POM, its carbon content
(percent loss on ignition) and the carbon content of <0.25mm sediments were
determined. Means and standard errors are given in Figures 3.21 and 3.22 and the
results of ANOVA comparisons across sampling times in Chapter 3, Section 3.3.4.
Linear regression analyses were used to compare individual sample dates from each
sampling year with univariate indices of invertebrate data - diversity, richness and
evenness. Linear regressions were also performed on grouped data sets 1996 and 1998,
1997 and 1999. SPSS 11 statistical software was used for these analyses (SPSS Inc.,
2001).
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4.3 Results
4.3.1 Invertebrate faunal assemblage
A list of the major faunal groups represented, including the percentage of the total
abundance for each major group, is given in Table 4.3. The taxa were dominated
numerically by nematodes (15%), oligochaetes (20.34%) and ephemeropterans (16.1%),
these making up 51% of the individuals collected. Secondary groups, individually
representing <10%, summed to 30% of the total abundance- these included ostracods,
copepods, collembolans and chironomid larvae (Table 4.3).

Table 4.3 Major faunal groups represented in sediment samples and their percentage of
the total abundance.
Major group*
CNIDARIA
PLATYHELMINTHES
NEMERTEA
NEMATODA
NEMATOPHORA
GASTROPODA
BIVALVIA
OLIGOCHAETA
HIRUDINEA
TARDIGRADA
ARANEAE (terr.)
ACARINA
Oribatida unid.(terr.)
ACARINA
Halacaridae (aq.)
ACARINA
Mesostigmata unid. (terr.)
ACARINA
other ACARINA
Branchiopoda
Ostracoda
Candonopsis aff. tenuis
Ostracoda
Microdarwinula
Ostracoda
other Ostracoda
Copepoda
Malacostraca
Amphipoda
Isopoda
COLLEMBOLA
Blattodea (terr.)
Plecoptera
Ephemeroptera
Odonata (Zygoptera)
Hemiptera
Trichoptera
Megaloptera
Coleoptera
Scirtidae (L&A)

% of total abundance
0.18
0.67
0.03
14.99
0.05
0.13
0.02
20.34
0.01
0.01
0.09
0.45
0.44
0.45
0.93
0.04
2.88
3.48
1.90
7.18
0.01
0.02
0.11
5.14
0.02
0.02
16.13
0.77
0.24
0.52
0.05
1.48
Cont…
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Coleoptera
Staphylinidae (A) (rip.)
Coleoptera
other Coleoptera
Chironomidae
Tanypodinae (L)
Chironomidae
Orthocladinae nr Bryophaenocladius (L) (?terr.)
Chironomidae
other Orthocladinae (L)
Chironomidae
Chironominae Tribe Tanytarsini (L)
Chironomidae
Chironominae Tribe Pseudochironomini (L)
Chironomidae
Chironominae Tribe Chironomini (L)
Chironomidae
other Chironomidae (P&L)
Ceratopogonidae (P&L)
Simuliidae (L)
Tipulidae (P&L)
Psychodidae (P&L)
Dolichopodidae (P&L)
Sciaridae (P&L) (terr.)
other Diptera
Lepidoptera
Hymenoptera
UNIRAMI
unidentified eggs & hatchlings

0.38
1.92
3.07
3.74
0.32
0.33
1.10
1.29
0.12
2.10
0.75
2.21
0.43
0.65
0.45
0.81
0.01
0.11
0.02
1.43

* Major faunal groups were included according to the following criteria: (i) if they were a major taxonomic
division (ii) were abundant in individuals of larvae, pupae or adults (>50) or they were unique representatives
of a habitat e.g. interstitial, terrestrial etc.

A total of 12 977 individual invertebrates were counted from approximately 63000cm3
of sediment, and 225 taxa were identified. A taxonomic list with total abundance per
taxon is given in Table 4.4. The most specious groups included the mites, ostracods,
dipterans and coleopterans, though not all groups were identified to lowest taxonomic
resolution - such as the oligochaetes and nematodes (Table 4.4). Many taxa were
habitat specialists, including terrestrial, riparian and semi-aquatic. There were two
species of ostracod not previously recorded from Australia “Candona” (Ostracoda:
Candonidae) and Microdarwinula (Ostracoda: Darwinulidae), and a new genus of
Acarina for the family Aturidae. The size of the vast majority of fauna was minute,
with the average size estimated at <0.75mm (total body length). The notable exceptions
were mature Atalophlebia (Ephemeroptera: Leptophlebiidae) with a body length of 68mm (body length excluding filaments).
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Table 4.4 Taxonomic list of all fauna collected from sediment samples and the total
abundance per taxa/identifier. Total number of taxon = 225, total number of individuals
= 12 977.
Taxon

Individuals

CNIDARIA
HYDROZOA
Hydridae
Hydra

24

PLATYHELMINTHES
TEMNOCEPHALIDEA
TURBELLARIA

1
86

NEMERTEA
NEMATODA
Nematoda type a
Nematoda type b
NEMATOPHORA
Gordiidae
MOLLUSCA
GASTROPODA
Hydrobiidae
Hydrobiidae "A"
Ancylidae
Planorbidae
Pygmanisus
Bayardella
BIVALVIA
Sphaeridae
Pisidium
ANNELIDA
OLIGOCHAETA small
OLIGOCHAETA large
HIRUDINEA
Richardsonianidae
TARDIGRADA
ARTHROPODA
ARACHNIDA
Araenae (terr.)
ACARINA
ACARINA unid. (damaged)
Acariformes (suborder Oribadita)
Oribatida unid.(terr.)
Oribatida unid.(nymph)
Malaconothridae (aq.)
Trimalaconothrus
Hydrozetidae (aq.)

4
1400
545
6

6
4
2
5

2
2222
417
1
1

12
6
59
1
41
Cont…
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Hydrozetes
Acariformes (suborder Prostigmata)
Prostigmata unid. (terr.) .
Bdellidae (terr.)
Acariformes (suborder Prostigmata Halacaroidea)
Halacaridae (aq.)
Aturidae (aq.)
Aturidae unid. (aq.)
Axonopsella
Aturidae new genus
Acariformes (suborder Prostigmata Hydracarina)
Hygrobatidae (aq.)
Aspidiobates geometricus
Procorticacarus
Unionicolidae (aq.)
Recifella
Anisitsiellidae (aq.)
Acariformes larvae unid.
Acariformes nymph unid.
Parasitiformes (suborder Mesostigmata)
Mesostigmata unid. (terr.)
Mesostigmata unid.(semi aq.)
Ascidae (semi aq.)
Cheiroseius (semi aq.)
Ascidae unid. (semi aq.)
CRUSTACEA (Branchiopoda)
Notostraca
Diplostraca (Cladocera)
CRUSTACEA (Ostracoda)
Ostracoda unid.
Cyprididae
Ilyodromus sp. 1
Ilyodromus sp. 2
Ilyodromus unid. (damaged)
Candonidae
Candonopsis aff. tenuis
"Candona"
Notodromadidae
Newnhamia sp.
Darwinulidae
Microdarwinula sp.
Mesocypris sp. (terr.)
CRUSTACEA (Copepoda)
Cyclopoida
Harpacticoida
CRUSTACEA (Malacostraca)
Amphipoda
Talitridae (terr.)
Isopoda
Oniscidae
Oniscidae unid. (?terr)
?Haloniscus
COLLEMBOLA
Onychiuridae

1
35
2
57
4
3
7

2
1
1
1
2
2
59
9
1
2
1
4
120
38
14
33
378
4
22
451
15
906
26
1
2

8
6
666
Cont…

91
Hypogasturidae
INSECTA
Blattodea (terr.)
Plecoptera
Notonemouridae
Notonemouridae unid. (juv.)
Ephemeroptera
Ephemeroptera unid. (juv.)
Leptophlebiidae
Leptophlebiidae unid. (juv.)
Atalophlebia sp. AV18
Atalophlebia sp. AV13
Atalophlebia spp
Koorrnonga sp. AV1
Koorrnonga spp
Ulmerophlebia
Atalomicria
Nousia
Baetidae
Baetidae unid. (juv.)
Odonata (Zygoptera)
Zygoptera unid.(juv.)
Synlestidae
Synlestidae unid. (juv.)
Episynlestis albicauda
Diphlebiidae unid. (juv.)
Hemiptera
Homoptera (terr.)
Hemiptera unid. (1st instar)
Notonectidae
Hebridae
Mesoveliidae
Veliidae
Corixidae
Saldidae
Trichoptera
Hydrobiosidae
Hydrobiosidae unid. (juv.)
Calocidae
?Calocidae unid. (juv.)
Leptoceridae
Triplectides altenogus/ parvus
Lectrides varians
Leptorussa darlingtoni
Leptoceridae unid. (juv.)
Megaloptera
Corydalidae
Archichauliodes
Sialidae
Austrosialis
Coleoptera
Hydrophilidae

1
2

2
315
443
83
9
947
63
137
84
3
8
1
9
67
20
4
3
2
3
3
12
4
3
1

1
1
4
9
45
7

3
3

Cont…
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Hydrophilidae unid. (A)
Spercheus (A)
Coelosoma (A)
Hydrocus (A)
?Chasmogenus (A)
?Enochrus (A)
Gerossinae (L)
Berosus (L)
Hydrophilidae "B" (L)
Hydrophilidae "C" (L)
Hydrophilidae "D" (L)
Hydrophilidae "E" (L)
Chrysomeliidae (part A)
Chrysomeliidae unid. (A)
Donacia (L)
Chrysomeliidae "B" (L)
Psephenidae
Sclerocyphon (juv.) (L)
Sclerocyphon Type B (L)
Sclerocyphon basicollus (L)
Sclerocyphon minimus (L)
Dytiscidae
Rhantaticus (A)
Copelatus (A)
Copelatus (L)
Necterosoma (L)
Dytiscidae "A" (L)
Dytiscidae "B" (L)
Dytiscidae "C" (L)
Scirtidae
Scirtidae (L)
Scirtidae (A)
Hydraenidae
Hydraenidae unid. (A)
Hydraena (A)
Gyrinidae unid. (L)
Elmidae unid. (A)
Carabidae unid. (A)
Noteridae unid. (L)
Limnichidae unid. (L)
Brentidae unid. (L) (rip.)
Curculionidae unid. (A) (rip.)
Ptilodactylidae
Byrrocryptus (L) (rip.)
Staphylinidae unid. (A) (rip.)
Chrysomeliidae (part B)
Chrysomeliidae (Galerucinae) (A) (rip.)
Chrysomeliidae (Cryptocephalinae) (A) (terr.)
Chrysomeliidae (Cryptocephalinae) (L) (terr.)
Pythidae unid. (L) (terr.)
Ptilidae unid. (A) (terr.)

2
4
3
1
1
1
4
26
1
4
2
1
1
2
21
30
4
3
1
4
4
1
1
3
2
1
191
1
37
3
2
4
4
4
1
14
1
2
49
1
5
9
10
6
Cont…
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Byrrhidae unid. (L) (terr.)
Coleoptera unid. (hatchlings)
Diptera
Chironomidae
Chironomidae unid. (P)
Chironomidae (Podonominae) (L)
Chironomidae (Diamesinae)
Paraheptagyia (L)
Chironomidae (nr Prodiamesinae) (L)
Chironomidae (Tanypodinae)
Djalmabatista (L)
Procladius (L)
?Procladius or Djalambatista (L)
Polypedilum nubifer (L)
Polypedilum vespertinus (L)
Polypedilum oresiotrophus (L)
Polypedilum B1 (L)
Chironomidae (Tanypodinae Tribe Pentanuerini)
Larsia (L)
Paramerina (L)
Pentaneurini Genus B (L)
Pentaneurini ST1 (L)
Chironomidae (Orthocladinae)
Stictochironomus 54 (L)
Genus "Australia" (L)
Corynoneura (L)
nr Paratrichtocladius (L)
nr Limnophyes (L)
nr Gymnometriocnemus (L)
Compterosmittia (phylotelmata) (L)
nr Bryophaenocladius 1 (?terr.) (L)
nr Bryophaenocladius 2 (?terr.) (L)
Chironomidae (Chironominae Tribe Tanytarsini)
Unid (minute) (L)
Tanytarsus “K12” (L)
Stempellina (L)
Tanytarsus (L)
Rheotanytarsus (L)
Paratanytarsus (L)
Cladotanytarsus (L)
Chironomidae (Chironominae Tribe Pseudochironomini)
Riethia (L)
Chironomidae (Chironominae Tribe Chironomini)
Dicrotentipes (L)
Kiefferulus tinctus (L)
Chironomus tepperi (L)
Chironomus duplex/australis (L)
Chironomus unid. (L)
Parakiefferella (L)
Harrisius (L)
Neozavrelia (L)
Zavreliella nr K1 (L)
Ceratopogonidae
Ceratopogonidae (P)
Ceratopogonidae Ceratopogoninae

1
17

1
1
12
1
1
13
18
107
6
20
55
10
158
5
5
1
2
31
2
3
2
1
110
375
3
1
9
3
17
2
8
143
4
87
44
1
18
1
9
1
2
5
Cont…
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damaged/unid.(L)
unid. (juv.) (L)
Tribe Palpomyiini Bezzia (L)
Tribe Heteromyiini Clinohela (L)
Tribe Heteromyiini Pelluciomyia (L)
Tribe Ceratopoginini Monohelea (L)
Tribe Ceratopoginini Stilobezzia (L)
Tribe Culicoidini Culicoides (L)
Tribe Sphaeromiini Nilobezzia (L)
Dixidae (L)
Thaumaleidae (L)
Culicidae
Culicidae (P)
Culicidae (L)
Simuliidae (L)
Tipulidae
Tipulidae (P)
Tipulidae Type 1 (L)
Tipulidae Type 2 (L)
Psychodidae
Psychodidae (P)
Psychodidae Type 1 (L)
Psychodidae Type 2 (L)
Psychodidae Type 3 (L)
Dolichopodidae
Dolichopodidae (P)
Dolichopodidae (L)
Athericidae (L)
Tabanidae (L)
Ephydridae (L)
Muscidae (L)
Sciomyzidae (L)
Cecidomyiidae (L) (terr.)
Phoridae
Phoridae (P) (terr.)
Phoridae (L) (terr.)
Sciaridae
Sciaridae (P) (terr.)
Sciaridae (L) (terr.)
?Perissommatidae (terr.)
Nematocera unid. (P)
Brachycera
Brachycera unid. (L)
Brachycera unid. (P)
Diptera puparia unid.
Diptera unid. (damaged)
Diptera unid. "A" (?terr.)
Diptera unid. "B" (?terr.)
Lepidoptera
?Pyralidae
Hymenoptera
Formicidae (terr.)
UNIRAMI
DIPLOPODA
Sphaerotheriida (terr.)

4
15
80
18
24
2
114
8
2
2
6
1
1
97
1
53
233
1
19
31
5
3
81
11
4
3
1
2
29
2
9
3
55
1
9
1
2
5
11
4
1
1
14

1
Cont…
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Polydesmida (terr.)
CHILOPODA
Geophilida (terr.)

1
1

eggs & hatchlings unid.

186

Abundance per sampling time was variable with the maximum individuals recorded in
March 1999 and minimum in February 1996 (Figure 4.1).

invertebrate abundance per 1000cm-3
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2000

1000

0
Feb.96 May96 Aug.96 Nov.96 Mar.97 May 97 Aug.97 Aug.98 Feb.99 Mar.99

Figure 4.1 Total invertebrate abundance for each sampling occasion.
Refer to Table 4.1 for collection dates and sample numbers.

Maximum taxonomic richness (7.5) and diversity (3.3) were observed for samples
collected in August 1996 (Figures 4.2 and 4.3), and samples from August 1996 also had
the lowest values for evenness (0.976, highest = 0.996) (Figure 4.4). Overall, there was
a general trend toward increasing taxonomic diversity and richness values over the
three-year sampling period sampling.

Evenness tended to be higher in the earlier

months of the study (apart from August 1996) and lower during the last five sampling
occasions (Figure 4.4).
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Figure 4.2 Richness measure of fauna associated with sediment samples collected between
1996 and 1999. Means +SE for each sampling occassion. Refer to Table 4.1 for collection
dates and sample numbers.
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Figure 4.3 Diversity index of fauna associated with sediment samples collected between
1996 and 1999. Mean +SE for each sampling occassion. Refer to Table 4.1 for
collection dates and sample numbers.
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Figure 4.4 Evenness measure of fauna associated with sediment samples collected between
1996 and 1999. Mean +SE for each sampling occassion. Refer to Table 4.1 for collection
dates and sample numbers.
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The univariate indices were compared using one-way ANOVA, revealing significant
differences between sampling times for richness (F(9,74) = 4.951, p<0.01, N=84),
diversity (F(9,78) = 8.198, p<0.01, N = 88) and evenness (F(9,71) = 4.738, p<0.01; N=81).
Post-hoc analysis reveal 3 homogeneous sub-sets with extreme outliers being from
February 1996 and August 1996.

4.3.2 Temporal patterns in the faunal assemblage
Contribution of specific taxa

Two dimensional representation of the ordination suggests there is considerable overlap
in species composition among sampling times (Figure 4.5), however, the three
dimensional plots allow groups to be distinguished in the ordination space according to
different sampling occasions and year of sampling (Figure 4.6).
Overall, samples collected in 1996 appear the most dispersed within the ordination
space, especially those from February and May. November 1996 notably formed a
'separate' grouping from all other samples toward the right hand side of axis one (Figure
4.5a). Samples collected in March 1997 were also somewhat dispersed compared with
all latter samples that were relatively clustered according to sampling times, both within
and between sampling occasions. Figures 4.5b and 4.6c illustrate a pattern where
samples from November 1996, March 1997 and August 1997, though dispersed, were
grouped to one side in ordination space compared with other 1997-99 samples, that
were closer in ordination space. The closeness of samples to one another reflects a
higher degree of similarity in fauna.
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Figure 4.5 (A, B & C) PATN ordination of invertebrate density per 1000cm-3
(4th root transformed) for each sampling times. A, B and C are plotted
against different axes combinations. Stress = 0.226. Refer to Table 4.1
for collection dates and sample numbers.
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Figure 4.6 (A, B & C) PATN ordination of inverebrate density per 1000cm-3
(4th root transformed) for all sampling times plotted in three dimensional space.
A, B and C represent different rotations of axes. Stress = 0.226.
Refer to Table 4.1 for collection dates and sample numbers.
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PATN vector scores for taxa making a significant contribution to the ordination pattern
are superimposed on plots of axis one and two for p<0.01 (Figure 4.7) and axis two and
three for p<0.05 (Figure 4.8). The vectors for 'significant taxa' on both figures represent
two distinct groups = a) including, Staphylinidae (A) (Coleoptera), Formiciidae
(Hymenoptera), Culicidae (P&L) (Diptera), Cryptocephalinae (A) (Coleoptera), and b)
including, Nematoda, juvenile Ephemeroptera, small Oligochaeta. In general, dipteran
taxa were poorly presented graphically when using these particular axes. While these
two major groups (a & b above) demonstrate a dichotomy, using the two-dimensional
plot overstates their apparent grouping. Groupings may be a visual artefact of the axes
drawn and therefore plotting on different axes combinations may separate the vectors.
This occurs for the vectors plotted. For example, the juvenile Ephemeroptera and small
Oligochaeta shown in Figure 4.7 have similar trajectories to each other, yet these are not
in the same plane as the 'nearby' Nematoda or Cyclopoida, whose vectors were also in
different planes from each another. Tipulidae (Diptera) and "unidentified eggs and
hatchlings" have different trajectory loadings across the same plane. Amongst the
vectors representing 'significant taxa' at p<0.05 (Figure 4.8), large Oligochaeta and the
ostracod Candonopsis aff. tenuis have similar trajectories to one another, as do the
Koorrnonga sp. AV1 (Ephemeroptera), Leptoceridae juv. (Trichoptera), Atalophlebia
spp. (Ephemeroptera) and Paramerina (Chironomidae). The latter pair did, however,
have a different loading on axis three (Figure 4.8).
The Staphylinidae and Formiciidae represented terrestrial taxa associated with vectors at
p<0.01 significance (Figure 4.7). The length and orientation of vectors indicates a clear
association with the dry bed samples collected in November 1996 and the drought
conditions of 1997. Many 1997 samples were collected from dry and near dry streambeds due to the patchy distribution of surface waters. Cecidomyiidae (Diptera) are
another terrestrial taxon that, in contrast, is oriented in the opposite direction. In Figure
4.8 (p<0.05) the group of taxa oriented toward the right hand side of the ordination also
have strong affinities with terrestrial or riparian environments and stagnant waters e.g.
Araneae, Oniscidae, Cryptocephalinae, Culicidae and Diptera (except Turbellaria). The
samples associated with these fauna (vectors) were collected when conditions were dry
or drying in November 1996 and 1997.
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Figure 4.7 PATN ordination of invertebrate density per 1000cm-3 (4th root transformed)
for all sampling times displayed on axes 1 and 2. Vector arrows represent taxa with
a significant (p<0.01) bearing on the pattern. Stress = 0.226. Refer to Table 4.1 for
collection dates and sample numbers.
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Figure 4.8 PATN ordination of inverebrate density per 1000cm (4th root transformed)
for all sampling times displayed on azes 2 an 3. Vector arrows represent taxa with
a significant (p<0.05) bearing on the pattern. Stress = 0.226.
Refer to Table 4.1 for collection dates and sample numbers.
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Contribution of specific environmental parameters

Two groups of significant environmental variables were determined using PATN
vectors (Figure 4.9a and 4.9b). These were associated with either a) key aspects of the
physical and biological structure of the habitat, namely the average grain size of sand,
range of grain sizes in mud and particulate organic matter characteristics (variables
"six", "twelve", "two", "three"), or b) variables closely related to discharge features.
They include water temperature ("thirteen"), total discharge in the preceding 28 days
("fifteen"), instantaneous discharge ("seventeen") and mean of daily rainfall in the
preceding 28 days ("eighteen"), measured at the reach scale, water depth ("four") and
ratio of sand to mud ("nine") (Figure 4.9a). Figure 4.9b provides a contrasting view of
the vector trajectories by plotting different axes. From this view, there is a clear
distinction in vector direction for previously 'grouped' variables "nine" (ratio of sand to
mud), "thirteen" (water depth) and "seventeen" (instantaneous discharge) compared
with each other, and compared to the other vectors.
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Figure 4.9a PATN ordination of invertebrate fauna and envrionmental vectors for
significance levels of p<0.05 (red) and p<0.01 (grey). Stress = 0.226.
Refer to Table 4.1 for collection dates and sample numbers for fauna and Table 4.2
for environmental variables.
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Figure 4.9b PATN ordination of invertebrate fauna and environmental vectors for
significance levels of p<0.05 (red) and p<0.01 (grey) displayed on axes 1 and 2.
Stress = 0.226. Refer to Table 4.1 for collection dates and sample numbers for fauna
and Table 4.2 for environmental variables.
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The BIOENV analysis was applied to transformed environmental variables and the 'all
fauna' data set.

Figures 4.10 and b provide three-dimensional representations of

ordinations of these data. Fauna patterns are as described for Figures 4.5 and 4.6 and
the environmental data are relatively dispersed. Figure 4.10c shows the ordination of
the best correlated variable set produced using BIOENV. This analysis yielded an
optimal solution with a low correlation of 0.162 for the mean grain sizes of sand and
mud, standard deviations of sand and mud sizes and the sum of discharge for 28 days
preceding sampling (variables "six", "seven", "eleven", "twelve" and "fifteen") (Figure
4.10c). The BIOENV table for ten solutions is given in Appendix 4.
After the initial matching of the ‘all fauna’ data set and all environmental variables
using BIOENV, the correlated variables were compared with the information derived
from PATN analyses performed earlier. Based on this information, sampling years
were grouped with those years potentially subjected to high disturbance based on the
seasonal hydrograph (1997 and 1999) versus low-disturbance when the hydrograph was
predictable (1996 and 1998).

These groups were used in BIOENV procedures to

resolve the degree of match between biota and environmental variables. BIOENV can
generate correlations between closely associated fauna and environmental variables
without relying on the visual presentation of the ordination. This procedure used a
technique that clarified the ordination pattern structure enabling a contrast for pattern
matching that was obscured by clustering.
The data from samples collected in 1996 and 1998 (low disturbance) revealed a
maximum correlation of 0.639 based on Spearman's rank correlation.

The

environmental variables that best explained the ordination pattern produced by multidimensional scaling were: water temperature ("thirteen"), sum of the discharge for the
28 days preceding sampling ("fifteen") and instantaneous discharge ("seventeen"). The
second best solution (correlation value 0.619) includes the above and the variable of the
ratio of sand to mud ("nine"). The ordinations for 1996 and 1998 fauna and the
environmental variables "nine", "thirteen", "fifteen" and "seventeen" (second best
solution) are plotted in Figure 4.11. These ordinations show that while the location of
August samples is switched, patterns in overall position are reflected in both
ordinations. Most of the environmental variables are based on reach scale measures
taken per sampling occasion. The BIOENV table for ten solutions is included in
Appendix 5.
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Figure 4.10 (A, B & C) A) Primer ordination of invertebrate density per 1000cm-3
(4th root transformed) for each sampling occasion 1996-1999; B) ordination of
environmental variables that correspond to invertebrate samples; C) ordination of
BIOENV solution of the best correlated environmental variables. Refer to Table 4.1
for collection dates and sample numbers and Table 4.2 for environmental variables.
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The data from years 1997 and 1999 were combined based on each representing a high
disturbance based on the hydrological regime. BIOENV analysis revealed that the
environmental variables that best explained the faunal assemblage pattern were the
mean size of sand ("six"), the standard deviation of sand ("eleven"), standard deviation
of mud ("twelve"), water temperature ("thirteen") and the sum of the discharge for the
28 days preceding sampling ("fifteen"). The correlation score for this analysis was
0.370. The environmental variables show sampling times to be clearly grouped for each
occasion yet still dispersed over a wide area similarly to fauna (Figure 4.12). The
second best solution (0.361) excluded variable "twelve". The BIOENV table for ten
solutions is included in Appendix 6.
Percentage comparisons of major taxa

The major taxa that showed a greater than one percent difference in abundance between
1996-1998 (combined) and 1997-1999 (combined) are illustrated in Figure 4.13 (see
also Table 4.3). These results are concur with PATN vectors shown in Figures 4.9a and
4.9b, as well as providing additional information about the relative variation in taxa
abundances and representation at different sampling times. Five of fifteen taxa showed
increased proportional abundances for 1996/98 - Candanopsis aff. tenuis (Ostracoda),
Copepoda, Ephemeroptera, Scirtidae (L&A) (Coleoptera) and tribe Chironomini
(Diptera: Chironomidae). For the remaining taxa illustrated in Figure 4.13 there were
proportional abundance increases for 1997/99 samples.
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Figure 4.13 Comparison of percentage of total abundance of major taxonomic
groups for 1996/1998 (combined) and 1997/1999 (combined).

112

4.3.3 Particulate organic matter
Significant linear associations were observed between the variables of carbon content of
POM and time and total dry mass of POM and invertebrate evenness for both 1997 and
1999 samples (Table 4.5).

Table 4.5 ANOVA results from linear regression analysis for particulate organic matter, F
ratios significant at p<0.05.

Dependant variable

Independent variable

1997

Time

POM (>0.25mm) carbon content

F1, 28 = 10.604

N = 30

F1,18 = 4.632

N=20

Evenness

POM (>0.25mm) total dry mass

F1,27 = 9.774

N = 29

F1,18 = 5.823

N=20

1999

Figure 4.14 shows how the carbon content of sediments collected in 1997 and 1999
increased over time for the sampling interval of each year. Evenness and total dry mass
of POM were negatively correlated, suggesting that as the POM resource diminished in
terms of dry mass, there was also potentially a change in assemblage structure so that
the structure diversified (Figure 4.15). There were no other significant results found for
any of the other correlations tested.
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4.4 Discussion
Humbug Creek sediments were colonised by an abundant and diverse invertebrate
fauna. The insect component of the fauna has many taxa that are typical of temporary
waters (see Williams and Hynes, 1977b; Boulton and Suter, 1986; Williams, 1987;
1996). The faunal assemblage was characterised by seasonal differences in abundance
(for some taxa) that are typical of northern Australian rivers subject to wetting and
drying regimes (Marchant, 1982; Smith and Pearson, 1987; Outridge, 1988). The
climate over the study period was, however, not predictable, with both a drought period
and a catastrophic flood with an approximate 1 in 100 year return occurring during the
study.

4.4.1 Faunal assemblage in surface sediments
The fauna collected can be associated with various biological/habitat categories (see
Williams and Hynes, 1977b; Williams, 1987; 1996). The categories (outlined in Table
4.6), were based on available ecological information for taxa at the lowest taxonomic
resolution i.e. they represented fauna collected in this study, and reflect different
biotopes potentially found in the creek bed over the seasons. Taxa from this study were
not assigned to categories, however, their allocation would often have been subjective.
Meiofaunal abundances in the present study were comparable to hyporheic meiofauna
collected in a sandy streams in Western Australia (Trayler and Davis, 1998), in
Virginia, USA (Palmer, 1990a) and other sand habitats in the USA (see summary table
in Palmer, 1990b). Macroinvertebrate abundance and diversity was within the range
reported for other studies of intermittent streams (Towns, 1985; Bottorff and Knight,
1988; Boulton and Lake, 1992a).
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Table 4.6 Biological/habitat categories of sediment fauna
Biological /habitat
category

Description

Comment

Sub-surface
macroinvertebrates

Invertebrate fauna that occupy the
interstices of stream surface
sediments as juveniles but are
ultimately restricted from this
habitat by their size.
Invertebrate fauna that occupy the
stream surface sediments and
remain throughout their life cycle.

Seasonal habitat
use depending
on size

Boulton, 1992b
Boulton, 2000
Giberson & Hall, 1988
Marchant, 1995

63 µm to
1000µm Giere
1993
<500µm Cushing
& Allan 2001
Occasional and
permanent
occupants

Robertson et al., 2000a
Hakenkamp & Palmer,
2000
Trayler & Davies, 1998
Giere, 1993
Boulton et al., 1998
Marchant, 1995
Hakenkamp & Palmer,
2000
Stanley et al. 1994
Ward, 1998
Brunke, 1997
Giere, 1993
Dole-Olivier, 1993

Meiofauna

Hyporheos

Invertebrate fauna which occupy
the hyporheic zone, the interface
between surface and groundwater.

Stygofauna

Invertebrate fauna associated with
groundwater. These fauna are
characterised by their biological
features and the location at which
they occur.
Includes semi-terrestrial
invertebrate fauna usually
associated with moist litter or soil.
Most are habitat specialists.

Riparian &
terrestrial

Reference

Williams, 1996,1987
CSIRO 1991

Links between fauna and environmental conditions

The categories above are useful to explore the taxonomic composition of the
assemblage, assisting in the recognition of functionally different habitats in the creek
bed. Taxa associated with vectors for ordinations (Figures 4.7 and 4.8) are represented
in the biological/habitat categories of Table 4.6.

Three distinctive ‘groups’ were

dominant in determining the invertebrate assemblage in the creek bed sediments;
terrestrial and riparian macroinvertebrates, seasonally abundant macroinvertebrates, and
meiofauna. Associations between taxa and the biological/habitat categories ‘link’ the
fauna to the prevalent environment in the creek bed, and demonstrate the associated
functional variability of the habitat over time.
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Terrestrial and riparian macroinvertebrates

Terrestrial and riparian macroinvertebrates were collected when the creek bed surface
was dry and had been so for several weeks. MDS ordinations emphasised the difference
between November 1996 samples and other sampling times. Samples collected during
dry times were distinguished by their representative terrestrial/riparian fauna including,
Staphylinidae (A) (Coleoptera), Cryptocephlinae (A) (Coleoptera) and Formicidae
(Hymenoptera). Terrestrial fauna invaded the dry creek bed that, in places, became
superficially difficult to distinguish from the forest floor.

Most of the terrestrial

Coleoptera collected had a strong affinity with decaying organic litter (CSIRO, 1991).
For example, Cryptocephlinae are associated with Eucalyptus and Acacia foliage, their
larvae feeding on dead leaves accumulated on the ground. Invasion from the terrestrial
zone is a common phenomenon in temporary waters (Williams, 1984; Boulton and
Suter, 1986; Williams, 1996). In ordination space, 'nearest neighbours' to the November
1996 samples were those from March 1997 and August 1997. During both these
sampling periods there was no measurable discharge, and though surface waters were
persistent in March 1997, much of the water was stagnant. The Cecidomyiidae (L)
(Diptera), that were associated with the opposite vector trend to other terrestrial fauna
(Figure 4.7), were abundant in samples from May and August 1997, the drought year,
and February 1999 when they were likely to have been associated with litter fall due to
storm activity.
Seasonally abundant aquatic macroinvertebrates

Some taxa were grouped via their habitat affinities: Trichoptera: Leptoceridae
(intermittent streams, temporary waters and rainforest), Koorrnonga sp. AV1 and
Atalophlebia Ephemeroptera: Leptophlebiidae (slow flowing waters, leaf packs) and
Atalophlebia’s trophic status as detritivore/shredders and ubiquitous distribution. It is
difficult to visualise using the superimposed trajectories alone. However, combined
with knowledge of habits, their influence on the ordination pattern is most likely
associated with samples collected during August 1996, August 1997 and August 1998
(Figures 4.7 and 4.8). This implies that there was a group of numerically dominant
macroinvertebrates at the end of the dry season prior to the early summer drying out of
the creek bed. Peak abundance and richness of the invertebrate assemblage just prior to
drying up of riffles has been observed in other Australian intermittent streams (Towns,
1985; Boulton and Lake, 1992b) and in the Northern Hemisphere (Hearden and
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Pearson, 1991; Stanley et al., 1994; Feminella, 1996; Miller and Golladay, 1996;
Williams, 1996).
Observations made while collecting samples during August 1996 illustrate the
occurrence of seasonal abundance peak.

A very high abundance of leptophlebiid

nymphs was sampled from a contracting aquatic habitat. In this environment, large
numbers of late instar nymphs were observed. Many of the nymphs were associated
with abundant leaf packs and large amounts of decaying leaf litter, also present at this
time, which appeared to be providing a refuge, or possibly an abundance of
accumulated food items (detrital trap) or large microbial biomass due to higher
temperatures (see Hearden and Pearson, 1991; Palmer et al., 2000b). An example of
potential refugia is the insulation from dried eucalypt leaves which has been determined
to approximate the thickness of fifteen centimetres of rock (Boulton, 1989). Large
numbers of leptophlebiid nymphs have been observed to persist in other Australian
temporary waters and they may employ desiccation resistant stages (Boulton et al.,
1992b, J. C. Dean pers. comm.). The dominant leptocerid larvae in the present study,
Leptorussa darlingtoni, is an Australian endemic which has terrestrial oviposition
(Towns, 1985; St Clair, 2000).
Meiofauna

Some faunas were formed into groups according to similarities in vector trajectories
such as Oligochaeta and Cyclopoida, juvenile Ephemeroptera, Nematoda and
Turbellaria. These faunas were associated with the May and August 1997 samples
and/or those from 1999 that represent the post flood period. These taxa are recognised
as belonging to the temporary and permanent meiofauna (juvenile Ephemeroptera,
Cyclopoida), and/or potentially the hyporheos and stygofauna (Nematoda, Turbellaria,
Oligochaeta, Candonopsis aff. tenuis (Ostracoda: Candonidae). Many are known to be
early colonisers following disturbance, or are survivors of dry conditions (Boulton and
Stanley, 1995). Surface sediments can typically exhibit a high taxon richness mainly
due to the occurrence of permanent and temporary hyporheos (Gibert et al., 1990).
Samples from May 1997 and 1999, that were in close proximity on the ordination, may
reflect similarities resulting from the presence of measurable surface discharge (Figures
4.5 and 4.6, see also Figures 3.6 and 3.7). The clustering of these samples means it is
only feasible to make indirect associations between taxonomic groups with like
trajectories i.e. it is not possible to distinguish further patterns in sampling times for
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these fauna based on the current results, though they do have different vector
trajectories.
Other studies have also reported distinct size spectra or a multi-faceted assemblage
structure. Poff et al. (1993) observed the structure of a sandy stream as bimodal, with
meiofauna and macroinvertebrates representatives.

The major influences on size

structure they report are geomorphology and water level.

Angradi et al. (2001)

compared the longitudinal and seasonal changes of epibenthos compared with
hyporheos. They observed that in headwater reaches compared to downstream reaches
the hyporheos had more in common with epibenthos. For epibenthos and hyporheos,
seasonal variation in community structure was higher than variation between sites or
depths. As stated earlier the insect taxa collected were also typical of temporary waters
(see Williams and Hynes, 1977b; Boulton and Suter, 1986; Williams, 1987; 1996).
1996/1998

1996/1998 comprised most of the "outlying" data (sample times 1,2,and 4) that,
including time 3, 'surrounded' the other data points in the ordination (Figures 4.5 and
4.6). Despite surface water similarities (present on most sampling occasions), the fauna
were widely separated in ordination space and this pattern was reflected in the
environmental variables (Figure 4.11). The correlated environmental variables were
closely related to seasonal climate and discharge (water temperature and preceding
discharge). The ratio of sand to mud (variable "nine") also fits here as significant
changes to this variable would most likely be over a longer time frame compared to
changes in the characteristics of mud or sand - likely to change in response to individual
discharge events. The longer time frame is expected because of cohesion, a function of
the sand to mud ratio, is a factor in the longer-term stability of sandy streams (West,
1978; Lewis and McConchie, 1994a, see also Chapter 3).
The emphasis on temporal scale variables contrasting between the two years that were
the most similar in terms of regularity of climate, rainfall and dominated by
subsurface/surface macroinvertebrates suggests that the interceding drought (1997) was
a factor in producing the differences observed. The contrast between August 1996 and
August 1998 descriptive indices (Figures 4.2, 4.3 and 4.5) best illustrate this.

If

antecedent hydrology affects survival and recruitment, this perhaps explains the faunal
assemblage patterns observed when comparing 1996 and 1998.
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The low abundances observed earlier in 1996 (February and May) are possibly due to
sampling during heavy rainfall, rising discharge and, in May, flooding (Chapter 3). It
could be expected that this disturbance could result in reduced faunal abundance and
diversity. Flecker and Fiefarek (1994) observed a positive correlation between the
number of days since rainfall and density of macroinvertebrates in a tropical stream.
Similarly, Giberson and Hall (1988) observed a sharp decrease in total invertebrate
abundance at the beginning of a flood.

There may also have been an impact of

anthropogenic disturbance following major earthworks (see Chapter 3 section 3.3.3).
1997/1999

The fauna from 1997 and 1999 samples were clustered in ordination space despite
coming from diametrically opposed climate conditions (drought and flood) (Figures 4.5
and 4.6).

The BIOENV analysis indicated environmental variable patterns that

emphasised grain size parameters (Figure 4.12). This can be explained simply as both
years were strongly influenced by taxa with specialist affinities to the sediments. This
is a necessary trait given that the disturbance to habitat for both years would focus on
the utility of sediments as the only viable habitat. The fauna in these samples was
dominated by meiofauna including Nematoda, Oligochaeta and juvenile Ephemeroptera.
Significantly correlated sediment vectors from PATN ordinations related to the same
aspects of sediment composition as the variables determined using BIOENV analyses.
PATN vector loadings indicated POM was a further significantly correlated variable
that was not identified in primary BIOENV solution.

Direction of loading was

ambiguous, indicating either a response to this parameter when resources were possibly
scarce (flood), or perhaps sought after as a refugium (during drought) or food resources
were concentrated (contracting habitat) (see earlier discussion and below).

The

correlations between faunal evenness, time and the total dry mass and carbon content of
POM for 1997 and 1999 exemplify the importance of this habitat resource to meiofauna
(see Chapter 5).
Discerning a disturbance impact on this fauna is difficult, as there are no suitable
reference times. The most appropriate contrast to 1997 (drought) and 1999 (flood)
samples would have been August 1996, the potential reference point amongst samples
of this survey for a relatively undisturbed invertebrate assemblage. Such a comparison
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would indicate that faunal richness was comparatively reduced in 1997 and 1999.
However, August 1996 was a seasonal ‘peak’ in faunal abundance and is therefore
probably an unsuitable reference point, despite being a ‘normal’ occurrence.

The

unsuitability of the comparison is reinforced when looking at the descriptive measure of
evenness for fauna in August 1996, and those potentially impacted by disturbance (1997
and 1999). Therefore, it was considered invalid to compare among these samples to
determine statistically significant impacts of disturbance on the fauna.
Comparative abundances of taxa: 1996/98 versus 1997/99

Comparing the percentages contributions of the major taxonomic groups for 1996-98
with 1997-99 did shed more light on the relative shift in faunal composition with
different environmental conditions.

These data emphasised some of the faunal

assemblage characteristics already elucidated via vector loadings on ordinations e.g. the
contrasting dominance of Ephemeroptera and Oligochaeta, as well as some apparent
contradictions. All taxa that showed an increase in relative abundance for 1997/99 are
typically recognised as temporary and permanent meiofauna (Giere, 1993; Boulton,
2000; Hakenkamp and Palmer, 2000). The single exception was the taxon identified as
nr Bryophaenocladius (L) (Diptera: Chironomidae). These orthoclads were likely to
have been terrestrial or semi-terrestrial and associated with an environment with
receding/reduced or stagnant surface waters (P. S. Cranston pers. comm.). They were
abundant in August 1996 and highly abundant in May and August 1997 when discharge
was absent and surface waters receding. Oligochaetes, nematodes and some dipterans
are capable of tolerating low dissolved oxygen conditions, and survival in dry stream
bed sediments (Palmer, 1990a; Boulton et al., 1992b; Boulton and Stanley, 1995; Ward
et al., 1998). They have also been recorded as early post flood colonisers (Harrison,
1966; Boulton et al., 1992a). It is worth noting the distinction made in this study
between ‘large’ oligochaetes – associated with the drought period, and ‘small’
oligochaetes - mostly found in post flood samples, prompting the question are these
fauna (and others) survivors or new colonisers i.e. resistant or resilient to disturbance
(see later discussion 4.3.4 )? Morrison (1990) observed large oligochaetes (adults?)
associated with drought, suggesting they sought refuge in the hyporheic zone as the
water level dropped. Their tolerance of low dissolved oxygen has also been emphasised
for finer sediments (mud and silt), where many species may survive anaerobic
conditions (Palmer, 1990a).
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Simuliids (Diptera) are known to be early colonisers following flood disturbance
(Harrison, 1958 and Patrick, 1959 cited in Harrison, 1966; Doeg et al., 1989; Giller and
Malmqvist, 1998). In contrast, tipulids (Diptera) may be semi-terrestrial, occurring in
habitats such as wet soil or decomposing litter, and this would explain their high
abundance in August 1997 (Hawking and Smith, 1997). Other meiofauna also showed
a high degree of habitat specificity.

For example, Microdarwinula (Ostracoda:

Darwinulidae) are recognised in Europe as interstitial fauna – this genus has not been
recorded previously for Australia. Its ecological characteristics include a preference for
sediments rich in organic matter and resistance to desiccation (Dole-Olivier et al.,
2000). This genus was abundant in August 1997 and the post flood period (February
and March 1999).
The comparative increases in abundance during 1996/98 of Candonopsis aff. tenuis are
curious (N.B. samples found here still require further confirmation of identity).
Candonopsis tenuis is a true interstitial ostracod usually present in pools that are
groundwater seepages. Its abundance in August 1996 may have been a function of
habitat patchiness as almost all individuals were recorded in one sample. This taxon
was also recorded in August 1997 when its occurrence was spread over several samples
but with high abundance in one sample, and March 1999 were its high abundance was
relatively evenly distributed across samples. The sum of these findings gives little
information about its likely habitat preferences.

Another apparently anomalous

occurrence is the abundance of cyclopoid copepods in 1996/98.

Cyclopoids were

generally abundant in August 1996, 1997 and 1998 and March 1999. It is possible that
the increase in cyclopoid abundance observed in August samples was driven by
immigration in response to drying, or in fact, there was more than one taxon with
contrasting tolerances. Dole-Olivier et al. (2000) note many different physico-chemical
preferences for different copepod species. Boulton and Stanley (1995) found that
drying in the hyporheic zone resulted in a decline in cyclopoid density, whereas the
numbers rose quickly in the days post-flooding.

Interestingly, Candonopsis and

cyclopoid individuals were generally recorded in their highest abundances at the same
sampling times, August for all years and March 1999. An explanation for this ‘pattern’
has not been resolved. It is hypothesised that taxa abundant in August were peaking in
mid-channel because this habitat remained viable longer for geomorphic reasons, or this
region held a concentration of organic matter. Palmer (2000b) found copepod and
chironomid abundances higher in leaf litter patches when flow was extremely low –
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they suggest high microbial resources may reduce emigration (see also Chapter 5).
March 1999 peaks are perhaps associated with hydraulic habitat preferences (Chapter 3)
or reproduction (Dole-Olivier et al., 2000; Palmer et al., 2000b; Robertson, 2000).
Poor taxonomic resolution and lack of life-history information for freshwater meiofauna
is a major impediment to understanding fauna and environmental relationships in this
context. This is the case in North America (Hakenkamp and Palmer, 2000; Palmer et
al., 2000a; Schmid-Araya and Schmid, 2000), Europe (Dole-Olivier et al., 2000) and
Australia.

It is evident that species level differences are likely to be critical to

understanding the ecological requirements and responses of meiofauna (Williams, 1987;
Dole-Olivier et al., 2000; Hakenkamp and Palmer, 2000; Schmid-Araya, 2000, Chapter
5).

4.4.2 Habitat disturbance
It is clear from the results obtained in this study that the faunal patterns observed in
samples collected during drought and flood were not the relicts of fauna found during
other times of the year. The sediment variables correlated with the meiofauna collected
in drought and flood conditions were related to fine scale composition of sediments.
The structural characteristics of these sediments would have been determined by the
stability of the energy conditions and variable energy in transport and deposition
processes (Chapter 3). During the drought a larger mean sand size with higher silt
levels and overall variability in composition would have been the outcome, compared
with flood samples (Figure 3.10).
How meiofauna abundance is affected by sediment composition and its changes is not
currently understood (Schmid-Araya, 1994; Hakenkamp and Morin, 2000; Robertson,
2000; Swan and Palmer, 2000). Trayler and Davis (1998) provided the first Australian
study of interstitial fauna from a sandy headwater stream in their study of clearfell
logging.

While sedimentation did not appear to contribute to the differences in

community structure, the authors noted the impact of catchment type was apparent in
the meiofauna compared with macroinvertebrates investigated previously in the same
region (south Western Australia). Expected changes and probable outcomes resulting
from hydrological disturbance to sediment habitat are outlined in Table 4.7. This
synthesis is not exhaustive but summarises the primary disturbance impacts that might
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be predicted. Some of these changes to surface sediments were measured or most likely
occurred during this study, others have been reported in the literature.

Table 4.7 Predicted disturbance impacts on surface sediment habitat.
Primary
change

Primary outcomes

Reference

Disturbance associated with
intermittency and drought
Change in water resources e.g.
groundwater level

Sediment
function

Shift in the location of
boundaries of habitat zones
and nutrient resources

This study (Chapter 3)
Dole-Olivier, 1997

Modification of organic matter

Sediment
structure

Change to physical habitat
and nutrient processing

Boulton, 1998
Larned, 2000

Desiccation

Habitat
duration

Reduced amount of viable
habitat

This study (Chapters 3
& 5)
Smith & Pearson 1987
Williams, 1987
Boulton & Lake 1990
Stanley 1994
Clinton 1996

Extremes in physicochemical environment

Disturbance action associated
with catastrophic flood

Reduced physical stability

Sediment
structure

Altered habitat
composition,
sedimentation, instability

Change in water resources e.g.
current velocity, vertical
hydraulic gradient

Sediment
function

Altered hydraulic properties
and shifts in the location of
boundaries of habitat zones
and nutrient resources

Downstream loss and /or burial
of organic matter

Habitat
structure and
function

Reduced resource
availability and altered
nutrient processing

This study (Chapter 3)
Dole-Olivier, 1994
Sagar, 1986
Miyake, 2002
This study (Chapter 3)
Brunke, 1997
Morrice, 1997
This study (Chapter 3)
Strayer, 1994
Brunke, 1997
Valett, 1990

Hydrological disturbance is the most prevalent form of disturbance in streams (Poff,
1992), its impact usually qualified by predictability and habitat specific characteristics
(Resh et al., 1988; Lake, 1990; Poff, 1992). Both disturbance scenarios in Humbug
Creek (1997 and 1999) were outside the range expected with respect to climate
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predictability. Under both disturbance scenarios, the attributes of the meiofauna meant
they could maximise utility of available habitat. Meiofauna are characteristically small
sized, and may have a streamlined shape and exhibit burrowing behaviour (Giere, 1993;
Hakenkamp and Palmer, 2000). Additionally, they may exhibit rapid development
and/or diapause (Jacobi and Cary, 1996; Williams, 1996; Robertson, 2000).
There is a reasonable consensus that meiofauna are resilient to disturbance, with fast
rates of recovery from various directions within the sediments and the water column
(Robertson, 2000; Miyake and Nakano, 2002). There is, however, little certainty about
the mechanisms of persistence, though both are likely to be determined by a
combination of species characteristics (Harrison, 1966; Stanley et al., 1994; Jacobi and
Cary, 1996; Dole-Olivier et al., 2000), habitat patchiness and response to refugia
(Townsend, 1989; 1994; Erman and Erman, 1995; Paltridge et al., 1997). In order to
understand the mechanisms controlling temporal dynamics of the meiofauna, it is
pertinent to ask what determines meiofaunal spatial distribution in different seasons and
do these distribution patterns confer resistance or resilience to disturbance?
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Chapter 5
Sediment resources

5.1 Overview
Allochthonous inputs enter streams as dissolved organic matter and particulate organic
matter as leaf litter, fruits and wood. Quantity, form and processing of organic matter
affects organisms living in streams. Organic resources influence the abundance and
diversity of sediment-dwelling organisms (Wallace et al., 1993). The connectivity
between the stream channel and riparian zone, hyporheic zone and floodplain will affect
the quantity and quality of matter present, and its transformation (Brunke and Gosner,
1997; Pusch et al., 1998; Ward et al., 1998, see Chapter 3). Ecosystem processes, such
as organic matter decomposition, breakdown and transfer occur within sediment, or are
mediated by sediment characteristics (Bretschko and Leichtfried, 1988; Morrice et al.,
1997; Findlay and Sinsabaugh, 1999; Findlay and Sobczak, 2000).
The chemical and biological features associated with particulate organic matter in
surface sediments potentially influence energy flow and nutrient dynamics within the
ecosystem (Hedin, 1990; Crenshaw et al., 2002; Gulis and Suberkropp, 2003).
Hyporheic and parafluvial zone research has demonstrated, however, that spatial
heterogeneity within sediments creates variability in micro-scale processes and
resources (Mickelburgh et al., 1984; Morrice et al., 1997; Baker et al., 2000; Findlay
and Sobczak, 2000; Crenshaw et al., 2002, see also references Chapter 3). In this
chapter, experimentation was used to investigate sediment resources at the micro-scale,
in particular biological dynamics associated with sediment characteristics that affect
substratum quality and substratum preference. The experiments in this chapter are
independent, though draw on a common background - the association of bacteria and
sediments. A detailed account of the association between bacteria and sediment is given
below.
Bacterial production is quantitatively important as they are the initial consumers of
organic carbon entrained in lotic systems (Munster and Chrost, 1990; Pusch et al.,
1998). Most bacteria are attached to sediment particles (Parkes, 1987; Costerton, 1995
cited in Storey et al., 1999), occurring within biofilms that include algae and fungi.
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These consortia secrete a polysaccharide matrix which enhances the capture of
dissolved and particulate carbon (Lock, 1990; Pusch et al., 1998). The process of
stepwise degradation of organic material with a large size or high molecular weight is
achieved through the use of extracellular enzymes (Sinsabaugh and Linkins, 1988;
Jones and Lock, 1989; Chrost, 1990). Figure 5.1 illustrates the metabolic pathways
mediated by microbial biofilms.

[image removed]

Figure 5.1 Metabolic pathways (numbered arrows) for organic matter in streams mediated by
microbial biofilms on and within the bed sediments. 1, Dissolved organic matter adsorption and
storage. 2, Particulate organic matter entrainment and storage. 3, biochemical cracking of
organic polymers by extracellular enzymes or UV radiation. 4, assimilation of monomers and
biomass production by bacteria. 5, predation on bacteria by microfauna. 6, biofilm grazing by
macroinvertebrate. 7, hydrological losses (e.g. during floods) (from Pusch et al. 1998).

The spatial distribution of biofilms in stream ecosystems is heterogeneous and has been
demonstrated to be influenced by hydrology via altered physico-chemical conditions,
including the delivery of oxygen and carbon (Hynes, 1983; Freeman et al., 1990; Pusch
et al., 1998; Storey et al., 1999). Production estimates are highly variable and likely to
be influenced by environmental conditions (Allan, 1995). Physical stability of the
substratum strongly influences biofilm development (Golladay and Sinsabaugh, 1991).
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Brunke and Fisher (1999) observed differences in bacterial abundance between shallow
to deep sediments, and with hydrological exchange. Hyporheic respiration is tightly
linked to surface production, and biotic ‘hotspots’ can occur where surface waters enter
the hyporheic zone, apparently due to the quality of surface derived labile carbon
(Findlay et al., 1993; Jones et al., 1995; Hendricks, 1996). A substantial contribution of
dissolved organic carbon (DOC) from groundwater has also been reported (Fiebig and
Lock, 1991).
Temporal variability introduces further scope for enormous heterogeneity. Paerl and
Pinckney (1996) suggested that the appropriate scales for assessing microbial
production, nutrient exchange and cycling are; temporally, minutes to hours and
spatially, microns to centimetres. Edwards et al. (1990) also stress the importance of
understanding seasonal temporal variability.
Grain microtopography also influences microbial growth (Lock, 1990). Leichtfried
(1988) found that the relationship between abundance of microorganisms and available
grain surface area follows a power function; thus the proportion of small grain sizes is a
determinant of the quantitative importance of microorganisms.

The nature of the

physical environment of the sediments has also been observed to affect metabolism
(Jones, 1995). For example, sand was determined to yield the highest bacterial biomass
when compared with the water column, backwater sediments and wood in a sixth order
blackwater river (Edwards et al., 1990). This substratum had high water movement and
was aerobic.
Microbial foodwebs illustrate the connections of the microbial loop with various carbon
pathways in lotic systems (Figure 5.2). Meyer (1994) argues that because there appears
to be fewer trophic transfers in the lotic microbial loop it functions as more of a link
than its marine plankton counterpart. The validity of a lotic microbial trophic loop is
questioned by Thomas (1997) who, in contrast to traditional foodweb structure, suggests
a methodology that uses modules within compartments, and within these modules,
associated components. He argues that in order to understand the mechanisms and
interactions within this complex environment, an interdisciplinary approach involving
microbiology, biochemistry and behavioural biology is required (Thomas, 1997). Allan
(1995 p134) states that the elucidation of the magnitude of a ‘link versus sink’ role of
the microbial loop is an important current challenge in lotic ecology.
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[image removed]

Figure 5.2 A simplified microbial food web showing sources and major pathways of
organic carbon. Dotted lines indicate flows that are a part of the microbial loop in
flowing water but not in planktonic systems (from Meyer 1994).

The most likely fates of microbial production are consumption and export (Allan,
1995).

Protozoans, ciliates and flagellates are bacterial consumers (Allan, 1995;

Patterson, 1996). For large metazoans, direct bacterial consumption may occur, and is
purportedly higher among the meiofauna, including certain filter feeders and grazers
(Rounick and Winterbourn, 1983; Meyer, 1994; Hakenkamp and Palmer, 2000).
Indirect consumption is a common occurrence, although bacterial carbon is believed to
represent only about 5-6% of particulate carbon and may not provide the bulk of energy
derived from detritus (Findlay and Arsuffi, 1989; Allan, 1995; Brunke and Fischer,
1999). However, the nutritional quality of detritus depends largely on its microbial
colonizers and thus, on a temporal sequence of detrital processing (Cummins and Klug,
1979; Allan, 1995). Exopolymers (secretions that form part of the biofilm matrix) are
also likely to be utilized as a food resource (Barlocher and Murdoch, 1989; Hall and
Meyer, 1998).
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Export may occur via disturbance, such as floods, that physically disrupt the
architecture of biofilms (Lock, 1990; Pusch et al., 1998), although bacterial resistance
may be high (Holmes et al., 1998). Perturbation of organic matter supply has been
observed to produce different metabolic processes (Freeman et al., 1990). The removal
of bacteria from leaf material (implied by turnover) has also been reported as a
substantial function in bacterial carbon export (Findlay et al., 1986).
This chapter is presented in three separate sections, each section reports the findings of
an independent experiment. The topics of these sections are 5a) the influence of
particulate organic matter supply on aerobic respiration; 5b) the trophic link between
sediments and macroinvertebrate; 5c) the substratum preferences of fauna.
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5a
Influence of particulate organic matter input on aerobic
respiration in sediments

5a.1 Introduction
Particulate organic matter (POM) is entrained, stored and transformed by heterotrophic
metabolism in the bed sediments and hyporheic zone of streams (Boulton and Foster,
1998; Pusch et al., 1998). A low discharge regime, or drought, can lead to retention of
vast amounts of potentially available leaf litter and fine benthic organic matter while
high discharge can contribute to burial (Molla et al., 1996; Pusch et al., 1998; Larned,
2000, Chapter 3). Few lotic studies, however, report quantitative data on the dynamics
of carbon supply and decomposition (for examples of those that do, see Kaplan and
Bott, 1983; Findlay et al., 1986; Findlay and Arsuffi, 1989; Findlay et al., 1993; Pusch,
1996; Hill et al., 2000; Craft et al., 2002). There is scant information for lotic systems
that relate turnover rate of particulate carbon based on a ratio of respiration rate to
standing stock (see references to theoretical calculations in Hedin 1990 and Pusch
1998).
Much of our understanding of carbon dynamics in sediments has come via research into
hydrological exchange in hyporheic and parafluvial zones (e.g. Grimm and Fisher,
1984; Jones, 1995; 1995; Pusch et al., 1998; Craft et al., 2002). Findlay and Sobczak
(2000) state that bacterial production and respiration in hyporheic sediments are
influenced by the amount and supply of organic carbon. These authors synthesised
published data and compared hyporheic zone productivity and respiration rates per unit
of organic carbon with the findings of Hedin (1990) (stream surface sediments) and
Cole (1988) (aquatic sediments). Trends for hyporheic sediments show relatively lower
productivity (due to amount of organic matter) and equivalent respiration rates
(determined by supply of organic matter).
In Humbug Creek the distribution of POM is likely to be influenced by hydrological
regime: i) discharge of large magnitude that scours out the surface organic material and
mobilises organic material. Due to their very rapid decline these events can also deposit
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large quantities of organic material back into the subsurface sediments - this type of
discharge is typical of the summer/rainy season. ii) An equally flashy but less intense
event that has a similar action of disturbance on a very localised scale but with
negligible transport out of the surface sediment or downstream.

Here, there are

expected to be scale differences involving different materials; these events are typical of
non-rainy season discharge and are periodic. iii) There is no discharge and water is
pooled following rain, or the creek bed is dry (see Chapter 3). Therefore, in-between
large discharge events which deliver POM to the sediments, there are often long periods
of no flow and during these times it is also expected that new POM input to the
sediments has also ceased.
This study investigates the time intervals for decomposition of POM pools in the
sediments, and how these intervals relate to the delivery of material based on the
hydrograph.

The specific aims were to measure the rate and pattern of oxygen

consumption as a proxy for oxic respiration leading to substrate loss in sediments.
These data were then fitted to a model of substrate loss based on first order decay, the
so-called G model.

Applying the multi-G approach (Westrich and Berner, 1984),

following the example of Grant and Hargrave (1987) and detail in Kelly and Nixon
(1984), this approach enables the quantification of multiple pools of organic matter in
sediments decomposing at different rates. Based on sequential metabolism, fractions
are identified in order e.g. G1, G2… until all G fractions are decomposed. This model
was used to estimate the time intervals relevant to potential disruption of heterotrophic
activity due to the cessation of particulate inputs to sediments, and this information was
assessed against the hydrograph. The principle questions to be addressed using the
output of the model were: a) what was the proportion of labile carbon, and b) how long
was the period of constant rate of metabolism? Given the predictable occurrence of
organic matter supply to sediments with discharge, the inquiry permits an applied
question: how long will the accumulated organic matter last, relative to the frequency of
re-supply?
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5a.2 Methods
5a.2.1 Material collection
Eleven sediment samples (240cm3) for incubation trials were collected from the
Humbug Creek bed surface on June 1st 1997. At this time discharge had ceased and
only remnant pools remained (see Chapters 2 and 3 for further details about site and
sediment collection method). Sediments were stored in plastic jars on ice until returned
to the laboratory.

Six additional samples were also similarly collected for the

determination of total organic carbon (see below). Forty litres of stream water were
collected from the site in plastic carboys. Ambient physico-chemical measures were
made from waters close to sediment collection areas (Table 5a.1).

Table 5a.1 Physico-chemical measures from Humbug Creek when sediments were
collected for incubation experiment.
Humbug Creek June 1st 1997
Air temperature

15°C

Water temperature

11°C

Dissolved oxygen (surface)
Discharge over weir
Depth of oxidation (determined via

4 mg L -1
0
2cm below surface

rust on buried steel post: buried June 1997
collected May 98-Aug 98)

5a.2.2 Laboratory procedure
All collected material was kept in a 16ºC constant temperature room, with limited
fluorescent lighting filtered to purple to block out potential photosynthesis. All sample
materials were covered with thick black plastic when not in use. Sample volume was
estimated, then sediments were transferred from collection jars into foil covered 300ml
glass flasks. During transfer each sample was inspected for large (>10mm diameter)
organic debris and pebbles which were removed from the sample. This procedure also
had the effect of ensuring sediments were not consolidated. In order to equilibrate
samples, they were then plumbed to a 15ml min-1 input of unfiltered stream water for 24
hours.

After 24 hours the input water was passed through the filtration system

134
described below.

All procedures for this experiment took place in the constant

temperature room.
Experimental set-up (water filtration)

To prevent the addition of POM to samples the input water was filtered.

The

experimental set-up in a constant temperature facility is illustrated in Figures 5a.1.
Details of the components in order of water passage are as follows:- stream water was
pumped from a glass tank (tank A) using a submersible pump with a 30 l min-1 capacity
(2.7m head); water was passed through an inline filter with a Whatman™ glass fibre
filter (GF/D), followed by a 1µm resin-bonded cellulose sediment cartridge (Amtek™
Model RB-1), and a 0.5µm powdered activated carbon briquette sediment cartridge
(Amtek™ Model CBC-10); water was then held in a second glass tank (tank B) before
being transferred by a peristaltic pump along twelve individual lines at the rate of 30ml
min-1 to the flasks containing sediments; overflow from flasks was contained in a plastic
box and returned to tank A using a mini submersible pump.
Commencement of the experiment was delayed due to laboratory set-up problems with
the initial filtration of stream water. This required a higher capacity pump due to the
high load of particulates. Ultimately, resolution to the problem was given by circulating
water rather than providing fresh water. The filtration procedure also increased the
water temperature, so during experimental procedures an ice brick was used to chill the
water prior to it entering the flasks. The experiment commenced 12 days after the
collection of sediments during which time the sediments were constantly supplied with
filtered water that was aerated for 1 hour at 12 hourly intervals and completely
circulated every 24 hours using an automated timer. GF/D filters were changed more
than once daily and sediment cartridge filters changed at irregular intervals, as required.

5a.2.3 Experimental procedure
Eleven sediment samples and one water-sample were incubated on each occasion along
with two sediment flasks that were spiked with 4% v/v saturated mercuric-chloride
(HgCl2) to serve as chemical oxidation controls. Each incubation followed the same
procedure. Water was circulated into each flask for one hour, except for HgCl2 flasks
where sediments received aeration only for one hour prior to incubation. A calibrated
Orion™ 800 series dissolved oxygen meter with an Orion™ ATI polarographic
dissolved oxygen probe was then used to measure dissolved oxygen (DO) and
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temperature 10mm above the sediment in each flask. Flasks were then sealed with glass
stoppers and a water seal and then incubated for 7 or 14 hours. Attached to the tip of
the stopper in each flask was a magnetic stirrer suspended 10mm above the sediment
surface. An electronic gadget was used to stimulate the stirrers to maintain a constant
gentle motion throughout the incubation yet not disturb the sediments.

At the

conclusion of the incubation interval the stoppers were removed and DO measured
following the same procedure.
The experiment commenced on 12/06/97 (Day 0) and continued until 28/02/98 (Day
231) with the following intervals that reflected perceived activity in terms of rate of
oxygen decay in flasks.
Phase One, day 0 to day 19 incubations of 7-hr and 14-hrs were made each “day”.
Phase Two*, day 33 to day 47 incubations of 7-hr and 14-hrs were made every 7 days.
Phase Three*#, day 54 to day 231 incubations of 14-hrs were made every 7 days.
* the incubation for day 26 (note sequence) was abandoned due to equipment failure,
and between days 96 to 124 there were no measurements made due to incapacity of
experimenter (aeration supplied as per above), # three sediments were lost from day
202.

On days 24, 182 and 231, reduction/oxidation potential (redox) and pH were measured
for each flask, and sediment condition noted. These measurements provide a broad
indication of the chemical environment that can influence functional aspects of the
microbial community. Measurements were made using a probe with a silver/silverchloride electrode and an Orion™ EA940 expandable ion analyser. Zobell’s solution
and pH buffers were used to externally calibrate the equipment on each occasion.
At the conclusion of the experiment all sediments were dried at 60ºC, weighed and half
of the sample milled for total organic carbon determination and loss on ignition (as
described in Chapter 3).

Total organic carbon analyses were performed by the

Queensland Health Scientific Services. Total carbon was determined by a thermal
conductivity measure of combustion using a Leco WR-12 carbon analyser. The lower
limit of detection was 0.002% carbon.
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Figure 5a.1 Laboratory set-up for measuring aerobic respiration in sediments.
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5a.2.4 Data Analysis
Validation of data for model

Before data could be utilised in the model it was necessary to screen the raw data and
standardise measures as described below. The purpose of this was to confirm linearity
of oxygen consumption, based on >25% oxygen remaining after incubation (Grant and
Hargrave, 1987), and examine similarities in measures from flasks, incubation periods
and experiment phases (days) to determine the validity of pooling these data according
to the trends they exhibit.
The first step was to correct raw DO consumption data for instrument drift and calculate
the percentage consumption of DO. These data were then converted to milligrams of
oxygen consumed per gram of sediment per hour (mg O2 g h-1). Data exploration was
then performed using a Systat™ V6 for Windows (SPSS Inc., 1996) statistical software
package. Box plots were used to view the relationship between the dependant (mg O2 g
h-1) and independent variables (time) in terms of positive and negative trends and to
assess the need for transformation. Probability plots were used to compare results from
different flasks at the same sampling time and a primary analysis was conducted using a
general linear model to compare the 7-hr versus 14-hr incubation data for each test
flask. These analyses revealed that for the 7-hr data, results for all flasks (0-47 days)
could be pooled with a negative trend for oxygen consumption over time, although there
were three flasks with obvious higher rates of consumption. Similar trends were found
for these days (0-47) and the 14-hr incubation data. Observed ‘outliers’ of the trend line
for both incubation periods were corrected by converting the data to milligrams of
oxygen, per gram of ash free dry mass, per hour (mg O2 g AFDM h-1).
In order to determine whether there were differences in the rate of oxygen consumption
between different flasks over time the following analyses were undertaken.
Contingency tables were constructed based on a 2 x k table with the null hypothesis that
proportions of low and high values remained the same as days progressed. Cochran’s Q
test was then used to test blocks of days based on a geometric progression. For the 7-hr
incubations, two flasks had significantly different rates for the 0-19 day range and 20-47
day range. For the 14-hr incubations no significant results were found for any flask.
However, the validity of this result (14-hr incubation) is questionable as a number of
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blocks contained sparse data. Regrouping of blocks did not solve this problem, and
finally, the data were reduced to a 2 x 2 table (0-47 days and 54-231 days) and tested
using a Fisher exact test for low frequencies, where the null hypothesis states
independence of samples. There were no significant differences found in the rates of
oxygen consumption between flasks for 14-hr incubations.
Wilcoxon signed rank test and a sign test for paired samples were then used to test for
differences in test flasks between 7-hr and 14-hr incubations from days 0-19. The null
hypothesis states that there are no differences between variables. All flask pairs had a
significant result for the sign test, and all except one case for the Wilcoxon signed-rank
test. The consumption rates were therefore considered independently derived from 7-hr
and 14-hr.
Chemical oxidation and water flasks were similarly analysed for general trends. The
chemical oxidation flasks (0-19 days) showed significant negative linear trends for 14hr incubations; 7-hr incubations revealed negative trends, but only one flask had a
significant trend. For the water only flask, no trend was apparent. Fisher exact test on 2
x 2 tables were significant for 14-hr incubations for 0-231 days but not for 0-19 or 0-47
days for 7-hr incubations. Thus, consumption rates over time for chemical oxidation at
14-hr were not considered independent. No significant differences were found for the
water flask.
Fitting the model

The data were converted to milligrams of carbon consumed, per gram of dry sediment,
per hour, to facilitate comparison with the literature. This conversion was taken from
Strickland (1960) and is given in equation 1.
mg of oxygen consumed per unit time X 0.375 X (respiratory quotient = 1)

Eq. 1

General linear trends in the mean consumption rate in chemical oxidation flasks were
determined for 14-hr incubations at 0-19 and 33-231 days, (these data were then
combined), and 7-hr incubations from 0-19 days. 7-hr and 14-hr incubations (0-19 days)
were then combined. For water flask incubations, the 14-hr incubations for 0-19 days,
33-231 days, all 14-hr data combined, and 7-hr incubations (0-19 days) were all
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analysed to determine linear trends. The 7-hr and 14-hr data (0-19 days) were then
combined.
The mean carbon consumption rates in test flasks for 0-19 days for 7-hr and 14-hr
incubations were then analysed for general linear trends. The slopes of these lines were
compared and a t-test applied to test the null hypothesis that there was no significant
difference between them. The linear trend for 14 hr incubations from days 33-231 was
also evaluated.
According to the G model, decomposition of any one fraction (G1) over time (t) is
described by a first order decay model (k = decay constant):
DG1/dt = -k1 G1

Eq. 2

The change in the relationship between metabolism (R) and shape of the time course for
decreasing respiration (time) means the amount of any G-fraction would be:
Gi = ∫ R(t) dt

Eq. 3

Metabolism eventually declines, as the quality of remaining organic material will not
sustain further microbial biomass or respiration. There remains a GNR equal to the sum
of all G fractions, i.e. the total amount of decomposable material:
GT(t) = G01 e –k 01t + G02 e –k 02t + GNR

Eq. 4
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5a.3 Results
The mean discharge and water levels for Humbug Creek from mid 1995 to 1997 are
shown in Figure 5a.2. This hydrograph shows that no discharge was recorded for 15 out
of 22 months. The water levels demonstrate there was persistent surface water for
months preceding and following discharge. Between mid winter and mid summer the
creek broke up into a series of isolated pools. There was no measurable surface or
groundwater at 1.5-2 m for many months during 1997 (Chapter 3).
Table 5a.2 provides a summary of total organic carbon data, redox and pH measured
during the experimental period. There was an obvious decline in the proportion of
organic carbon over time (see below). Redox and pH levels were distinct between test
and chemical oxidation flasks. Amongst test flasks, the redox level declined over the
incubation period. No redox profile discontinuity (RPD or “orange line”) (Fenchel,
1969), was observed during the day 60 measures. RPD was observed in most flasks at
day 231, suggestive of a distinct environment with potential for anaerobic metabolism,
although redox measures at the sediment surface indicate that conditions there were not
exclusive of aerobic bacteria (Table 5a.2). The redox conditions from day 60 were
suitable for microaerophilic bacteria (Stolp, 1988). The simultaneous measurement of
CO2 (with DO) would have contributed information about the relative proportions of
aerobic and anaerobic metabolic activity, however this was not undertaken due to
technical constraints.

Table 5a.2 Summary of sediment total organic carbon and physico-chemical data
Background
(TOC)
(%w/w)
(n=6)

Preexperiment
TOC
(%w/w)
(n=6)

Postexperiment
TOC
(%w/w)
(n=8)

redox
mean
(mV)
± se
(n=10)

PH
Mean
± se
(n=10)

Day 24
06/07/97
1.7
+0.36

1.6
+0.10

redox
mean
(mV)
± se
(n=10)

pH
mean
± se
(n=10)

Day 60
11/12/97

redox
mean
(mV)
± se
(n=7)

pH
mean
± se
(n=7)

Day 231
28/02/98

Test
flasks

0.63
+0.05

204
±1.6

7.19
±0.03

169
±8.9

6.77
±0.03

101
±22

6.63
±0.06

HgCl2
flasks
n=2

1.2
+0

368
±11

5.12
±0.02

328
±17

5
±0.1

343
±33

5
±0.15

depth (m)

0.8

water level at weir

0.6
0.4
0.2

0
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Figure 5a.2 Hydrographic data for Humbug Creek between 1995 and 1997.
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Overall trends in respiration

The trend of chemical oxidation flasks for 14-hr incubations (0-19 days) was negative
(y = 0.226-0.005x, r2 = 0.571, p<0.01), but for 33-231 days no trend was evident (r2 =
0.013, p>0.05). The combined time series (14-hr) suggested a significant negative
linear trend in the rate of respiration over time (y = 0.343-0.480x, r2 = 0.390, p<0.01).
For 7-hr incubations (0-19 days), the trend was negative (y = 0.214-0.005x, r2 = 0.273,
p<0.05). The data for 7-hr and 14-hr incubations (0-19 days) were combined as the
slopes were identical. For combined data the negative linear trend was significant (y =
0.220-0.005x, r2 = 0.625, p<0.01). For the water flask 14-hr incubations, (0-19 days)
revealed no trend, days 33-231 revealed a significant negative trend though this was not
significant when all days were combined. For 7-hr incubations (0-19 days) there was no
trend for water flasks, nor when the data were combined with 14-hr incubations. The
mean values used to calculate these results were plotted against test flask means and
illustrated in Figure 5a.3 showing the relative consumption of carbon in the test
sediment flasks compared with water and chemical oxidation flasks. Consumption of
carbon in test sediments was three to four times higher than measured in the chemical
oxidation and water flasks for 0-19 days.

sediments
water
HgCl2

carbon consumption (ug C. g -1. h-1)

1.2

N=342 means n=18
N=38 means n=2
N=76 means n=4

1.0

0.8

0.6

0.4

0.2

0.0
0

5

10

15

20

day in experiment
Figure 5a.3 Carbon consumption converted from mean aerobic respiration
for combined data from 7hrs and 14hrs incubation periods for sediments,
water and chemical flasks (HgCl2 ).
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Comparison of respiration trends for sediment incubation times

The 7-hr and 14-hr incubation (0-19 days) means both yielded significant negative
linear trends for carbon consumption over time (7-hr, y = 1.108-0.017x, r2 = 0.377
p<0.01); (14-hr, y = 0.853-0.008x, r2=0.246, p<0.05). Comparison of the slopes of
these lines using a t-test showed they were not significantly different (t 0.05(2) = 2.032).
The null hypothesis was accepted and these data were combined and they are presented
with standard errors in Figure 5a.4. The linear trend for 14-hr incubation from day 33231 was positive (y = 0.529+0.002x, r2=0.812, p<0.001). Data for 14-hr incubations for
days 33-231 are illustrated in Figure 5a.5.
Model estimation

Figures 5a.4 and 5a.5 illustrate the final data that were fitted to the model.

The

significant decline in carbon consumption described by the linear equation for 0-19 days
combined data (Figure 5a.4), suggests that there was no initial constant rate of
consumption that would equate to labile organic carbon or a G1 fraction (see Grant and
Hargrave, 1987). Thus, these data were interpreted to represent the G2 fraction and
according to the model represent approximately 2.4% of the initial total organic carbon
present in the sediments when they were collected from the creek.
As there was an initial delay of 12 days before the onset of incubations the model was
used to predict the G1 fraction for the period prior to the experimental phase. Based on
day zero consumption rates the G1 fraction was predicted to be approximately 2% of the
total organic carbon. If consumption had been constant at this rate then all carbon
present in that fraction would have been consumed in about 76 days. The rate of
consumption was not continuous however, as illustrated by day 33-231 incubations,
shown in Figure 5a.5. Possible explanations for the change to a significant positive
linear trend (Figure 5a.5), reflecting an increase in respiration are: i) addition of carbon
due to microbial death following exhaustion of the preceding G fraction, ii) a response
to microbial starvation, iii) processes such as oxidation due to element reduction
(Stumm and Morgan, 1981; Leadbetter and Poindexter, 1985; Stolp, 1988; Kjelleberg,
1993). As these outcomes would not necessarily invalidate the data, the model was used
to estimate a third phase of consumption (G3). At this rate it would take until at least
day 283 to achieve 38% consumption of the total organic carbon but, again, as other
factors would override this rate constant the time is most likely an underestimate.
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text

carbon consumption (ug C. g -1. h-1)

y=0.980 - 0.013x r2=0.448 p<0.01*
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Figure 5a.4 Mean (+ SE) carbon consumption for day 0 to 20 converted
from aerobic respiration in sediments flasks during 7hr and 14hr
incubation periods. N=342 n =18.

carbon consumption (ug C. g -1. h-1)
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y= 0.529 + 0.002x r2=0.812 p<0.001**
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Figure 5a.5 Mean (+SE) carbon consumption over days 33-231
converted from aerobic respiration in sediment flasks during14hr
incubation periods. N = 153 n = 9. Note: log transformation
applies to X axis scale not linear equation
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Prediction using the model

The predicted carbon consumption estimated using the G model, compared with a mass
balance of the total organic carbon measured in the sediments, are given in Table 5a.3.

Table 5a.3 Carbon consumption calculated using the G model compared with total
organic carbon (TOC) analyses of sediment.
Amount of carbon consumed over approximately 38 weeks

Total loss through aerobic respiration as
calculated using incubations
Σ26.4%
Model estimates

Total loss as calculated by mass
balance TOC
Σ37.5%
TOC analysis of sediments

G1

ESTIMATED

2%

G2

CALCULATED

2.4%

G3

CALCULATED

22%

Start

1.6% (w/w)

100%

Finish

0.6% (w/w)

62.5%

The total of the G fractions was 26.4% compared with the mass balance determination
of loss at 37.5% of total organic carbon.

The time periods estimated carbon

consumption relative to the hydrograph is illustrated by Figure 5a.6. The overlay is
correctly scaled to represent the proportion of time that the G fractions covered (Figure
5a.6).
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Figure 5a.6 Hydrographic data for Humbug Creek between 1995 and 1997. Rectangle overlay is to correct scale and shows the
relative duration of the experiment and the estimated proportion of carbon consumed in that time. Circle overlay shows the time
period, to correct scale, calculated for the breakdown of the G2 fraction of carbon.
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5a.4 Discussion
The range of carbon consumption for these data is comparable to forested streams
throughout the world, generally at the lower end of the scale when compared on a
respiration to percent organic matter basis (Hedin, 1990; Hill et al., 2000). Hedin
(1990) integrated much of the published data on carbon respiration in surface waters of
forested streams concluding that the quality of organic matter was an important
determinant of respiration parameters in surface sediments. This position is also true of
other Australian streams (Bunn et al., 1999).
Rapid rates of mineralisation followed by slower decomposition of less labile organic
carbon was observed in this study and has been found elsewhere. According to the
scale of factors represented on Figure 5a.6, it is apparent that the intervals between
discharge events that may supply particulate inputs to the sediments will seldom be
beyond the boundaries of exhaustion of organic matter (see also Chapter 3).
Additionally, there is also the potential amelioration of organic breakdown processes
during dry times due to rainfall pools and groundwater exchange, that may be rich in
DOC (Brunke, 1997; Pusch, 1998; see Chapter 3). Mitchell and Baldwin (1998) discuss
shifts in bacterial community structure and carbon limitation as a result of drying, citing
Qui and McComb’s (1994, 1995), report that drying killed three quarters of the
microbial biomass. Mitchell and Baldwin (1999), however, observed methanogens in
desiccated sediments to recover over time when re-wet (see also below).
Suitability of methodology

The methodology used in this experiment was appropriate for the study objectives of
determining the time period to consume pools of organic carbon. Organic matter
decomposition as a result of heterotrophic activity can be measured using respiration as
a basic parameter where this measure is assumed to mainly reflect the activity of the
microbial community (Hedin, 1990; Jones, 1995; Pusch et al., 1998; Hill et al., 2000).
Incubation techniques using rates of O2 consumption for detritus in lotic sediments were
used by Findlay et al. (1986), Jones (1995) and Craft et al. (2002).

Similar

methodology to that used in this experiment was used by Hill et al. (2000). This
methodology assumes predominance of aerobic metabolism, however, and in the
context of entrained POM, anaerobic metabolism may dominate (Lock, 1990; Pusch et
al., 1998; Crenshaw et al., 2002). The relative importance of different respiratory
pathways is related to the relative magnitude of resource availability and microbial
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interdependency (Lock, 1990). Crenshaw et al.’s (2002) data suggest that dissolved
organic carbon (DOC) may be insufficient for microbial respiratory demand, and that
both DOC and particulate organic carbon are important components of subsurface
energetics.
Comparison with the natural environment

How the kinetics of microbial respiration influence organic matter storage and
decomposition is variable across different environmental gradients. Studies based on
augmentation of sediments with detritus possibly provide the most applicable
information for interpreting the results from this experiment in the context of a natural
environment. Such studies, using comparisons of the degradation of multiple detritus
sources provide insight into the controls on organic matter decomposition, and draw
varied conclusions. For example, Findlay et al. (1986) concluded there was a dynamic
balance between supply and decomposition in lotic systems, observing differences in
decomposition rates for different types of organic matter. Hill et al. (2000) compared
microbial respiration in 371 North American streams.

Their findings showed

correlations between microbial respiration and measures of stream chemistry;
correlations with temperature were significant. This is in agreement with the findings
of earlier work by Pusch and Schwoerbel (1994). White et al. (1991), modelling
marine, estuarine and freshwater systems, reported temperature as an important
regulator of bacterial production and growth, identifying seasonal changes in
allochthonous inputs, nutrient pulses and grazing as potential factors worth
investigating.

Zak et al. (1993), in a terrestrial study, compared respiration and

mineralisation of different labile carbon sources and concluded that factors in the local
environment were probably the dominant variables controlling release of C and N,
rather than substrate chemistry and pool size. They identified temperature and moisture
as controlling variables.

Furthermore, Kelly and Nixon (1984), studying marine

sediments, concluded from their studies that rate of supply of organic matter exerts a
major influence on exchanges at the sediment-water interface. This was a function of
quantity over time and initial remineralisation rate. These results concur with findings
in lotic systems where bacteria reduced the input of particulate organic matter by rapid
degradation (Mermillod-Blondin et al., 2000). Collectively, these findings indicate
important controls on decomposition may be a function of spatial and temporal physicochemical variability within the local environment.
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In this study three G fractions were identified in the organic matter pool. The total
organic carbon consumed was, however, somewhat greater than the model estimate of
consumption and this could suggest anaerobic metabolism (Table 5a.3).

Over

approximately six months the total carbon consumed (38% by mass balance) indicates
that for Humbug Creek over such a temporal scale, supply of POM to sediments may
not be a limiting factor for the continuation of some form of decomposition process.
Over such time intervals there exists the potential within the hydrological regime for
persistent surface water, rainwater pools and groundwater exchanges to influence
organic matter input to sediments (Figure 5a.6, see also Chapter 3).
The periodicity of the hydrograph and the local climate are likely key factors governing
decomposition of a pool of organic matter.

The outcome of these variables may

contribute to determining the functional processes controlling energy cycling with the
creek influencing the resistance and resilience of the ecosystem to disturbance.
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5b
Is there a trophic link between the sediments and
macroinvertebrates?

5b.1 Introduction
Biofilms associated with sediments utilise dissolved organic matter that is a large
portion of the total organic carbon in streams (Findlay and Sinsabaugh, 1999), as well
as regulate other key processes (Findlay and Sobczak, 2000). Via the microbial loop,
this carbon is potentially made available to organisms higher in the food chain (Meyer,
1994; Allan, 1995; Findlay and Sobczak, 2000). Microbial carbon on stream sediments
is generally available to meiofauna and macroinvertebrates because it is attached to
particles, in contrast to pelagic systems (Meyer, 1994; Hall and Meyer, 1998).
Bacterivory in stream systems has not, however, been widely studied, particularly in
comparison to invertebrate-algal interactions (Hall and Meyer, 1998). Recent advances
in ecological technique has enabled rapid progress in biogeochemical and subsidiary
studies, including bacterivory in stream systems (Hall and Meyer, 1998; Findlay and
Sinsabaugh, 1999).
Ratios of natural-abundance of stable isotopes and artificial isotopic enrichment allow
tracing of element sources and these techniques are applied in biological research
particularly biochemical and physiological ecology and ecosystem studies (Rounick et
al., 1982; Gearing, 1991; Boutton, 1991b; Hamilton and Lewis, 1992; Kling, 1994;
Hall, 1995; Mulholland et al., 2000). At the ecosystem level, isotopic ratios are useful
in tracing the sources of elements contributing to soil and sediment minerals and
organic material (Boutton, 1991b). Stable isotopes are used as biomarkers in foodweb
studies to determine trophic pathways in terrestrial, marine and freshwater ecosystems
(Petersen and Fry, 1987; Gearing, 1991). ‘The primary theoretical basis of using 13C as
a tracer is that characteristic ratios of different sources are preserved as the carbon is
cycled through organisms and detritus; that is, you are what you eat’ (Gearing, 1991
p204).
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Enrichment studies are particularly useful in systems where natural-abundance ratios are
of limited utility because there are only very small differences between stable isotopic
signatures of food resources (Rounick et al., 1982; Mulholland et al., 2000).
Enrichment techniques are a relatively new tool in freshwater research (Kling, 1994;
Hall, 1995; Hall and Meyer, 1998; Hughes et al., 2000; Mulholland et al., 2000).
Enrichment is particularly useful when a distinction cannot be made between different
dietary sources for example, in a lotic system, bacteria, detritus and algae (Hall, 1995;
Mulholland et al., 2000; Hamilton et al., in press). In lotic freshwater ecosystems Hall
(1995), and Hall and Meyer (1998) have pioneered the use of 13C-enriched acetate as a
tracer; acetate is a labile form of carbon readily utilised by bacteria. In experiments
designed to test the trophic significance of bacteria in detrital-food webs, they have
demonstrated

13

C enrichment of bacteria in fine benthic organic matter, epilithon and

macroinvertebrates.

13

C-enriched acetate provides a means of increasing the amount of

heavy carbon isotope compared to background abundance in benthic microbial
communities. Acetate is an intermediary metabolite that serves as a methane precursor
in diverse microbial ecosystems, including sediments (Krzycki and Zeikus, 1984). In
some environments, acetate can contribute sixty to eighty percent of the cell carbon
associated with growth (Weimer and Zeikus, 1978; Zaiss, 1984; Krzycki et al., 1985).
Methane is derived from the methyl group of acetate (Eikmanns and Thauer, 1984;
Krzycki et al., 1985). Acetate can be used to measure methanogenic rates in sediments
(Schulz et al 1997 cited in Baker et al., 2000). Acetate retention through its use as an
organic carbon source in aquifer/stream sediments, along a hydrological flow path, is
mainly affected by anaerobic metabolism (Baker et al., 2000). Other recent research
has similarly applied
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N to lotic freshwater foodweb studies (Hall and Meyer, 1998;

Hughes et al., 2000; Mulholland et al., 2000; Tank et al., 2002). Hall et al. (1998)
observed that some detritivorous invertebrates selectively assimilated microbial versus
detrital nitrogen. Mulholland et al. (2000) demonstrated the utility of an approach that
combined enriched isotope tracers and natural-abundance ratios compared with using
natural-abundance isotope ratios alone.
Studies that have demonstrated bacterivory amongst lotic macroinvertebrates are limited
(see Edwards and Meyer, 1990; Hall, 1995; Hall and Meyer, 1998). The aim this study
was to demonstrate a trophic pathway linking the benthic microbial community of
sediments and the macroinvertebrates, using 13C-enriched acetate. A specific objective
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was to determine which of the taxa being studied derived their biomass carbon via
dissolved organic carbon (DOC) and bacteria.
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5b.2 Materials and methods
5b.2.1 Field experiment
An addition of 13C-enriched acetate was conducted in-situ in Ferny Creek up-stream of
the weir during March/April 1999 (see Chapter 2). At the commencement of the study
(March 8th) the reach was 32m in length with an the average bank-full width of 3m;
water depth was 0.13m, discharge 2 l s-1, water temperature 19ºC, air temperature 24ºC,
dissolved oxygen 4.0 mg l-1 and pH 6.35. Ferny Creek was chosen in preference to
Humbug Creek as there was no evidence of surface flow at point sufficiently upstream
from which to run the experiment.
Prior to the addition of

13

C-enriched acetate, samples of macroinvertebrates and

potential food sources were collected for determination of natural carbon isotope
abundance. Several kick samples were taken with a 250µm mesh net. Collections of
particulate organic matter (POM >500µm) were sieved in the laboratory into particulate
organic matter >500µm and whole leaves and sediments of different size classes
(<63µm, >63µm, >125µm, >250µm). Eight water samples (two replicates from each
pool) were collected to determine total organic carbon content. Total organic carbon
analyses on water samples were performed by the Queensland Health Scientific
Services. Total carbon was determined by a high temperature catalytic combustion and
detected by an infared detector using a Shimadzu TOC-5000 total organic carbon
analyser.
A two-hundred litre tank at the upstream end of the reach was filled with creek water
and set to drip into the creek. Ninety-nine percent enriched 2-13C sodium acetate (CH3
COONa) was to be added to the drum in order to add a tracer that enriched the

13

C

isotope fraction from 1.11% to 1.21-1.31% (discharge dependant), the equivalent of
100-200‰ (10-20%) (Petersen and Fry, 1987; Boutton, 1991a). Total organic carbon in
Ferny Creek pools at this time was 6 mg l-1, so the enrichment was equivalent to 0.015%
of the

13

C carbon or 0.00016% of the total carbon load of the reach during the

experimental period.
Over a 16 day period a total of 3.75g of 13C-enriched acetate were introduced into the
creek.
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Acetate addition via upstream tank

Addition of acetate via the tank commenced on the 25th of March when discharge was
estimated at 1.7 l s-1. One milligram of 13C enriched acetate was added at a drip rate set
to 0.58 ml s-1. On March 29th {plus 4 days}(discharge 1.15 l s-1) the tank was observed
not to have emptied. The contents of the tank were then set to flow at a rate of
approximately 1.6 ml s-1.

An alternative method of introducing acetate was also

implemented as a back-up (described below-acetate addition to individual pools). On
April 2nd {plus 8 days}(discharge 1.55 l s-1) the tank was not restocked with

13

C

enriched acetate as there was 100 l remaining from the earlier addition. The tank was
topped up with water and allowed to drip into the creek at a rate of 0.5 ml s-1. On April
6th {plus 12 days} (discharge increased to 10 l s-1), a further 5g was added to the 200 l
tank and set at a drip rate of 1.6 ml s-1. On April 9th {plus 15 days}(discharge 3 l s-1) the
tank was still approximately three-quarters full, and the experiment was concluded.
Acetate addition to individual pools

The reach was divided in 4 pools P1, P2, P3, and P4 (upstream to downstream) and the
proportional water volume of each pool estimated: P1 2.33m3 ~18%, P2 6.74m3 ~50%,
P3 1.9m3 ~14% and P4 2.43m3 ~18% (note: flow was continuous, the pools were
delineated by riffle area).
On March 29th a total of one milligram of 13C-enriched acetate was added, apportioned
as 0.166mg each to P1, P3 and P4 and 0.5mg to P2. This was done by dissolving the
13

C enriched acetate in 5l of creek water and adding this solution at the top end of each

pool. On April 2nd {plus 8 days}(discharge 1.55 l s-1) the procedure of dosing four
pools by hand was repeated in the same proportion and quantities as above. On April 6th
{plus 12 days} (discharge10 l s-1) a total of 2.5g of

13

C enriched acetate was added to

the pools at the dosage of 0.413g to pools P1, P3 and P4, and 1.25g to P2.
Post-addition sample collection

On April 9th different size classes of macroinvertebrates were collected from each pool.
Sediment samples and POM were also collected for each pool in size categories
outlined above. The faunas used in analyses were those collected in sufficient numbers,
they were not intended to represent specific feeding habits or trophic groups. There was
a paucity of aquatic fauna in Ferny Creek during the experimental period, most likely
resulting from recent floods (personal observation; see Chapters 2 and 3).
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Laboratory Procedure

All samples collected in the field were stored frozen at –18ºC.

Fauna were

subsequently rinsed in distilled water, dried at 60ºC over 48 hours and then ground
using a mortar and pestle. Size classes were separated and individuals within size
classes were pooled to obtain sufficient material for analysis where necessary.
Substrate samples were sieved to precise fractions and analysed whole. Leaf material
and POM were ground using a ring grinder.
Stable isotopes were measured using a Europa Tracermass continuous flow isotope ratio
mass spectrophotometer (Crewe, UK). The relative difference in ratios of light and
heavy isotopes to a standard, calibrated against the universal carbon standard PeeDee
Belemnite (PDB), were measured.

Values are expressed in the delta (δ) notation

calculated from the measured ratios:
δ13C(‰) = (Rsample - Rstandard)/Rstandard X 103
Analytical precision was 0.2‰ for fauna and 0.3‰ for other samples.
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5b.2.2 Data Analysis
The fauna that were collected before and after acetate addition were grouped according
to trophic status and taxonomic classification (Table 5b.1).

Table 5b.1 Classification and trophic status of fauna.

Classification

Trophic status/functional

Reported diet

Source

feeding group
Ephemeroptera
Leptophlebiidae
Atalophlebia

detritivore/shredder

Hawking & Smith 1997

Atalomicria
Ulmerophlebia

Austrophlebioides

algae and detritus*
*observed diet of
specimens was fine
mineral particles

herbivore

selected diatoms

Gooderham & Tsyrlin 2002

Chessman 1986

Trichoptera
Leptoceridae
Triplectides

Salientia (Anura) tadpoles

herbivore/detritivore

detritivore

Hawking & Smith 1997

observed diet of
specimens was
amorphous detritus

Megaloptera
Odonata

carnivores/engulfers

Hawking & Smith 1997

Epiproctophora
Zygoptera
Notonectidae

carnivores
carnivores
carnivores/piercers

Hawking & Smith 1997
Hawking & Smith 1997
Hawking & Smith 1997
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Mean δ13C values for different size classes of individual taxa for natural abundance and
following enrichment were plotted for each pool. The mean δ13C values for each taxon
(pooled size classes) were compared to natural abundance values using one-tailed paired
t-tests. The proportions of two different sources of assimilated carbon, for pooled size
classes, were then calculated. These values were determined using a simple mixing
equation assuming only two sources of carbon.
PA = δ13Cconsumer – f – δ13CsourceB
δ13CsourceA – δ13CsourceB

Where PA is the proportion of Source A, (representing the enriched bacterial source and
derived from maximally enriched organisms) and Source B (pre-treatment sediments i.e.
natural abundance) (Gearing, 1991).

A value of 0.2‰ was used for isotopic

fractionation (f) in order to standardise for trophic position (France and Peters, 1997).
The combined results of the mixing model were plotted and PA values for herbivores
and carnivores in each reach pool were compared using Friedman’s two-way ANOVA
by ranks for correlated samples (Ferguson, 1981).

This statistical analysis was

performed to test whether the proportion of bacterial enrichment was different between
reach pools.
The mean δ13C values for different substrata for each reach pool were plotted alongside
natural abundance values.
13

Sediment size classes were pooled as there were no

differences in mean δ C values.
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5b.3 Results
The results for each taxon, showing δ13C means for different size classes present in each
enriched pool, natural abundance values and the proportional representation of dietary
sources based on the mixing model are presented in Figures 5b.1 and 5b.2. Enrichment
was observed for fauna collected from each pool with some indication of different
enrichment in size classes.

For the herbivorous/detritivorous fauna, Atalophlebia,

Atalomicria and Austrophlebioides, there were significant differences between enriched
and natural abundance samples (p<0.01, - Atalomicria compared with other mayfly
population means), and similarly for the tadpoles (p<0.05) (Figure 5b.1).

Many

predatory fauna (Megaloptera, Zygoptera and Epiproctophora) exhibited substantial
enrichment, though only for zygopterans was the level of enrichment significantly
different from natural abundance values (p<0.05) (Figures 5b.2).
The differences in enrichment of fauna based on proportions calculated using the
mixing model compared across different pools was significant (χr2 = 3.9, df=3, p<0.01).
Figure 5b.3 illustrates increasing enrichment downstream of P1, with maximum
enrichment in P3 (18-28m downstream of P1).
Enrichment of substrata was obviously very limited with no sediment (individual size
classes combined) or particulate organic matter samples exhibiting any change (Figure
5b.4). A slight trend toward enrichment between P1 and P3 was discernible for leaves.
The final value at P3 was, however, little different from the natural abundance value.
These samples were collected about three weeks apart.
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Figure 5b.1a Mean (+SE) δ13C for different size classes of Atalophlebia
(n=21, N=146) from 13C enriched pools and mean (+SE) for natural abundance
(n= 9, N=150). Pie indicates percentage of diet derived from enriched bacterial
source Pa compared with natural detritus Pb.
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Figure 5b.1b Mean (+SE) δ13C for different size classes of Atalomicria
(n=5, N=18) from 13C enriched pools. No natural abundance data available.
Pie indicates percentage of diet derived from enriched bacterial source Pa
compared with natural detritus Pb.
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Figure 5b.1e Mean (+SE) δ13C for different size classes of Anuran (L)
(n=8, N=11) from 13C enriched pools and mean (+SE) for natural abundance
(n=7, N=8). Pie indicates percentage of diet derived from enriched bacterial
source Pa compared with natural detritus Pb.
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Figure 5b.2a Mean (+SE) δ13C for different size classes of Megaloptera
(n=5, N=8) from 13C enriched pools and mean (+SE) for natural abundance
(n=5, N=7). Pie indicates percentage of diet derived from enriched bacterial
source Pa compared with natural detritus Pb.
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Figure 5b.2b Mean (+SE) δ13C for different size classes of Zygoptera
(n=14, N=61) from 13C enriched pools and mean (+SE) natural abundance
(n= 4, N=14). Pie indicates percentage of diet derived from enriched bacterial
source Pa compared with natural detritus Pb.
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Figure 5b.2c Mean (+SE) δ13C for different size classes of Epiproctophora
(n=6, N=24) from 13C enriched pools. No natural abundance data available.
Pie indicates percentage of diet derived from enriched bacterial source Pa
compared with natural detritus Pb
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Figure 5b.2d Mean (+SE) δ13C for different size classes of Notonectidae
(n=2, N=10) from 13C enriched pools and mean (+SE) for natural abundance
(n=3, N=15). Pie indicates percentage of diet derived from enriched bacterial
source Pa compared with natural detritus Pb
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5b.4 Discussion
The

addition

of

13

C-enriched

acetate

macroinvertebrate taxa. Variation in
basic biology of some taxa.

13

resulted

in

isotopic

enrichment

of

C-enrichment can largely be explained by the

Other species, however, require further ecological

consideration. Each of the mayfly nymphs studied here employ different feeding habits;
Atalophlebia is a shredder, Atalomicria has greatly enlarged maxillary palps with
brushes, suggestive of fine particle gathering, whilst Austrophlebioides has a diet of
benthic algae, selectively feeding on certain diatom species (Table 5b.1). It is plausible
therefore, Atalophlebia and Atalomicria intake a substantial amount of bacterial carbon
(bacterial cells or bacterially derived exopolymer – see Hall (1995)). According to the
mixing model results, the proportion of enriched resource is similar for these two genera
(Figure 5b.1a and 5b.1b). In contrast, Austrophlebioides is reported to be a selective
algae feeder yet showed stronger enrichment, it being greater than a 50% contribution
from the enriched source. There are two plausible explanations for the high enrichment
observed, either there was enrichment of the benthic algae, as has been demonstrated by
Kling (1994) for phytoplankton in lakes using 13C-leucine; or microbial biomass and/or
their exopolymer matrices were concentrated in areas that also had a high yield of the
particular algae preferred by Austrophlebioides. This is supported by the findings of
Hall and Meyer (1998), who recognised differences in bacterial enrichment and
determined it was the result of differences in the relative use of dissolved organic
carbon where epilithon was more labelled than bacteria associated with fine particles or
leaves. Hall (1995) also observed the strongest

13

C-acetate labelling to be associated

with a biofilm scraper, Stenonema (Heptageniidae: Ephemeroptera). Mulholland (2000)
believed that Stenonema also assimilated a proportion of detritus in the form of fine
benthic organic matter, based on natural abundance isotope studies. Furthermore, using
a

15

N tracer, Mulholland et al. (2000) determined that Baetis (Baetidae:

Ephemeroptera), compared with Stenonema, were selectively assimilating epilithon
with a more rapid nitrogen turnover than the bulk pool. Hamilton et al.’s (in press)
arguments support Mulholland’s findings; they state that the use of non-selective bulk
material leads to an oversimplification of dietary sources.
Further to the considerations of specificity in food resources of individual taxon, there
are idiosyncrasies of acetate enrichment possibly relevant to the outcome of this
experiment. Hall (1995) and Hall and Meyer (1998) used

13

C-1 acetate (sic). The

structure of this enriched acetate means the label is on the carboxyl group. These
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authors reported that the concentration of

13

C-1 enriched acetate was below half

saturation constants of fungi and algae and therefore they should not take up this
acetate. It has been reported by Patel (1993), however, that some methanogens are not
suitable for the production of specifically labelled compounds due to carbon exchange
between CO2 and the C-1 of acetate. The extent of label transference in freshwater lotic
ecosystems has apparently not been reported. Secondly, because CO2 produced as a byproduct of methanogenisis via acetate fermentation is relatively 13C-enriched, dissolved
inorganic carbon in the zone of methanogenisis can be up to 18‰ higher than outside
this zone (Herczeg, 1988 cited in Boutton, 1991b). This has obvious implication in
terms of potential isotopic signatures of autotrophs that may form part of the diet of
invertebrates. Finally, Hamilton et al. (in press) report that steady state modelling is a
source of substantial error in enrichment studies. They demonstrate, using an uptake
compartment model, that depuration of heavy isotope label can be significant and
requires additional evaluation.
Ulmerophlebia was the only mayfly taxon with a non-significant result (p>0.05) for
enrichment. As they are burrowing nymphs, and had an observed gut content of fine
mineral particles, it was expected Ulmerophlebia may have derived a high proportion of
its diet from bacteria, yet this was obviously not the case (see below). Additionally,
tadpoles that were observed to have a gut content of amorphous detritus did not reflect
the proportionally high enrichment expected given their diet. This was contrary to the
findings of Hall and Meyer (1998). Organic ‘floc’ (>230µm) has, however, been
observed to be a relatively unimportant site of dissolved carbon uptake in other streams
(Mickelburgh et al., 1984).
The enrichment observed in predatory fauna is suggestive of the transference of
bacterial carbon through the food web. A similar result was observed by Hall (1995)
and Hall and Meyer (1998). It is interesting to note the habit bias amongst the enriched
predators compared with non-enriched, i.e. benthic crawlers compared with notonectids,
which primarily feed in the water column.
Faunas from P3 were clearly more enriched and these data may indicate

13

C

accumulation downstream and/or reflect the relative amount of 13C-enriched acetate that
was added. P3 was 28 meters downstream from the tank addition point and 10.5 and
0.5 metres downstream of the top and bottom of P2 (respectively). As the largest pool,
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P2 received approximately 50% of the 13C-enriched acetate that was introduced during
the experiment. Hall (1995) and Hall and Meyer (1998) found uptake limited to around
ten meters downstream of the enriched acetate source. It is feasible, therefore that P2
contributed to P3 enrichment. The amount of 13C-enriched acetate added to P3 was also
the highest, in terms of relative proportions, of the four pools, although this was
believed to be a marginal difference within methodology. It may also be relevant that
P4 was substantially deeper than other pools, as this would have potentially influenced
the passage of enriched acetate due to different hydraulic properties.
The absence of

13

C enrichment in sediments and particulate organic matter may have

been due to in-stream (antecedent) conditions and/or the individual stream
characteristics. Similar to the findings here, Hall and Meyer (1998) did not observe any
enrichment in leaves or wood, and they suggest that there was limited bacterially
derived carbon associated with these sources. Sediment enrichment results from this
study contrast with Hall and Meyer (1998), however, as they observed enrichment of
fine benthic organic matter (amorphous detritus) associated with sediments i.e.

13

C

enriched sediments. It is possible that differences in the quantity of bacterial carbon
were responsible for this result. A similar argument was presented by Mickelburgh et
al. (1984) reporting their observations of spatial and temporal variability in DOC uptake
in river beds. They hypothesised that upper river reaches will periodically “leak” more
DOC to downstream reaches because of a loss of capacity to trap DOC via epilithon due
to reductions from spates.

Bott et al. (1984 cited in Hall and Meyer, 1998)

demonstrated a 20-fold decrease in sediment bacterial biomass from which organic
matter had been removed.

A variable response to acetate addition has also been

reported (Storey et al., 1999; Craft et al., 2002). Craft (2002) suggest in their study that
this was a function of spatial carbon-limitation gradients. It is pertinent to note that
Ferny Creek had experienced intense flooding in the weeks preceding the experiment
(pers. obs.) and this is likely to have scoured organic material from the sediments (see
Chapters 2 and 3).
The point remains, however, that the 2-13C enriched acetate used in this study provided
a tracer via the methyl group of the acetate metabolite. Carbon synthesis in this context
is via the pathway of methanogenic bacteria and therefore occurs within the benthic
sediments.

Thus, a trophic link between the sediments and macroinvertebrates is

evident in Ferny Creek.
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Key parameters for consideration in assessing the dynamics of

13

C-acetate enrichment

are apparently the specific habits of the fauna, combined with the nature of organic
carbon cycling, and associated ‘hotspots’, that may in-turn be influenced by pool
hydrology and morphology. Microbial response in terms of enrichment (DOC supply)
is also likely to be major source of variability. Development of this methodology could
benefit from conducting laboratory trials in order to quantify concentration, uptake rate
and assimilation parameters.
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5c
What substratum preferences do fauna exhibit?

5c.1 Introduction
The occurrence and quality of patches affects the distribution and abundance of fauna
(Pringle et al., 1988; Townsend, 1989; Lake, 2000; Palmer et al., 2000). A patch may
be broadly defined as an area differing from its surroundings in nature or appearance
(Weins, 1976; Weins et al., 1993). For stream fauna, substratum is a key determinant in
patch selection (de March, 1976; Lancaster and Hildrew, 1993, see Chapter 1).
Substratum is a multi-factor variable (Minshall and Minshall, 1977), aside from its
potential use as a refugia, there is invariably an association between substratum and
organic matter. The principal importance of organic matter as a food source means that
it is commonly used to explain patchy faunal distribution (Minshall, 1984; Gagnier and
Bailey, 1994).
Detailed investigations at the stream community and population level have attributed
observed distributions to the primacy of either organic matter or the physical nature of
the substratum. For example, microcrustacean density did not vary with organic matter
load and it was suggested that food for these detritivores may not have been limiting in
a POM retentive stream (Robertson et al., 1995). Miyake (2002) found for the ‘habitatscale’ patch, the effects of substratum were overwhelmed by standing crop of POM.
Microhabitat determination of mayfly species has been conceived to be hierarchical,
where observed distributions relate to type of organic matter, and current and
substratum are the determinants of the distribution of organic matter type (Hearden and
Pearson, 1991). A study of chironomids revealed the separation of instars was greatest
along a gradient ranging from poorly sorted sediments with high quantities of fine
detritus through to highly porous sediments. Spatial distribution of chironomid taxa
was significantly correlated with a gradient of fine detritus compared to particle size
gradient (Ruse, 1994).
Studies of subtle variability in resource characteristics (cf disturbance see Williams and
Smith, 1996), such as described above, are not widespread and in particular, the impacts
on invertebrate fauna of increased amounts of clay have been poorly studied, with the
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exception of Quinn et al. (1992) ( see Waters, 1995). The likely impacts of a high clay
load can be predicted according to biogeochemical principles, textural characteristics
and lotic invertebrate biology and ecology (Waters, 1995, see also Chapter 1). Studying
the impact of clay on fauna in west-coast New Zealand streams, Quinn et al. (1992),
attributed decreased invertebrate density (median 26%) to degraded food quality,
decreased biofilm mass and productivity and, at some sites, reduced permeability and
interstitial dissolved oxygen. Similarly, Wagener and La Perriere (1985) and Bjerklie
and La Perriere (1985 cited in Quinn et al., 1992) observed lower invertebrate biomass
and density and reduced hydraulic exchange due to depression of dissolved oxygen and
clogging, respectively. Doeg and Milledge (1991) used clay to dose a stream reach in
order to study the effects of increased suspended sediment concentrations on
macroinvertebrate drift. Their results showed a clear increase in the rate of drift of
some taxa during the period of maximum sediment release. The sensitivity of particular
species was notable, these same taxa were also associated with environmental
disturbance in other studies.
Two salient features of the bed sediments of Humbug Creek are the vast amount of
surface leaf litter and buried detritus, and the clay content associated with the gravel bed
(Chapter 3). In order to understand the influence of detritus quality and clay load on
invertebrate colonisation an implant experiment was devised to elucidate the substratum
choice of taxa. A standardised sterile substratum was used as a base for the addition of
organic matter mixtures with different C:N ratios and these combined with clay or noclay. Key taxa, likely to have strong associations to one or more substratum type are to
be drawn from the results for detailed investigation. The hypothesis to be tested was
that fauna exhibit a preference for food quality and/or inorganic particle composition.
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5c.2 Materials and methods
Sediment for base substratum

Sediments were collected from Ferny Creek at a gravel bar 100m downstream of the
weir (Chapter 2). In the laboratory, sediments were hand sieved at intervals 8mm,
4mm, 2mm and 250µm. The sediments were dried and then ignited in a muffle furnace
at 550°C for 3 hours to remove any residual organic material. The composition of the
mineral sediments was: 70g > 4mm & < 8mm, 75g < 4mm & > 250µm, 10g fines
<250µm. The amounts in each basket approximated the cumulative proportion within
the relevant size interval found naturally in Humbug Creek (Chapter 3).
Basket preparation

Baskets were constructed from 1.25 l plastic soft drink bottles with the neck and two
side panels cut out (Figure 5c.1). The dimensions of the basket were 35mm height and
85mm diameter, a total volume of 170ml. Baskets contained inorganic sediment plus
one of four experimental treatments (15 per treatment, Σ60). The treatments that were
added to the mineral sediments are given in Table 5c.1.

Table 5c.1 Materials added to sediments in substratum baskets.
Treatment
A
B
C
D

Detritus 20g
Leaf pieces 20g
Detritus (20g) and kaolin clay 15g
Leaf pieces (20g) and kaolin clay 15g

The mineral sediments and specific treatment additions were measured then mixed
thoroughly by hand and added to the individual basket. Each basket was prepared
individually in order to avoid issues of inadequate mixing and the potential
concentration of small particle sizes depending on the order of basket preparation. All
substratum baskets once prepared as described were placed in a 16°C constant
temperature room, each was filled with seasoned water (collected May 1998 from
Humbug Creek). The baskets remained in constant temperature conditions for three
days to allow bacterial growth and equilibration (Nedwell and Gray, 1987).
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Clay treatment

Kaolin clay was used, as it was the least biologically active of available clay, i.e. this
type of clay was least likely to support a biofilm or influence the local chemical
environment (E. Stock pers. comm.).

It has a standard expected particle size

distribution; 50th percentile equals 1 micron (New South Wales Commercial Minerals
Ltd.). The amount (15g) added per treatment was estimated to be roughly proportional
to the composition of actual samples surveyed from Humbug (Chapter 3).

Trials

showed this amount of clay, when added to substratum baskets with water, remained in
suspension and adhered to the surface of the other sediments.
Organic matter treatment

Detritus (treatments A & C) and leaves (treatments B & D) were collected from
Humbug Creek on 17/10/98. Senescent leaves were collected from the creek bank over
an area approximately 15m2.

The condition of each individual leaf was closely

investigated so that each leaf conformed to the following; soft, dark brown, more than
half of leaf intact. Approximately 1kg (wet weight) of leaves was collected. Detritus
(thick organic mud) was collected from the submerged banks within the pool. The
detritus was placed into a sorting tray, any large material (e.g. seeds) was removed and
the remainder was then collected into glass jars. This material was transported on ice to
the laboratory and stored at 4°C. The day following their collection the leaves were
blended in a food processor till they resembled a coarse paste. Sub-samples of organic
treatments were analysed for total organic carbon, total kjeldahl nitrogen (TKN) and
total nitrogen (TN).

These analyses were performed by the Queensland Health

Scientific Services. Total organic carbon was determined by a thermal conductivity
measure of combustion using a Leco WR-12 carbon analyser. TKN and TN samples
were digested in sulphuric acid at high temperatures using block digestors and analysed
on a SKALAR segmented flow analyser using Berhlot based chemistries.
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Earlier (August 1998) leaves had been collected from this site, pressed and dried.
Taxonomic identifications of leaf specimens were made by Alan House and Jaimie
Cook. Plant taxa potentially contributing to the organic material used in treatments are
listed in Table 5c.2.
Table 5c.2 Plant taxa present as leaf litter in 15m2 of bank on Humbug Creek,
collected in proportion to visual estimate of abundance on the ground.
Family

Species

Apocynaceae

Parsonsia straminea
Parsonsia fulva

Myrtaceae

Eucalyptus grandis
Syzygium oleosum
Lophostemon confertus

Elaeocarpaceae
Fabaceae
Celastraceae
Arecaceae
Verbenaceae
Vitaceae
Lauraceae
Dioscoreaceae

Abundance
25%
3%
20%
12.5%
10%

Sloanea australis

6%

Kennedia rubicunda or Desmodium sp.?

6%

Maytenus bilocularis?
Archontophoenix cunninghamiana
Clerodendrum floribundum?
Cissus hypoglauca
Neolitsea dealbata
Dioscorea transversa

3%
3%
3%
3%
3%
3%

5c.2.1 Study site
This in-situ experiment was initially planned for Humbug Creek.

However,

microscopic examination of ten separate sediment samples for proposed background
controls immediately prior to commencing the experiment revealed only three
individual larvae of Chironomus (Chironomidae: Diptera). Given the paucity of benthic
macroinvertbrates it was decided to transfer the experiment to neighbouring Ferny
Creek (Chapter 2). This change affected the logic of collection of organic matter,
sediment proportions used and the transference of information to other studies on
Humbug Creek.

The results, however, should not be compromised in terms of

addressing the question – what substratum preferences do fauna exhibit?
Prior to the commencement of the experiment the mean discharge in Ferny Creek was
0.074 ML day-1 (1 –21st October 1998). From October 22nd 1998 to November 14th
1998 there was no measurable discharge. Physical and chemical conditions recorded
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for the reach were: air temperature 18.5ºC, water temperature 15.5ºC, mean water depth
<20cm, dissolved oxygen 2mg l-1, pH 6.65, and redox (sediment surface) 130mV.
On October 21st 1998, 60 baskets were placed level with the natural substratum in
depressions hollowed out by hand, spaced over 35m of creek bed (Figure 5c.1). It was
intended to leave baskets in the creek for twenty-eight days, however, there was a rapid
and drastic reduction in surface water in the creek during the study period and therefore
the baskets were retrieved after fourteen days. On November 4th each basket was
carefully drawn vertically through the water column, placed in a tray, stained with Rose
Bengal and preserved in ethanol. The stream condition at the location of each basket
was recorded.
In the laboratory, samples were washed into a 90µm sieve and a 100ml sub-sample of
the first 5l of wash was collected for determining turbidity which was measured using a
Hach 2100AN Turbidimeter. Material retained in the sieve was sorted under a stereo
microscope. Extraneous leaf litter per sample was dried and weighed. Invertebrates
collected were sorted in major taxonomic groups.

5c.2.2 Statistical analysis
Seven treatment baskets were not suitable for analysis due to desiccation. Patchy
drying of the creek bed also meant that the reach was not continuous so a blocked twoway ANOVA model was used to analyse data. The final data set for ANOVA consisted
of 36 treatment samples (A, B, C, & D), equally divided to represent 9 blocks formed
from sections of the reach with discontinuous surface water. Abundance and relative
abundance of major taxonomic groups were tested, as were the univariate descriptors of
taxon richness and evenness. A covariate was included for some analyses because of
the accumulation of leaf litter in traps.

The analyses were performed using the

SYSTAT ™ V6.0 statistical software package (SPSS Inc., 1996).
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added clay

Baskets in place
in stream bed

Figure 5c.1 Photographs of substratum treatments in baskets prior to placement in the stream
and in the stream bed.
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5c.3 Results
There were no significant results found for any treatment in the analyses, with or
without leaf litter as a covariate. The results of ANOVA are provided in Table 5c.3 and
show, for the variable of relative abundance, clay treatment had a p value substantially
lower than other treatments.
Despite the difference in ratios of carbon to nitrogen for the two organic treatments;
44:1 (leaf) and 21:1 (detritus), no treatment effects were observed for organic matter
(Table 5c.3).

Table 5c.3 Results of ANOVA comparing substratum treatments using univariate
faunal indices.
Measure (N=36)

Treatment

Degrees of freedom

F ratio

p value

Relative abundance

Block

8

5.582

0.000

Clay

1

2.976

0.097

organic matter

1

1.123

0.300

clay*organic matter

1

3.582

0.280

Block

8

1.000

0.461

Clay

1

1.000

0.327

organic matter

1

1.000

0.327

clay*organic matter

1

1.000

0.327

block

8

1.000

0.461

clay

1

1.000

0.327

organic matter

1

1.000

0.327

clay*organic matter

1

1.000

0.327

Richness

Evenness

The mean turbidity for each treatment and a background for Ferny Creek is given in
Table 5c.4. The turbidity in clay treatments was approximately 3 times higher than
organic matter treatments and up to 13 times higher than the natural sediments in Ferny
Creek.
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Table 5c.4 Mean (+1SE) turbidity (NTU) associated with treatment and
background sediment samples.
A
(detritus)
n=11

B
(leaf)
n=6

C
(detritus & clay)
n=9

D
(leaf & clay)
n=9

Natural sediment (field)
n=5

1335
(210)

869
(110)

4510
(331)

4001
(140)

317
(118)

The abundance of the collected fauna is given in Table 5c.5. Sixteen major groups were
collected from diverse trophic groups, and include macroinvertebrates and meiofauna.
The three most common taxa were Ephemeroptera, Ostracoda and Chironomidae.

Table 5c.5 Abundance of major taxonomic groups from all treatments.
Major taxonomic
group
Ephemeroptera
Ostracoda
Chironomidae
Nematoda
Miscellaneous
(damaged/immature)
Copepoda
Trichoptera
Zygoptera
Hemiptera
Gastropoda
Diptera
Oligochaeta
Coleoptera
Acarina
Hydracarina
Anuran
Hirundea
Total individuals

Treatment
A

Treatment
B

Treatment
C

Treatment
D

Totals

218
198
83
27
23

137
96
42
2
10

122
79
49
34
13

219
113
24
1
11

696
486
198
64
57

6
8
7
1
6
2
2
3
2
4
1
2
593

23
7
4
3
3
0
2
1
2
1
2
0
335

8
10
3
6
1
4
3
2
2
1
1
1
386

7
10
13
4
2
5
0
1
1
0
0
0
411

44
35
27
14
12
11
7
7
7
6
4
3
1725
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Relative abundance, richness and evenness values for these fauna are presented in
Figure 5c.2.
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Figure 5c.2 Richness and evenness measures of invertebrate of fauna.

This figure shows an overall trend of increasing relative abundance and richness from
upstream to downstream, perhaps reflecting the size of surface water pools.

An

opposite, but less marked trend for evenness was observed.
The mean weight of extraneous leaf litter which accumulated in baskets during the
experiment was 0.697g +0.07 (n=35).
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5c.4 Discussion
Experimental treatments appeared to be robust and were comparable to control~impact
contrast observed in other studies.

The NTU range of the clay treatment was

substantially larger than that reported by Quinn et al. (1992) (7-154 NTU) to impact
upon macroinvertebrates. Notwithstanding, the experimental clay treatment was at least
an order of magnitude greater than the Ferny Creek environment, comparable to Quinn
et al.’s study (1992) of west-coast New Zealand streams that had a mean range for their

background of 1.3 - 8.2 NTU. While there were no significant differences found among
treatments, the comparatively low p values for the relative abundance data with clay
(treatments C and D) could suggest, however, that a significant effect for clay may be
observed with better data (Table 5c.3).
As expected, the detritus (treatments A & C) added to the inorganic sediment had a
lower carbon to nitrogen ratio than leaves (treatments B & D), an indicator of higher
nutritional quality, yet no difference in abundance of fauna was observed.

The

difference between carbon and nitrogen values for organic matter used in these
treatments approximate the differences used by other workers contrasting leaf species
(see further discussion below).
Factors influencing colonisation by fauna

Higher evenness in the upstream section of the reach was most likely due to low faunal
abundance and/or pool stability. Remnant pools in the upstream section of the reach
may have been maintained by up-welling of water from below the creek bed. This
observed distribution of fauna also suggests a simple explanation as to why no treatment
effect was observed - the fauna were primarily responding to the creek bed drying-out.
Due to the conditions, substratum preference may have been overridden by the
distribution of water, effectively making substratum choice a ‘secondary consideration’.
The aggregation of fauna when surface waters are contracting has been observed in
other drying streams (Hearden and Pearson, 1991; Clinton et al., 1996). Miyake (2002)
investigated the influence of substratum stability at two spatial scales and found that, at
the habitat-patch scale, fauna responded to POM standing crop, whereas at the reachscale substratum stability affected diversity of fauna, even under summer baseflow
conditions. The conditions during this study suggest substratum instability due to the
rapid loss of surface water, compared with earlier discharge constancy.
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There is evidence that an assemblage response to substratum variables may also be
influenced by species-specific preferences. For example, Ryder (1989 cited in Quinn et
al., 1992) reported that Deleatidium (Ephemeroptera: Leptophlebiidae) ingested

inorganic silt in proportion to its concentration in the epilithon, indicating an inability to
reject silt.

Foe and Knight (1982 cited in Wotton, 1990) reported that clams,

Corbiculina (Bivalvia) ingested silt but that their growth rate was dependant on

phytoplankton, not silt. In this experiment ostracods, which were highly abundant, may
have preferentially colonised the baskets in order to fulfil their physiological
requirements for inorganic clay minerals that may be in short supply in the natural
environment (P. De Deckker pers. comm.). Short-term aggregative effects in response
to supplements of organic matter have also been interpreted as indicating resource
limitation (Richardson, 1991).

Williams and Smith (1996) argue that substratum

associations may reflect predator prey relationships, local history and chance. They
stress that biological interactions are likely to have a strong influence as to what
constitutes the important features of the substratum and these may differ hierarchically
between different taxa (see below).
Variability associated with the quality of organic matter resources

It was assumed that the age, condition and location of the organic material treatments
would have amounted to differences in the structure of the microbial communities (see
Findlay and Sobczak, 2000), and ultimately different nutritional quality. However, the
amount of refractory compounds may influence the nutritional value, despite a low
carbon to nitrogen ratio (Wetzel, 1975 cited in Bretschko and Leichtfried, 1987;
Leichtfried, 1994; Lenting et al., 1997), and this was not accounted for. Microbial
colonisation was not quantified in this experiment1.
The mixture of plant species that comprised the leaf treatment, and most likely the
detritus treatment, may have sourced chemical compound interactions that influenced
the quality of the organic matter. Horens et al. (2002) determined that decomposition of
terrestrial plant litter was influenced by the litter mixture. Different litter chemistry
produced compound interactions whose properties ultimately affected litter quality.

1

An incidental comparison of the biological oxygen demand associated with each organic treatment used
in this experiment showed that, for two of three replicates, leaf litter had a higher demand for oxygen.
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These interactions were more (or less) pronounced with different carbon dioxide
concentrations.
The following are some examples of studies that demonstrate some of the variability
and specificity of findings for investigations using contrasted organic matter resources.
Palmer et al. (2000) compared structurally similar leaf patches with contrasting leaf
species that differed in decomposition rate and, potentially, microbial food resources.
They used oxygen uptake as one attribute (dependent variable) and this was found to
vary between leaf types.

Overall, their experiment yielded significant results

demonstrating active patch selection. Lenting (1997), however, reported no difference
in the number of bacteria associated with different leaf types. Despite differences in
carbon to nitrogen ratios, the condition of leaves were similar.
Several other studies have also compared leaf quality.

Pidgeon (1981) reported

colonisation to be a function of the stage of decomposition, regardless of plant species.
A comparison of sticks, rhododendron and birch leaves revealed, that based on surface
area, microbial respiration rates were highest on sticks, rhododendron then birch,
whereas on an ash free dry mass basis this order was reversed (Tank et al., 1993). All
respiration rates were correlated with temperature at the site. Submerged and exposed
leaves of Eucalyptus compared for microbial enrichment revealed that biomass
increased over time on submerged but not exposed leaves (Boulton and Lake, 1990).
Microbial enzyme activity response to different amendments has also been reported, and
is thought to further vary seasonally (Findlay et al., 1997).
Clearly, the sorption of DOC to biofilms and mineral particles can alter biological
reactivity and residence time (Findlay and Sinsabaugh, 1999 references cited therein).
Clay minerals and humic substances may have an inhibitory effect on enzymatic activity
and bacterial organic matter decomposition (Westrich and Berner, 1984 and references
cited therein). Clay minerals adsorb and transport ions and organic complexes that
dictate chemical characteristics in the local environment (Lewis and McConchie,
1994b)1.

1

The pH of treatments with clay were up to two ‘units’ more alkaline than those without clay.
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As discussed earlier, species specific preferences can effect substratum colonisation and
are a probable influence of organic matter choice. Chironomids and Ephemeroptera
were amongst the three most abundant taxa colonising baskets. These particular taxa
(i.e. Chironomidae and Ephemeroptera) were found to be largely responsible for the
significant abundance of hyporheos associated with comparatively high carbon to
nitrogen ratio food in another study (Lenting et al., 1997). In that case, the resource
(maple leaves) was determined to be higher in carbohydrate than the contrasting cedar
leaves, however, cedar leaves contained higher amounts of other nutritional elements,
including more protein.

Lenting et al. (1997) argue dietary preference for select

nutritional qualities by species and different life cycle stages is likely to be a
contributing factor in colonisation. Such target specificity supports Palmer et al.’s
(2000) recommendation of testing of hypotheses relating to high microbial resources
particularly in relation to leaf chemistry, and their influence on reducing emigration and
survivorship (increasing abundance).

Their idea is further substantiated when

considering studies such as that by Warren et al. (1964 cited in Richardson, 1991) who
reported a large reduction in drift, in response to augmentation of bacterial production
with sucrose.
Extraneous leaf litter was quantified as it was thought this might substantially alter the
substratum environment (e.g. temperature, space, structure, refugia – see Chapter 3). In
this study, the inclusion of leaf litter as a covariate in ANOVA did not change results.
Williams and Smith (1996) similarly observed changes to their microhabitat implants
after 14 days, with the addition of organic matter and sand. The additional organic
matter confounded their results, as the organic matter was associated with substratum
size, an experimental variable. Reice (1980) observed that common taxa colonising
substratum were unaffected by the presence or absence of surface leaves. Hearden and
Pearson (1991) stated, however, substratum choice by Ephemeroptera was influenced
by leaf litter overall, and certain species exhibited a stronger preferences for litter.
These results suggest a higher level of taxonomic discrimination in this study may
reveal a species, or group, specific response (see Williams and Smith, 1996).
The methodology undertaken in this experiment is concluded to be appropriate for the
habitat features being investigated. Additional compositional analyses of organic matter
used in the experimental treatments, and species level taxonomic resolution are
necessary for ecological interpretation. A cross-scale design is also a warranted as the
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ecological process being studied are scale dependent. In translating information from
this experiment to a natural environment it will be pertinent to consider the synergy of
clay and organic material in the context of stream hydraulics and geomorphology (see
Chapters 3 and 5b). The results observed in this study exemplify William and Smith’s
(1996) assertion that consideration of the multi-factorial organisation and dynamic
nature of colonisation is crucial (in order to achieve workable models of community
structure).
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Chapter 6
Synthesis
There has been limited limnological investigation of the relationship between biological
and hydro-geological features in headwater streams (see Chapters 3 and 4) and in part
this may be attributed to the perceived lack of hyporheic development in headwaters
(see Boulton et al., 1998). Recent research has, however, established headwaters as
having a strong role in the investigation of dynamics of ecological processes within
hydro-geologically linked alluvial river-aquifer systems (Valett et al., 1997; Chafiq et
al., 1999; Crenshaw et al., 2002). Headwater streams may be subjected to frequent
disturbance by discharge, however, the nature of change in the physical characteristics
of sediment composition is not usually known at a scale relevant to the ecology of
interstitial invertebrates. A major achievement of the present study was to quantify the
temporal variability in sediment characteristics in relation to catchment and in-stream
hydrology and define the changes to invertebrate habitat.
The term ecohydrology was coined by Wassen and Grootjans (1996) to describe the
interrelationship between the disciplines of the ecology and hydrology. Ecohydrology
aptly describes the approach of the present study, particularly the scope of the
investigation of temporal substratum variability in Chapter 3.

Set within an

ecohydrology framework, i.e. recognition of the interrelatedness of ecology and
hydrology, a synthesis follows that incorporates the different scales pertinent to this
study.
Scale is the crucial consideration of the present study. The range and magnitude of
scale was first raised in Chapter 3 via Figure 3.2 (reproduced on the next page). This
figure illustrates a hierarchy of processes for geomorphology, landscape process and
ecological response. Within the framework of Figure 3.2, the three scale features
considered most relevant to the findings of the present study are:
•

climate and hydrological characteristics (see Figure 3.2a)

•

hydrological linkage within the stream-channel and riverine landscape (see
Figure 3.2b)

•

ecological time frames (see Figure 3.2c)
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temporal scales. (a) external geomorphic processes. (b) channel habitat categories associated with
a. (c) ecological responses (from Hildrew and Giller 1994).
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Climate and hydrological characteristics

Stream flows in Australia and South Africa (and perhaps peninsular India) are more
variable than those in similar climate zones of other continents (McMahon et al., 1992).
Australia and South Africa have characteristically high rainfall variability and extremely
low and variable runoff (runoff is more variable than rainfall) (McMahon et al., 1992).
McMahon et al. (1992 p95) argue that evaporation is an important element in
generating runoff variability. Geographic factors that contribute to water characteristics
in Australia - ‘the driest inhabited continent’, are outlined in Boulton and Brock (1999).
Climate characteristics that effect the nature of stream flows will also have imprinted on
fauna dependent on these flows. Nicholls (1989 cited in McMahon et al., 1992) argues
that the ENSO effect is old enough to affect the instinctive behaviours of biota.
Australian native vegetation exhibits adaptive responses to drought and flood. For
example, Australian Eucalypts shed leaves in response to moisture stress and then
quickly increase leaf surface area when water is available (Pook, 1985 cited in
McMahon et al., 1992). Many Australian aquatic fauna are also recognised as being
adapted to wide fluctuations in environmental conditions via opportunistic breeding and
life-cycle flexibility (see De Deckker and Williams, 1986; Boulton and Brock, 1999,
and references cited in McMahon, 1992). Examples of strong seasonality are not
common amongst Australian aquatic fauna, but have been observed in areas of high
climate predictability (Boulton and Lake, 1992b; Bunn, 1988a; Bunn and Davies, 1990).
The variability in climate and hydrological systems that is characteristic of Australian
systems was a feature of the present study. At the scale of climate and hydrological
variability, headwater streams in this study were determined to flow intermittently
(Chapter 3). The climate during the study period was influenced by a drought attributed
to characteristics of the cyclical southern oscillation atmospheric circulation (Chapter
3). Over a relatively smaller time frame, sometimes referred to as ‘fluvial time’ and
usually measured in decades (West, 1978; Erskine, 1996, see Figure 3.2a&b), hydrogeological processes resulted in erosion, transportation and deposition of sediments that
formed channel features. In the streams studied here, their geomorphology and local
climate highlight the potential importance of hydrological connection for aquatic habitat
beyond surface waters alone (Chapters 3 and 4).
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Hydrological linkage within the stream-channel and riverine landscapes

The extent of hydrological connectivity was illustrated in the present study by physical
measures of temporal hydrological variability (Chapter 3), and the diversity of habitat
and fauna (Chapters 3 and 4). The pattern of hydrological connectivity observed in this
study meant that sediment substratum had the potential to display dynamic gradients for
ecological processes at all scales and temporal variability – such gradient variability is a
feature reported for the hyporheic zone (Gibert et al., 1990; Boulton et al., 1998; Jones
and Mulholland, 2000, Chapters 3, 4 and 5). Nutrient processes would also have been
influenced by the spatial mosaic and temporal span of hydrological connection and
exchange (Malard et al., 2002).
Linkages between interstitial sediments and the wider riverine landscape are potential
drivers of biodiversity and ecological processes (Palmer et al., 2000, Chapters 3 and 4).
The temporal changes observed in the stream channel, from aquatic to terrestrial habitat,
also exemplify strong linkages between the stream and its catchment (Chapters 4 and 5).
Ecological time frames

In an ecological time frame, the link between ecology and hydrology may be strongest
when considering the temporal change in lotic ecosystems (see Ward, 1989; Ward and
Palmer, 1994). Whilst geomorphic and hydrological processes structure the distribution
and abundance of fauna, the greatest impact on faunal diversity may be produced via
seasonal variability. The spatial extent of habitat and expansion and contraction of
water in all three dimensions over time, potentially creates a model for habitat
fragmentation (Stanley et al., 1997, Chapters 3, 4 and 5). The timing and nature of
change in ecosystem size may affect community structure, disturbance impact and
subsequent succession (see Grimm and Fisher, 1989; Lake, 1990; Stanley et al., 1997;
Malard et al., 2002).
A perspective on the ecological issue of sedimentation

In the present study, ecological features of the sediment substratum were investigated
and findings interpreted in the context of the latest understanding of structure and
processes within headwater streams. There was a particular focus on hydrological and
biogeochemical indices of changing substratum habitat that makes these systems
unique.

It has only been in the past decade that the importance of the sediment

substratum and its inhabitants have been recognised for their potentially major role in
ecosystem function. The magnitude of linkage between sediment biota and above
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sediment aquatic and terrestrial biota is unknown (Palmer et al., 2000). The balance of
these direct and indirect physical, chemical and biological linkages may prove critical to
ecosystem maintenance and species survival (Palmer et al., 2000).
Headwater streams are particularly vulnerable to land-use change. Changes in land-use
are a major threatening process to the biodiversity of lotic ecosystems (Lake et al.,
2000, Chapter 1).

In the context of global change to freshwater ecosystems,

sedimentation is highlighted for its potential to disrupt linkages between aquatic surface
waters and the wider riverine landscape; human-induced disturbance via sedimentation
may have a profound effect on stream function (Lake et al., 2000). The work in this
thesis presents an integrated temporal study of effects of hydrological variability on the
sediments comprising invertebrate habitat.

It is relevant to improving our

understanding of how stream ecosystems function through close investigation of
temporal variability in the habitat and fauna of intermittently flowing headwaters.

189

References

Adams, JN, RL Beschta. (1980) Gravel bed composition in Oregon coastal streams.
Canadian Journal of Fisheries and Aquatic Sciences 37: 1514-21
Allan, JD. 1995. Stream ecology structure and function of running Waters. London:
Chapman and Hall. 388 pp.
Angradi, T, R Hood, D Tarter. (2001) Vertical, longitudinal and temporal variation in
the macrobenthos of an Appalachian headwater stream system. The American
Midland Naturalist 146: 223-42
Arakel, AV. (1995) Towards developing sediment quality assessment guidelines for
aquatic systems: an Australian perspective. Australian Journal of Earth Sciences
42: 335-69
Arnell. 1996. Hydrology and climate change. In River flows and channel forms, ed.
Petts, P Calow, pp. 243-56. Oxford: Blackwell Science Ltd.
Auliciems, A. 1990. Climates of the Brisbane valley. In The Brisbane River A sourcebook for the future, ed. P Davie, E Stock, D Low Choy, pp. 7-16. Brisbane:
Australian Littoral Society/Queensland Museum
Baker, M, C Dahm, HM Valett. 2000. Anoxia, anaerobic metabolism, and
biogeochemistry of stream-water-groundwater interface. In Streams and
Groundwater, ed. JB Jones, P Mulholland, pp. 259-83. San Diego: Academic
Press
Barlocher, F, JH Murdoch. (1989) Hyporheic biofilms - a potential food source for
interstitial animals. Hydrobiologia 184: 61-7
Barnes, RSK, RN Hughes. 1999. An introduction to marine ecology. Oxford: Blackwell
Science Ltd.
Bartley, R, I Rutherfurd. 2001. Statistics, snags and sand: measuring the geomorphic
recovery of streams distributed by sediment slugs. Presented at Third Australian
stream management conference: The value of healthy streams, Brisbane
Batalla, RJ. (1997) Evaluating bed-material transport equations using field
measurements in a sandy gravel-bed stream, Arbucies River, NE Spain. Earth
Surface Processes and Landforms 22: 121-30
Belbin, L. 1995. PATN pattern analysis package users guide. Canberra: CSIRO
Benzie, JAH. (1984) The colonisation mechanisms of stream benthos in a tropical river
(Menik Ganga: Sri Lanka). Hydrobiologia 111: 171-9
Beschta, RL, WL Jackson. (1979) The intrusion of fine sediments into a stable gravel
bed. Journal of the Fisheries Research Board of Canada 36: 204-10

190
Bird, F, P Ford, G Hancock. (1999) Effect of burrowing macrobenthos on the flux of
dissolved substances across the water-sediment interface. Marine and
Freshwater Research 50: 523-32
Bjerklie, DM, JD La Perriere. (1985) Gold-mining effects on stream hydrology and
water quality, Circle Quadrangle, Alaska. Wat. Res. Bulletin 21: 235-43
Blyth, J, T Doeg, R St Clair. (1984) Response of the macroinvertebrate fauna of the
Mitta Mitta River, Victoria to the construction and operation of the Dartmouth
Dam 1: Construction and initial filling period. Occasional Papers Museum of
Victoria 1: 83-100
Bott, TL, LA Kaplan, FT Kuserk. (1984) Benthic bacterial biomass supported by
streamwater dissolved organic matter. Microbial Ecology 10: 335-44
Bottorff, RL, AW Knight. (1988) Functional organisation of macroinvertebrate
communities in two first-order California streams: Comparison of perennial and
intermittent flow conditions. Verh. Internat. Verein. Limnol. 23: 1147-52
Boulton, AJ. (1989) Over-summering refuges of aquatic macroinvertebrates in two
intermittent streams in central Victoria. Transcripts of the Royal Society of South
Australia 113: 23-34
Boulton, AJ. 2000. The subsurface macrofauna. In Streams and Ground Waters, ed. JB
Jones, PJ Mulholland, pp. 337-61. San Diego: Academic Press
Boulton, AJ, MA Brock. 1999. Australian Freshwater Ecology processes and
management. Glen Osmond: Gleneagles Publishing. 300 pp.
Boulton, AJ, S Findlay, P Marmonier, EH Stanley, HM Valett. (1998) The functional
significance of the hyporheic zone in streams and rivers. Annual Review of
Ecology and Systematics 29: 59-91
Boulton, AJ, JG Foster. (1998) Effects of buried leaf litter and vertical hydrologic
exchange on hyporheic water chemistry and fauna in a gravel-bed river in
northern New South Wales, Australia. Freshwater Biology 40: 229-43
Boulton, AJ, PS Lake. (1990) The ecology of two intermittent streams in Victoria,
Australia. I Multivariate analyses of physicochemical features. Freshwater
Biology 24: 123-41
Boulton, AJ, PS Lake. (1992a) The ecology of two intermittent streams in Victoria,
Australia. II. Comparisons of faunal composition between habitats, rivers and
years. Freshwater Biology 27: 99-121
Boulton, AJ, PS Lake. (1992b) The ecology of two intermittent streams in Victoria,
Australia. III. Temporal changes in faunal composition. Freshwater Biology 27:
123-38
Boulton, AJ, CG Peterson, NB Grimm, SG Fisher. (1992a) Stability of an aquatic
macroinvertebrate community in a multiyear hydrologic disturbance regime.
Ecology 73: 2192-207

191
Boulton, AJ, EH Stanley. (1995) Hyporheic processes during flooding and drying in a
Sonoran Desert stream. II Faunal dynamics. Archive fur Hydrobiologie 134: 2752
Boulton, AJ, EH Stanley, SG Fisher, PS Lake. 1992b. Over-summering strategies of
macroinvertebrates in intermittent streams in Australia and Arizona. In Aquatic
Ecosystems in semi-arid regions: Implications for resource management, ed. RD
Robarts, ML Bothwell
Boulton, AJ, PJ Suter. 1986. Ecology of temporary streams-an Australian perspective.
In Limnology in Australia, ed. P De Deckker, WD Williams, pp. 313-28.
Melbourne/Dordrecht: CSIRO/Dr W Junk
Boulton, AJ, HM Valett, SG Fisher. (1992c) Spatial distribution and taxonomic
composition of the hyporheos of several Sonoran Desert streams. Archive fur
Hydrobiologie 125: 37-61
Boutton, T. 1991a. Stable carbon isotope ratios of natural materials: Sample preparation
and mass spectrometric analysis. In Carbon Isotope Techniques, ed. D Coleman,
B Fry, pp. 155-83. San Diego: Academic Press
Boutton, T. 1991b. Tracer studies with 13C enriched substrates. In Carbon isotope
techniques, ed. D Coleman, B Fry, pp. 219-40. San Diego: Academic Press
Bretschko, G. (1991) Bed sediments, groundwater and stream limnology.
Verhandlungen der Internationalen Vereingung fur Theoretische und
Angewandte Limnologie 24: 1957-60
Bretschko, G. (1992) Differentiation between epigeic and hypogeic fauna in gravel
streams. Regulated Rivers:Research and Management 7: 17-22
Bretschko, G. (1994) Bed sediment, extension, grain shape and size distribution.
Verhandlungen der Internationalen Vereingung fur Theoretische und
Angewandte Limnologie 25: 1631-5
Bretschko, G, M Leichtfried. (1987) The determination of organic matter in river
sediments. Archive fur Hydrobiologie 68: 403-17
Bretschko, G, M Leichtfried. (1988) Distribution of organic matter and fauna in a
second order, alpine gravel stream (Ritrodat-Lunz study area, Austria).
Verhandlungen der Internationalen Vereingung fur Theoretische und
Angewandte Limnologie 23: 1333-9
Brizga, S, B Findlayson. 2000. River Management. The Australasian experience.
Chichester: John Wiley & Sons
Brunke, M, H Fischer. (1999) Hyporheic bacteria - relationships to environmental
gradients and invertebrates in a prealpine stream. Archive fur Hydrobiologie
146: 189-217
Brunke, M, G Gosner. (1997) The ecological significance of exchange processes
between rivers and groundwater. Freshwater Biology 37: 1-33

192
Brusven, MA, KV Prather. (1974) Influence of stream sediments on distribution of
macrobenthos. Journal Entomological Society of British Columbia 71: 26-32
Bunn, SE. (1988) Processing of leaf litter in two northern jarrah forest streams, Western
Australia: II. The role of macroinvertebrates and the influence of soluble
polyphenols and inorganic sediment. Hydrobiologia 162: 211-23
Bunn, SE. (1988a) Life histories of some benthic invertebrates from the streams of the
northern jarrah forest, Western Australia. Australian Journal of Marine and
Freshwater Research 39: 785-804
Bunn, SE, PM Davies. (1990) Why is the stream fauna of south-western Australia so
impoverished? Hydrobiologia 194: 169-76
Bunn, SE, PM Davies, DM Kellaway, I Prosser. (1998) Influence of invasive
macrophytes on channel morphology and hydrology in an open tropical lowland
stream, and potential control by riparian shading. Freshwater Biology 39: 171-8
Bunn, SE, PM Davies, TD Mosisch. (1999) Ecosystem measures of river health and
their response to riparian catchment degradation. Freshwater Biology 47: 333-45
Bureau of Meteorology Australia – Climate Averages 2002
http://www.bom.gov.au.climate/aumap_variability 25/11/2002
Bureau of Meteorology Australia – Queensland flood summary 2002
http://www.bom.gov.au/hydro/flood/qld/fld_history/floodsum_1990.shtml
25/10/2002
Burt, T. 1996. The hydrology of headwater catchments. In River flows and channel
forms, ed. GE Petts, P Calow, pp. 6-31. Oxford: Blackwell Scientific
Cammen, LM. (1982) Effect of particle size on organic content and microbial
abundance within four marine sediments. Marine Ecology Progress Series 9:
273-80
Campbell, IC, TJ Doeg. (1989) Impact of timber harvesting and production on streams:
a review. Australian Journal of Marine and Freshwater Research 40: 519-39
Carling, PA. 1996. In-stream hydraulics and sediment transport. In River flows and
channel forms, ed. GE Petts, P Calow, pp. 160-84. Oxford: Blackwell Science
Ltd.
Carling, PA, JJ Williams, A Kelsey, MS Glaister, HG Orr. (1998) Coarse bedload
transport in a mountain river. Earth Surface Processes and Landforms 23: 14157
Chafiq, M, J Gibert, C Claret. (1999) Interactions among sediments, organic matter, and
microbial activity in the hyporheic zone of an intermittent stream. Canadian
Journal of Fisheries and Aquatic Science 56: 487-95
Chambers, PA, EE Prepas, K Gibson. (1992) Temporal and spatial dynamics in riverbed
chemistry: the influence of flow and sediment composition. Canadian Journal of
Fisheries and Aquatic Sciences 49: 2128-40

193
Chamley, H. 1990. Properties of sedimentary particles. In Sedimentolgy, pp. 47-59.
Berlin: Springer-Verlag
Chapman, LJ, DL Kramer. (1991) Limnological observations of an intermittent tropical
dry forest stream. Hydrobiologia 226: 153-66
Charbonneau, P, L Hare. (1998) Burrowing behaviour and biogenic structures of muddwelling insects. Journal of the North American Benthological Society 17: 23949
Chiew, FHS, TC Piechota, JA Dracup, TA McMahon. (1998) El Nino/Southern
Oscillation and Australian rainfall, streamflow and drought: links and potential
for forecasting. Journal of Hydrology 204: 138-49
Chrost, RJ. 1990. Microbial ectoenzymes in aquatic environments. In Aquatic microbial
ecology:biochemical and molecular approaches, ed. J Overbeck, RJ Chrost, pp.
47-78. New York: Springer-Verlag
Clarke, KR. (1993) Non-parametric multivariate analyses of changes in community
structure. Australian Journal of Ecology 18: 117-43
Clarke, KR, RM Warwick. 1994. Change in marine communities. Plymouth: Natural
Environment Research Counci, UK
Clinton, SM, NA Grimm, SG Fisher. (1996) Response of a hyporheic invertebrate
assemblage to drying disturbance in a desert stream. Journal of the North
American Benthological Society 15: 700-12
Cole, JJ, S Findlay, ML Pace. (1988) Bacterial production in fresh and saltwater
ecosystems: a cross-system overview. Marine Ecology Progress Series 43: 1-10
Corkum, LD. (1989) Habitat characterisation of the morphologically similar mayfly
larvae, Caenis and Tricorythodes (Ephemeroptera). Hydrobiologia 179: 103-9
Craft, JA, JA Stanford, M Pusch. (2002) Microbial respiration within a floodplain
aquifer of a large gravel-bed river. Freshwater Biology 47: 251-61
Cranston, P. 1996. Identification guide to the Chironomidae of New South Wales.
Sydney: Australian Water Technologies Pty Ltd
Cranston, P. 2000
http://www.science.uts.edu.au/sasb/chriopage/ 30/11/2000
Crenshaw, C, H Valett, J Webster. (2002) Effects of augmentation of coarse particulate
organic matter on metabolism and nutrient retention in hyporheic sediments.
Freshwater Biology 47: 1820-31
CSIRO. 1991. The Insects of Australia. Melbourne: Melbourne University Press
Cummins, KW. (1962) An analysis of some techniques for the collection and analysis
of benthic samples with special emphasis on lotic waters. American Midland
Naturalist 67: 477-504

194
Cummins, KW, MJ Klug. (1979) Feeding ecology of stream invertebrates. Annual
Review of Ecology and Systematics 10: 147-72
Cummins, KW, GH Lauff. (1969) The influence of substrate particle size on the
microdistribution of stream macrobenthos. Hydrobiologia 34: 145-81
Czechura, C. 1991. The Blackall-Conondale Ranges: frogs, reptiles and fauna
conservation. In The rainforest legacy: Australian National Rainforests Study,
ed. G Werren, P Kershaw, pp. 311-24. Canberra: Australian Government
Publishing Service
Davis, JA. 1998. A guide to the identification of larval Psephenidae water pennies
(Insecta:Coleoptera). Albury: Cooperative Research Centre for Freshwater
Ecology
De Deckker, P, WD Williams, eds. 1986. Limnology in Australia.
Melbourne/Dordrecht: CSIOR/Dr W Junk. 671 pp.
de March, B. (1976) Spatial and Temporal patterns in macrobenthic stream diversity.
Journal of the Fisheries Research Board of Canada 33: 1261-70
Dean, JC. 1997. Larvae of the Australian Hydrobiosidae (Insecta: Trichoptera).
Albury: Cooperative Research Centre for Freshwater Ecology
Dean, JC. 1999. Preliminary keys for the identification of Australian mayfly nymphs of
the family Leptophlebiidae. Albury: Cooperative Research Centre for Freshwater
Ecology
Dean, JC, PJ Suter. 1996. Mayfly nymphs of Australia. Albury: Cooperative Research
Centre for Freshwater Ecology
Dean, RL, JH Connell. (1987c) Marine invertebrates in an algal succession . III.
Mechanisms linking habitat complexity with diversity. Journal of Experimental
Marine Biology and Ecology 109: 249-73
Delucchi, CM, BL Peckarsky. (1989) Life history patterns of insects in an intermittent
and a permanent stream. Journal of the North American Benthological Society 8:
308-21
Dent, CL, JD Schade, NB Grimm, SG Fisher. 2000. Subsurface influences on surface
biology. In Streams and Ground Waters, ed. JB Jones, PJ Mulholland, pp. 381402. San Diego: Academic Press
Department of Forestry Queensland (1983) Conondale Range management plan
Department of Forestry Queensland
Doeg, T, JD Koehn. (1994) Effects of draining and desilting a small weir on
downstream fish and macroinvertebrates. Regulated Rivers:Research and
Management 9: 263-77
Doeg, T, GA Milledge. (1991) Effects of experimentally increasing concentrations of
suspended sediment on macroinvertebrate drift. Australian Journal of Marine
and Freshwater Research 42: 519-26

195
Doeg, TJ, PS Lake, R Marchant. (1989) Colonization of experimentally disturbed
patches by stream macroinvertebrates in the Acheron River, Victoria. Australian
Journal of Ecology 14: 207-20
Dole-Olivier, MJ, M Creuze des chatelliers, P Marmonier. (1993) Repeated gradients in
subterranean landscape - Example of the stygofauna in the alluvial floodplain of
the Rhone River (France). Archive fur Hydrobiologie 127: 451-71
Dole-Olivier, MJ, DMP Galassi, P Marmonier, M Creuze des Chatelliers. (2000) The
biology and ecology of lotic microcrustaceans. Freshwater Biology 44: 63-91
Dole-Olivier, MJ, P Marmonier, JL Beffy. (1997) Response of invertebrates to lotic
disturbance: Is the hyporheic zone a patchy refugium? Freshwater Biology 37:
257-76
Dole-Olivier, MJ, P Marmonier, M Creuze des Chatelliers, D Martin. 1994. Interstitial
fauna associated with the alluvial floodplains of the Rhone River (France). In
Groundwater Ecology, ed. J Gibert, D Danielopol, JA Stanford, pp. 313-46. San
Diego: Academic Press
Dudgeon, D. (1993) The effects of spate-induced disturbance, predation and
environmental complexity on macroinvertebrates in a tropical stream.
Freshwater Biology 30: 189-97
Dudgeon, D. (1995) Life histories, secondary production and microdistribution of
Psephenidae (Coleoptera:Insecta) in a tropical forest stream. Journal of Zoology
London 236: 465-81
Edgar, GJ. 2001. Australian Marine habitats in temperate waters. Sydney: Reed New
Holland
Edwards, R, J Meyer, S Findlay. (1990) The relative contribution of benthic and
suspended bacteria to system biomass, production, and metabolism in a lowgradient blackwater river. Journal of the North American Benthological Society
9: 216-28
Edwards, RT, JL Meyer. (1990) Bactivory by deposit-feeding mayfly larvae
(Stenonema spp.). Freshwater Biology 24: 453-62
Eikmanns, B, R Thauer. (1984) Catalysis of an isotopic exchange between CO2 and the
carboxyl group of acetate by Methanosarcina barkeri grown on acetate. Arch
Microbiol 138: 365-70
Elson-Harris, MM. (1990) Keys to the immature stages of some Australian
ceratopogonidae (Diptera). J. Aust. ent. Soc 29: 267-75
Erman, NA, DC Erman. (1995) Spring permanence, Trichoptera species richness, and
the role of drought. Journal of the Kansas Entomological Society 68: 50-64.
Erskine, WD. (1996) Response and recovery of a sand-bed stream to a catastrophic
flood. Z. Geomomorph. N.F. 40: 359-83
Etter, RJ, JF Grassle. (1992) Patterns of species diversity in the deep sea as a function of
sediment particle size diversity. Nature 360: 576-8

196
Faith, D, P Minichin, L Belbin. (1987) Compositional dissimilarity as a robust measure
of ecological distance. Vegetatio 69: 57-68
Feminella, JW. (1996) Comparison of benthic macroinvertebrate assemblages in small
streams along a gradient of flow permanence. Journal of the North American
Benthological Society 15: 651-69
Feminella, JW, VH Resh. (1990) Hydrologic influences, disturbance and intraspecific
competition in a stream caddisfly population. Ecology 71: 2083-94
Fenchel, T. (1969) The ecology of marine microbenthos IV. Structure and function of
the benthic ecosystem, its chemical and physical factors and the microfauna
communities with special reference to the ciliated protozoa. Ophelia 6: 1-182
Ferguson, G. 1981. Statistical analysis in psychology and education. Tokyo: McGrawHill. 549 pp.
Fiebig, DM, MA Lock. (1991) Immobilization of dissolved organic matter groundwater
discharging through the stream bed. Freshwater Biology 26: 45-55
Findlay, S. (1995) Importance of surface-subsurface exchange in stream-ecosystems:
The hyporheic zone. Limnology and Oceanography 40: 159-64
Findlay, S, TL Arsuffi. (1989) Microbial growth and detritus formations during
decomposition of leaf litter in a stream. Freshwater Biology 1989: 261-9
Findlay, S, CW Hickey, JM Quinn. (1997) Microbial enzymatic response to catchmentscale variations in supply of dissolved organic carbon. New Zealand Journal of
Marine and Freshwater Research 31: 701-6
Findlay, S, K Howe, D Fontvieille. (1993a) Bacterial-algal relationships in streams of
the Hubbard Brook experimental forest. Ecology 74: 2336Findlay, S, R Sinsabaugh. (1999) Unravelling the sources and bioavailability of
dissolved organic matter in lotic aquatic ecosystems. Marine and Freshwater
Research 50: 781-90
Findlay, S, PJ Smith, JL Meyer. (1986) Effect of detritus addition on metabolism of
river sediment. Hydrobiologia 137: 257-63
Findlay, S, WV Sobczak. (1996) Variability in removal of dissolved organic carbon in
hyporheic sediments. Journal of the North American Benthological Society 15:
34-41
Findlay, S, WV Sobczak. 2000. Microbial communities in hyporheic sediments. In
Streams and Ground Waters, ed. JB Jones, PJ Mulholland, pp. 287-306. San
Diego: Academic Press
Findlay, S, D Strayer, C Goumbala, K Gould. (1993b) Metabolism of streamwater
dissolved organic carbon in the shallow hyporheic zone. Limnology and
Oceanography 38: 1493-9
Flecker, AS, B Fiefarek. (1994) Disturbance and the temporal variability of invertebrate
assemblages in two Andean streams. Freshwater Biology 31: 131-42

197
Foe, C, A Knight. (1985) The effects of phytoplankton and suspended sediment on the
growth of Corbicula fluminea (Bivalvia). Hydrobiologia 127: 105
Folk, RL. (1966) A review of grain-size parameters. Sedimentology 6: 73-93
Folk, RL, WC Ward. (1957) Brazos River Bar: A study in the significance of grain size
parameters. Journal of Sedimentary Petrology 27: 3-26
Fonesca, DM, DD Hart. (2001) Colonisation history masks habitat preferences in local
distributions of stream insects. Ecology 82: 2897-910
Ford, JB. (1962) The vertical distribution of larval Chironomidae (Dipt.) in the mud of a
stream. Hydrobiologia 19: 262-72
France, R, R Peters. (1997) Ecosystem differences in the trophic enrichment of 13C in
aquatic food webs. Canadian Journal of Fisheries and Aquatic Sciences 54:
1255-8
Freeman, C, MA Lock, J Marxsen, SE Jones. (1990) Inhibitory effects of high
molecular weight dissolved organic matter upon metabolic processes in biofilms
from contrasting rivers and streams. Freshwater Biology 24: 159-66
Friedman, GM, KG Johnson. 1982. Exercises in sedimentology. New York: John Wiley
& Sons
Gagnier, DL, RC Bailey. (1994) Balancing loss of information and gains in efficiency
in characterising stream sediment samples. Journal of the North American
Benthological Society 13: 170-80
Gearing, J. 1991. The study of diet and trophic relationships through natural abundance
13
C. In Carbon isotope techniques, ed. D Coleman, B Fry, pp. 201-16. San
Diego: Academic Press
Giberson, DJ, RJ Hall. (1988) Seasonal variation in faunal distribution within the
sediments of a Canadian shield stream, with emphasis on responses of spring
floods. Canadian Journal of Fisheries and Aquatic Sciences 45: 1994-2002
Gibert, J, MJ Dole-Olivier, P Marmonier, P Vervier. 1990. Surface water-groundwater
ecotones. In Ecology and Management of Aquatic-Terrestrial Ecotones, ed. RJ
Naiman, H Decamps, pp. 199-225. London: UNESCO
Gibert, J, JA Stanford, MJ Dole-Olivier, JV Ward. 1994. Basic attributes of
groundwater ecosystems and prospects for research. In Groundwater Ecology,
ed. J Gibert, D Danielopol, JA Stanford, pp. 7-40. San Diego: Academic Press
Giere, O. 1993. Meiobenthology. Berlin: Springer-Verlag
Giller, PS, B Malmqvist. 1998. The biology of streams and rivers. New York: Oxford
University Press. 296 pp.
Gilmour, D. (1971) The effects of logging on streamflow and sedimentation in a north
Queensland rain forest catchment. Commonwealth Forestry Review 50: 38-49

198
Glaister, A. 1999. Guide to the identification of Australian Elmidae larvae
(Insecta:Coleoptera). Albury: Cooperative Research Centre for Freshwater
Ecology
Godbout, L, H Hynes. (1982) The three dimensional distribution of the fauna in a single
riffle in a stream in Ontario. Hydrobiologia 97: 87-96
Golladay, SW, RL Sinsabaugh. (1991) Biofilm development on leaf and wood surfaces
in a boreal river. Freshwater Biology 25: 437-50
Gordon, ND, TA McMahon, BL Finlayson. 1992. Stream hydrology: An introduction
for ecologists. Chichester: John Wiley & Sons
Grant, J, BT Hargrave. (1987) Benthic metabolism and the quality of sediment organic
carbon. Biological Oceanography 4: 243-64
Grimm, NB. 1994. Disturbance, succession and ecosystem processes in streams: a case
study from the desert. In Aquatic ecology: scale pattern and process, ed. PS
Giller, AG Hildrew, D Raffaelli, pp. 93-112. Oxford: Blackwell
Grimm, NB, SG Fisher. (1984) Exchange between interstitial and surface water:
implications for stream metabolism and nutrient cycling. Hydrobiologia 111:
219-28
Grimm, NB, SG Fisher. (1989) Stability of periphyton and macroinvertebrates to
disturbance by flash floods in a desert stream. Journal of the North American
Benthological Society 8: 293-307
Grimshaw, HM, SE Allen. 1989. Chemical analysis of ecological materials. Oxford:
Blackwell Scientific
Gulis, V, K Suberkropp. (2003) Leaf litter decomposition and microbial activity in
nutrient-enriched and unaltered reaches of a headwater stream. Freshwater
Biology 48: 123-4
Gurtz, ME, JB Wallace. (1989) Substrate-mediated response of stream invertebrates to
disturbance. Ecology 65: 1556-69
Hakenkamp, CC, A Morin. (2000) The importance of meiofauna to lotic ecosystem
functioning. Freshwater Biology 44: 165-75
Hakenkamp, CC, MA Palmer. 2000. The ecology of the hyporheic meiofauna. In
Streams and Ground Waters, ed. JB Jones, PJ Mulholland, pp. 307-35. San
Diego: Academic Press
Hall, R. (1995) Use of a stable carbon isotope addition to trace bacterial carbon through
a stream food web. Journal of the North American Benthological Society 14:
269-77
Hall, R, JL Meyer. (1998) The trophic significance of bacteria in a detritus-based stream
food web. Ecology 79: 1995-2012

199
Hamilton, S, J Tank, D Raikow, E Siler, N Dorn, N Leonard. (in press) Using stable
isotope tracer additions to study food webs: A model to interpret results from a
woodland stream. Journal of the North American Benthological Society
Hamilton, SK, WM Lewis. (1992) Stable carbon and nitrogen isotopes in algae and
detritus from the Orinoco River floodplain, Venezuela. Geochimica et
Cosmochimica Acta 56: 4237-46
Hancock, PJ. (2002) Human impacts on the stream-groundwater exchange zone.
Environmental Management 29: 763-81
Hancock, PJ, AJ Boulton, A Raine. 2001. Surface-subsurface hydrological connectivity
in sand-bed streams. Presented at Third Australian stream management
conference : The value of healthy streams, Brisbane
Hargrave, BT. (1972) Aerobic decomposition of sediment and detritus as a function of
particle surface area and organic content. Limnology and Oceanography 17:
583-96
Harrison, AD. (1958) Hydrobiological studies of the Great Berg River, Western Cape
Province. 2: Quantitative studies on sandy bottoms, notes on tributaries and
further information on the fauna arranged systematically. Trans. R. Soc. S. Afr.
35: 227-76
Harrison, AD. (1966) Recolonisation of a Rhodesian stream after drought. Archive fur
Hydrobiologie 62: 405-21
Harvey, JW, BJ Wagner. 2000. Quantitative hydrologic interactions between streams
and their subsurface hyporheic zones. In Streams and Groundwaters, ed. JB
Jones, PJ Mulholland, pp. 3-44. San Diego: Academic Press
Hawking, JH, FJ Smith. 1997. Colour guide to invertebrates of Australian Inland
Waters. Albury: Cooperative Research Centre for Freshwater Ecology. 213 pp.
Hawking, JH, G Theischinger. 1999. A guide to the identification of larvae of
Australian families and to the identification and ecology of larvae from New
South Wales. Albury: Cooperative Research Centre for Freshwater Ecology
Hayashi. (2002) Effects of ground water exchange on the hydrology and ecology of
surface water. Ground Water 40: 309-16
Hearden, MN, RG Pearson. (1991) Habitat partitioning among the mayfly species
(Ephemeroptera) of Yuccabine Creek, a tropical Australian stream. Oecologia
87: 91-101
Hedin, LO. (1990) Factors controlling sediment community respiration in woodland
stream ecosystems. Oikos 57: 94-105
Hendricks, SP. (1996) Bacterial biomass, activity and production within the hyporheic
zone of a north-temperate stream. Archive fur Hydrobiologie 136: 467-87
Hendricks, SP, DS White. (1995) Seasonal biogeochemical patterns in surface water,
subsurface hyporheic, and riparian groundwater in temperate stream ecosystem.
Archive fur Hydrobiologie 134: 459-90

200
Herczeg, AL. (1988) Early diagenesis of organic matter in lake sediment: A stable
carbon isotope study of pore water. Chemical Geology 72: 199-209
Hildrew, AG, PS Giller. 1994. Patchiness, species interactions and disturbance in the
stream benthos. In Aquatic Ecology: scale pattern and process, ed. PS Giller,
AG Hildrew, DG Raffaelli, pp. 21-62. Oxford: Blackwell Scientific Publications
Hill, BH, RK Hall, P Husby, AT Herlihy, M Dunne. (2000) Interregional comparisons
of sediment microbial respiration in streams. Freshwater Biology 44: 213-22
Holm, E. (1988) Environmental restraints and life strategies: a habitat templet matrix.
Oecologia 75: 141-5
Holmes, RM, SG Fisher, NB Grimm, BJ Harper. (1998) The impact of flash floods on
microbial distribution and biogeochemistry in the parafluvial zone of a desert
stream. Freshwater Biology 40: 641-54
Horens, B, R Aerts, M Stroetenga. (2002) Litter quality and interactive effects in litter
mixtures: more negative interactions under elevated CO2? Journal of Ecology
90: 1009-16
Hughes, JE, LA Deegan, BJ Peterson, RM Holmes, B Fry. (2000) Nitrogen flow
through the food web of a New England estuary. Ecology 81: 433-52
Hynes, HBN. 1970. The Ecology of Running Waters. Liverpool: Liverpool University
Press
Hynes, HBN. (1983) Groundwater and stream ecology. Hydrobiologia 100: 93-9
Hynes, HBN, NK Kaushik, MA Lock, DL Lush, ZSJ Stocker, RR Wallace, DD
Williams. (1974) Benthos and allocthonous organic matter in streams. Journal
of the Fisheries Research Board of Canada 31: 545-53
Jackson, JE. 1997. Preliminary guide to the identification of late instar larvae of
Australian Calocidae, Helicophidae and Conoesucidae (Insecta : Trichoptera).
Albury: Cooperative Research Centre for Freshwater Ecology
Jacobi, GZ, SJ Cary. (1996) Winter stoneflies (Plectoptera) in seasonal habitats in New
Mexico, USA. Journal of the North American Benthological Society 15: 690-9
Jones, JB. (1995) Factors controlling hyporheic respiration in a desert stream.
Freshwater Biology 34: 91-9
Jones, JB. (1997) Benthic organic matter storage in streams: influence of detrital import
and export, retention mechanism, and climate. Journal of the North American
Benthological Society 16: 109-19
Jones, JB, SG Fisher, NB Grimm. (1995) Vertical hydrologic exchange and ecosystem
metabolism in a Sonoran desert stream. Ecology 76: 942-52
Jones, JB, PJ Mulholland, eds. 2000. Streams and Groundwater. San Diego: Academic
Press

201
Jones, JB, LA Smock. (1991) Transport and retention of particulate organic matter in
two low-gradient headwater streams. Journal of the North American
Benthological Society 10: 115-26
Jones, SE, MA Lock. (1989) Hydrolytic extracellular exoenzyme activity in
heterotrophic biofilms from two contrasting streams. Freshwater Biology 22:
289-96
Kaplan, LA, TL Bott. (1983) Microbial heterotrophic utilisation of dissolved organic
matter in a piedmont stream. Freshwater Biology 13: 363-77
Kelly, JR, SW Nixon. (1984) Experimental studies of the effect of organic deposition
on the metabolism of a coastal marine bottom community. Marine Ecology
Progress Series 17: 157-69
Keppel, G. 1982. Design and Analysis. A researcher's handbook. Englewood Cliffs:
Prentice-Hall
Kjelleberg, S. 1993. Starvation in bacteria. New York: Plenum Press. 277 pp.
Klemens, WE. (1991) Quantitative sampling of bed sediments (Ritrodat-Lunz study
area, Austria). Verhandlungen der Internationalen Vereingung fur Theoretische
und Angewandte Limnologie 24: 1926-9
Kling, G. 1994. Ecosystem scale experiments - The use of stable isotopes in fresh
waters. In Environmental Chemistry of Lakes and Reservoirs, ed. L Baker, pp.
91-120. Washington: American Chemical Society
Krumbien, W. (1934) Size frequency distribution of sediments. Journal of Sedimentary
Petrology 4: 65-77
Krzycki, J, L Lehman, J Zeikus. (1985) Acetate catabolism by Methanosarcina barkeri:
Evidence for involvement of carbon monoxide dehydrogenase, methyl
coenzyme M and methylreductase. Journal of Bacteriology 163: 1000-6
Krzycki, J, J Zeikus. (1984) Acetate catabolism by Methananocarcina barkeri:
hydrogen-dependent methane production from acetate by a soluble cell protein
fraction. FEMS Microbiology Ecology 25: 27-34
Lake, PS. (1990) Disturbing hard and soft bottom communities: a comparison of marine
and freshwater environments. Australian Journal of Ecology 15: 477-88
Lake, PS. (2000) Disturbance, patchiness, and diversity in streams. Journal of the North
American Benthological Society 19: 573-92
Lake, PS, MA Palmer, P Biro, JJ Cole, AP Covich, C Dahm, J Gibert, W Goedkoop, K
Martens, J Verhoeven. (2000) Global change and the biodiversity of freshwater
ecosystems: Impacts on linkages between above-sediment and sediment biota.
Bioscience 50: 1099
Lancaster, J. (2000) Geometric scaling of microhabitat patches and their efficacy as
refugia during disturbance. Journal of Animal Ecology 69: 442-57

202
Lancaster, J, AG Hildrew. (1993) Flow refugia and the microdistribution of lotic
macroinvertebrates. Journal of the North American Benthological Society 12:
385-93
Lane, P, G Sheridan. (2002) Impact of an unsealed forest road stream crossing: water
quality and sediment sources. Hydrological Processes 16: 2599-612
Larned, S. (2000) Dynamics of coarse riparian detritus in a Hawaiian stream ecosystem:
a comparison of drought and post-drought conditions. Journal of the North
American Benthological Society 19: 215-34
Lawrence, JS. 1995. Key to the families of Coleoptera, (adults and larvae), with aquatic
stages. unpublished
Leadbetter, ER, JS Poindexter. 1985. Bacteria in Nature. New York: Plenum Press. 263
pp.
Leichtfried, M. (1985) Organic matter in gravel streams (Project RITRODAT-LUNZ).
Verhandlungen der Internationalen Vereingung fur Theoretische und
Angewandte Limnologie 22: 2058-62
Leichtfried, M. (1988) Bacterial substrates in gravel beds of a second order alpine
stream (Project Ritrodat-Lunz, Austria). Verhandlungen der Internationalen
Vereingung fur Theoretische und Angewandte Limnologie 23: 1325-32
Leichtfried, M. (1994) Protein measurements in bedsediments, an important
compartment of POM in a 2nd order, gravel stream (Project Ritrodat-Lunz,
Austria, Europe). Verhandlungen der Internationalen Vereingung fur
Theoretische und Angewandte Limnologie 25: 1636-40
Lemly, AD. (1982) Modification of benthic insect communities in polluted streams:
combined effects of sedimentation and nutrient enrichment. Hydrobiologia 87:
229-45
Lenat, DR, DL Penrose, KW Eagleson. 1979. Biological evaluation of non-point source
pollutants in North Carolina streams and rivers, North Carolina Department of
Natural Resources and Community Development, Biological Series 102,
Raleigh
Lenting, N, DD Williams, BG Fraser. (1997) Qualitative differences in interstitial
organic matter and their effect on hyporheic colonisation. Hydrobiologia 344:
19-26
Lewis, DW, D McConchie. 1994a. Practical Sedimentology. New York: Chapman and
Hall. 213 pp.
Lewis, DW, D McConchie. 1994b. Analytical Sedimentology. New York: Chapman and
Hall. 197 pp.
Lock, MA. 1990. The dynamics of dissolved and particulate organic material over the
substratum of water bodies. In The biology of particles in aquatic ecosystems,
ed. RS Wotton, pp. 117-44. Boca Raton, Florida: CRC Press

203
Madridet, L, M Philippe, JG Wasson. (1996) Spatial and temporal distribution of
macroinvertebrates and trophic variables within the bed sediments of three
streams differing in their morphology and riparian vegetation. Archive fur
Hydrobiologie 136: 41-64
Malard, F, K Tockner, MJ Dole-Olivier, JV Ward. (2002) The landscape perspective of
surface-subsurface hydrological exchanges in river corridors. Freshwater
Biology 47: 621-40
Manly, BFJ. 1991. Randomization and Monte Carlo methods in biology. London:
Chapman & Hall. 281p pp.
Marchant, R. (1982) Seasonal variation in the macroinvertebrate fauna of billabongs
along Magela Creek, Northern Territory. Australian Journal of Marine and
Freshwater Research 33: 329-42
Marchant, R. (1995) Seasonal variation in the vertical distribution of hyporheic
invertebrates in an Australian upland river. Archive fur Hydrobiologie 134: 44157
Matthaei, CD, KA Peacock, CR Townsend. (1999) Scour and fill patterns in a New
Zealand stream and potential implications for invertebrate refugia. Freshwater
Biology 42: 41-57
Matthaei, CD, CR Townsend. (2000) Long-term effects of local disturbance history on
mobile stream invertebrates. Oecologia 125: 119-26
Matthaei, CD, U Uehlinger, A Frutiger. (1997) Response of benthic invertebrates to a
natural versus experimental disturbance in a Swiss prealpine river. Freshwater
Biology 37: 61-77
McCoy, ED, SS Bell, eds. 1991. Habitat structure: the evolution and diversification of
a complex topic. London: Chapman & Hall. 3-27 pp.
McLaren, P, D Bowles. (1985) The effects of sediment transport on grain-size
distributions. Journal of Sedimentary Petrology 55: 457-70
McMahon, T, B Findlayson, A Haines, R Srikanthan. 1992. Global runoff. CremlingenDestedt: Catena Verlag. 166 pp.
McManus, J. 1988. Grain size determination and interpretation. In Techniques in
Sedimentology, ed. M Tucker, pp. 63-85. London: Blackwell Scientifc
Publications
McTainsh, GH, NC Duhaylungsod, AW Lynch. (1988) A modified laboratory method
for soil and sediment particle size analysis. In AES Working Paper 4/88
Mermillod-Blondin, F, M Creuze des Chatelliers, P Marmonier, MJ Dole-Olivier.
(2000) Distribution of solutes, microbes and invertebrates in river sediments
along a riffle-pool-riffle sequence. Freshwater Biology 44: 255-69
Metzeling, L, T Doeg, N O'Connor. 1995. The impact of salinization and sedimentation
on aquatic biota. In Conserving Biodiversity: Threats and Solutions, ed. R
Bradstock, T Auld, D Keith, R Kingsford, D Lunney, D Siverten, pp. 126-36.

204
Sydney: Surrey Beatty and Sons Ltd & New South Wales National Parks and
Wildlife Service
Metzler, GM, LA Smock. (1990) Storage and dynamics of subsurface detritus in a sandbottomed stream. Canadian Journal of Fisheries and Aquatic Science 47: 58894
Meyer, JL. (1994) The microbial loop in flowing waters. Microbial Ecology 28: 195-9
Mickelburgh, S, MA Lock, TE Ford. (1984) Spatial uptake of dissolved organic carbon
in river beds. Hydrobiologia 108: 115-9
Miller, AM. 1994. Movement patterns and effects of disturbance on invertebrate
community structure in an intermittent and a perennial prairie stream. MSc
Thesis. MSc thesis. University of Oklahoma, Norman
Miller, AM, SW Golladay. (1996) Effects of spates and drying on macroinvertebrate
assemblages of an intermittent and a perennial prairie stream. Journal of the
North American Benthological Society 15: 670-89
Minshall, GW. 1984. Aquatic insect-substratum relationships. In The ecology of Aquatic
Insects, ed. VH Resh, DM Rosenberg, pp. 358-400. New York: Praeger
Minshall, GW, JN Minshall. (1977) Microdistribution of benthic invertebrates in a
Rocky Mountain (U.S.A.). Hydrobiologia 55: 231-49
Minshall, GW, RC Petersen, TL Bott, CE Cushing, KW Cummins, RL Vannote, JR
Sedell. (1992) Stream ecosystem dynamics of the Salmon River, Idaho: an 8th
order system. Journal of the North American Benthological Society 11: 111-37
Minshall, GW, SA Thomas, JD Newbold, MT Monaghan, CE Cushing. (2000) Physical
factors influencing fine organic particle transport and deposition in streams.
Journal of the North American Benthological Society 19: 1-16
Mitchell, A, D Baldwin. (1998) Effects of desiccation/oxidation on the potential for
bacterially mediated P release from sediments. Limnology and Oceanography
43: 481-7
Mitchell, A, D Baldwin. (1999) The effects of sediment desiccation on the potential for
nitrification, denitrificaiton, and methanogenesis in an Australian reservoir.
Hydrobiologia 392: 3-11
Miyake, Y, S Nakano. (2002) Effects of substratum stability on diversity of stream
invertebrates during baseflow at two spatial scales. Freshwater Biology 47: 21930
Molla, S, L Maltchik, C Casado, C Montes. (1996) Particulate organic matter and
ecosystem metabolism dynamics in a temporary Mediterranean stream. Archive
fur Hydrobiologie 137: 59-76
Moring, JR. (1982) Decrease in stream gravel permeability after clear-cut logging ; an
indication of intragravel conditions for developing salmonid eggs and alevins.
Hydrobiologia 88: 295-8

205
Morrice, J, H Valett, C Dahm, M Campana. (1997) Alluvial characteristics,
groundwater-surface water exchange and hydrological retention in headwater
streams. Hydrological Processes 11: 253-67
Morrison, BRS. (1990) Recolonisation of four small streams in central Scotland
following drought conditions in 1984. Hydrobiologia 208: 261-7
Mulholland, P, J Tank, D Sanzone, W Wollheim, B Peterson, J Webster, J Meyer.
(2000) Food resources of stream macroinvertebrates determined by natural
abundance stable C and N isotopes and 15N tracer addition. Journal of the North
American Benthological Society 19: 145-57
Munster, U, RJ Chrost. 1990. Origin, composition and microbial utilisation of dissolved
organic matter. In Aquatic microbial ecology: biochemical and molecular
approaches, ed. J Overbeck, RJ Chrost, pp. 2-46. New York: Springer-Verlag
Naegeli, MK, P Huggenberger, U Uehlinger. (1996) Ground penetrating radar for
assessing sediment structures in the hyporheic zone of a prealpine river. Journal
of the North American Benthological Society 15: 353-66
Nedwell, D, T Gray. 1987. Soils and sediments as matrices for microbial growth. In
Ecology of microbial communities, ed. M Fletcher, T Gray, J Jones. Cambridge:
Cambridge University Press
Newbury, RW, MN Gaboury. 1993. Stream analysis and fish habitat design. A field
manual. Gibsons: Newbury Hydraulics
Nuttall, PM. (1972) The effects of sand deposition upon the macroinvertebrate fauna of
the River Camel, Cornwall. Freshwater Biology 2: 181-6
Outridge, PM. (1988) Seasonal and spatial variations in benthic macroinvertebrate
communities of Magela Creek, Northern Territory. Australian Journal of Marine
and Freshwater Research 39: 211-23
Paerl, HW, JL Pinckney. (1996) A mini-review of microbial consortia: their roles in
aquatic production and biogeochemical cycling. Microbial Ecology 31: 225-47
Palmer, MA. (1990a) Temporal and spatial dynamics of meiofauna within the hyporheic
zone of Goose Creek, Virginia. Journal of the North American Benthological
Society 9: 17-25
Palmer, MA. (1990b) Understanding the movement dynamics of a stream-dwelling
meiofauna community using marine analogs. Stygologia 5: 67-74
Palmer, MA, P Arensburger, P Silver Botts, CC Hakenkamp, JW Reid. (1995)
Disturbance and the community structure of stream invertebrates: patch-specific
effects and the role of refugia. Freshwater Biology 34: 343-56
Palmer, MA, AE Bely, KE Berg. (1992) Response of invertebrates to lotic disturbance:
a test of the hyporheic refuge hypothesis. Oecologia 89: 182-94
Palmer, MA, AP Covich, P Lake, P Biro, J Brooks, JJ Cole, C Dahm, J Gibert, W
Goedkoop, K Martens, J Verhoeven, W Van De Bund. (2000a) Linkages

206
between aquatic sediment biota and life sediments as potential drivers of
biodiversity and ecological processes. Bioscience 50: 1062-83
Palmer, MA, CM Swan, K Nelson, P Silver, R Alvestad. (2000b) Streambed
landscapes: evidence that stream invertebrates respond to the type and spatial
arrangements of patches. Landscape Ecology 15: 563-76
Paltridge, R, P Dostine, C Humphrey, AJ Boulton. (1997) Macroinvertebrate
recolonisation after re-wetting of a tropical seasonally-flowing stream (Magela
Creek, NorthernTerritory, Australia. Marine and Freshwater Research 48: 63345
Panek, KLJ. (1991) Migrations of the macrozoobenthos with the bed sediments of a
gravel stream (Ritrodat-Lunz study area, Austria). Verhandlungen der
Internationalen Vereingung fur Theoretische und Angewandte Limnologie 24:
1944-7
Parker, MS. (1989) Effect of substrate composition on detritus accumulation and
macroinvertebrate distribution in a southern Nevada desert stream. The
Southwestern Naturalist 34: 181-7
Parkes, RJ. 1987. Analysis of microbial communities within sediments using
biomarkers. In Ecology of microbial communities, ed. M Fletcher, T Gray, J
Jones. Cambridge: Cambridge University press
Parris, K, M McCarthy. (1999) What influences the structure of frog assemblages at
forest streams? Australian Journal of Ecology 24: 495-502
Patel, G, G Sprott, I Ekiel. (1993) Production of specifically labelled compounds by
Methanobacterium espanolae on H2-CO2 plus [13C] Acetate. Applied and
Environmental Microbiology 59: 1099-103
Patrick, R. 1959. Aquatic life in a new stream, Water and Sewage Works
Patterson, DJ. 1996. Free-living freshwater Protozoa. A colour guide. Sydney:
University of New South Wales Press Ltd. 223 pp.
Paul, MJ, RO Hall. (2002) Particle transport and transient storage along a stream-size
gradient in the Hubbard Brook Experimental Forest. Journal of the North
American Benthological Society 21: 195-205
Petersen, B, B Fry. (1987) Stable isotopes in ecosystem studies. Annual Review of
Ecology and Systematics 18: 293-320
Petersen, RC, KW Cummins, G Milton Ward. (1989) Microbial and animal processing
of detritus in a woodland stream. Ecological Monographs 1989: 21-39
Peterson, CG, RJ Stevenson. (1992) Resistance and resilience of lotic algal
communities: importance of disturbance timing and current. Ecology 73: 144561
Petts, G, P Calow. 1996. Fluvial hydrosystems: the physical basis, 1. In River flows and
channel forms, ed. G Petts, P Callow, pp. 262. Oxford: Blackwell Scientific

207
Pidgeon, RWJ, SC Cairns. (1981) Decomposition and colonization by invertebrates of
native and exotic leaf material in a small stream in New England, Australia.
Hydrobiologia 77: 113-27
Pielou, E. 1998. Freshwater. Chicago: University of Chicago Press
Platts, WS, RJ Torquemada, ML McHenry, CK Graham. (1989) Changes in salmon
spawning and rearing habitat from increased delivery of fine sediment to the
South Fork River, Idaho. Transactions of the American Fisheries Society 118:
274-83
Poff, NL. (1992) Why disturbances can be predictable: a perspective on the definition of
disturbance in streams. Journal of the North American Benthological Society 11:
86-92
Poff, NL, MA Palmer, PL Angermeier, RL Vadas, CC Hakenkamp, AE Bely, P
Arensburger, AP Martin. (1993) Size structure of the metazoan community in a
Piedmont stream. Oecologia 95: 202-9
Pringle, C, RJ Naiman, G Bretschko, JR Karr, MW Oswood, JR Webster, RL
Welcomme, MJ Winterbourn. (1988) Patch dynamics in lotic systems: the
stream as a mosaic. Journal of the North American Benthological Society 7:
503-24
Prosser, I, A Hughes, P Rustomji, B Young, C Moran. 2001a. Predictions of the
sediment regime in Australian rivers. Presented at Third Australian stream
management conference proceedings: The value of healthy streams, Brisbane
Prosser, I, R Norris. (2001) Muddy Waters and sand slugs: sediment transport in
Australian rivers. In RIPRAP River and Riparian lands management newsletter,
pp. 13-6. Canberra
Prosser, I, I Rutherfurd, JM, W Young, P Wallbrink, C Moran. (2001b) Large-scale
patterns of erosion and sediment transport in river networks with examples from
Australia. Marine and Freshwater Research 52: 81-99
Pusch, M. (1996) The metabolism of organic matter in the hyporheic zone of a
mountain stream, and its spatial distribution. Hydrobiologia 323: 107-18
Pusch, M, D Fiebig, I Brettar, H Eisenmann, BK Ellis, LA Kaplan, MA Lock, MW
Naegeli, W Traunspurger. (1998) The role of micro-organisms in the ecological
connectivity of running waters. Freshwater Biology 40: 453-95
Pusch, M, J Schwoerbel. (1994) Community respiration in hyporheic sediments of a
mountain stream (Steina, Black Forest). Arch. Hydriobiol. 130: 35-52
Quinn, JM, R Davies-Colley, CW Hickey, M Vickers, PA Ryan. (1992) Effects of clay
discharges on streams. Hydrobiologia 248: 235-47
Quinn, JM, CW Hickey. (1990) Magnitude of effects of substrate particle size, recent
flooding, and catchment development on benthic invertebrates in 88 New
Zealand rivers. New Zealand Journal of Marine and Freshwater Research 24:
411-27

208
Rabeni, CF, GW Minshall. (1977) Factors affecting microdistribution of stream benthic
insects. Oikos 29: 33-43
Rader, RB, JV Ward. (1989) The influence of environmental predictability/disturbance
characteristics on the structure of a guild of mountain stream insects. Oikos 54:
107-16
Reice, SR. (1980) The role of substratum in benthic macroinvertebrate
microdistribution and litter decomposition in a woodland stream. Ecology 61:
580-90
Rempel, LA, JS Richardson, MC Healey. (2000) Macroinvertebrate community
structure along gradients of hydraulic and sedimentary conditions in a large
gravel-bed river. Freshwater Biology 45: 57-73
Resh, VH. (1982) Age structure alteration in a caddisfly population after habitat loss
and recovery. Oikos 38: 280-4
Resh, VH, AV Brown, AP Covich, ME Gurtz, HW Li, GW Minshall, SR Reice, AL
Sheldon, JB Wallace, RC Wissmar. (1988) The role of disturbance in stream
ecology. Journal of the North American Benthological Society 7: 433-55
Richardson, BA. (1985) The impact of forest road construction on the benthic
invertebrate and fish fauna of a coastal stream in southern New South Wales.
Aust. Soc. Limnol. Bull. 10: 65-87
Richardson, J, I Jowett. (2002) Effects of sediment on fish communities in East Cape
streams, North Island, New Zealand. New Zealand Journal of Marine and
Freshwater Research 36: 431-42
Richardson, JS. (1991) Seasonal food limitation of detritivores in a montane stream: an
experimental test. Ecology 72: 873-87
Robertson, A, J Lancaster, AG Hildrew. (1995) Stream hydraulics and the distribution
of microcrustacea: a role for refugia? Freshwater Biology 33: 469-84
Robertson, AL. (2000) Lotic meiofaunal community dynamics: colonisation, resilience
and persistence in a spatially and temporally heterogenous environment.
Freshwater Biology 44: 135-47
Robertson, AL, SD Rundle, JM Schmid-Araya. (2000a) An introduction to a special
issue on lotic meiofauna. Freshwater Biology 44: 1-3
Robertson, AL, SD Rundle, JM Schmid-Araya. (2000b) Putting the meio- into stream
ecology: current findings and future directions for lotic meiofaunal research.
Freshwater Biology 44: 177-83
Rounick, JS, MJ Winterbourn. (1983) The formation, structure and utilization of stone
surface organic layers in two New Zealand streams. Freshwater Biology 13: 5772
Rounick, JS, MJ Winterbourn, G Lyon. (1982) Differential utilisation of allochthonous
and autochthonous inputs by aquatic invertebrates in some New Zealand
streams: a stable carbon isotope study. Oikos 39: 191-8

209
Ruse, LP. (1994) Chironomid microdistribution in gravel of an English chalk river.
Freshwater Biology 32: 533-51
Rutherfurd, I. 2000. Some human impacts on Australian stream channel morphology. In
River Management The Australasian Experience, ed. S Brizga, B Findlayson,
pp. 11-49. Chichester: John Wiley & Sons
Ryan, PA. (1991) Environmental effects of sediment on New Zealand streams: a
review. New Zealand Journal of Marine and Freshwater Research 25: 207-21
Ryder, GI. 1989. Experimental studies on the effects of fine sediments on lotic
invertebrates. PhD thesis. University of Otago, Dunedin
Sagar, PM. (1986) The effects of floods on the invertebrate fauna of a large, unstable
braided river. New Zealand Journal of Marine and Freshwater Research 20: 3746
Scarsbrook, MR, CR Townsend. (1993) Stream community structure in relation to
spatial and temporal variation: a habitat templet study of two contrasting New
Zealand streams. Freshwater Biology 29: 395-410
Schalchli, U. (1992) The clogging of coarse gravel river beds by fine sediment.
Hydrobiologia 235/236: 189-97
Schalchli, U. (1993) Berechunungsgrundlagen der inneren Kolmation von
Fliessgewassersohlen. Wasser, Energie, Luft, 85: 321-31
Schmid, P. (1993) Random patch dynamics of larval Chironomidae (Diptera) in the bed
sediments of a gravel stream. Freshwater Biology 30: 239-55
Schmid-Araya, JM. (1994) Spatial and temporal distribution of micro-meiofaunal
groups in an alpine gravel stream. Verh. Internat. Verin. Limnol. 25: 1649-55
Schmid-Araya, JM. (2000) Invertebrate recolonization patterns in the hyporheic zone of
a gravel stream. Limnology and Oceanography 45: 1000-5
Schmid-Araya, JM, AG Hildrew, A Robertson, PE Schmid, J Winterbottom. (2002) The
importance of meiofauna in food webs: evidence from an acid stream. Ecology
83: 1271-85
Schmid-Araya, JM, P Schmid. (2000) Trophic relationships: intergrating meiofauna into
a realistic benthic food web.
Schulz, S, H Matsuyama, R Conrad. (1997) Temperature dependence of methane
production from different precursors in a profundal sediment (Lake Constance).
FEMS Microbiology Ecology 22: 207-13
Scrimgeour, GJ, MJ Winterbourn. (1989) Effects of floods on epilithon and benthic
macroinvertebrate populations in an unstable New Zealand River.
Hydrobiologia 171: 33-44
Sear, DA. (1996) Sediment transport processes in pool-riffle sequences. Earth Surface
Processes and Landforms 21: 241-62

210
Sedell, JR, GH Reeves, FR Hauer, JA Stanford, CP Hawkins. (1990) Role of refugia in
recovery from disturbances: Modern fragmented and disconnected river systems.
Environmental Management 14: 711-24
Sinsabaugh, RL, AE Linkins. (1988) Exoenzyme activity associated with lotic epilithon.
Freshwater Biology 20: 249-61
Sly, PG, RL Thomas, BR Pelletier. (1983) Interpretation of moment measures derived
from water-lain sediments. Sedimentology 30: 219-33
Smith, BJ. 1996. Identification keys to the families and genera of bivalve and
Gastropod molluscs found in Australian inland waters. Albury: Cooperative
Research Centre for Freshwater Ecology
Smith, F, AV Brown, M Pope. (2001) Meiofauna in intermittent streams differ among
watersheds subjected to five methods of timber harvest. Hydrobiologia 464: 1-8
Smith, JJ, PS Lake. (1993) The breakdown of buried and surface-placed leaf litter in an
upland stream. Hydrobiologia 271: 141-8
Smith, KGV. 1989. An introduction to the immature stages of British Flies. In
Handbook for the identification of British insects, ed. W Dolling, RR Askew.
London: Royal Entomological Society
Smith, REW, RG Pearson. (1987) The macro-invertebrate communities of temporary
pools in an intermittent stream in tropical Queensland. Hydrobiologia 150: 4561
Smock, LA, LC Smith, J Jones, J. B. (1994) Effects of drought and a hurricane on a
coastal headwater stream. Archive fur Hydrobiologie 131: 25-38
Sousa, W. (1979a) Experimental investigations of disturbance and ecological succession
in a rocky intertidal algal community. Ecological Monographs 49: 227-54
Sousa, W. (1979b) Disturbance in marine intertidal boulder fields: the nonequilibrium
maintenance of species diversity. Ecology 60: 1225-39
St Clair, R. 2000. Preliminary keys for the identification of Australian caddisfly larvae
of the family Leptoceridae. Albury: Cooperative Research Centre for Freshwater
Ecology
Stanley, EH, DL Buschman, AJ Boulton, NB Grimm, SG Fisher. (1994) Invertebrate
resistance and resilience to intermittency in desert stream. American Midland
Naturalist 131: 288-300
Stanley, EH, SG Fisher, NA Grimm. (1997) Ecosystem expansion and contraction in
streams. Bioscience 47: 427-35
Stanley, EH, JB Jones. 2000. Surface-subsurface interactions: Past, present, and future.
In Streams and Groundwater, ed. JB Jones, PJ Mulholland, pp. 405-17. San
Diego: Academic Press
Stanley, T, E Ross. 1983. Flora of south-eastern Queensland. Brisbane: Queensland
Department of Primary Industries

211
Stolp, H. 1988. Microbial ecology. Cambridge: Cambridge University Press
Storey, RG, RR Fulthorpe, DD Williams. (1999) Perspectives and predictions on the
microbial ecology of the hyporheic zone. Freshwater Biology 41: 119-30
Strayer, DL. 1994. Limits to biological distributions in groundwater. In Groundwater
Ecology, ed. J Gibert, D Danielopol, JA Stanford, pp. 287-310. San Diego:
Academic Press
Strayer, DL, SE May, P Neilsen, W Wollheim, S Hausam. (1997) Oxygen, organic
matter, and sediment granulometry as controls on hyporheic animal
communities. Arch. Hydriobiol. 140: 131-44
Strickland, JDH. 1960. Measuring the production of marine phytoplankton: Fisheries
Research Board of Canada Bulletin. 172pp pp.
Strommer, JL, LA Smock. (1989) Vertical distribution and abundance of invertebrates
within the sandy substrate of a low gradient headwater stream. Freshwater
Biology 22: 263-74
Stumm, W, JJ Morgan. 1981. Aquatic Chemistry. New York. Wiley Inter-Science.
583pp.
Suter, PJ. 1997. Preliminary guide to the identification of nymphs of Australian Baetid
mayflies (Insect: Ephemeroptera) found in flowing waters. Albury: Cooperative
Research Centre for Freshwater Ecology
Sutherland, A, J Meyer, E Gardiner. (2002) Effects of land cover on sediment regime
and fish assemblage structure in four southern Appalachian streams. Freshwater
Biology 47: 1791-805
Swan, CM, MA Palmer. (2000) What drives small-scale spatial patterns in lotic
meiofauna communities? Freshwater Biology 44: 109-21
Tank, JL, PJ Mullholland, JL Meyer, JR Bowden, JR Webster, BJ Peterson, D Sanzone.
(2002) Contrasting food web linkages for the grazing pathways in 3 temperate
streams using 15N as a tracer. Verh. Internat. Verin. Limnol. 27: 2832-5
Tank, JL, JR Webster, EF Benfield. (1993) Microbial respiration on decaying leaves
and sticks in a southern Appalachian stream. Journal of the North American
Benthological Society 12: 394-405
Taylor, PR, MM Littler. (1982) The roles of compensatory mortality, physical
disturbance, and substrate retention in the development and organization of a
sand-influenced rocky intertidal community. Ecology 63: 135-46
The Long Paddock, 2002
http://www.longpaddock.qld.gov.au/index.html 27/11/2002
Thomas, JD. (1997) The role of dissolved organic matter, particularly free amino acids
and humic substances, in freshwater ecosystems. Freshwater Biology 38: 1-36
Thomson, JR, PS Lake, BJ Downes. (2002) The effect of hydrological disturbance on
the impact of a benthic invertebrate predator. Ecology 83: 628-42

212
Towns, DR. (1985) Limnological characteristics of a South Australian intermittent
stream, Brown Hill Creek. Australian Journal of Marine and Freshwater
Research 36: 821-37
Townsend, CR. (1989) The patch dynamics concept of stream community ecology.
Journal of the North American Benthological Society 8: 36-50
Townsend, CR, AG Hildrew. (1994) Species traits in relation to a habitat templet for
river ecosystems. Freshwater Biology 31: 265-75
Trayler, KM, JA Davis. (1998) Forestry impacts and the vertical distribution of stream
invertebrates in south-western Australia. Freshwater Biology 40: 331-42
Triska, FJ, VC Kennedy, RJ Avanzino. (1989) Retention and transport of nutrients in a
third-order stream in northwestern California: hyporheic processes. Ecology 70:
1893-905
Tucker, M, ed. 1988. Techniques in Sedimentology. Oxford: Blackwell Scientific
Publications
Tucker, RW, HL Vacher. (1980) Effectiveness of discriminating beach, dune, and river
sands by moments and the cumulative weight percentages. Journal of
Sedimentary Petrology 50: 165-72
Valett, HM. (1993) Surface-hyporheic interactions in a Sonoran Desert stream:
hydrologic exchange and diel periodicity. Hydrobiologia 259: 133-44
Valett, HM, CN Dahm, ME Campana, JA Morrice, MA Baker, CS Fellows. (1997)
Hydrologic influences on groundwater-surface water ecotones: heterogeneity in
nutrient composition and retention. Journal of the North American
Benthological Society 16
Valett, HM, S Fisher, EH Stanley. (1990) Physical and chemical characteristics of the
hyporheic zone of a Sonoran Desert stream. Journal of the North American
Benthological Society 9: 201-15
van Es, FB. (1982) Community metabolism of intertidal flats in the Ems-Dollard
Estuary. Marine Biology 66: 95-108
Wagener, SM, JD La Perriere. (1985) Effects of placer mining on invertebrate
communities of interior Alaska streams. Freshwater Invertebrate Biology 4:
208-14
Wallace, JB, MR Whiles, JR Webster, TF Cuffney, GJ Luthgart, K Chung. (1993)
Dynamics of inorganic particles in headwater streams: linkages with
invertebrates. Journal of the North American Benthological Society 12: 112-25
Walling, DE, BW Webb. 1996. Water Quality 1. Physical Characteristics. In River
flows and channel forms, ed. GE Petts, P Callow, pp. 102-29. Oxford: Blackwell
Scientific
Wallwork, JA. 1976. The distribution an diversity of soil animals. London: Academic
Press. 355 pp.

213
Wanner, S, K Ockenfeld, M Brunke, H Fischer, M Pusch. (2002) The distribution and
turnover of benthic organic matter in a lowland river: influence of hydrology,
seston load and impoundment. River Research and Applications 18: 107-22
Ward, JV. (1989) The four-dimensional nature of lotic ecosystems. Journal of the North
American Benthological Society 8: 2-8
Ward, JV, G Bretschko, M Brunke, D Danielopol, J Gibert, T Gosner, AG Hildrew.
(1998) The boundaries of river systems: the metazoan perspective. Freshwater
Biology 40: 531-69
Ward, JV, MA Palmer. (1994) Distribution patterns of interstitial freshwater meiofauna
over a range of spatial scales, with emphasis on alluvial river-aquifer systems.
Hydrobiologia 287: 147-56
Wassen, MJ, AP Grootjans. (1996) Ecohydrology: An interdisciplinary approach to
wetland management and restoration. Vegetatio 126: 1-4
Wasson, RJ, LJ Olive, CJ Rosewell. (1996) Rates of erosion and sediment transport in
Australia. 236: 269-79
Waters, TF. 1995. Sediment in streams : sources, biological effects and control.
American Fisheries Society Monograph 7
Watts, C. 1992. Australian aquatic Coleoptera (adults). Presented at Murray Darling
Freshwater Reseach Taxonomy Workshop, Albury
Watts, C. 1998. Preliminary guide to the indentification of adult and larval Dyticidae
and adult aquatic Hydrophilidae (Insecta: Coleoptera). Albury: Cooperative
Research Centre for Freshwater Ecology
Weimer, P, J Zeikus. (1978) Acetate metabolism in Methanonsarcina barkeri. Arch.
Microbiol. 119: 175-82
Weins, JA. (1976) Population responses to patchy environments. Annual Review of
Ecology and Systematics 7: 81-120
Weins, JA, NC Stenseth, B Van Horne, RA Ims. (1993) Ecological mechanisms and
landscape ecology. Oikos 66: 369-80
Wentworth, CK. (1922) A scale of grade and class terms for clastic sediments. Journal
of Geology 30: 377-92
West, EA. 1978. The equilibrium of natural streams. Norwich: Geo Abstracts
Westrich, JT, RA Berner. (1984) The role of sedimentary organic matter in bacterial
sulfate reduction: The G model tested. Limnology and Oceanography 29: 236-49
Wetzel, RG. 1975. Limnology. Philadelphia: W.B. Saunders Co. 743 pp.
White, P, J Kalff, J Rasmussen, J Gasol. (1991) The effect of temperature and algal
biomass on bacterial production and specific growth rate in freshwater and
marine habitats. Microbial Ecology 21: 99-118

214
Wiley, MJ. (1981) An analysis of some factors influencing successful penetration of
sediment by chironomid larvae. Oikos 36: 296-302
Williams, DD. 1984. The hyporheic zone as a habitat for aquatic insects and associated
arthropods. In The ecology of aquatic insects, ed. V Resh, DM Rosenberg, pp.
430-55. New York: Praeger
Williams, DD. 1987. The ecology of temporary waters. London: Croom Helm
Williams, DD. (1989) Towards a biological and chemical definition of the hyporheic
zone in two Canadian rivers. Freshwater Biology 22: 189-208
Williams, DD. (1996) Environmental constraints in temporary fresh waters and their
consequences for the insect fauna. Journal of the North American Benthological
Society 15: 634-50
Williams, DD, HBN Hynes. (1976) The recolonization mechanisms of stream benthos.
Oikos 27: 265-72
Williams, DD, HBN Hynes. (1977b) The ecology of temporary streams II. General
remarks on temporary streams. International Revue ges. Hydrobiologia 62: 5361
Williams, DD, MR Smith. (1996) Colonization dynamics of river benthos in response to
local changes in bed characteristics. Freshwater Biology 36: 237-48
Williams, DD, NE Williams. (1993) The upstream/downstream movement paradox of
lotic invertebrates : quantitative evidence from a Welsh mountain stream.
Freshwater Biology 30: 199-218
Wissmar, RC, FJ Swanson. 1990. Landscape disturbances and lotic ecotones. In The
ecology and management of aquatic-terrestrial ecotones, ed. RJ Naiman, H
Decamps, pp. 65-89. Paris: UNESCO and The Parthenon Publishing Group
Woessner, WW. (2000) Stream and fluvial plain ground water interactions: rescaling
hydrogeologic thought. Ground Water 38: 423-9
Wondzell, SM, FJ Swanson. (1996a) Seasonal and storm dynamics of the hyporheic
zone of a 4th-order mountain stream. 1: Hydrologic processes. Journal of the
North American Benthological Society 15: 3-19
Wondzell, SM, FJ Swanson. (1996b) Seasonal and storm dynamics of the hyporheic
zone of a 4th order mountain stream. II: Nitrogen cycling. Journal of the North
American Benthological Society 15: 20-34
Wondzell, SM, FJ Swanson. (1999) Floods, channel change, and the hyporheic zone.
Water Resources Research 35: 555-67
Wotton, RS. 1990. Particulate and dissolved organic material as food. In The biology of
particles in aquatic ecosystems, ed. W RS, pp. 213-61. Boca Raton, Florida:
CRC Press

215
Wroblicky, GJ, ME Campana, HM Valett, CN Dahm. (1998) Seasonal variation in
surface-subsurface water exchange and lateral hyporheic area of two streamaquifer systems. Water Resources Research 34: 317-28
Yellowlees, D. 1990. Land use patterns and nutrient loading of the Great Barrier Reef
Region. Presented at a James Cook University workshop, Sir George Fisher
Centre for Tropical Marine Studies, November 17-18 1990 James Cook
University
Zaiss, U. (1984) Acetate, a key intermediate in the metabolism of anaerobic sediments
containing sulfate. Arch. Hydriobiol. Beih. Ergebn. Limnol. 19: 215-21
Zak, DR, DF Grigal, LF Ohmann. (1993) Kinetics of microbial respiration and nitrogen
mineralization in Great Lakes Forests. Journal Soil Science Society of America
57: 1100-6

A216

Appendices
Appendix 1
A) Ternary diagram interrelating sand, silt and clay components and their controls
over porosity and permeability. WS, well sorted; P, S, poorly sorted; MSW
moderately well sorted.
B) Relationship between grain size, sorting, porosity and permeability in
uncemented sands (both from McManus 1988).
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Appendix 2

Homogeneous subsets formed from post-hoc analyses of the comparison of loss on
ignition (carbon content) of particulate organic matter (>0.25mm) from each sampling
date
Tukey HSD

TIME
9.00
10.00
5.00
1.00
4.00
3.00
2.00
8.00
7.00
6.00
Sig.

N Subset for
alpha = .05
1
10
.6206
10
.8394
10
1.0075
6
1.0076
10
6
6
10
10
10
.155

2
.8394
1.0075
1.0076
1.1003
1.1857
1.2630

.083

3
1.0075
1.0076
1.1003
1.1857
1.2630
1.3037
1.3051
1.3221
.417

Means for groups in homogeneous subsets are displayed.
a Uses Harmonic Mean Sample Size = 8.333.
b The group sizes are unequal. The harmonic mean of the group sizes is used. Type I error levels are not
guaranteed.
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Appendix 3
Homogeneous subsets formed from post-hoc analyses of the comparison of total dry
mass of particulate organic matter (>0.25mm) from each sampling date
Tukey HSD
TIME
2.00
9.00
8.00
5.00
4.00
10.00
3.00
6.00
1.00
7.00
Sig.

N Subset for
alpha = .05
1
6
1.3561
10
1.3817
10
1.4826
10
1.4828
10
1.5045
10
1.5224
6
1.5235
10
6
10
.580

2
1.4826
1.4828
1.5045
1.5224
1.5235
1.6657
1.6698
1.6915
.267

Means for groups in homogeneous subsets are displayed.
a Uses Harmonic Mean Sample Size = 8.333.
b The group sizes are unequal. The harmonic mean of the group sizes is used. Type I error levels are not
guaranteed.
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Appendix 4
BIOENV solutions for the first (highest) ten groups of five correlated variables.
all invertebrate data and all environmental variables.

BIOENV
Biota and/or Environment matching
Worksheet
File: H:\primeranal-4\trans4corr.pri
Sample selection: All
Variable selection: All
Similarity Matrix
File: Sheet1
Data type: Similarities
Sample selection: All
Parameters
Rank correlation method: Spearman
Maximum number of variables: 5
Similarity Matrix Parameters for sample data worksheet:
Analyse between: Samples
Similarity measure: Normalised Euclidean distance
Standardise: No
Transform: None
Best results
Variable Selection:
6 six
7 seven
11 eleven
12 twelve
14 fifteen
Correlation: 0.162
Variable Selection:
4 four
6 six
7 seven
11 eleven
12 twelve
Correlation: 0.156
Variable Selection:
4 four
7 seven
11 eleven
12 twelve
14 fifteen
Correlation: 0.155
Variable Selection:
7 seven
11 eleven
12 twelve
14 fifteen
Correlation: 0.152
Variable Selection:
7 seven
11 eleven
12 twelve
13 thirteen
14 fifteen
Correlation: 0.150
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Variable Selection:
6 six
7 seven
12 twelve
13 thirteen
14 fifteen
Correlation: 0.149
Variable Selection:
4 four
6 six
7 seven
12 twelve
14 fifteen
Correlation: 0.148
Variable Selection:
6 six
9 nine
12 twelve
13 thirteen
14 fifteen
Correlation: 0.144
Variable Selection:
6 six
7 seven
12 twelve
14 fifteen
Correlation: 0.143
Variable Selection:
4 four
6 six
7 seven
12 twelve
Correlation: 0.142
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Appendix 5
BIOENV solutions for the first (highest) ten groups of five correlated variables.
1996 and 1998 invertebrate data and all environmental variables.

BIOENV
Biota and/or Environment matching
Worksheet
File: H:\primeranal-4\trans4corr.pri
Sample selection: 1-24,55-64
Variable selection: All
Similarity Matrix
File: Sheet49
Data type: Similarities
Sample selection: All
Parameters
Rank correlation method: Spearman
Maximum number of variables: 5
Similarity Matrix Parameters for sample data worksheet:
Analyse between: Variables
Similarity measure: Normalised Euclidean distance
Standardise: No
Transform: None
BIOENV
Biota and/or Environment matching
Worksheet
File: H:\primeranal-4\trans4corr.pri
Sample selection: 1-24,55-64
Variable selection: All
Similarity Matrix
File: Sheet49
Data type: Similarities
Sample selection: All
Parameters
Rank correlation method: Spearman
Maximum number of variables: 5
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Similarity Matrix Parameters for sample data worksheet:
Analyse between: Samples
Similarity measure: Normalised Euclidean distance
Standardise: No
Transform: None
Best results
Variable Selection:
13 thirteen
14 fifteen
15 seventeen
Correlation: 0.639
Variable Selection:
9 nine
13 thirteen
14 fifteen
15 seventeen
Correlation: 0.619
Variable Selection:
4 four
9 nine
13 thirteen
14 fifteen
15 seventeen
Correlation: 0.615
Variable Selection:
4 four
13 thirteen
14 fifteen
15 seventeen
Correlation: 0.608
Variable Selection:
13 thirteen
15 seventeen
16 eighteen
Correlation: 0.600
Variable Selection:
13 thirteen
15 seventeen
Correlation: 0.597
Variable Selection:
1 one
4 four
13 thirteen
14 fifteen
15 seventeen
Correlation: 0.591
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Variable Selection:
13 thirteen
14 fifteen
Correlation: 0.590
Variable Selection:
1 one
13 thirteen
14 fifteen
15 seventeen
Correlation: 0.584
Variable Selection:
4 four
7 seven
13 thirteen
14 fifteen
15 seventeen
Correlation: 0.584
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Appendix 6
BIOENV solutions for the first (highest) ten groups of five correlated variables.
1997 and 1999 invertebrate data and all environmental variables.

BIOENV
Biota and/or Environment matching
Worksheet
File: H:\primeranal-4\trans4corr.pri
Sample selection: 25-54,65-84
Variable selection: All
Similarity Matrix
File: Sheet40
Data type: Similarities
Sample selection: All
Parameters
Rank correlation method: Spearman
Maximum number of variables: 5
Similarity Matrix Parameters for sample data worksheet:
Analyse between: Samples
Similarity measure: Normalised Euclidean distance
Standardise: No
Transform: None
Best results
Variable Selection:
6 six
11 eleven
12 twelve
13 thirteen
14 fifteen
Correlation: 0.370
Variable Selection:
6 six
11 eleven
13 thirteen
14 fifteen
Correlation: 0.361
Variable Selection:
6 six
10 ten
11 eleven
13 thirteen
14 fifteen
Correlation: 0.358
Variable Selection:
11 eleven
12 twelve
13 thirteen
14 fifteen
Correlation: 0.350
Variable Selection:
4 four
6 six
11 eleven
13 thirteen
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14 fifteen
Correlation: 0.348
Variable Selection:
6 six
11 eleven
12 twelve
13 thirteen
15 seventeen
Correlation: 0.347
Variable Selection:
6 six
8 eight
11 eleven
13 thirteen
14 fifteen
Correlation: 0.342
Variable Selection:
4 four
6 six
11 eleven
12 twelve
13 thirteen
Correlation: 0.341
Variable Selection:
10 ten
11 eleven
12 twelve
13 thirteen
14 fifteen
Correlation: 0.338
Variable Selection:
1 one
6 six
11 eleven
13 thirteen
14 fifteen
Correlation: 0.337

