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Abstract
Aquatic biota inhabiting intermittent waterways exist across a broad spectrum of
hydrological variation, where habitat conditions frequently change in availability and
quality. In addition to recurrent drying, intermittent waterways of Australia periodically
experience extreme dry spells (drought) and extreme heatwaves. Future climate change
is predicted to increase climate variability and the frequency and intensity of extreme
events across many regions. Although many taxa are adapted to the conditions of
intermittent waterways, biodiversity loss is a potential consequence of climate change,
where highly sensitive organisms cannot cope with unprecedented changes in their
habitat conditions.
Aquatic invertebrates are used globally as indicators of ecosystem condition in
freshwater. Within the broader group of aquatic invertebrates, the insect orders
Ephemeroptera (mayflies), Plecoptera (stoneflies), and Trichoptera (caddisflies) (EPT)
are among the most sensitive to organic pollution. It is likely that as EPT are sensitive to
pollution, they may also be sensitive to projected environmental changes related to
increased climate variability, and hence be vulnerable to localised extinction. However,
many EPT taxa occur in intermittent waterways, and are therefore adapted to survive in
unstable habitats which may make them more resilient to changes in climate variability.
Despite their use in bio-assessment, little is known on the behavioural patterns, habitat
requirements, or tolerances to habitat disturbance for most Australian EPT species or
even genera, and therefore the vulnerabilities of individual taxa to the effects of climate
change are hard to predict.
This thesis examines how the EPT of south-east Queensland (SEQ) respond to instream
disturbances of drying and increased temperature, to identify taxa most at risk of
localised extinction under projected hydrologic and thermal changes. Improved
ecological understanding of these taxa was needed to address the thesis aims. This study
addresses knowledge gaps of EPT genera including environmental drivers of
assemblage composition, recruitment patterns, and traits that infer resistance or
resilience to disturbance.
Spatial and temporal variations in EPT assemblages were explored over one year
through monthly sampling of four headwater streams. These sites represented a gradient
in habitat conditions from cleared agricultural pasture to near pristine forest, and
intermittent to perennial flow regimes. Sites were chosen to explore how EPT respond
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to the disturbance of both human alteration (e.g. reduced shade and altered morphology)
and hydrologic variation. EPT richness was highest in habitats with the lowest
anthropogenic disturbance; however abundances of these taxa were relatively low
compared with cleared streams, where a few taxa of high abundance (from the families
Caenidae, Baetidae, Leptophlebiidae, and Hydropsychidae) dominated the assemblages.
Variation in riparian canopy cover and conductivity between streams, and habitat
morphology within streams best explained the differences in EPT assemblages.
Temperature and flow also influenced assemblages. Despite episodes of drying and
flash flooding throughout the year, most taxa were recorded before and after these
extreme events, indicating resistance and resilience to hydrological disturbance.
Patters in late instar recruitment and responses to anthropogenic and hydrologic
variation were also explored for ten genera using the temporal abundance data. Some
taxa were collected in high abundances in the anthropogenically disturbed conditions or
displayed high tolerance to conditions of hydrologic variability including low flow and
low dissolved oxygen; whereas others have specific requirements, evident through their
response to stream degradation, and recovery post hydrological disturbance.
Information is presented on timing of peak late instar abundance for sampled taxa,
which also revealed differences between genera of the same family, and regional
differences when compared to studies from elsewhere in Australia. Some taxa were
identified as having flexible recruitment patterns, well adapted to the frequent
hydrological disturbance, whereas others were univoltine with slow development and a
lagged recovery response to disturbance.
The maximum thermal tolerance limits of EPT taxa were tested through laboratory
experiments, to determine which species may be most vulnerable to temperature rises
associated with climate change. These 50% lethal temperature (LT50) tests gave
conservative estimates for lethal tolerances, by assuming that thermal thresholds were
the only factor influencing survival of each taxa. However, although not tested within
this thesis, increased temperatures may have other chronic affects that may cause
localised extinction before temperature thresholds within an environment are reached.
The results of this experiment revealed that water temperature conditions within the
sampled locations of SEQ are already outside the maximum thermal thresholds of some
taxa. However, a few taxa were found to tolerate even the highest projected
temperatures for the near future climate change scenarios. The results of this study are
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regionally specific, as differences in tolerance limits were found for the same family
groups when compared to other similar Australian and international studies.
How aquatic biota respond to changes in water quality and availability experienced
during hydrologic intermittency influences the likelihood of population persistence. The
movement responses of caddisflies and mayflies during a drying event were explored
using a field experiment, where an enriched 15N tracer was added to a pool in a flowing
and a non-flowing stream, to isotopically label resident aquatic insects as a markrecapture method. Aquatic and emergent insects were subsequently sampled over a
three week period post-labelling. This was the first time this method has been used in
Australia, and was found to be an effective means of tracking insect movements over
short time-frames. The results indicated that mayflies and caddisflies do not
prematurely emerge from pools as a rapid response to hydrologic intermittency; rather
some taxa appeared to emerge in a seasonally synchronised manner, prior to seasonal
drying. Others had less seasonally synchronised emergence and these were the taxa that
were tolerant to conditions in the refugial pools. The isotope labelling suggested that no
juvenile taxa moved between pool refuges through the hyporheos or across the
terrestrial landscape. Movement of adult mayflies away from the emergence area did
not occur in either stream, indicating that mayflies were not seeking alternate habitats.
Further research is required to fully understand the movements of adult caddisflies.
Current information on behavioural patterns, tolerances and survival traits of EPT taxa
was then collated based on data obtained in this study and from available literature.
Using this information, the EPT taxa of SEQ were assigned tolerance scores based on
their responses to hydrological disturbance and thermal alteration, to evaluate potential
responses to future climate change. This method identified nine taxa within the study
area that may be vulnerable to localised extinction given projected hydrological
disturbances. My assessment also highlighted critical knowledge gaps, including
lifespans and ecological information on the adult life stage, which is needed to better
understand the life histories of these taxa, and would strengthen the confidence of
taxon-specific vulnerabilities to environmental changes.
This thesis suggests that not all EPT taxa are sensitive, revealing that some taxa are
resistant and resilient to both agricultural disturbances and hydrological variability. The
EPT genera of SEQ each have diverse habitat requirements, tolerances, and behavioural
patterns, developed from exposure to local conditions. However, the projected increases
in hydrologic disturbances and thermal stress due to climate changes may directly or
iv

indirectly affect all species studied within this thesis, altering the biodiversity within the
regions aquatic ecosystems. Taxa with generalist habitat requirements, flexible life
histories, and high disturbance tolerances will most likely persist under future
conditions. However, almost half of the taxa studied had specific requirements and
limited tolerances; and consequently biodiversity loss has already occurred within
streams with altered land use. These taxa are vulnerable to the projected changes, and
likely to experience localised extinctions.
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Gregors Creek, (downstream of sites) immediately after the January 2011 floods

Examples of some of the EPT sampled within this study

Adult mayfly Atalophlebia spp. (Leptophlebiidae)
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1 General Introduction
Intermittent rivers, those which experience temporary periods without flow (Datry et al.
2014), comprise roughly 70% of Australia’s river channels (Puckridge et al. 1998;
Thoms & Sheldon 2000). Intermittent rivers can be physiologically harsh environments,
hydrologically connected reaches during flow events can contract to pools for extended
periods of time, with those pools often undergoing drastic water quality changes
(Boulton & Lake 1990; Larned et al. 2010; Datry et al. 2014). Despite the harshness of
many intermittent rivers, a great diversity of aquatic insects exist across a broad
spectrum of hydrological variation (Boulton 2003; Lytle 2008; Bogan et al. 2017;
Stubbington et al. 2017). Those that persist in habitats prone to drying have developed
adaptations for survival, however, unseasonal or extended periods of extreme high or
low flow can be challenging for many (Boulton & Lake 1992b; Boulton 2003; Lake
2011).

Short term (within season) or long term (over years) variation in flow can impact
aquatic insects directly or indirectly through changes to the in-stream environment
(Arscott et al. 2010; Larned et al. 2010). Hydrologic variability in intermittent systems
is comparatively higher than perennial systems (Larned et al. 2010) and climate change
is predicted to increase this hydrologic variability by intensifying the severity and
frequency of extreme events across many regions (Chiew & McMahon 2002; CSIRO &
BOM 2015; Leight et al. 2015). Specific responses of many Australian aquatic insects
to intermittency and extreme events are mostly unknown; and, in order to predict the
likely biodiversity outcomes of future hydrological changes it is first important to
understand their tolerance to current levels of natural disturbance. For the
Ephemeroptera (mayflies), Plecoptera (stoneflies), and Trichoptera (caddisflies) (EPT),
this can be done by exploring spatial and temporal patterns in assemblage composition
across hydrological gradients, as well as using life history patterns, environmental
requirements and physiological tolerances.

1

1.1 Projected climate changes and impacts on the hydrology of
Australian intermittent rivers
In Australia, patterns of river intermittency are driven by regional rainfall, which is
influenced by complex high and/or low pressure weather systems (McMahon &
Finlayson 2003; Kennard et al. 2010). Climate change is predicted to impact
intermittency patterns through changes to regional weather (CSIRO & BOM 2015).
Across Australia, the general trends in all projected climate change scenarios given by
the Commonwealth Scientific and Industrial Research Organisation (CSIRO) and
Bureau of Meteorology (BOM) include increased mean annual atmospheric
temperatures, changes to mean annual precipitation, and an increase in the frequency
and intensity of extreme events such as heatwaves, droughts, and storms (CSIRO &
BOM 2015). The extent to which these changes are projected to occur locally varies
depending upon the regional climate of the area and emission scenarios. The worst-case
high emissions scenario estimates indicate that the annual average temperature in
Australia will increase by 2.8˚C to 5.1˚C by the year 2090 above the climate of 19862005 (CSIRO & BOM 2015).
The projected rainfall and temperature changes will influence runoff, thus altering the
hydrologic regimes of rivers (Chiew & McMahon 2002); though the magnitude of
hydrologic change and the effects that it will have upon the instream ecosystem will
vary across regions (Durance & Ormerod 2007). Factors including current climate,
topography, morphology and land use will have unique influences upon the extent to
which individual systems will be affected by climate change (Poole & Berman 2001;
Lake 2011); though most waterways are expected to experience changes in water
temperature, quality, and availability (Chiew & McMahon 2002; Griswold et al. 2008).

1.2

Mechanisms of disturbance due to climate change and impacts on
temporary stream ecosystems

The projected increase in hydrological variability relating to climate change will affect
all levels of riverine hierarchy, including the temporary headwater streams that feed into
larger channels. Temporary streams are classed as those which experience recurrent dry
phases (Chiew 2006). These streams can be divided into two categories: 1) intermittent,
where periods of no flow are predictable; and 2) ephemeral, where the wet phase is
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created through rainfall and drying may occur sporadically (Williams 1996; Rosenfeld
et al. 2010; Lake 2011). Both are subject to periods of no flow, and organisms that
inhabit these streams have developed mechanisms to survive these conditions. However,
future climate change projections indicate that these streams will be subjected to longer
periods without flow, and increases in temperature (Nicholls 2004; Dowdy et al. 2015).
The response of stream ecosystems to the interactive effects of multiple disturbances
depends on the types of disturbance that occur; the magnitude of the disturbance; the
spatial and temporal scale of the disturbance; the effect upon the aquatic community (i.e.
other organisms); the resistance of the organism and or community to such disturbances;
and the resilience of the organism and or community (i.e. the ability to “bounce back”
after certain disturbances) (Lake 2000; Griswold et al. 2008; Sponseller et al. 2010).

1.2.1 Changes in rainfall and runoff
Increased frequency and intensity of drought is one of the major climate change
projections for vast parts of Australia. Prolonged and abnormal moisture deficiency is
known as a meteorological drought (Palmer 1965), experienced when there is an
insufficient amount of precipitation to maintain threshold moisture levels over an
extended period (Lake 2008a). A ‘hydrological’ drought is similar in definition to a
‘meteorological’ drought; however it applies specifically to waterways and occurs when
there is inadequate rainfall to maintain water levels, flows or groundwater levels within
an aquatic environment over an extended period (Bond et al. 2008; Lake 2008a).
Hydrological drought is determined by precipitation levels, evapotranspiration rates,
and catchment runoff processes, but may be exacerbated by land use and water
abstraction (Bunn et al. 2006). ‘Ecological drought’ refers to adverse stresses upon flora
and fauna of ecosystems caused by a shortage of water (Lake 2011). In environments
such as temporary streams, drought – or no flow, can vary from seasonal predictable
‘drought’ to a-seasonal and unpredictable; and, depending on the pattern of
intermittency aquatic fauna demonstrate different responses and adaptations to the
period of drying (Lake 2011). In contrast, this thesis focuses on “supra-seasonal”
drought, which is essentially unpredictable and of longer duration (Lake 2003; Bond et
al. 2008; Leigh et al. 2015).
Disturbance theories regard drought as “ramp” or “step” type disturbances (Figure 1.1a
and 1.1b) (Lake 2000; Boulton 2003). Drought is a disturbance which happens slowly
3

and progressively increases in overall intensity over time. As water levels decline the
variety and availability of in-stream habitat slowly decreases following a “stepped”
pattern; water retreats and bank edge or littoral habitats are lost, riffles become exposed,
pools become disconnected and isolated, then surface waters disappear, and eventually,
if the period of low flow is long enough, even the hyporheic zone (saturated sediments
below the surface of a stream) dries resulting in a complete loss of refugia (Stanley et al.
1997; Boulton 2003; Bond et al. 2008; Larned et al. 2010; Leight et al. 2015). As
streams disconnect into isolated pools, habitat availability decreases and thus ecosystem
productivity also decreases (Stanley et al. 1997; Acuña et al. 2005). During the stepped
decline in habitat availability, thresholds for certain taxa may be reached, for example
as flow progressively ceases: taxa dependent on flowing water disappear, followed by
the fragmentation of communities and the decline in recolonisation, those taxa sensitive
to heat and water quality changes are lost, and then finally the taxa without a desiccation
resistance phase or avoidance capability disappear (Figures 1.1a and 1.1b, and Figure
1.2 ) (Boulton 2003; Bond et al. 2008; Griswold et al. 2008; Arscott et al. 2010).

Figure 1.1 a) Stepped response (from Boulton 2003) and b) Ramp response (from Lake
2000) to drought; c) Pulse response to flood (from Lake 2000).
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During dry periods, aquatic biota become isolated in remnant pools or “refugial
waterholes” where they remain until flow resumes reconnecting populations and
communities (Bunn et al. 2006; Carini et al. 2006; Nhiwatiwa et al. 2009; Sheldon et al.
2010). However, under future climatic conditions, increased temperatures combined
with prolonged dry periods may result in the reduction in the size, number and
persistence of these waterholes (Bunn et al. 2006). With an increase in disconnection
time, higher temperatures and reduced size, water quality in remaining refugia can
deteriorate (Sheldon & Fellows 2010), reflected by decreasing dissolved oxygen
concentrations, low pH, high conductivity, high temperatures, high turbidity, and a
buildup of nutrients and pollutants (Boulton & Lake 1990; Boulton 2003; Acuña et al.
2005; Bunn et al. 2006; Griswold et al. 2008; Gomez et al. 2017). These conditions can
lead to algal blooms which further influence water quality conditions (Lake 2000; Bond
et al. 2008).

Decreases in precipitation may also reduce habitat availability for stream organisms. A
1% decrease in annual precipitation can equate to a 2.0-3.5% change in mean annual
stream flow (Chiew 2006; Chessman 2009) decreasing flow volume in streams and
exposing riffle, bank and littoral zone habitats. These conditions will be unsuitable for
taxa that require fast flowing riffle habitats for survival (rheophily), including many
mayflies, caddisflies, and stoneflies (Gooderham & Tsyrlin 2002; Connolly et al. 2004,
Chessman 2015).

Aquatic organisms are exposed to many stressors during drought periods, which
ultimately govern community composition over time (Figure 1.2). The declining water
quality of isolated pools and absence of refugial habitat when pools dry may make them
intolerable habitats for many organisms (Larned et al. 2010). This can result in a loss of
certain intolerant or dispersal-limited taxa, and changes to in-stream community
composition post recolonisation when flow resumes (Sheldon et al. 2010). Additionally,
competition between organisms within isolated pools may increase, as may predation
pressure, due to a concentration of aquatic predators as well as terrestrial predators (e.g.
birds) focusing on isolated pools (Boulton & Lake 1992a; Boulton 2003; Bond et al.
2008; Rayner et al. 2009). Depending upon the duration of the drought, level of
connectivity, and the persistence of waterholes, isolated communities can have
increased chances of exposure to disease, reducing population fitness (Britton 2000;
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Bond et al. 2008). Slowly and progressively stream ecosystems and communities
change during a drought, until the water has dried and few taxa remain, with the degree
and severity of these changes dictated by the duration of the drought (Lake 2011).

While overall rainfall is predicted to decrease associated with climate change, extreme
storm events and flash flooding will increase (Dowdy et al. 2015). Flash flooding is a
“pulse” disturbance (Figure 1.1c) of short duration and high intensity, and, depending
upon the timing and magnitude can scour streams that have been subject to prolonged
dry conditions (Boulton & Suter 1986; Lake 2000). Although floods re-connect
fragmented habitats, the increased severity and frequency of projected extreme storm
events may cause both short-term changes (e.g. temporary downstream displacement)
and long-term changes (e.g. catastrophic changes to channel structure that alters habitat
quality/quantity) to aquatic communities (Lake 2000; Lake 2008b; Dowdy et al. 2015).

Figure 1.2 Conceptual model of hypothesised responses of macroinvertebrates in
headwater streams to projected climate change conditions. Dashed lines represent
indirect responses, whereas solid lines lead to direct mortality. Responses measured in
this thesis are highlighted in bold. ** Also influenced by other stressors
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1.2.2 Changes in temperature
Projected climate change scenarios also include general increases in air (and water)
temperature, which will affect stream ecosystems between major drought disturbances
(B.O.M. 2007; Whitfield 2010; Dowdy et al. 2015). Increased temperatures are also
ramp disturbances (Lake 2000) (Figure 1b), and will continue to intensify as the climate
continues to change. Stream temperature increases combined with decreases in
precipitation may affect sensitive taxa, disrupt life cycle cues for many organisms, and
reduce habitat availability (Figure 1.2) (Arthur et al. 1982; Harper & Peckarsky 2006;
Domisch et al. 2011).

Climate change is not impacting streams in isolation of other human disturbances.
Many Australian streams have been disturbed by riparian zone clearing; removal of in
stream habitat refuges such as woody debris; water abstraction; invasive species; and
inputs of pollutants (Kennard et al. 2005; Bond et al. 2008; Arthington et al. 2010).
Where riparian vegetation (i.e. shading) has been removed temperature increases within
streams will be greater, and areas with existing riparian vegetation may become
temperature refuges for sensitive organisms (Ebersole et al. 2003; Davies 2010).

1.3

Aquatic insect responses to extreme low flow events

1.3.1 Dispersal
Streams that frequently experience periods of low or no flow have communities which
are tolerant or resilient to such disturbances (Lake 2011; Bogan et al. 2017). Aquatic
insects exhibit a range of behavioural and physical adaptations to survive flow-related
disturbances (Verberk et al. 2008; Stubbington et al. 2017). Emigration is a common
response when conditions become unsuitable (Figure 1.2) (Rosenfeld et al. 2010; Bogan
et al. 2017). The adult stages of aquatic insects can move via aerial dispersal (if the
adult life stage includes the development of wings); terrestrial dispersal (i.e. crawling);
drift; swimming; or through the substrate interstices in the hyporheic zone (Delucchi &
Peckarsky 1989; Lake 2000; Verberk et al. 2008; Nhiwatiwa et al. 2009). However, the
capabilities of some aquatic insects to actively move from one location to another can
depend on level of development or life stage (i.e. instar) (Boulton 2003). For example
Boulton and Lake (1992a) found that many free-living caddis-flies and stoneflies in
their final-instar or pupae stage perished when pools of the Werribee River in Victoria
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dried; however, as adults these insects are capable of flight and can move between pools
(Gooderham & Tsyrlin 2002).

The success of dispersal as a survival tactic when conditions become harsh can also be
limited by the accessibility and availability of suitable refugia. For example, if
temperatures become intolerable, lowland taxa may try to migrate to higher altitudes to
reach cooler temperatures (Domisch et al. 2011); a 1000 m increase in altitude can
decrease air temperatures by approximately 6.3˚C (Ahrens 2000). However, aquatic taxa
may be blocked from accessing upstream altitudinal refuges due to manmade
obstructions such as dams and weirs (Bond & Lake 2003). Additionally, Australian
streams are mostly “lowland” (Thoms & Sheldon 2000), only 0.87% of Australian land
mass is classified as montane or alpine with an altitude of more than 1000m, thus
movement upstream to compensate for temperature increases may not be possible
for >99% of the country (Chessman 2012; Geoscience Australia 2015). Taxa that
already inhabit streams of higher altitudes may not have the option of further in-stream
migration and without other dispersal capabilities may not survive the predicted higher
temperatures (Chessman 2009; Domisch et al. 2011).

The capacity for dispersal is one trait that may allow persistence when habitats dry,
however, not only is the dispersal capacity important but also the distance that can be
travelled, ensuring movement to other suitable habitats. In addition, terrestrial
conditions such as geographical features and climate may also influence dispersal
distance. Kovats et al (1996) found some adult caddisflies and mayflies are able to
travel up to 2km from the river channel. These methods of dispersal are important
during a disturbance such as drought for two main reasons: 1) the population may
survive the drought if an alternative refuge is found (i.e. resistance); and 2) upon the
return of flow these surviving populations can recolonise abandoned environments (i.e.
resilience) (Delucchi & Peckarsky 1989; Lake 2000; Arscott et al. 2010). However, if
as projected under the future climate change scenarios, prolonged drought periods occur,
then the quantity, quality, permanence, and distance between these refugial habitats may
be severely compromised affecting the ability of aquatic insects to survive and therefore
the recovery rates of affected areas (Boulton & Lake 1992a; Bond et al. 2008).
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1.3.2 Resistance
Aquatic insects subject to predictable disturbance may also have adaptations to resist
intolerable conditions (Chester et al. 2015; Bogan et al. 2017; Stubbington et al. 2017).
Morphological adaptations include large gills, small body size, and a hard exoskeleton
(Boulton & Lake 1992b; Arscott et al. 2010); whereas physiological adaptations include
encystment (avoiding dehydration through encasement in a cyst or cocoon),
anhydrobiosis (dehydrated forms of eggs, larvae or adults), or respiration using
atmospheric O2 (due to decreased dissolved oxygen levels in the water) (Boulton &
Lake 1992b; Larned et al. 2007; Arscott et al. 2010; Larned et al. 2010). Life-history
adaptations relevant to surviving intermittent drying include reproductive plasticity,
rapid development, multivoltinism (producing more than two generations per year),
asexual reproduction, ovoviviparity (retaining eggs inside the body until they hatch),
and facultative dormancy (Boulton 2003; Verberk et al. 2008; Arscott et al. 2010;
Larned et al. 2010; Rosenfeld et al. 2010; Lake 2011). However many of these
adaptations will not be effective in resisting drought if the dry period is prolonged and
exceeds generation times (Figure 1.2) (Boulton 2003; Larned et al. 2007).

Behavioural responses to drying include rheotaxis (the active response to move with or
against a current), aestivation (a state of reduced metabolic activity– similar to
hibernation), case building, burrowing or seeking refuge (Boulton 2003; Larned et al.
2007; Bond et al. 2008; Larned et al. 2010; Rosenfeld et al. 2010; Chester et al. 2015;
Bogan et al. 2017). The remnant waterholes of drying streams are refugia for in-stream
biota, however when these habitats dry aquatic insects may actively seek refuge under
banks, sub-surface stream sediments (hyporheic zone), yabby holes, under stones, leaf
litter, littoral and riparian vegetation, exposed macrophytes and coarse woody debris in
the dry streambed (Delucchi & Peckarsky 1989; Boulton 2003; Hose et al. 2005; Bond
et al. 2008; Bogan et al. 2017). These refuges may not be suitable for extensive periods
under prolonged droughts, as moisture levels may diminish before flow resumes (Bond
et al. 2008). Localized extinction may occur for aquatic insects without desiccation
resistant adaptations or dispersal abilities, causing shifts in post-drought community
compositions (Figure 1.2) (Boulton & Lake 1992a; Bond et al. 2008).
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1.3.3 Ecosystem ramifications of localised species extinctions
Disturbed streams often result in the loss of sensitive taxa and dominance of tolerant
taxa, with simplified assemblages of a few competitive taxa unevenly comprising the
highest abundances (Chessman 2003). The assemblage residing in chronically disturbed
systems often reflects water quality and habitat conditions, and can be dictated by
changes to trophic interactions and sources of food or production (Bunn et al. 1999;
Frampton 2009; McIntosh et al. 2017).

If a disturbance is intolerable for a species, their localised extinction may have
ramifications for other stream biota. For example, riffle dwelling hydropsychid
caddisflies spin silk nets for filter feeding, capturing suspended particulate matter in the
water column (Philipson 1969); these nets also provide a food source for baetid
mayflies that graze upon the captured algae and other detritus (O'Connor 1993; Wallace
et al. 1996). Hydropsychids are heavily reliant upon flow, and are likely to be affected
by altered precipitation (Philipson 1969); here, localised extinctions of hydropsychids
caused by flow disturbance could impact baetid populations, and additionally affect
algal abundance. These cascading influences are classified as bottom up or top down;
where bottom up refers to the effect that the removal of a lower trophic species would
have on the highest trophic levels, whereas a top down cascade is the impacts that a loss
of high trophic species would have upon the lower trophic levels (Hunter & Price 1992).

The extinction of sensitive predatory taxa due to climate change related disturbance
could lead to increased abundances of tolerant primary consumers such as grazers,
ultimately limiting primary production, thereby having a top down influence on the food
web (Hunter & Price 1992; Rosemond et al. 2001; Harley 2011). For example, in the
absence of predatory fish, the alpine stonefly Thaumatoperla alpina (Eustheniidae)
(currently listed as threatened) fulfils the top predator role (DEWHA 2015). When
raised in the absence of stoneflies or other predation pressures, both Peckarsky et al.
(1993) and Scrimgeour and Culp (1994) found that baetid mayflies (primary consumers)
matured at significantly larger sizes, had higher fecundity, and higher egg biomass per
female. If climate change disproportionately impacts sensitive predatory taxa in streams
there may be cumulative trophic impacts.

Climate change could also have bottom-up effects on stream ecosystems such as losses
to sensitive grazer taxa. The subsequent unimpeded algal growth, in combination with
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increased temperatures, concentrated nutrients, and stagnant flow, could lead to algal
blooms (Bouvy et al. 2000). Not only could higher trophic taxa be affected by the
reduction in abundance of prey; the consequential in-stream conditions caused by algal
blooms, such as extreme diurnal fluctuations in dissolved oxygen levels (Hallegraeff
1993), may also cause conditions to become intolerable for many species. These
examples, however, describe lethal outcomes, whereas changes in habitat conditions
and thus changes in inter and intra-species interactions, may lead to sub-lethal
consequences including reduced fitness, reduced fecundity, and dispersal limitations; all
of which may result in population level changes (Sweeney & Vannote 1984; Bullock et
al. 2002; Jannot 2009).

1.4 Sensitive aquatic invertebrate groups at risk from climate change
Aquatic invertebrates are used globally as indicators of ecosystem condition in
freshwaters. The presence or absence of particular taxa within an instream community,
especially taxa with low physiological tolerances to harsh conditions, can reflect water
quality, pollution, riparian condition, catchment characteristics and condition,
surrounding land use, and in-stream habitat complexity (Metzeling et al. 2006; Corbin
& Goonan 2010). In Australia, the SIGNAL (Stream Invertebrate Grade Number
Average Level) index is currently the most comprehensive and popular aquatic
invertebrate tool for assessing the condition of streams impacted by organic pollution
(Chessman 2003). SIGNAL is commonly used throughout Australia for monitoring
programs and academic research (Gooderham & Tsyrlin 2002; Walsh 2006; Chessman
et al. 2007; Bunn et al. 2010). Currently SIGNAL includes 210 varieties of aquatic
invertebrates to Order or Family level, which have been assigned a grade based on their
sensitivity to pollution and water quality.

The aquatic insect orders Ephemeroptera (mayflies), Plecoptera (stoneflies), and
Trichoptera (caddisflies) (EPT) are ranked as the most sensitive to organic pollution,
and include many families with the most sensitive SIGNAL ratings (Chessman 2003).
Due to this sensitivity, EPT metrics are used worldwide as a tool for the rapid
assessment of stream condition (Resh et al. 1995; Williams et al. 1997; Barbour et al.
1999). An ETP index (e.g. richness) is commonly calculated in addition to community
metrics for both bioassessment purposes and scientific research (Resh et al. 1995;
Growns et al. 1997).
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However, despite copious bio-monitoring research that includes EPT taxa, many
knowledge gaps remain for these orders. Primarily, many species are yet to be formally
described in Australia, with a lack of basic life history information. Additionally,
despite knowledge on pollution sensitivities, information is lacking for habitat
requirements and environmental tolerances. It is unknown how sensitive individual
species are to current environmental changes and disturbances, and thus how these taxa
will be impacted by future climate change. It is likely that as EPT taxa are sensitive to
pollution they may also be sensitive to projected environmental changes and there may
be interactions between their response to the increased pressures associated with climate
change combined with land use change, habitat loss, and other human influences.

1.5 Aims and thesis structure
This thesis explores the spatial and temporal changes in EPT taxa in intermittent
streams of south-east Queensland to gain a greater understanding of the implications of
climate change on stream diversity (see also Figure 1.2).

This thesis addresses this broad aim by answering the following research questions:
1) What are the drivers of EPT assemblage composition within the upper
Brisbane River catchment and can environmental gradients or disturbance be
used to explain these distribution patterns?

2) What traits do particular EPT taxa possess that decreases the chances of
localized extinction under predicted climate change scenarios?
3) How resilient and resistant (and therefore by what mechanism) are EPT taxa
to changes in environmental conditions, including water quality and habitat
changes due to increased drought and temperature?

4) Of the EPT taxa collected within the study area, which are most susceptible
to projected hydrologic and thermal alterations due to climate change?
To explore climate change impacts this thesis uses the predictions for emission
scenarios as outlined in the CSIRO Climate Change East Coast Cluster Report (Dowdy
et al. 2015).
12

Chapter Two describes the climate, rainfall, hydrology, and land use of the study region
and the case-study research streams located in the headwaters of the Brisbane River in
sub-tropical south-east Queensland. Chapter Three fills basic knowledge gaps on the
habitat utilisation and disturbance tolerances of EPT taxa within SEQ. Chapter Three is
based upon one year of monthly monitoring at four case study streams, in which EPT
assemblages, water physico-chemistry and habitat characteristics were quantified.
Habitat utilisation and disturbance tolerances for each genus were determined through
patterns in abundance over space and time, and correlations with environmental
variables. Across the four case study streams, habitats varied in morphology (riffle,
pool), substrate, land use (low to high agricultural influence), and hydrology
(intermittent to perennial). The twelve months of EPT data was then used in Chapter
Four to describe temporal variation in late instar recruitment for ten genera, in order to
better understand how taxa maintain populations in habitats of variable hydrology and
land use. Sampled insects were sorted according to size and therefore age (early or late
instar), to monitor recruitment timing. This information was used to determine
synchronicity of recruitment timing between locations, association with flow or
temperature cues, adaptations to highly predictable flow disturbance such as
multivoltanism for each genera, and responses to land use change. Chapter Five
includes an experimental laboratory study testing for the lethal temperature tolerances
of common genera over a 72 hour period. This information was used to evaluate
potential vulnerabilities of EPT genera to in-stream temperature changes projected
under future climate change. Chapter Six presents an in-situ stream experiment
following the movements of EPT during the seasonal drying stages of streams using
enriched nitrogen stable isotopes as a tracer. Using the results of this field experiment
the survival mechanisms of EPT taxa to instream drying are suggested. Chapter Seven
synthesises available knowledge of the life histories, environmental tolerances and
survival traits of EPT taxa based on new information presented in previous chapters, as
well as published literature. This information was then used to predict which genera are
likely to be vulnerable to local extinction under projected climate change scenarios
through the ranking of genera based upon their tolerance to disturbance. Finally,
through the summary of current information on life histories and traits of EPT taxa,
remaining knowledge gaps are also identified, highlighting areas in need of further
research.
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2 Study Area

2.1 Catchment description
The study area is located within the Brisbane River catchment in south-east Queensland
(SEQ), Australia (Figure 2.1). The study sites were located in the upper Brisbane River
and Stanley River sub-catchments, above Wivenhoe Dam. SEQ has a sub-tropical
climate, with unpredictable weather fluctuations within and between years (Pusey et al.
2004; Kennard et al. 2010). Whilst the headwater systems are subject to typical seasonal
Austral summer-autumn rainfall (December-May) and low flows during Austral winterspring (July-October), localised weather in SEQ can lead to abrupt hydrologic changes
such as dry periods or flash flooding at any time of the year (Pusey et al. 2004;
Cottingham et al. 2010). In addition, longer term variations in weather patterns
influenced by the El Niño (supra-seasonal drought) and La Nina (high rainfall) cycles
also greatly affect the hydrology of SEQ streams for intervals of 3-8 years (Cottingham
et al. 2010; B.O.M. 2012). Many headwater streams within SEQ are temporary with
flow occurring irregularly but more frequently during summer months in response to
intermittent rainfall (Cottingham et al. 2010).
The entire Brisbane River catchment covers 13,524 km2 (D.E.R.M. 2010), stretching as
far north as the Cooyar and Conondale Ranges, west to the Great Dividing Range, south
to the Main Ranges National park, and eventually flowing to its most easterly point into
Moreton Bay (A.R.N.A. 2009) . Major sub-catchments of the Brisbane River catchment
include the Upper Brisbane River, Stanley River, Bremer River, Mid Brisbane River,
Lockyer Creek, Oxley Creek, and the Lower Brisbane River (Figure 2.1); many of the
streams draining these catchments are temporary and experiencing seasonal dry phases.
The major land uses within the Brisbane River catchment include forest (open and
closed combined 5975 km2), pasture (5349 km2), plantation and woodland (926 km2),
and horticulture (599 km2) (CSIRO 2008). There are 34 surface water storages within
the catchment; the largest are Wivenhoe and Somerset dams, which are used for water
resource facilities, hydro-electric power, and flood mitigation (SEQ.Water 2011)
(Figure 2.1). Below Wivenhoe Dam, the mid Brisbane River catchment is mostly
dominated by agricultural land use, whereas the lower Brisbane River is highly
urbanised (EHMP 2010).
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Figure 2.1 Location of the study sites within the Brisbane River catchment in south-east
Queensland Australia. Also shown are major tributaries and reservoirs.
Development of the upper Brisbane sub-catchment by European settlers began in the
early 19th century. Much of the area was logged, or used for cattle grazing, with similar
land uses still remaining on many properties (B.V.H.T. 2015). Somerset dam was built
in 1953, followed by Wivenhoe Dam in 1977, built in response to floods in 1974. Both
reservoirs are used for flood mitigation purposes, hydroelectricity, and as a water supply
for the growing Brisbane region (SEQWater 2013). Currently, population growth in the
Brisbane region is projected to increase at an annual rate of 1.1% (QLD Treasury 2011).

2.2 Study site descriptions
2.2.1 Overview
The field components of this thesis were conducted across sites in four 2nd and 3rd order
streams, which are tributaries of the upper Brisbane and Stanley Rivers (Figure 2.1,
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Figure 2.2). This area is characterized by a range of land uses including national parks,
forestry, intensive grazing, and rural population pressures. This area was chosen as it
includes highland forested areas of temperature refuge, as well as lowland cleared areas
that are exposed to more extreme environmental conditions. The four sampling sites
chosen for this study reflect this gradient of land use conditions.

a) Gregors Creek

c)

Oaky Creek

b) Dam Creek

d) Mountford Creek

Figure 2.2 Google Earth images of the streams sections encompassing the study sites.
Google Earth V 7.1.2.2041 ©2015 Google (accessed 30th March 2015). a) Gregors
Creek; b) Dam Creek; c) Oaky Creek; d) Mountford Creek. Images display comparative
land clearing, remnant riparian vegetation, and stream canopy cover.
The sampling sites within Gregors and Dam Creeks are located on intensively farmed
pastoral lands, which have been cleared of vegetation; whereas sites within Oaky Creek,
and to a greater extent Mountford Creek are in areas of lesser agriculture disturbance
with intact riparian coverage. Gregors and Oaky Creeks are mostly perennial, whereas
Mountford and Dams Creeks are predictably intermittent. These sites were chosen
specifically for Chapters 3, 4, and 6, to explore how EPT taxa respond disturbances of
both agricultural land use change (e.g. reduced shade, stock access, and altered
morphology) across space, and hydrologic variation over time. This research design was
used to identify the strategies of EPT taxa (or lack thereof) to survive such disturbances,
to determine vulnerabilities of taxa in relation to future climate change.
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Gregors Creek:
26˚59'0.49"S, 152˚23'56.69"E.
Gregors Creek is a third order intermittent stream that runs parallel to Gregors Creek
Road, Harlin. The sampling location is a few hundred meters upstream of the
confluence with the Brisbane River. This stream has a mean sub-catchment elevation of
104 m above sea level, mean catchment slope of 7.12˚, and the sampled reach has a
mean aspect of 232˚.The entire length of this stream is subject to intense grazing
pressure from cattle, and has undergone extensive clearing. Shading is provided only by
the occasional tree and also from highly incised banks due to extreme erosion in some
areas (Figure 2.3). The stream is also fragmented by numerous cattle and vehicle
crossings. The stream bed is made up of cobbles and gravel in the riffles and sand banks
surrounding the pools. Riffles can be covered with sheets of algae stretching tens of
meters long (Figure 2.3), and pools contain abundant beds of macrophytes. This stream
has been known to dry during periods of drought.

a)

b)

Figure 2.3 Gregors Creek. a) Riffle facing downstream, (research assistant Xisca
Timoner holding filamentous algae); b) Riffle and Pool facing upstream.

Dam Creek
26˚54'35.43"S, 152˚13'42.58"E
Dam Creek is located off the D’Aguilar Highway approximately 12km south-west of
Blackbutt. It is a second order stream that flows directly into the Upper Brisbane River.
This stream has a mean sub-catchment elevation of 197 m above sea level, mean
catchment slope of 4.57˚, and the sampled reach has a mean aspect of 237˚. Dam Creek
is ephemeral and rainfall determines flow; however it dries seasonally in the winter and
flows in summer. The stream bed is mostly cobbles and gravel with a few boulders, and
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the riparian zone is sparse with the occasional tree (Figure 2.4). Pool habitats have
abundant macrophytes and algae growth. The entire stream has both its headwaters and
downstream confluence on one property that is used for pasture as a deer farm and horse
stud where animals have direct access to the stream.

a)

b)

Figure 2.4 Dam Creek. a) Pool facing downstream; b) Pool facing upstream.

Oaky Creek
27˚ 9'44.18"S, 152˚16'51.45"E
Oaky Creek is located on The Bluff Road, approximately 16km north-west of Esk and is
a third order tributary to the Upper Brisbane River. This stream has a mean subcatchment elevation of 169 m above sea level, mean catchment slope of 6˚, and the
sampled reach has a mean aspect of 39˚. This stream is both surface and ground water
fed, and can have surface water pools isolated over great distances (>100m) that flow
through the hyporheic zone. Oaky Creek is intermittent, and has been known to dry of
all surface water in the study reach. The stream bed comprises mostly of
pebbles/cobbles and gravel, and is moderately shaded by high incised banks and
riparian trees (Figure 2.5). Both filamentous algae and macrophytes are present in this
stream; however there are also accumulations of leaf litter and woody debris. The land
has been partially cleared for use as pasture although it is not intensively farmed
(compared to Dam or Gregors Creeks).
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a)

b)

Figure 2.5 Oaky Creek. a) Riffle facing upstream; b) Riffle facing downstream.

Mountford Creek
26˚53'5.55"S, 152˚42'25.03"E
Mountford Creek begins in Bellthorpe State Forest. This stream has a mean subcatchment elevation of 242 m above sea level, mean catchment slope of 8.3˚, and the
sampled reach has a mean aspect of 153˚. It runs through densely forested Crown Land
and then into grazing properties before eventually joining Stoney Creek and the Stanley
River. The sampling area was on the second order section within the Crown Land,
accessed via Stony Creek Road. The canopy cover along Mountford Creek is high
(>80%) (Figure 2.6), making this stream much cooler than the others sampled. The
stream bed comprises of cobbles, gravel, and boulders, and in many areas there are large
accumulations of organic matter and woody debris (Figure 2.6). There is no visual
evidence of major autochthonous primary production. This stream is ephemeral, and
may dry completely with insufficient rainfall. Mountford Creek has been listed as a
stream of high ecological value by the Moreton Bay Regional Council, due to its
pristine nature, good habitat connectivity, and excellent habitat structure (Nolte 2011).

a)

b)

Figure 2.6 Mountford Creek. a) Pool facing downstream; b) Pool facing upstream.
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2.3 Climate and hydrology of the study area
Historically, the upper Brisbane River Catchment has experienced recurrent periods of
drought, and major flooding events (B.O.M. 2015). Since gauging station records began
in 1962, mean annual discharge recorded from the Brisbane River at the junction of
Gregors Creek (station number 143009A) has greatly varied between years (D.N.R.M
2015). For example, during the millennium drought mean annual discharge for 2005
was 45 ML/day; however, during the recent flood year of 2010 mean annual discharge
increased to 2154 ML/day. (N.B. Example given for main river channel as low order
streams such as those within the study site do not have gauge information). Similar
patterns over recent years are seen in the rainfall data (Figure 2.7).

2011 Floods

1974 Floods
Millennium
Drought

Figure 2.7 Total annual rainfall (mm) recorded at the Blackbutt Post Office from 1900 2015. Data courtesy of the Bureau of Meteorology (2015) Climate Data Online – ©
Commonwealth of Australia.
Projected Climate Change in SEQ
High emission scenarios of future climate change within SEQ, as modelled by the
CSIRO and BOM, predict increases in the occurrence and duration of severe drought, as
well as increases in highly intense storm events and flooding (Dowdy et al. 2015).
Mean rise in atmospheric temperatures are projected as around 0.4 ˚C to 1.3 ˚C above
the climate of 1986–2005 by 2030 and 2.7˚C to 4.7˚C by 2090 (Dowdy et al. 2015).
Mean annual rainfall is also projected to decrease by 2% by 2030, and by 5% by 2050
(B.O.M. 2007). Decreases in rainfall will consequently impact stream hydrology as a
1% decrease in annual precipitation can equate to a 2.0-3.5% change in mean annual
stream-flow (Chiew 2006). All streams in SEQ are expected to experience changes in
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temperature, water quality, and hydrologic regimes associated with climate change
(B.O.M. 2007; Griswold et al. 2008; Dowdy et al. 2015).

Rainfall during the sampling period
Prior to the field sampling, in January 2011, SEQ experienced some of the highest
rainfall on record resulting in a major flood in the Brisbane River and many of its
tributaries (Figures 2.8 and 2.9). Initial sampling was postponed until the 28th of March
2011, to allow time for insect recolonisation after the disturbance event (note this
exceeds the minimum recommended waiting period of 4-6 weeks given by the
Australian River Assessment System guidelines (Conrick & Cockayne 2000)). With this
in mind, the systems that have been sampled for this research were all in a state of
recovery during the sampling period.

Spatial and temporal sampling began in late March of 2011 for a 12 month period
(Chapters 3 and 4). Tracer chapter data (Chapter 6) was sampled in October and
November of 2011 coinciding with the drying of Dam Creek. Tolerance LT50
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invertebrate samples were collected between February and April of 2012 (Chapter 5).

Figure 2.8 Total monthly rainfall recorded at stations nearest to the sampling sites
during the sampling period. Data sourced from the Bureau of Meteorology (2015)
Climate Data Online – © Commonwealth of Australia. (N.B. January 2011 and June
2012 records unavailable for Kilcoy station)
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Figure 2.9 Total daily rainfall recorded at Blackbutt Post Office during the sampling
period. Sampling occasions indicated with red arrows. Data sourced from Bureau of
Meteorology (2015) Climate Data Online – © Commonwealth of Australia.
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3 Drivers of spatial patterns and temporal changes in EPT
assemblages
3.1 Introduction
Aquatic insect assemblages vary in their response to disturbance of aquatic habitat. For
example, water quality declines associated with flow cessation will be reflected by
assemblages dominated by few highly tolerant taxa (Rose et al. 2008; Downes 2010).
As habitat conditions improve with the onset of seasonal flow, species richness will
increase (Leigh 2013). Changes in assemblage composition across space and time in
response to the expansion and contraction of habitat are dictated by the resistance and
resilience capabilities of each species to environmental change (Fritz & Dodds 2004;
Bond et al. 2008; Rose et al. 2008; Bogan et al. 2017). These capabilities are
established through adaptation of life history requirements and behavioural patterns,
mostly revolving around environmental requirements and tolerances (Humphries &
Baldwin 2003; Bond et al. 2008). Detailed information on the drivers of spatial patterns
and temporal changes in aquatic insect assemblages is therefore important in forecasting
the impacts that altered climate conditions may have on biodiversity. While changes to
overall assemblages in response to hydrologic or habitat variation are commonly studied
in assessments of river health, for the majority of taxa primary information on specific
behaviours and environmental requirements is not well documented.

Methods of examining or comparing aquatic insect assemblages are widely used within
riverine health assessments (Metzeling et al. 2006). The presence or absence of families
at a site can reflect background water quality conditions, therefore simple metrics such
as family richness or modelled metrics such as the percent of families observed versus
those expected may be used to compare the health of waterways (Chessman 1995;
Davies et al. 2000; Chessman et al. 2008). The insect orders Ephemeroptera, Plecoptera,
and Trichoptera (EPT), in particular, are susceptible to changes in water quality and
flow, and comprise one of the most commonly-used indices for rapid assessment of
ecosystem health, the EPT richness index (Resh et al. 1995; Wallace et al. 1996;
Growns et al. 1997).
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3.1.1 Understanding spatial and temporal drivers of EPT assemblage for
use of predicting climate change related biodiversity loss

It is likely that climate change will influence EPT assemblages through changes in
environmental conditions beyond normal variability (Chessman 2009). Taxa that
commonly occur in intermittent systems would have resilience and resistant traits
allowing them to persist (Boulton 2003). However there is limited information
concerning which species this applies to and the specifics of these adaptations. Though
for many EPT, the combined pressures from current land use and climate change
disturbance may be beyond tolerance levels. Additionally, the conditions proposed
under future climate change scenarios (Chapter 1) may cause even the most pristine
habitats to become intolerable for highly sensitive taxa.

It is difficult however, to assess how climate change will impact each of the EPT taxa
within a region when little is known about their resilience or resistance to disturbance
and persistence in the face of environmental change across space and time. Despite the
value of EPT taxa in detecting changes in pollution through changes in their abundance
and assemblage composition, there is relatively little knowledge on the distributions and
environmental requirements/tolerances of these orders.

Comprehensive information is needed on current EPT distributions and adaptations to
local conditions in order to predict reactions to an altered environment. Knowledge on
the specific responses of EPT to natural states of disturbance (such as habitat condition,
drying, flash flooding, and heatwaves) will provide valuable information on their
possible future responses to the extreme conditions related to climate change (Griswold
et al. 2008). It is necessary to understand the responses of individual taxa to
environmental disturbance at a local scale to identify those most at risk to change.

The present study addresses the need for comprehensive information on EPT genera
within the SEQ region, which can then be used to predict biodiversity loss regarding
climate change.
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3.1.2 Chapter aims
The overall aim of this chapter is to quantify spatial and temporal patterns of EPT, at the
level of genera where possible, within four streams of varying human disturbance and
hydrology in the upper Brisbane River basin. Streams with a range of environmental
conditions were chosen and monitored for an entire year to gain an understanding of the
current EPT taxa across varied situations within the region. Specifically this chapter
aims to identify:


spatial and temporal patterns of EPT abundance and richness in streams of SEQ



relationships between these patterns and environmental factors including habitat
quality (riparian coverage, temperature, conductivity, dissolved oxygen), habitat
type (riffle, pool), and hydrologic variation (drying, flash flooding), to determine
the drivers of EPT assemblage composition over varying disturbances

3.2 Methods
3.2.1 Sites and design
Four streams representing a range of environmental conditions were sampled in the
upper Brisbane River Catchment (see Chapter 2 for a full description of stream sites).
The streams ranged in both human impacts (i.e. clearing and livestock access, to near
pristine), and hydrology (persistent vs intermittent). Mountford Creek is forested with
temporary flow, Oaky Creek is partially cleared with persistent flow, Dam Creek has
sparse trees with livestock access and temporary flow, and Gregors Creek is completely
cleared with livestock access and persistent flow. Three riffle and three pool habitats
within each stream were repeatedly sampled monthly for one year commencing in
March of 2011. On each sampling occasion streams were visited in the same sequential
order, and biological and environmental conditions were monitored in the respective
habitats within each stream, with the same locations consistently sampled. However, on
occasions where habitat reaches were dry, insect and water quality data were not
sampled. It is acknowledged that by not sampling these dry habitats some individuals
that seek refuge in the hyporheos or avoid desiccation as pupae may have been missed.
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3.2.2 Environmental characterisation
To explore relationships between EPT assemblage patterns and stream features, water
physico-chemistry and physical characteristics of the stream were measured on every
possible sampling occasion within each habitat. These variables included water
temperature, conductivity (measurement for salinity), dissolved oxygen (DO), and
channel morphology (depth & width). Canopy cover and substrate type were measured
on the first sampling occasion only, as it was assumed that these characteristics would
not significantly change over the year. Other water quality parameters such as heavy
metal pollution and nutrient enrichment from pesticide application were not measured
as these threats were unlikely to occur in the sampled headwater streams based on
current land use (low intensity livestock or forested, – no crops).

Conductivity, pH, temperature, and dissolved oxygen were measured with in-situ probes
(TPS WP81, TDS, Temperature & Conductivity Meter; and TPS WP82 Oxygen &
Temperature Meter). Channel width and depth were measured at each habitat across the
stream profile using a tape measure in the same repeated locations. Canopy cover across
the stream was measured using a densiometer. Substrate composition was visually
estimated as a proportional contribution to the entire surface area of the site according to
a modified Wentworth scale (Wentworth 1922) with six categories: boulder/bedrock,
rocks/cobbles (>1cm), gravel (<1cm), silt/clay (muddy), sand (coarse), sand/silt (very
fine).

3.2.3 Insect sampling
Aquatic insects were collected using the standard method of kick/sweep sampling in
each of the pool or riffle habitat locations (Davies 1994). Samples were taken using a
250µm D-framed dip net which was swept through the water while hyporheic substrate
was stirred up by kicking along the bottom of the stream for approximately 30 seconds.
Within this timeframe this sampling technique was used along the edge and middle of
the respective stream habitat (pool or riffle) to gather a composite sample of the area.
Six rocks were also collected from each sampled habitat and hand washed into the net.
Where flow was inadequate for these methods only rocks were washed into the net,
however the number of rocks was increased to ten. Once collected, the samples were
immediately transferred into 500ml sample jars containing 70% ethanol.
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3.2.4 Insect identification and classification
Samples were washed and sorted in the laboratory using a set of 2mm and 1mm nested
sieves. All animals <1mm were discarded from the analysis as the sampling mesh size
used in this study (250μm) would have collected very few first instars, and therefore
those that were unintentionally collected do not represent of the true abundance and
diversity of first instars. In addition, identification keys for first instars are limited. All
insects >1mm were sorted by size classes into >2mm (late instars) and 1-2mm (early
instars), with the exception of the small caddis Hydroptilidae spp. and Oecetis
(Leptoceridae) which were not categorised into size class. Insects were identified using
a magnifying lamp or a stereo microscope to species level where possible. However,
most were identified only to genus level for a number of reasons including: missing
body parts or disintegration during storage; uncertainties due to identification keys
where QLD occurrences are not known; keys to species do not exist for larvae/nymphs
beyond genus level; identification to species level was unachievable with a stereo
microscope (e.g. inability to identify early instars). It is therefore possible that more
than one species may be occurring within a genus.

Baetidae and Hydroptilidae were only identified to family. Hydroptilid larvae are very
small and available keys are only relevant for the final (5th) instar stage of development
(Wells 1985). Thus family level identification was chosen for time and efficiency.
Samples from across all sites contained two genera of baetid nymphs, Pseudocloeon and
Offadens, however all baetids were only identified to family due to the fragile nature of
these insects and damage to individuals during the sampling process. Most baetids were
missing limbs, gills, heads etc., and were impossible to identify past family level,
especially early instars. For the analysis of this chapter, Nousia, Thraulophlebia, and
Atalophlebia from the Leptophlebiidae family were also combined, as many early
instars were missing heads or gills and it was not possible to distinguish between the
three groups for this life stage. All three genera were identified as occurring in all
streams.

A limit of 300 individuals was counted per species within each sample. This was
considered to adequately represent large populations, ensuring efficient sampling and
identification in the timeframe; and is above the 200 specimens (total) suggested in the
Queensland AusRivAS sampling manual (Conrick & Cockayne 2000). Therefore it
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must be noted that the abundances of species with larger populations may have been
under-estimated.

Guides and keys used to identify EPT include: Riek (1968); Wells (1985); Cartwright
(1990a & 1990b); Dean & Suter (1996); Hubbard & Campbell (1996); Cartwright
(1997a & 1997b); Dean (1997); St Clair (1997); Suter (1997); Wells (1997); Cartwright
(1998); Jackson (1998); Dean (1999a and 1999b); Suter (1999); Dean (2000); Finlay
(2000); St Clair (2000); Tsyrlin (2001); Cartwright (2002); Gooderham & Tsyrlin
(2002); Dean et al. (2004); Suter & Webb (2010); Dean (2011); Webb & Suter (2011);
Cartwright et al. (2013).

3.2.5 Data analysis
Environmental Variables
Principal Component Analysis (PCA) was used to explore multivariate relationships
between sampling occasions based on the environmental data. The PCA produces a
graphical illustration where variations between samples are demonstrated by data points
being separated in ordination space, with a larger distance between data points
representing a higher amount of variation between sites. Differences in environmental
variables (width, depth, DO, temperature, and conductivity) between habitat (pool and
riffle) and Creek, and also across time (month), were explored through nested
Permutational-ANOVA (PERMANOVA) based on a Euclidean distance matrix. The
PERMANOVA model was: Creek, Habitat (nested within Creek), Month, and the
interactions of Creek x Month and Habitat (Creek) x Month. Data (water temperature;
DO; conductivity; and channel morphology) were log x transformed before analysis
using the PRIMER6 software (Clarke & Ainsworth 1993; PRIMER-E 2012).

Spatial and temporal patterns in EPT assemblages
To graphically illustrate the relative evenness of genera across each stream, rankdominance curves were used to evaluate cumulative percentage of each genus. Rankdominance curves were performed for log(x+1) transformed abundance data.

Variations in EPT richness and assemblage composition between habitat, Creek, and
time (month) were explored through PERMANOVA using the same model as described
above and based on a Bray-Curtis similarity matrix.
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Multidimensional Scaling (MDS) was then used to visually explore these differences in
ordination space. Taxa contributing most to the differences between streams and habitat
were displayed in a vector overlay on top of each MDS. A vector overlay of
environmental variables was also layered on the MDS to describe how these factors
contributed to the differences in EPT assemblages between streams and habitat.
Variations in assemblage composition over time were then further explored through
MDS ordination for each sampling occasion. Centroid values of the MDS ordination of
each consecutive sampling occasion were plotted as a linked trajectory. These graphs
help to visualise how assemblages (within each stream and habitat) change over time.
The graphs also demonstrate the differences in assemblages within ordination space
between streams and habitat types.

To explain how much each genus contributed to the spatial variation in EPT assemblage
composition, Similarity Percentages (SIMPER) were calculated for differences between
streams and between habitats within stream. The SIMPER routine was also performed
using the PRIMER-6 software package (PRIMER-E, 2012).

Aquatic taxa in highly variable environments may have developed behavioural
responses to predictable hydrologic change associated with season. To distinguish
between seasons over the sampling period, rainfall hydrographs from the Bureau of
Meteorology were used to determine the high and low rainfall periods (Chapter 2;
Figure 2.9). The six month period from June to November yielded lower rainfall and
was considered to be the “Dry Season”, whereas all other months were considered to be
the “Wet Season”. These seasons have been added to the 12 month mean abundance,
mean richness, and relative abundance graphs for EPT, as well as the 12 month graphs
of environmental variables (Appendix A). Observations are made regarding noticeable
trends in EPT assemblage between seasons.
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3.3 Results
3.3.1 Environmental variables
Habitat availability (surface water or no surface water) varied between sites during the
sampling period which reflected the rainfall throughout the study (Chapter 2; Figure 2.9;
Table 3.1). When a habitat reach dried no samples were taken as insufficient water was
present during that occasion. As rainfall hydrographs, and not flow hydrographs
(because no gauging stations occur on the study streams), were used to designate the
broader seasonal hydrological conditions of “Dry Season” and “Wet Season” (Chapter 2)
there were some instances where the sampled habitat was found to be dry but rainfall
had still been recorded for that area during that sampling period.

Table 3.1 Occurrence of dry habitats during the 12 month sampling period; dry habitats
were not sampled for EPT. Note, none of the sampled habitats dried in Gregors Creek
during the study period.

Dam Creek

October

November

December

January

3 dry riffles

2 dry riffles

1 dry riffle

3 dry riffles
1 dry riffle

Oaky Creek
Mountford Creek

1 pool and 2 riffles dry

1 dry riffle

All environmental variables that were repeatedly sampled over the twelve month period
varied across time and between habitats, except pH which remained relatively stable
(Table 3.2) (also see Appendix A for summary graphs of all environmental variables).
Between streams, Mountford Creek had consistently low temperatures and conductivity
levels; whereas these values were highest and most variable in Gregors Creek, followed
by Dam Creek. Within streams dissolved oxygen and stream depth were highly variable
over time, especially between habitats, reflecting the differences in pool and riffle
conditions and hydrologic variability. As samples were not taken when habitats dried,
these extremes are not represented in Table 3.2. The stream that varied the least over
time for all factors (having the lowest standard error for all mean values) was Oaky
Creek, possibly owing to groundwater upwelling providing persistent surface water in
some sections of this stream.
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Table 3.2 Mean values (± S.E) and sampled range of environmental variables over the 12 month sampling period, pooled for each habitat (excluding
occasions where the habitat reach was dry and therefore not sampled)
Stream

Habitat

pool
Gregors
Creek
riffle

pool
Dam Creek
riffle

pool
Oaky Creek
riffle

pool
Mountford
Creek
riffle

Summary
statistic

Temperature
(˚c)

pH

Conductivity
(μS.cm-1)

Dissolved oxygen
(ppm)

Depth (cm)

Canopy Cover
(%)

Mean

23.08 (± 0.82)

7.93 (± 0.02)

1512.33 (± 29.52)

9.44 (0.43)

42 (± 3.13)

2.5 (± 2.5)

Range

16.2 – 32.3

7.64 – 8.27

1061 – 1740

1.54 – 14.9

10 – 85

0 – 30

Mean

22.83 (± 0.78)

7.90 (± 0.02)

1508 (± 28.34)

9.24 (0.36)

10.38 (± 0.60)

1.25 (± 0.41)

Range

16.2 – 29.9

7.54 – 8.16

1141 – 1718

1.65 – 12.8

4 – 22

0–5

Mean

22.04 (± 0.85)

7.56 (± 0.05)

1226.25 (± 15.58)

7.41 (0.40)

49.25 (± 3.81)

14.16 (± 7.92)

Range

13.9 – 31.6

6.29 – 7.97

1030 – 1379

3 – 14.31

20 – 86

0 – 70

Mean

21.85 (± 0.87)

7.71 (± 0.05)

1182.48 (± 16.16)

6.74 (0.29)

8.81 (± 0.76)

36.66 (± 8.19)

Range

14.4 – 28.4

7.05 – 8.37

1025 – 1298

4.37 – 10.27

3 – 18

0 – 70

Mean

20.41 (± 0.53)

7.3 (± 0.02)

625.88 (± 7.24)

5.23 (0.21)

45.45 (± 1.93)

13.75 (± 4.31)

Range

15 – 24.8

7.02 – 7.71

531 – 700

2.43 – 6.83

17 – 66

0 – 40

Mean

20.38 (± 0.56)

7.35 (± 0.03)

609.97 (± 9.62)

5.91 (0.19)

11.54 (± 0.57)

18.33 (± 4.66)

Range

14.7 – 25

7.09 – 7.91

415 – 698

3.02 – 7.78

5 – 21

0 – 50

Mean

17.60 (± 0.55)

7.14 (± 0.06)

246.30 (± 10.43)

6.85 (0.45)

63 (± 7.25)

69.58 (± 8.26)

Range

11 – 21.1

6.23 – 7.69

126.8 – 357

0.44 – 10.48

12 – 160

15 – 100

Mean

17.71 (± 0.58)

7.19 (± 0.03)

239.40 (± 11.02)

7.65 (0.31)

17.53 (± 1.21)

67.75 (± 8.09)

Range

11.3 – 23.1

6.65 – 7.57

126.5 – 347

2.97 – 10.4

7 – 34

25 – 100

Substrate composition
(most to least)
silt /clay (muddy), sand &
rocks/ cobbles (>1 cm)

rocks/ cobbles (>1 cm) & silt
/clay (muddy)

sand/silt (fine), rocks/cobbles
(>1 cm), gravel (<1 cm)
rocks/cobbles (>1 cm), gravel
(<1 cm), sand/silt (fine),
boulder/bedrock
sand/silt (fine) & rock/cobbles
(>1 cm)

rocks/ cobbles (>1 cm) &
sand/silt (fine)

sand/silt (fine), rocks/ cobbles
(>1 cm), coarse sand
rocks/ cobbles (>1 cm), coarse
sand, boulder/bedrock, &
sand/silt (fine)
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The PCA (Figure 3.1) distinctly shows a separation in ordination space between the
streams with respect to their physical characteristics. The PCA clearly separates habitat
type (riffle vs pool) (PC2), and stream location (PC1) based on environmental
characteristics. The PCA revealed that “width” and “depth” explain 63.7% of the
variation in ordination space between habitats regardless of stream; with the addition of
“conductivity” explaining a cumulative variation of 82% of the difference between
streams. That is, stream morphology was the most dissimilar environmental condition
within streams, whereas conductivity was most dissimilar between streams. The PCA
also suggests streams differed based on canopy cover, temperature, and dissolved
oxygen, with the high canopy cover of Mountford Creek setting it apart from the other
streams. These results reflect those of the PERMANOVA (Table 3.3), where significant
interactions of ‘habitat (creek) x month’ indicate that habitats within each stream varied
in different ways through time.
4

Site
DCP1
DCP2
DCP3
DCR1
DCR2
DCR3
GCP1
GCP2
GCP3
GCR1
GCR2
GCR3

PC2

2

Canopy

0

DO
Conductivity
Temperature

MCP1
MCP2
MCP3
MCR1
MCR2
MCR3
OCP1
OCP2
OCP3
OCR1
OCR2
OCR3

-2
Depth

Width

-4
-4

-2

0
PC1

2

4

Figure 3.1 PCA of environmental variables across stream and habitat.
Table 3.3 PERMANOVA results of log (x+1) transformed environmental variable data
within streams (habitat), between streams, and over time.
Source
Creek
Month
Habitat (Creek)
Creek x Month
Habitat (Creek ) x Month

df
3
11
4
33
44

SS
249.9
223.74
391.32
226.42
325.58

MS
83.298
20.34
97.83
6.8613
7.3995

Pseudo-F
33.624
8.2102
39.489
2.7696
2.9868

P
0.001
0.001
0.001
0.001
0.001
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3.3.2 Spatial and temporal patterns of EPT assemblage composition
Twenty-six different EPT taxa were identified across the four streams (Table 3.4).
However, if this study was restricted to family level taxonomic resolution only sixteen
taxa would have been recognised, missing 38.46% of the biodiversity.

Table 3.4 List of all EPT taxa found in the four stream locations and habitats
(pool/riffle) across the twelve month sampling period identified to the lowest possible
level. Feeding habits: G = Grazer/scraper, P= Predator, O = omnivore, C=
gatherer/collector, S=Shredder.
Order

Family

Genus/species

Habit

Streams Found

Habitat

Ephemeroptera

Baetidae

Offadens spp.

G, C

ALL

Both

Baetidae

Pseudocloeon spp.

G

ALL

Both

Caenidae

Tasmanocoenis spp.

C

ALL

Both

Leptophlebiidae

Jappa kutera

C

Dam, Oaky,
Gregors

Both

Leptophlebiidae

Ulmerophlebia spp.

C

Mountford

Both

Leptophlebiidae

Atalophlebia spp.

C,S

ALL

Both

Leptophlebiidae

Nousia sp. AV2

S

ALL

Both

Leptophlebiidae

Thraulophlebia spp.

G

ALL

Both

Leptophlebiidae

Atalomicria spp.

C

Mountford

Both

Ameletopsidae

Mirawara spp.

P

Mountford

Riffle

Gripopterygidae

Illiesoperla spp.

G, S, P

Dam, Oaky,
Mountford

Riffle

Gripopterygidae

Riekoperla tribola

G, S, P

ALL

Riffle

Gripopterygidae

Riekoperla
tuberculata

G, S, P

Mountford

Riffle

Eustheniidae

Stenoperla spp.

P

Mountford

Riffle

Leptoceridae

Triplectides volda

S

ALL

Both

Leptoceridae

Oecetis spp.

P

ALL

Both

Hydropsychidae

Cheumatopsyche spp.

C, P

ALL

Riffle

Hydroptilidae

?

G, P

ALL

Both

Hydrobiosidae

Taschorema spp.

P

ALL

Riffle

Hydrobiosidae

Apsilochorema spp.

P

ALL

Riffle

Ecnomidae

Ecnomus spp.

P

ALL

Both

Tasimiidae

Tasimia sp. AV1

G

Mountford

Riffle

Calamoceratidae

Anisocentropus spp.

S

Dam, Oaky,
Mountford

Both

Philopotamidae

Chimarra spp.

C

ALL

Riffle

Calocidae

Tamasia spp.

S

Mountford

Riffle

Glossossomatidae

Agapetus spp.

G

Mountford

Riffle

Plecoptera

Trichoptera
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Mountford Creek had the highest richness of genera but lowest total abundance, with 25
taxa recorded, eight of which were unique to this Creek (Table 3.4). All taxa found in
the four streams occurred at Mountford Creek except Jappa (Leptophlebiidae) mayflies
which only occurred in Gregors, Oaky, and Dam Creeks (however abundances were
very low in Dam Creek). Oaky Creek and Dam Creek equally had 18 of the same
genera, although Oaky Creek had the highest total abundance of all streams (Figures 3.2
and 3.3, and Table 3.5). Gregors Creek had the lowest biodiversity with 16 genera.
Pools had greater abundances than riffles (except in Gregors Creek); though riffles
supported higher richness in all streams (Table 3.5). Ephemeroptera were the most
abundant of the EPT, and Plecoptera the least (Figure 3.3). Trichoptera and Plecoptera
abundances and richness were greater in riffles. Ephemeroptera richness was relatively
even between habitats, and abundances were higher in pools (except for Gregors Creek).

Table 3.5 Summary data of EPT assemblage pooled across all sampling times
Mountford

Gregors Creek

Dam Creek

Oaky Creek

Dry Riffles over 12 months

0

9

1

3

Dry Pools over 12 months

0

0

0

1

Total Abundance

24,840

19,292

38,166

5,958

Total Pool Abundance

5,927

14,133

19,755

3,235

Total Riffle Abundance

18,913

5,159

18,411

2,723

Total no of Families

10

11

11

16

Total no of Genera

16

18

18

25

Total Pool Richness (genera)

12

13

14

17

Total Riffle Richness (genera)

15

16

17

23

Ephemeroptera

Plecoptera

Creek

Trichoptera

Figure 3.2 Total EPT richness (genera) between habitats for each stream, pooled across
all samples
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Ephemeroptera

Plecoptera

Trichoptera

Figure 3.3 Total EPT abundance between habitats for each stream pooled across all
samples
Cumulative richness of genera in Dam, Oaky, and Gregors Creeks plateaued within four
months of sampling, indicating that most of the EPT taxa present within these streams
were recorded (Figure 3.4). Whereas, cumulative richness continued to increase in
Mountford Creek, suggesting assemblage composition is highly variable over time, and
that some taxa may not have been sampled.

Figure 3.4 Cumulative richness (genera) between streams over the twelve months of
sampling

35

In Mountford Creek 80 % of the overall abundance was contained within 12 genera
(Figure 3.5) compared to 10 genera in Oaky Creek and 8 genera in Gregors and Dam
Creeks.

100

creek
DAM
GREGORS
MOUNTFORD
OAKY

Cumulative Dominance%

80

60

40

20

0
1

10
Species rank

100

Figure 3.5 Rank-dominance curves of taxon abundance data between streams. The
dotted line indicates 80 % of overall abundance.
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Wet Season

Wet Season

Dry Season

Dry Season

Wet Season

Wet Season

Wet Season

Wet Season

Dry Season

Dry Season

Wet Season

Wet Season

Figure 3.6 Variation in mean EPT richness (genera) and abundance for Mountford Creek and Oaky Creek for the 12 month sampling period (± S.E)
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Wet Season

Wet Season

Dry Season

Dry Season

Wet Season

Wet Season

Wet Season

Wet Season

Dry Season

Dry Season

Wet Season

Wet Season

Figure 3.7 Variation in mean EPT richness (genera) and abundance for Dam Creek and Gregors Creek for the 12 month sampling period (± S.E)
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In all streams richness and abundance varied over time across riffle and pool habitats
(Figures 3.6 and 3.7, Table 3.6); however, streams with the greatest temporal variation
in hydrology, where habitats dried over the sampling period (Dam and Mountford),
showed the highest variation in EPT assemblage composition between habitats during
these periods. Wet/dry seasonal trends in abundances were also evident in all streams.

Dissimilarities in EPT assemblage composition within streams (habitat) over time are
displayed in Table 3.6. Mountford Creek and Dam Creek again had the highest variation
in richness and abundance over the 12 months compared to other streams. Assemblage
structure within riffle habitats was also most dissimilar for these streams across
sampling occasions. However, in Oaky Creek which had persistent flow and high
riparian cover the assemblage composition was relatively stable throughout the year.
Table 3.6 Variation in assemblages within stream habitats over time, including
Coefficient of variation (CV) and average Bray Curtis dissimilarity between sequential
samples (habitat replicate samples were averaged prior to analysis, where n=3 over 12
months per habitat type per stream)
Creek

Habitat

Dam
Gregors
Mountford
Oaky

Pool

Total
Richness
(CV %)
13.44

Total
Abundance
(CV %)
44.14

Assemblage structure
(average Bray Curtis dissimilarity
between sequential samples)
16.23

Riffle
Pool
Riffle
Pool
Riffle
Pool
Riffle

52.34
25.40
11.48
25.17
37.13
9.11
16.21

89.58
66.98
48.19
77.28
77.45
39.71
41.64

47.69
33.21
22.30
33.12
37.84
20.20
21.21

The PERMANOVA’s of EPT Richness (Table 3.7) and EPT assemblage composition
(Table 3.8) supported these findings, where significant differences occurred between
stream locations, between habitat types, and over time (p<0.001). That is, the EPT
composition for each habitat within each stream varied in different ways through time.

Table 3.7 PERMANOVA of EPT richness between stream locations, habitat, and time
Source
Creek

df
3

SS
9.92

MS
3.3067

Pseudo-F
29.684

P
0.001

Month

11

13.568

1.2334

11.073

0.001

Habitat (within Creek)

4

5.294

1.3235

11.881

0.001

Creek x Month

33

12.368

0.3748

3.3646

0.001

Habitat (within Creek) x Month

44

18.422

0.41869

3.7586

0.001
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Table 3.8 PERMANOVA of assemblage structure between stream locations, habitat,
and time
Source
Creek
Month
Habitat (within Creek)
Creek x Month
Habitat (within Creek) x Month

df
3
11
4
33
44

SS
143.87
29.275
82.124
53.953
60.889

MS
47.955
2.6614
20.531
1.6349
1.3838

Pseudo-F
79.838
4.4308
34.181
2.7219
2.3039

P
0.001
0.001
0.001
0.001
0.001

When visually compared across the year of sampling, the EPT assemblage of
Mountford Creek was separated in ordination space from Oaky, Gregors and Dam
Creeks (Figure 3.8). Overlaid upon the MDS of stream assemblages are the genera that
contributed most to the differences between streams. The distribution of the samples
from the streams in ordination space reflected relative abundance of taxa, i.e. rare
genera such as Ulmerophlebia (Leptophlebiidae) were only found in Mountford Creek;
whereas highly abundant genera are more common in Oaky, Gregors, and Dam Creeks.
The genera distributed vertically explained the differences in habitat (Figure 3.9) e.g.
Cheumatopsyche (Hydropsychidae) were mostly found in riffles, whereas
Tasmanocoenis (Caenidae) were more common in pool habitats. The MDS plots are
supported by the SIMPER analysis (Tables 3.10 and 3.11), which further explains how
much each genus is contributing to the dissimilarities between streams and habitat
within streams.

Figure 3.8 MDS of EPT assemblages within each stream over the year of sampling,
with taxon vectors overlaid
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Figure 3.9 MDS of EPT assemblages across habitat type (combined streams) over the
year of sampling, with taxon vectors overlaid
The centroid values of MDS ordination scores for each monthly sampling occasion of
habitat assemblage within stream (from the analysis presented in Figures 3.8 and 3.9)
were displayed as a trajectory over time in Figures 3.10. These graphical representations
show how the stream assemblages within the two habitat types changed over time,
based on the differences between centroid values for each monthly sampling occasion.
The habitats of all four streams occupy different areas of ordination space indicating
variation in assemblage composition between streams over the entire year (Figures
3.10), supporting the results of the PERMANOVA (Tables 3.7 and 3.8). In Dam Creek
there was very high variation in riffle assemblage composition over time, whereas
variation in pool assemblage composition was low throughout the year. Assemblage
composition of riffles and pools were also dissimilar, reflected by their separation in
ordination space. These results demonstrate that Dam Creek, which had the highest
occurrence of riffle habitat drying, also had the highest variation in assemblage
composition across the entire year. Within Gregors Creek, there was variation in
assemblages in both riffles and pools over the year and pools and riffles were dissimilar
to each other. In Mountford Creek and Oaky Creek, variation within habitats was low
over time, and pools more similar to riffles in comparison to the other streams. There
was more variation in riffles than in pools over the year in both of these streams.
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Figure 3.10 Centroid values of the two-dimensional MDS ordinations of EPT assemblage structure for each consecutive monthly sampling occasion
(per habitat type within stream), plotted as a linked trajectory over time. Open symbols represent the dry season, and closed symbols the wet season.
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The percentage composition graphs show within-stream community patterns across time
for each order (Figures 3.11-3.13), while the summary statistics for each genus (Table
3.9) demonstrate overall relative abundance and variability through time. In Gregors
and Dam Creeks, mayflies were dominated by Tasmanocoenis (Caenidae) and baetids
(Table 3.9), with fluctuations between families coinciding with season (Figure 3.11).
Results from the SIMPER analysis suggest caenids prefer pool habitats, whereas baetids
prefers riffles (Table 3.10). Riffle habitats dried in Dam Creek, whereas flow in Gregors
Creek remained stable (Table 3.1) explaining the temporal variation in these families.
Leptophlebiids within Dam Creek also decreased with the reduction of riffle habitats.
Caenids and leptophlebiids were the dominant mayflies in Oaky Creek, and while
percent dominance varied throughout the year (Figure 3.11), species were consistently
abundant (Table 3.9). In Mountford Creek, mayfly assemblages were dominated by
leptophlebiids year round (Figure 3.11, Table 3.9). Mountford Creek is highly variable,
subject to flash flooding and drying, and the relatively high coefficient of variance for
caenids reflect these conditions (Table 3.9). Caenids increased when rainfall was lower
and pool habitats more stable; whereas baetids decreased when riffles dried.

Hydropsychids were the dominant caddisflies in Gregors, Dam, and Oaky Creeks;
displaying similar patterns across time and space (Figure 3.12, Table 3.9). In Mountford
Creek Cheumatopsyche (Hydropsychidae) were relatively less abundant with a higher
coefficient of variation, most likely due to the hydrological variability (Tables 3.1 and
3.9). All Cheumatopsyche and Chimarra (Philopotamidae) abundances increased during
the wet season, whereas Oecetis (Leptoceridae) increased in the dry season (Figure
3.12). Additionally, all Ecnomus (Ecnomidae), Triplectides (Leptoceridae), Tasimia
(Tasimiidae), and hydroptilid abundances increased when Cheumatopsyche declined.
Within Mountford Creek Anisocentropus (Calamoceratidae) and Triplectides were
dominant, with the lowest variability in abundance of the caddisflies (Table 3.9). For
most months proportions of one taxon increased as the other decreased, except when
Cheumatopsyche dominated (Figure 3.12).

Gripopterygids (Riekoperla and Illiesoperla) were the dominant stoneflies in all streams
(Figure 3.13, Table 3.9).In Mountford Creek, gripopterygids were the second most
dominant of the EPT taxa. Of the two genera, late instar Illiesoperla was dominant
across all stream locations. Early instars were indistinguishable for this family.
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Figure 3.11 Relative abundance (%) of Ephemeroptera families (or genera) for each stream pooled across all habitats on each sampling occasion
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Figure 3.12 Relative abundance (%) of Trichoptera families (or genera) for each stream pooled across all habitats on each sampling occasion
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Not applicable to Gregors Creek as only four individuals sampled over the 12 month period.

Wet Season
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Dry Season

Wet Season
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Dry Season

Wet Season

Wet Season

Figure 3.13 Relative abundance (%) of Plecoptera families (or genera) for each stream pooled across all habitats on each sampling occasion
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Table 3.9 Summary statistics and coefficient of variation for abundances of each genus across the twelve month sampling period at each stream
Creek
Taxa

Dam Creek

Gregors Creek

Sample Range

Total

Relative

Mean

Coefficient

Sample Range

Total

Relative

Mean

Coefficient

(total

abundance

abundance

abundance

of

(total

abundance

abundance

abundance

of Variation

abundance

(year)

(%)

per month

Variation

abundance

(year)

(%)

per month

(%)

(%)

range across

range across
each month)

Ephemeroptera
Caenidae Tasmanocoenis spp.

each month)

427-1571

12396

64.30

1033

36.63

100-2098

7731

31.24

644.25

79.75

Baetidae (combined Pseudocloeon spp. & Offadens spp.)
Leptophlebiidae Jappa kutera
Leptophlebiidae (combined Nousia sp. AV1,
Thraulophlebia spp, & Atalophlebia spp.)

39-654
0-8
7-290

2416
24
1994

12.53
0.12
10.34

201.33
2
166.17

87.52
126.13
58.89

31-802
1-74
8-98

5298
257
372

21.41
1.04
1.50

441.50
21.42
31

52.86
116.76
85.42

Leptophlebiidae Atalomicria spp.

0

0

0

0

0

0

0

0

0

0

Leptophlebiidae Ulmerophlebia spp.
Ameletopsidae Mirawara spp.

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

Trichoptera
Leptoceridae Triplectides volda

5-121

457

2.37

38.08

86.30

0-26

87

0.35

7.25

111.30

Leptoceridae Oecetis spp.
Ecnomidae Ecnomus spp.
Hydroptilidae spp.
Hydropsychidae Cheumatopsyche spp.

4-26
0-40
0-56
0-401

221
188
198
1287

1.15
0.98
1.03
6.68

18.42
15.67
16.50
107.25

39.46
71.51
137.46
133.82

3-257
11-238
12-926
73-1765

729
985
1638
7557

2.95
3.98
6.62
30.53

60.75
82.08
136.50
629.75

114.30
90.15
185.21
88.85

Tasimiidae Tasimia sp. AV1
Hydrobiosidae Taschorema spp.
Hydrobiosidae Apsilochorema spp.
Calamoceratidae Anisocentropus spp.

0
0-3
0-7
0-6

0
4
23
6

0
0.02
0.12
0.03

0
0.33
1.92
0.50

0
266.29
146.66
346.41

0
0-17
0-11
0

0
47
39
0

0
0.19
0.16
0

0
3.92
3.25
0

0
145.44
104.24
0

Philopotamidae Chimerra spp.
Calocidae Tamasia spp.
Glossossomatidae Agapetus spp.

0-14
0
0

36
0
0

0.19
0
0

3
0
0

162.68
0
0

0-2
0
0

7
0
0

0.03
0
0

0.58
0
0

154.34
0
0

Plecoptera
Gripopterygidae (combined Riekoperla & Illiesoperla)
Eustheniidae Stenoperla spp.

0-11
0

28
0

0.15
0

2.33
0

152.16
0

0-4
0

4
0

0.02
0

0.33
0

266.29
0
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Table 3.9 (continued) Summary statistics and coefficient of variation for abundances of each genus for twelve months of samples at each stream
Creek
Taxa

Mountford Creek

Oaky Creek

Sample Range

Total

Relative

Mean

Coefficient

Sample Range

Total

Relative

Mean

Coefficient

(total abundance

abundance

abundance

abundance

of

(total

abundance

abundance

abundance

of

Variation

abundance

(year)

(%)

per month

Variation

range across each

(year)

(%)

per month

month)

(%)

range across

(%)

each month)

Ephemeroptera
Caenidae Tasmanocoenis spp.
Baetidae (combined Pseudocloeon spp. & Offadens spp.)
Leptophlebiidae Jappa kutera
Leptophlebiidae (combined Nousia sp. AV1,
Thraulophlebia spp, & Atalophlebia spp.)
Leptophlebiidae Atalomicria spp.

0-101
0-60
0
64-719

196
247
0
3456

3.30
4.15
0
58.12

16.33
20.58
0
288

180.21
103.55
0
63.79

183-1646
110-1443
25-1073
210-1414

12435
4482
4243
8531

31.93
11.51
10.89
21.90

1036.25
373.50
353.58
710.92

35.09
102.39
94.67
59.89

0-3

4

0.07

0.33

266.29

0

0

0

0

0

Leptophlebiidae Ulmerophlebia spp.
Ameletopsidae Mirawara spp.

0-17
0-3

59
5

0.99
0.08

4.92
0.42

121.56
239.09

0
0

0
0

0
0

0
0

0
0

Trichoptera
Leptoceridae Triplectides volda

1-77

308

5.18

25.67

84.08

6-584

1992

5.11

166

98.35

Leptoceridae Oecetis spp.
Ecnomidae Ecnomus spp.
Hydroptilidae spp.
Hydropsychidae Cheumatopsyche spp.

0-7
0-4
0-5
0-125

15
6
11
223

0.25
0.10
0.18
3.75

1.25
0.50
0.92
18.58

156.79
233.55
194.36
188.70

19-225
43-172
0-154
7-1042

1143
1203
493
3571

2.93
3.09
1.27
9.17

95.25
100.25
41.08
297.58

58.13
43.09
140.93
127.41

Tasimiidae Tasimia sp. AV1
Hydrobiosidae Taschorema spp.
Hydrobiosidae Apsilochorema spp.
Calamoceratidae Anisocentropus spp.

0-54
0-11
0-1
6-97

234
28
2
397

3.94
0.47
0.03
6.68

19.50
2.33
0.17
33.08

84.11
177.49
233.55
80.97

0
0-112
0-44
0-36

0
224
157
63

0
0.58
0.40
0.16

0
18.67
13.08
5.25

0
162.90
114
191.02

Philopotamidae Chimerra spp.
Calocidae Tamasia spp.
Glossossomatidae Agapetus spp.

0-12
0-22
0-1

45
52
12

0.76
0.87
0.20

3.75
4.33
1.00

116.03
150.95
346.41

1-73
0
0

280
0
0

0.72
0
0

23.33
0
0

89.18
0
0

Plecoptera
Gripopterygidae (combined Riekoperla & Illiesoperla)
Eustheniidae Stenoperla spp.

0-182
0-2

642
4

10.80
0.07

53.50
0.33

120.32
195.40

0-37
0

133
0

0.34
0

11.08
0

88.02
0
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The SIMPER analysis was used to identify which of the EPT taxa contributed highest to
the dissimilarities in assemblage composition between streams (Table 3.10). Mountford
Creek had the highest dissimilarity compared with the other streams, with Gregors
Creek and Mountford Creek the most dissimilar. High occurrence of Tasmanocoenis
and baetids within Dam, Oaky, and Gregors Creeks attributed to the dissimilarity when
comparing to low abundances in Mountford Creek. Dam Creek and Oaky Creek were
the most similar streams.

Between habitats, SIMPER analysis suggested that the highest dissimilarity of EPT
assemblages occurred within Gregors Creek, where Cheumatopsyche dominated riffles,
and Tasmanocoenis pools (Table 3.11). This was closely followed by Mountford Creek,
where leptophlebiids (excluding Jappa) dominated the differences, followed by
gripopterygids in riffles. Differences in Dam Creek included leptophlebiids (excluding
Jappa) which were more abundant in riffles, and Tasmanocoenis in pools. Habitats
within Oaky Creek were the most similar when compared to other streams, with
leptophlebiids (excluding Jappa) more abundant in riffles and Tasmanocoenis in pools.

To demonstrate which factors influenced the differences in EPT assemblage
composition between streams and across habitats, MDS ordination of assemblage
composition was overlaid with environmental variable vectors (Figure 3.14). Across
streams (horizontally), differences in assemblages are best explained by conductivity
and temperature. Whereas depth and width (i.e. channel morphology) best explain the
differences in assemblages between habitats (also see Figure 3.9).

Figure 3.14 MDS of EPT assemblage with overlay of environmental variable vectors
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Table 3.10 Results of SIMPER analysis showing the top four EPT genera contributing most to differences between streams.
Pair-wise
Comparison of
Streams
Dam Creek versus
Gregors Creek

Average dissimilarity
between streams

Significant taxa & contribution %

Cumulative
contribution %

49.61

Tasmanocoenis (28.37%), Baetidae spp. (15.18%), Leptophlebiidae spp. (excluding Jappa kutera)
(11.37%), Cheumatopsyche (10.86%). (Higher abundances of Tasmanocoenis and Leptophlebiidae spp.
found in Dam Creek; Higher abundances of Baetidae spp. and Cheumatopsyche found in Gregors
Creek)

65.77%

Dam Creek versus
Mountford Creek

70.52

Tasmanocoenis (33.8%), Baetidae spp. (13.24%), Leptophlebiidae spp. (excluding Jappa kutera)
(12.52%), Anisocentropus (5.86%). (Higher abundances of Tasmanocoenis and Baetidae spp. in Dam
Creek. Higher abundances of Leptophlebiidae spp. and Anisocentropus in Mountford Creek)

65.42%

Dam Creek versus
Oaky Creek

45.55

Tasmanocoenis (16.54%), Jappa kutera (15.36%), Leptophlebiidae spp. (excluding Jappa kutera)
(13.74%), Baetidae spp. (10.89%). (Higher abundances of Tasmanocoenis found in Dam Creek; Higher
abundances of Jappa kutera, Leptophlebiidae spp., and Baetidae spp. found in Oaky Creek)

56.53%

Gregors Creek versus
Mountford Creek

81.80

Tasmanocoenis (21.12%), Leptophlebiidae spp. (excluding Jappa kutera) (14.37%), Baetidae spp.
(13.87%), Cheumatopsyche (10.67%). (Higher abundances of Tasmanocoenis, Baetidae spp., and
Cheumatopsyche were found in Gregors Creek; Higher abundances of Leptophlebiidae spp. were found
in Mountford Creek).

60.03%

Gregors Creek versus
Oaky Creek

52.08

Tasmanocoenis (18.37%), Leptophlebiidae spp. (excluding Jappa kutera) (17.86%), Jappa kutera
(12.74%), Baetidae spp. (9.33%). (Higher abundances of Tasmanocoenis, Leptophlebiidae spp., and
Jappa kutera were found in Oaky Creek; Higher abundances of Baetidae spp. were found in Gregors
Creek).

57.60%

Mountford Creek
versus Oaky Creek

72.24

Tasmanocoenis (22.16%), Jappa kutera (11.72%), Leptophlebiidae spp. (excluding Jappa kutera)
(11.53%), Baetidae spp. (10.46%). (Higher abundances of all taxa were found in Oaky Creek)

55.86%
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Table 3.11 Results of SIMPER analysis showing the top EPT genera as contributing most to the assemblage dissimilarities between habitats for
individual streams.
Comparison of
Habitat
Gregors Creek
Pool versus Riffle

Average dissimilarity
between habitats
60.90

Significant taxa & contribution % (SIMPER)

Cumulative contribution %
(no. of species contributing
in brackets)

Pool: Tasmanocoenis (54.25%), Baetidae spp. (15.90%), Ecnomus (10.48%), Oecetis (5.82%),
Hydroptilidae spp. (5.37%)

91.82%
(5)

Riffle: Cheumatopsyche (32.15%), Baetidae spp. (25.02%), Tasmanocoenis (14.08%), Hydroptilidae
spp. (7.31%), Oecetis (6.76%), Ecnomus (6.23%)

91.56%
(6)

Dam Creek
Pool versus Riffle

Oaky Creek
Pool versus Riffle

Mountford Creek
Pool versus Riffle

57.59

51.06

59.98

Pool: Tasmanocoenis (62.14%), Baetidae spp. (14.28%), Leptophlebiidae spp. (excluding Jappa
kutera) (9.50%), Triplectides volda (6.39%)

92.31%
(4)

Riffle: Leptophlebiidae spp. (excluding Jappa kutera) (32.82%), Baetidae spp. (21.07%),
Cheumatopsyche (16.93%), Tasmanocoenis (15.98%), Oecetis (4.32%)

91.12%
(5)

Pool: Tasmanocoenis (37.24%), Leptophlebiidae spp. (excluding Jappa kutera) (14.72%), Jappa
kutera (13.90%), Ecnomus (10.74%), Triplectides volda (8.71%), Baetidae spp.(6.41%)

91.44%
(6)

Riffle: Leptophlebiidae spp. (excluding Jappa kutera) (26.5%), Baetidae spp. (18.96%),
Tasmanocoenis (12.23%), Cheumatopsyche (11.31%), Oecetis (8.23%), Jappa kutera (5.31%),
Ecnomus (4.83%), Triplectides volda (3.34%)

90.72%
(8)

Pool: Leptophlebiidae spp. (excluding Jappa kutera) (64.40%), Triplectides volda
(14.25%),.Anisocentropus (11.89%)

90.54%
(3)

Riffle: Leptophlebiidae spp. (excluding Jappa kutera) (37.49%), Gripopterygidae spp. (17.75%),
Anisocentropus (11.45%), Tasimia (10.47%), Cheumatopsyche (6.46%), Triplectides volda (5.10%),
Baetidae spp. (4.54%)

93.27%
(7)
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3.4 Discussion
The capacity of taxa to persist at a site, or regionally, in response to predictable
(seasonal) and non-predictable (e.g. agriculture, extremes in weather) disturbances can
indicate the likelihood of persistence under future projected climate conditions.
Understanding if these responses are similar between species (within family or generic
groups), and across space (implying adaptations to localised exposure), is also valuable
information for understanding assemblage changes in response to disturbance. This
chapter explored spatial and temporal changes in EPT assemblages across four distinct
streams in SEQ, streams varied in their level of anthropogenic land-use disturbance and
natural hydrology.

3.4.1 In-stream conditions
The abiotic conditions of the streams varied, reflecting least (Mountford Creek) to most
(Gregors Creek) agriculturally degraded (see Chapter 2 for site descriptions).
Structurally each stream was significantly different with the presence of riparian
vegetation directly influencing canopy cover and stream morphology as demonstrated in
other studies (Marsh et al. 2004; Marsh et al. 2005). Substrate differed between streams
with the fine silt in the anthropogenically disturbed Gregors and Dam Creeks reflecting
regional erosion and sedimentation (see Saxton et al. 2012) and smothering of in-stream
microhabitats. In contrast, the relatively undisturbed Mountford Creek and Oaky Creek
had courser sized substrate resulting in more complex microhabitats and probably better
surface water connection with the hyporheic zone (O'Connor 1991). These findings are
consistent with other studies of the effects of land use and riparian removal, with
decreases in canopy cover and habitat complexity and increases in erosion and
sedimentation intensifying with riparian removal and grazing (Quinn et al. 1992; Allan
2004).

Water physico-chemistry characteristics also varied between streams. From most to
least degraded, Gregors Creek had the highest conductivity and temperatures of all
streams followed by Dam, Oaky, and Mountford Creek respectively. Within all streams,
there were also differences in conditions between pools and riffles including
temperature and dissolved oxygen. Differences in in-stream condition were attributed to
canopy cover and conductivity, both of which are known to be influenced by land use
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change (Growns & Davis 1991; Scarsbrook & Halliday 1999; Allan 2004; Marsh et al.
2005). For Gregors Creek, which is cleared of riparian vegetation and used for
agriculture, large abundance of in-stream plant growth (filamentous algae in riffles and
macrophytes in pools) may be attributable to the high light levels and increased water
temperature, nutrient inputs from stock, and perhaps the stable fine sediment (Allan
2004; Marsh et al. 2005). While less extreme, algae and macrophytes are also present in
Dam and Oaky Creeks, however riparian inputs are also present in these streams, with
higher amounts in Oaky Creek. Mountford Creek had large amounts of woody debris
and leaf litter from the surrounding forest, with no visible algae.

Oaky Creek was consistently the most stable environment regarding hydrology and
stream physico-chemistry. All measured variables had minimal fluctuations over the
year and, aside from one riffle drying, flow was maintained through ground water inputs.
All other streams had more than 10˚C in temperature variation over the year, the highest
occurring in Gregors Creek. Additionally Mountford and Dam Creek experienced
multiple habitats drying on several occasions, and flash flooding (evident from riparian
debris). These results demonstrate that irrespective of the amount of human disturbance,
intermittent streams are highly variable environments with regard to habitat quality and
availability.

3.4.2 Spatial variation in EPT assemblages within and between streams
EPT biodiversity varied between streams, with the highest richness in the streams with
least human disturbance. Eight taxa were unique to Mountford Creek, suggesting that
this relatively undisturbed stream provides habitat features not offered in the other
streams, such as thicker riparian shading contributing to colder temperatures and
differing plant varieties. Accordingly, Mountford Creek is recognised as a stream of
high biodiversity value by the Moreton Bay Regional Council due to its pristine nature,
good habitat connectivity, and excellent habitat structure (Nolte 2011). Mountford
Creek had the lowest EPT abundances and highest EPT evenness, unlike Dam and
Gregors Creeks that were dominated by a few highly tolerant taxa (mostly baetids and
Tasmanocoenis). EPT abundances in the degraded streams were almost four times that
of Mountford Creek, and abundances of Oaky Creek almost doubled these numbers
again. The environmental variables that best explained the differences in EPT
assemblages between streams were canopy cover (providing shade and organic carbon
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inputs), conductivity and temperature. Growns and Davis (1991) also found that when
comparing streams with varying degrees of cleared vegetation, conductivity and the
amount of coarse and fine particulate organic matter were the strongest correlates of
assemblage composition. Oaky Creek had the highest abundances of EPT of all streams,
and also higher EPT biodiversity than Dam and Gregors Creek; explained by the
persistent flowing water of higher quality and the greater amount of canopy cover which
would have contributed to allochthonous carbon inputs.

Within streams, the differing EPT assemblages of pool and riffle habitats were best
explained by dissolved oxygen (due to flow in riffles) and channel morphology (width
and depth). Those EPT taxa with traits that allow high tolerance of harsh conditions
(including Tasmanocoenis mayflies) consistently dominated pool habitats in all streams
except Mountford Creek. Caenids are some of the most tolerant mayflies of low oxygen
and high temperature conditions, and will often dominate the assemblages of slow
moving silt laden environments (Suter et al. 2002; Sheldon et al. 2002; Sheldon &
Thoms 2006). Flow-dependent species such as Cheumatopsyche caddisflies were found
exclusively in riffles in all streams, and some taxa (e.g. leptophlebiid spp.) were not
habitat-specific, being found in pools in some streams, riffles in others and sometimes
in both habitats. In all streams EPT richness was highest in riffles, with EPT
abundances highest in riffles in most streams. Dam Creek differed to the other streams
with abundances highest in pools, perhaps reflecting the frequency of drying that
occurred in Dam Creek throughout the entire year with nine dry riffle habitats recorded
in total. These results suggest an EPT assemblage dictated by exposure to disturbance.
The riffles of Dam Creek are evidently too unpredictable for an obligate riffle
assemblage to persist, with the resident assemblage mostly containing taxa that prefer
riffle habitats, but that can also survive in pools.

In summary, the EPT assemblage results indicate that 1) habitat complexity supports
higher EPT biodiversity, 2) flow and habitat stability supports the highest abundances,
and 3) degraded streams are often dominated by large numbers of a few tolerant taxa
that can outcompete or adapt to conditions. These results are supported widely in the
literature (for example see: O'Connor 1991; Walsh et al. 2001; Poff & Zimmerman
2010).
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Environmental drivers of spatial variation in EPT assemblages
Between streams, higher biodiversity was found in streams with dense canopy cover,
lower stream temperatures, and lower conductivity. All of these are attributable to the
land use within the stream catchment, and the condition of the adjacent riparian zone.
Riparian vegetation provides canopy cover, dictates in-stream production via sunlight,
regulates temperature through shade, provides allochthonous carbon inputs and habitat
complexity, and controls sedimentation via bank stability (Allan 2004; Marsh et al.
2005). These factors are influenced by agricultural activities such as clearing and the
presence of stock, which may influence the local presence of different species. Relative
to Mountford and Oaky Creeks and many other streams in SEQ (see Pusey et al. 2004),
Gregors and Dam Creeks had high salinity. Increases in stream salinity above 1.5 mS
cm−1 can lead to a decline in EPT species richness (Kefford et al. 2016), likely
explaining the differences in biodiversity between the streams of the present study. EPT
in this study, especially many of those found exclusively within Mountford Creek, may
be sensitive to the in-stream conditions caused by these land use changes.

While this study focussed on water physico-chemistry and broad habitat (pool vs riffle)
differences to explain diversity, there are other aspects of habitat that may have
influenced species presence or absence from sites. For example rare or absent species in
degraded streams (such as the leaf dwelling caddis Anisocentropus or the stick dwelling
caddis Triplectides in Gregors Creek) could reflect a lack of allochthonous food or
habitat/shelter input due to the lack of riparian cover (Zimmermann & Death 2002;
Marsh et al. 2005). In addition this would also include a lack of terrestrial riparian
refuge for migrating adults (Collier & Halliday 2000; Corbin & Goonan 2010). Within
streams, morphology can influence habitat structure and refuge availability, with
complex systems often harbouring the highest biodiversity (Pusey & Arthington 2003).
Finally, dissolved oxygen availability may also be a limiting factor, especially during
periods of no flow in riffle habitats (Connolly et al. 2004). The results of this study
indicate that the degraded conditions in Gregors Creek, and to a lesser degree Dam and
Oaky Creeks (which had the same assemblages), are already beyond the tolerances of
many species found in Mountford Creek. Human impacts in SEQ have forced some of
the more sensitive species to retreat to small pockets of remnant pristine conditions
(Marsh et al. 2005; Haase & Nolte 2008; Nolte 2011), causing these species to become
rare and vulnerable.
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3.4.3 Temporal variation in EPT assemblages between streams and
habitats
EPT assemblage composition also varied temporally between streams and habitats. Not
all genera were present at all sites throughout the year. For example, Jappa,
Ulmerophlebia, Atalomicria, Mirawara, Agapetus, Taschorema, Apsilochorema,
Tamasia, Tasimia, Stenoperla, Illiesoperla, and Riekoperla were all absent from
samples at some stage during the sampling year. The presence of Cheumatopsyche
larvae was also highly variable during the year, not occurring in pools when riffle
habitats dried. Other taxa were consistently present, demonstrating an ability to adapt to
variable hydrological conditions within their respective streams including
Tasmanocoenis, baetid spp., Chimarra, and Anisocentropus. However, although these
taxa were consistently present, abundances varied in accordance with flow.

Not all genera within the same families behaved identically over space and time. For
example, within the leptophlebiid family Jappa was not present in Mountford Creek,
while Ulmerophlebia and Atalomicria were only present in Mountford Creek. In
addition, although the leptocerids Oecetis and Triplectides were present in all pools,
Triplectides were more abundant during the wet season and Oecetis during the dry.

Conditions influencing temporal variation in EPT assemblages
Besides influences on life histories such as cues for timing of recruitment (see Chapter
4), temporal changes to environmental conditions may cause habitats to become
unsuitable for many taxa. Across the year extreme temperatures, drying, and flooding
may explain the differences in richness and abundances over time. Gregors Creek had
the highest recorded temperatures in January reaching above 30˚C, which resulted in the
lowest recorded richness and abundances in pool habitats (see Chapter 5 for
investigation into temperature tolerances). January was also the hottest recorded month
for Mountford Creek, and although relatively mild in comparison to the temperatures in
Gregors Creek, abundances in pools increased in Mountford Creek at this time possibly
because these habitats were cooler than riffles (see Appendices A and C).

Across all streams, the EPT abundance in riffles simultaneously increased during the
wet season and decreased during the dry. Drying of habitats occurred in Dam Creek and
Mountford Creek from October to January, during which riffle abundances and richness
were the lowest recorded. Subsequently, pool abundances increased during this period
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in both streams, demonstrating that some populations move towards best available
habitats in order to survive harsh periods. Boulton and Lake (1992b) found similar
results in Victorian intermittent streams, where riffle richness and abundance peaked
during flow, whereas pool richness increased when riffles were dry, suggesting some
movement between habitats.

All streams demonstrated varying assemblage characteristics over time, and had three
themes in common, 1) all riffle abundances followed the same pattern of increasing
during the wet season and decreasing during the dry; 2) all pool abundances increased
when riffle habitats dried; 3) across all habitats richness and abundances recovered
immediately after a disturbance (drying or heatwave) to pre-disturbance numbers within
a month of recovery of conditions.

Patterns in riffle assemblage characteristics are likely due to a reduction in habitat
surface area when streams are experiencing low flow (Boulton & Lake 1992b). The
increases in pool abundances show the resistance abilities of some taxa to move
between habitats and wait out harsh periods (Boulton & Lake 2008; Bogan et al. 2017).
The immediate recovery demonstrates that animals living in intermittent and often
unpredictable streams, such as those within SEQ, have developed adaptations of
resilience to fluctuating environmental conditions (Boulton 2003; Bond et al. 2008).
These results indicate that EPT taxa are locally re-populating (moving from habitats
such as refugial pools or the hyporheos) or alternatively rapidly re-populating from
other streams (Chester & Robson 2011; Stubbington & Datry 2013). These results also
suggest that many of the EPT found within these streams require specific habitat and
abiotic conditions. Whilst some taxa dominate abundances in harsh conditions, others
are restricted to particular areas (Gooderham & Tsyrlin 2002; Hawking et al. 2013).

3.4.4 Influences of climate change on EPT distributions
Many of the environmental factors that influence the assemblage composition of
streams will be exacerbated by climate change, including increased temperatures and
hydrologic variability, and declines in riparian condition and water quality.

Future projections include rises in mean atmospheric temperatures by as much as 4.7˚C
by the year 2090, and precipitation to decrease by 5% by the year 2050. Drought has
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been projected to increase in severity and longevity both within season and supraseasonally, disrupted by highly intense storm events and flash flooding (B.O.M. 2005;
Whitfield 2010; Dowdy et al. 2015).

During periods of drought, evaporation of refugial pools can cause increased
conductivity levels (due to concentration of solutes), and under extreme circumstances
these habitats may become intolerable (Boulton 2003; Bond et al. 2008). Flash flooding
and drought may also influence stream morphology with habitat loss and sedimentation
(Marsh et al. 2004). Within streams, increased hydrologic variability will have a greater
physical effect on the communities of riffles than pools, as habitat will be exposed
during drought or rocky substrate washed away during flash floods. Taxa likely to
survive these changes are habitat generalists (Griswold et al. 2008; Verdonschot et al.
2014), such as baetids, Tasmanocoenis, Ecnomus, or Oecetis. Canopy cover may
become degraded during mega drought, especially when trees begin to die back due to
low flows (Bond et al. 2008). The follow on effects from this may include increased
light, increased temperatures, increased algal blooms, erosion, and decreased
allochthonous carbon (Pusey & Arthington 2003). Dissolved oxygen may also be
influenced through the lack of flow during drought, as well as during heatwaves or
gradually with increased overall temperatures, as warmer waters have less capacity to
carry oxygen (Davis 1975; Boulton & Lake 2008). All of these changes will negatively
impact highly sensitive taxa, especially those that have reduced abundances and/or
distributions due to current land use.

3.5 Conclusions
The aim of this chapter was to explore spatial and temporal patterns in EPT
assemblages in SEQ and correlate these with environmental factors likely to be
influencing the assemblages; information that will help towards predicting the
implications of future habitat disturbances for each taxa.

Habitat conditions within the surveyed streams varied over both space (degree of human
alteration) and time (hydrology). The EPT communities reflect these conditions with
higher biodiversity and low abundances within the near pristine stream, while high
abundances of few tolerant taxa dominated heavily human altered streams. Canopy
cover and conductivity between streams, and habitat morphology within streams have
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been identified as the most influential factors towards EPT assemblage composition.
Also influencing assemblages was the presence of riparian vegetation, temperature, and
flow. Temporal changes had great impacts on EPT assemblages across all streams
throughout the year; the major influences included drying of habitats, and extreme high
summer temperatures. The consistent and stable conditions of Oaky Creek, was
reflected in the highest recorded abundances throughout the year. However, this
interpretation does not account for other factors that were not measured in this study
which may be contributing to the spatial and temporal variations in EPT assemblages
within and between streams, including biotic influences such as competition, predation,
parasitism, and herbivory.

The environmental variables that influence stream assemblages are at risk of changing
due to climate change. It is likely that stressful conditions will intensify, thereby
influencing the assemblages of these four streams. Many taxa displayed an ability to
withstand variations in stream condition, most of which are present in the currently
degraded streams. However eight taxa were restricted to Mountford Creek, a pocket of
refugia in an agriculturally dominated landscape, demonstrating high sensitivity and
vulnerability to alterations in stream condition. It is presumably these taxa that are most
likely to be impacted by further change.
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4 Late instar recruitment patterns and disturbance
responses of EPT in SEQ

4.1 Introduction
Under climate change scenarios stream ecosystems will experience increased
hydrologic variability as well as temperature increases, these disturbances may also be
exacerbated through changes in land use (Doledec et al. 2006; Rivers-Moore et al.
2013b). Juveniles of the insect orders Ephemeroptera, Plecoptera, and Trichoptera (EPT)
are known to be sensitive to both water availability and harsh water quality conditions
(Chessman 2003; Metzeling et al. 2006), and it is therefore likely that many of these
taxa will be adversely affected by climate change. The potential vulnerability of aquatic
insects to such changes will vary depending upon the frequency, timing and magnitude
of disturbance, and the ecological requirements and tolerances of taxa during each life
stage (Harper & Peckarsky 2006; Kingsolver et al. 2011). However for many taxa,
information on aspects of life histories such as recruitment patterns and possible
environmental cues or requirements is largely unknown. This chapter aims to fill key
knowledge gaps concerning the timing of late instar recruitment patterns of EPT taxa in
SEQ, as well as responses to hydrologic and anthropogenic disturbances, and discuss
the potential implications of climate change with respect to these findings. Temporal
variation in the abundance of late-instar larvae/nymphs of each taxon (from existing
data in Chapter 3) was used to infer late instar recruitment patterns across the year of
sampling between the four study streams which varied in hydrology and degree of
agricultural land use.

4.1.1 Influence of disturbance on population persistence and potential
recruitment
Although all species within the EPT insect orders experience an aquatic juvenile and
terrestrial adult stage, substantial inter-specific variation occurs in lifespans, juvenile
developmental phases and the timeframes spent in each life stage (Oswood 1976;
Brittain 1990; Stevens et al. 2000). The juvenile stages are referred to as instars, and
moults occur several times transitioning to each instar stage. Juvenile caddisflies are
larvae, and undergo a complete metamorphosis as pupae before emerging as adults. In
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contrast, juvenile mayflies and stoneflies are nymphs, and while stoneflies emerge from
the nymphal stage as fully formed adults, mayflies emerge to a terrestrial sub-adult
(subimago) which is not reproductively mature, before completing their final
transformation into fully formed adults (Brittain 1990; Hawking et al. 2013). Adult
mayflies lack mouthparts and cannot eat, with the lack of nutrition restricting their adult
lifespan (in some cases <1 day) (Sutor 1980; Brittain 1990). During the terrestrial stage,
adult females mate and then lay eggs (oviposit) near or directly into the aquatic
environment (Reich & Downes 2004; Lancaster et al. 2010). Depending upon the
species and environmental conditions, dispersal may occur during both juvenile and
adult life stages (Brittain 1982; Corbin & Goonan 2010).

Projected changes to climate variables may constitute a disturbance to some organisms,
and could affect all life stages of EPT taxa, influencing recruitment success and
potentially local population persistence. Projected changes in SEQ include increased
mean annual atmospheric temperatures, changes to mean annual precipitation, and an
increase in the occurrence and intensity of extreme events such as heatwaves, droughts,
and storms (flash flooding) (CSIRO & BOM 2015; Chapter 1).

In addition to lethal effects (see Chapter 5), increases in atmospheric temperatures may
indirectly influence EPT populations. Juvenile growth rates, metabolism, and
emergence are known to hasten with increasing water temperatures (Sweeney et al.
1992; Brittain & Campbell 1991; Musolin 2007; Jannot 2009). Rapid growth due to
increased temperature can result in smaller adults at emergence, with lower fecundity
(Sweeney & Vannote 1984; Lytle 2002; Briers & Gee 2004; Turner & Williams 2005;
Brown et al. 2012). The decrease in adult fitness reduces dispersal capability, which
may also be influenced by increased atmospheric temperatures (Sweeney et al. 1992;
Harper & Peckarsky 2006; Kingsolver et al. 2011). Furthermore, increased temperature
accelerates egg development times (Sweeney & Vannote 1984; Sweeney et al. 1992),
though eggs may not hatch above certain thermal thresholds (Brittain & Campbell
1991). Temperature can be a developmental cue and, if elevated, may cause emergence
or egg oviposition to occur during unfavourable conditions such as heatwaves or
drought (Harper & Peckarsky 2006; Musolin 2007; Burgmer et al. 2007).

Under future climate scenarios seasonal cues such as natural drying or variations in
precipitation may also become irregular, caused by the increase in occurrence and
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magnitude of supra-seasonal drought and flash flooding (Musolin 2007; Jannot 2009;
Rivers-Moore et al. 2013b). Some taxa are known to emerge prior to seasonally
predictable events, thereby avoiding in-stream disturbance as terrestrial adults (see
Chapter 6) (Lytle 2002; Lytle et al. 2008; Robson et al. 2011; Wickson et al. 2012).
However, the efficacy of this strategy may be dictated by the timing and longevity of
the disturbance (Lytle 2002; Larned et al. 2007; Stubbington et al. 2009). If the drought
exceeds the adult lifespan, there may be limited suitable sites available for oviposition
(Lancaster et al. 2010), potentially putting eggs at risk of desiccation (Harper &
Peckarsky 2006); whereas unseasonal flash flooding may wash eggs or potential
oviposition sites away (Reich & Downes 2003). The conditions experienced during a
prolonged drought may reduce the fitness and population viability of a species through
the cessation of flow, retraction of aquatic habitat, and subsequent changes in water
quality, especially for rheophilic fauna (Philipson 1969; Bond et al. 2008; Chessman
2009; Chessman 2015). While some EPT are capable of diapause as eggs or aestivation
as juveniles or pupae, the efficacy of this strategy may also be governed by the
longevity of the drought, where supra-seasonal events could exceed dormancy
thresholds (Hynes & Hynes 1975; Imhof & Harrison 1981; Delucchi & Peckarsky 1989;
Wickson et al. 2012).

The increased disturbances caused by climate change are likely to be exacerbated by
agricultural land use changes such as water extraction for irrigation, riparian vegetation
clearing, and stock presence. Water extraction, particularly during droughts, may extend
the period without surface water, which may be beyond the duration that taxa of any life
stage can survive (Chessman 2009; Finn et al. 2009). Riparian clearing and stock
presence can alter stream water quality, increasing turbidity, conductivity, temperature,
and nutrient enrichment (Pusey & Arthington 2003; Allan 2004; Lintern et al. 2017);
conditions which may become intolerable for some taxa. These land use changes can
also cause erosion, altering channel morphology and reducing habitat complexity and
availability, including suitable sites for oviposition and hyporheic refugia, via channel
incision and sedimentation (Cobb et al. 1992; Paltridge et al. 1997; Wood & Armitage
1997; Buss et al. 2004; Kilbane & Holomuzki 2004; Doledec et al. 2006). The
reduction of allochthonous carbon, increased turbidity, coupled with temperature
changes and light availability will also influence the growth of autochthonous food
sources such as algae and periphyton, affecting the fitness of taxa that utilize these
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sources, as diet is linked to growth rates and emergence size and timing (Sweeny &
Vannote 1984; Briers & Gee 2004; Jannot 2009; Corbin & Goonan 2010).

Clearing of riparian vegetation also alters the availability and quality of both in-stream
and terrestrial habitats, which may influence population persistence. Clearing reduces
drought refugia such as moist leaf litter where some species aestivate (Boulton & Lake
1992b; Paltridge et al. 1997; Wickson et al. 2012). Reduced shading will further
increase stream temperatures, exacerbating the effects of temperature rise caused by
climate change on in-stream taxa such as growth rates, emergence cues, and mortality
(Brittain 1990; Ebersole et al. 2003). The combination of changes induced by climate
change and land-use change will have complex impacts. For example, as atmospheric
temperatures increase, humidity in cleared catchments will decrease along the riparian
corridor, and wind will no longer be buffered by the vegetation (Briers & Gee 2004;
Corbin & Goonan 2010; Collier & Smith 2010; Young 2012). These changes could
further influence adult survival, dispersal, and recruitment success.

For most EPT taxa, information on recruitment patterns and responses to changes in
hydrology or land use is lacking beyond family level, and, as this is the most common
taxonomic resolution used in broad scale monitoring (Marshall et al. 2006b; Metzeling
et al. 2006), assumptions are often made encompassing all species within a given family.
However, it is likely that individual species will have specific recruitment patterns,
tolerance thresholds and responses to local environmental conditions and therefore
different responses to disturbances (Chessman 1995; Humphries & Baldwin 2003; Rose
et al. 2008). Where specific information is available, it is not known how it applies over
space and time to members of the same species or genera. This proves difficult when
trying to infer implications of disturbance (including climate change) for taxa, as
information may not be relevant across bio-regions since responses to specific
disturbances are developed from exposure (Lytle 2008).

4.1.2 Chapter aims
The aims of this chapter are to describe the timing of late instar recruitment patterns and
responses to hydrologic and anthropogenic disturbances for EPT taxa sampled from
headwaters of the upper Brisbane River. This chapter uses late instar abundances (from
Chapter 3), to understand recruitment patterns of each genus over time, and to explore
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differences in distributions of populations between streams impacted by varying levels
of anthropogenic and hydrological disturbance. This information is then used to infer
potential implications of projected climate change for these taxa.

4.2 Methods
4.2.1 EPT sampling and identification
This chapter is based on data reported in Chapter 3. EPT were sampled monthly from
four streams for one year. Each stream varied in the degree of human impacts and
hydrology; including forested with temporary flow (Mountford Creek), partially cleared
with persistent flow (Oaky Creek), sparse trees with livestock access and temporary
flow (Dam Creek), and completely cleared with livestock access and persistent flow
(Gregors Creek) (for site descriptions see Chapter 2). Three riffle and three pool habitats
were sampled in each stream location on each sampling occasion. Environmental
variables including water physico-chemistry and habitat morphology were also
measured on each sampling occasion (Appendix A). For details on the physicochemical conditions of each stream and macroinvertebrate sampling procedures see
Chapter 3, Section 3.2.

During the sample preparation, EPT were divided by size class into >2mm (late instars)
and 1-2mm (early instars) using nested sieves, with the exception of the small caddis
Hydroptilidae spp. and Oecetis (Leptoceridae) which were not categorised into size
class. All animals <1mm were discarded from the analysis as the sampling mesh size
used in this study (250μm) would have collected very few first instars, and therefore
those that were unintentionally collected do not represent of the true abundance and
diversity of first instars. In addition, identification keys for first instars are limited.
Specimens were identified to species level where possible; however, for most taxa
identification was limited to genus (taxon identification constraints are outlined in
Chapter 3, Section 3.2.4). It is therefore possible that more than one species may be
occurring within a genus. Taxa only identified to family were excluded from this study,
this included the hydroptilids and baetids.

Rare taxa, defined by Marchant (2002) as those with total abundances <0.5% of the
total abundance of all taxa, were also not included in this study as sample sizes were too
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small to confidently infer recruitment patterns. This included Ulmerophlebia spp. and
Atalomicria spp. (Leptophlebiidae), Mirawara spp. (Ameletopsidae), Reikoperla tribola
and R. tuberculata (Gripopterygidae), Stenoperla spp. (Eustheniidae), Tamasia spp.
(Calocidae), Anisocentropus spp. (Calamoceratidae), Tasimia sp AV1 (Tasimiidae),
Agapetus spp. (Glossossomatidae), Chimarra spp. (Philopotamidae), and Taschorema
spp. and Apsilochorema spp. (Hydrobiosidae). However, abundance data for early and
late instars of all taxa are included in Appendix C.

A limit of 300 individuals was counted per species within each replicate habitat sample.
Therefore abundances of taxa with large populations may have been under represented.

4.2.2 Interpretations of recruitment patterns and distributions
To identify patterns in recruitment for taxa nearing the emergence life stage only late
instar insects (>2mm) of each taxa were included in this study. Temporal variation in
abundances across the twelve month sampling period was used to infer these patterns.
Mean monthly abundances for each sampled habitat type (pool or riffle) were graphed
and visually compared across the four streams. As per Chapter 3, these graphs include
seasonal classification of the sampling months (used to represent hydrological variation),
where the “Dry Season” is from June to November and “Wet Season” is from December
to May. Classification of these months was based on high and low rainfall periods from
Bureau of Meteorology hydrographs (Chapter 2; Figure 2.9)

During the sampling period some habitat reaches dried of all surface water (Chapter 3;
Table 3.1). On the occasions where a habitat reach dried, no samples (abiotic or biotic)
were taken.
Interpretation of the results includes consideration of environmental influences on
abundance patterns such as human impact (e.g. habitat quality, riparian vegetation,
sedimentation), hydrology (habitat availability), and time of year (e.g. temperature).
These findings are then compared with Australian literature on each genus.
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4.3 Results
4.3.1 Patterns of late EPT instar abundance
The physico-chemical conditions of each stream are discussed in detail in Chapter 3,
with supplementary material in Appendix A. In summary, conditions were significantly
different within streams (habitat), between streams (land-use and hydrology), and over
time (season). Conductivity, canopy cover, and temperature (i.e. tree clearing and
agricultural influences) explained some of the variation in assemblage composition
between streams, while measures of morphology and dissolved oxygen explained some
of the variation in assemblage composition between habitats (within streams) (see
Chapter 3).

The twelve month sampling regime of four streams yielded sufficient data to investigate
late instar abundance patterns of 10 genera, three of which were identified to species
(Table 4.1). However, while recruitment patterns for some genera were strongly
synchronized within and between streams, it is possible that multiple species may be
present, limiting the strength of conclusions.

When comparing the late instar data of all taxa between streams, the following trends
were observed.
1) Some taxa were absent from streams that had been subject to historical upstream
forest clearance for agriculture (suggesting sensitivity), but tolerant to
hydrologic variability, being present in streams prone to drying and flash
flooding; these included all stoneflies and all rare taxa. Conversely, some taxa
were highly tolerant to upstream land use change, but required perennial flow,
including the mayfly Jappa kutera.
2) Some riffle specialists had highly synchronous recruitment patterns during
months with higher rainfall, and did not move to available pool habitats when
riffles dried, including the stonefly Illiesoperla, and the caddisfly
Cheumatopsyche.
3) Where multiple genera of the same family were sampled, there were
dissimilarities in habitat requirements and recruitment patterns between genera;
including genera within the families Leptophlebiidae and Leptoceridae.
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The following interpretations of temporal variation in abundances used to infer late
instar recruitment patterns are based upon Figures 4.1 to 4.10.

Ephemeroptera
Leptophlebiidae: Atalophlebia
Mayflies of the genus Atalophlebia were common in both pool and riffle habitats in all
streams (Figure 4.1). Highest abundances of late instars occurred in Oaky Creek and
lowest in Gregors Creek. Peaks in abundance were simultaneous between streams,
occurring twice in the year from July to September, and December to March. Notably,
late instars were most abundant in the pools of Oaky Creek in December and January.
Late instars were however, present for most of the year in all streams. Atalophlebia
were present in pool habitats when riffles dried in Mountford and Dam Creeks.

Wet Season

Dry Season

Wet Season

Figure 4.1 Temporal variation in mean (± S.E.) abundances of late instar Atalophlebia
spp. (Leptophlebiidae) for each habitat and location.
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Leptophlebiidae: Thraulophlebia
Mayflies of the genus Thraulophlebia were more common in pool habitats (Figure 4.2).
Of the four streams, highest abundances of late instars occurred in Oaky Creek and
lowest in Gregors Creek. Peaks in late instar abundance were not simultaneous between
streams; in Oaky Creek highest late instar abundances were recorded from September to
March, whereas abundances peaked in Dam Creek in July and August.

Wet Season

Dry Season

Wet Season

Figure 4.2 Mean abundances of late instar Thraulophlebia spp. (Leptophlebiidae)
(across habitat & location (± S.E.)
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Leptophlebiidae: Nousia sp AV2
The mayfly species Nousia sp AV2 was more common in riffle habitats in all streams,
except in Mountford Creek when these habitats dried (Figure 4.3). Of the four streams,
highest abundances of late instars occurred in Oaky Creek and lowest in Gregors Creek.
Peaks in late instar abundance were simultaneous between Dam, Mountford and
Gregors Creeks, though not in Oaky Creek where abundances were relatively high year
round. Peaks in abundance occurred from May until August in Dam, Mountford and
Gregors Creeks. However, late instars were present for most of the year in all streams,
except Gregors Creek during the hottest summer months.

Wet Season

Dry Season

Wet Season

Figure 4.3 Mean abundances of late instar Nousia sp AV2 (Leptophlebiidae) (across
habitat & location (± S.E.)
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Leptophlebiidae: Jappa kutera
The mayfly species Jappa kutera was most abundant in perennial streams,
predominantly Oaky Creek followed by Gregors Creek (Figure 4.4) (few individuals
were found in Dam Creek and none in Mountford Creek). Late instar abundances
peaked during the warmer months of the wet season, from November through to
February in Gregors Creek and from October until March in Oaky Creek. Jappa kutera
were mostly present in riffle habitats throughout the year in Gregors Creek; whereas in
Oaky Creek they were present in both habitats.

Wet Season

Dry Season

Wet Season

Figure 4.4 Mean abundances of late instar Jappa kutera (Leptophlebiidae) (across
habitat & location (± S.E.)
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Caenidae: Tasmanocoenis spp.
Mayflies of the genus Tasmanocoenis were found across both habitats in all streams;
although abundances were considerably lower in Mountford Creek (Figure 4.5). In all
streams the highest abundances of late instars were found in pool habitats; however in
Gregors Creek riffle abundances surpassed pool abundances during the summer months
from December to March. In Dam, Oaky, and Gregors Creeks, abundances were
relatively high throughout the year. However, peaks occurred in Gregors Creek in
summer, whereas abundance declined in Dam Creek during this period (February and
March).

Wet Season

Dry Season

Wet Season

Figure 4.5 Mean abundances of late instar Tasmanocoenis spp. (Caenidae) (across
habitat & location (± S.E.)

71

Plecoptera
Gripopterygidae: Illiesoperla spp.
Late instars of Illiesoperla were mostly found in the riffles of Mountford Creek and
Oaky Creeks (Figure 4.6). Comparatively higher abundances were found in Mountford
Creek; however, similar patterns occurred in both streams where abundances peaked
during the wet season. Illiesoperla were also found in Dam and Gregors Creeks,
however abundances were too low to infer recruitment patterns.

Wet Season

Dry Season

Wet Season

Figure 4.6 Mean abundances of late instar Illiesoperla spp. (Gripopterygidae) (across
habitat & location (± S.E.)
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Trichoptera
Ecnomidae: Ecnomus spp.
Caddisflies of the genus Ecnomus were found in both habitats of all streams; however,
abundances were too low in Mountford Creek to infer recruitment patterns. Late instars
were mostly present throughout the year, peaking from March till August in Oaky
Creek, and November and December in Gregors Creek (Figure 4.7). Late instars were
absent in Dam Creek for most of the dry season, however were present during the wet
season.

Wet Season

Dry Season

Wet Season

Figure 4.7 Mean abundances of late instar Ecnomus spp. (Ecnomidae) (across habitat &
location (± S.E.)
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Hydropsychidae: Cheumatopsyche spp.
Caddisflies of the genus Cheumatopsyche were found in all streams, occurring almost
exclusively in riffle habitats. Highest abundances were recorded in Gregors Creek,
followed by Oaky, Dam, and Mountford Creeks respectively (Figure 4.8). Peaks in late
instar abundance occurred once during the year in all streams, mostly between May and
July. However late instars were present throughout most of the year in the perennial
flowing streams. No individuals were found in pool habitats when where riffle habitats
dried.

Wet Season

Dry Season

Wet Season

Figure 4.8 Mean abundances of late instar Cheumatopsyche spp. (Hydropsychidae)
(across habitat & location (± S.E.)
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Leptoceridae: Triplectides volda
The caddisfly species Triplectides volda was found in both habitats of all streams.
Highest abundances were found in Oaky Creek, and lowest in Gregors Creek (Figure
4.9). Abundances of late instars were higher in the pools of Dam and Mountford Creeks,
especially when riffle habitats dried. Late instar abundances were highest in Oaky and
Dam Creeks during the wetter months from November to May, though showed no
particular pattern in Mountford Creek.

Wet Season

Dry Season

Wet Season

Figure 4.9 Mean abundances of late instar Triplectides volda (Leptoceridae) (across
habitat & location (± S.E.)
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Leptoceridae: Oecetis spp.
Caddisflies of the genus Oecetis were not categorised into age class. Highest
abundances were found in the persistently flowing Oaky and Gregors Creeks (Figure
4.10), and occurred throughout the year in both habitats of all streams except Mountford
Creek. Oecetis were only found once in Mountford Creek during June where they
occurred in both pools and riffles. Abundances in Dam Creek remained fairly consistent
throughout the year, however riffle abundances declined during periods of drying. In
Gregors and Oaky Creeks abundances concurrently peaked in May/June, and
November/December. Notably abundances declined in all streams in January.

Wet Season

Dry Season

Wet Season

Figure 4.10 Mean abundances of Oecetis spp. (Leptoceridae) (across habitat & location
(± S.E.)
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Table 4.1 Summary of late instar recruitment patterns from the present study, including literature used for verification of interpretations
Taxa

Timing of peak
late instar
abundance

Atalophlebia
spp.

All streams July to
September, and
December to
March

Thraulophlebia
spp.

Nousia sp AV2

Oaky Creek
September to
March, Dam Creek
July to August
From May until
August in Dam,
Mountford and
Gregors Creeks,
and year round in
Oaky Creek.

Peak late
instars timed
with flow or
temperature?
Summer late
instar
abundance
peaks may be
related to
temperature

Voltinism &
cohorts

Responses to disturbance
(anthropogenic and/or
hydrological)

Additional information from available literature and
interpretations for present study results

Flexible
multivoltinism
(Suter 1980;
Campbell 1986;
Campbell et al.
1998)

Anthropogenic - lowest
abundances in Gregors Creek.
Present in riffle and pool
habitats
Found in pool habitats when
riffles dried.

Findings are similar to Suter (1980), who also found:
Development is accelerated by temperature. South Australian A.
australasica eggs hatched in approximately one month at 15˚C,
A. australis eggs took 14.7 days at 19˚C and 12.5 days at 24˚C.
Summer generations of A. australasica nymphs develop in 7
months, compared to 10-12 months for winter generations.
Adults live for 2-3 days.

No indication

Flexible
multivoltinism

Anthropogenic - lowest
abundances in Gregors Creek.

Very limited published information is available of the life
histories of Thraulophlebia

Post summer
late instar
abundance
peak may be
related to
temperature

Bi- or
multivoltinism with
multiple cohorts
(Campbell 1986).

Mostly present in pools
Anthropogenic - lowest
abundances in Gregors Creek.
Late instars not present in
Gregors Creek during hottest
months.
Hydrology – mostly present in
riffles, though found in pools
when riffles dried (Mountford
Creek only)

Jappa kutera

November to
February in
Gregors Creek,
October to March
in Oaky Creek

Late instar
abundance
peaks during
the warmer
months of the
wet season

Flexible
multivoltinism with
multiple cohorts
possibly developing
at differing speeds

Anthropogenic – lower
abundances in Gregors Creek
(possibly due to temperature
or organic carbon sources)
Hydrology –requires perennial
flow. Present in riffle & pools

A Victorian bi-voltine Nousia sp. has two generations per year
developing in 12 and 4 months respectively, emerging in
summer-autumn (Campbell 1986), though not all Nousia share
this life history. Campbell et al. (1990) suggest little nymphal
growth occurs during cooler months (May to August), followed
by rapid growth from September onwards; and eggs may hatch
over a long flexible period. Southern Australian N. inconspicua
do not hatch below 15˚C (Suter & Bishop 1990a). Nousia of this
study could have similar patterns, with one generation maturing
after the warmer wet season, and others later depending on
temperature related hatch times. Diapause may occur in colder
Mountford Creek, while >2 generations per year is possible in
Oaky Creek.
The results of the present study concur with life history accounts
of three other multivoltine Jappa species from tropical far north
Queensland, which had life cycles ranging from 75-130 days
(Campbell 1995).
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Taxa

Peak late instar
abundance

Links to flow/
temperature?

Voltinism &
cohorts

Responses to disturbance

Additional information from available literature and
interpretations for present study results

Tasmanocoenis
spp.

In Dam, Oaky, and
Gregors Creeks,
abundances were
relatively high
throughout the
year.

Flexible
multivoltinism with
non-synchronous
development.
Multiple cohorts.
(Marchant et al.
1984; Campbell
1986).

Dominated anthropogenically
disturbed streams, was present
during hydrological variability
Higher abundances in pools.

Illiesoperla spp.

February to
September

Peaks in
Gregors Creek
in summer,
whereas
abundance
declined in
Dam Creek
during this
period
(February and
March).
Yes, peaks in
late instar
abundance
occurred
during and
after the
warmer wet
season

Flexible
univoltinism
(Hynes & Hynes
1975; Yule 1990)

Anthropogenic – Absent from
streams with disturbance

Yes, rapid
development
occurs for
Ecnomus in
warmer
temperatures

Flexible bi- or
multivoltinism.
(Marchant et al.
1984)

Present in streams with
anthropogenic disturbance.

Suter (1980) found that summer generations of Southern
Australian T. tillyardi required eight months to develop, whereas
winter generations 10-12 months; while Marchant et al. (1984)
found that summer generations of Victorian T. tonnoiri required
two months to develop, while winter generations eight months.
Both Suter (1980) and Marchant et al. (1984) found that egg
development and generation times are influenced by temperature;
it is likely that generation times could be even faster in the
subtropical climate of SEQ. Adults live for <1 day (Suter 1980).
Tasmanocoenis likely seek refuge from habitat drying in pools,
or within the hyporheos when surface water is unavailable.
Timing of late instars in the present study differs to southern
Australia, July to December (Suter & Bishop 1990b; Yule 1990),
and November (Hynes & Hynes 1975), likely due to climate.
Hynes & Hynes (1975) suggest temperature influences adult
longevity, rates of hatching and juvenile development; where for
some taxa egg diapause occurs through summer, so nymphs are
not exposed to the warmest water. I. mayi nymphs can also
remain in diapause in the substrate during hotter months (Yule
1990), possibly explaining the low summer abundances in the
present study. Hynes & Hynes (1975) found hatching times for
25 stonefly spp. ranged from six weeks in summer to >30 weeks
in winter, and Illiesoperla eggs began to develop at 17-21˚C. It is
expected that the hatching times would be relatively fast under
ambient SEQ temperatures in autumn, summer and spring,
though diapause may occur in Mountford creek during winter.
Marchant et al. (1984) found two distinct bi-voltine generations
of Ecnomus in the LaTrobe river in Victoria, with a faster
developing summer generation (3-5 months), and slow-growing
winter generation (7-9 months).

Ecnomus spp.

Present in Dam
Creek during wet
season. Peaks in
March to August in
Oaky Creek,
November and
December in
Gregors Creek.

Hydrology – present in
streams with variable flow,
however late instars absent
during dry season.
Mostly found in riffle habitats

Hydrology - Low abundances
in Mountford Creek, absent
from Dam Creek during dry
season.
Present in riffles and pools.
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Taxa

Timing of peak
late instar
abundance

Cheumatopsyche
spp.

May to July, all
streams

Triplectides
volda

Oecetis spp.

November to May
in Oaky and Dam
Creeks, no pattern
in Mountford
Creek.

Peaks in May/
June, and
November/
December in
Gregors and Oaky
Creeks. Mostly
consistent in Dam
Creek

Peak late
instars timed
with flow or
temperature?
Late instar
abundances
peaked in all
streams
coinciding
with the end
of the warmer
wet season

Yes, highest
late instar
abundances
during the
warmer wet
season

Yes, possible
faster
developing
cohort in
warmer wet
season, and
slower winter
generation.

Voltinism &
cohorts

Responses to disturbance
(anthropogenic and/or
hydrological)

Additional information from available literature and
interpretations for present study results

Synchronised
univoltinism. Late
instar presence all
year in Gregors
Creek indicates a
broad singular
cohort, with
differing growth
patterns dependent
on the timing of
hatching relating to
temperature.
(Mackay 1986)
Flexible
univoltinism (Dean
& Cartwright 1987;
St. Clair 1993)

Present in streams with
anthropogenic disturbance.

Benson & Pearson (1988) recorded highest abundances of
Cheumatopsyche adults during the summer wet season in north
east Queensland, peaking from October to January, while Dean
& Bunn (1989) recorded adults from October to May in Western
Australia. Dean & Bunn (1989) also observe that Smicrophylax
australis (Hydropsychidae) larvae are able to pupate and emerge
later in the summer, perhaps explaining the patterns observed for
Cheumatopsyche in Gregors Creek in the present study.

Flexible
multivoltinism,
multiple cohorts

Hydrology – present all
streams and almost exclusive
to riffles. No individuals were
found in pool habitats when
riffles dried

Flow possibly required for feeding, Hydropsychids catch drifting
prey in nets (O’Connor 1993; Baker et al. 2003)

Anthropogenic – present in all
streams, however lowest
abundances in Gregors Creek
– possibly due to lack of
riparian debris to make cases.
Hydrology – present in both
habitats, pool abundances
increased when riffles dried.
Anthropogenic – found in all
streams
Hydrology – low abundances
in intermittent Mountford and
Dam Creeks, especially during
periods of drying. Present in
both pools and riffles.

Many Victorian Triplectides species are also univoltine and
emerge in warmer months (Dean & Cartwright 1987; St. Clair
1993). T. proximus final instars occur from September to
February, and T. proximus and T. truncatus take approximately
one year to develop, with a long emergence period from
November to March. Early hatching summer individuals
developed faster than those later in the season, indicating one
broad cohort each year containing larvae with different seasonal
growth patterns (St Clair 1993).
Little information is available on the life cycle of this genus in
Australia. Marchant (1982b) also found Oecetis larvae to be
present for most of the year with highest abundances in the wet
season in billabongs of the Northern Territory; while Benson &
Pearson (1988) recorded adult Oecetis from a tropical northeastern Queensland stream during the warmer and wetter season
from October to March.
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4.4 Discussion
When exposed to a disturbance, persistence of a population is dependent upon previous
exposure to such conditions, and the severity and magnitude of the disturbance
(Stubbington et al. 2009). The life history of a species, including responses to
environmental cues, timing of recruitment, and tolerance to disturbance can influence
distributions. Many taxa have developed strategies to survive predictable fluctuations in
habitat conditions such as those within intermittent streams; however, abrupt changes
beyond the normal range may be limiting. Taxa with fast, flexible and generalist life
histories are most likely to persist in unpredictable or heavily altered systems, while
those with limited tolerance ranges, specific habitat requirements, and slow generation
times may face localised extinction (Brittain 1991; Rivers-Moore et al. 2013b;
Chessman 2015). It is therefore important to understand behavioural patterns and
habitat requirements of taxa to infer possible effects of disturbance such as those caused
by land use and climate change (Robson et al. 2011; Chessman 2015).

Within this chapter abundance patterns of EPT taxa were explored over space and time
and used to infer the timing of late instar recruitment, and possible environmental cues
for emergence. Patterns were compared across four streams of varying hydrology and
human disturbance, to explore the influences of these changes on populations, and infer
potential implications of projected climate change for these taxa. For some EPT taxa,
temporal variation in late instar abundances was associated with thermal and/or
hydrological changes over the study period, however, others demonstrated more flexible
development patterns. Recruitment patterns and responses to anthropogenic and
hydrological disturbance were found to be different for each genus. While populations
of some taxa persisted in streams with upstream riparian clearing and stock presence,
suggesting tolerance to this disturbance, others were absent despite these streams being
within their geographic range. Additionally, while some taxa were highly abundant in
intermittent streams, suggesting tolerance to variable hydrology, others were only found
in the perennial streams.
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4.4.1 Late instar recruitment patterns
Seasonal late instar recruitment, indicated by peaks in abundance during or immediately
after the “Wet Season”, was observed for nearly all taxa, however, this was not always
synchronous between streams. The “Wet Season” also coincides with the warmer
summer months, and it is likely that recruitment and accelerated development is a
response to increases in temperature (Suter 1980; Campbell 1986; Marchant 1986;
Brittain 1990; Suter & Bishop 1990a). Some of these taxa require riffle habitats, and
seasonal recruitment coinciding with predictably wetter periods may be a strategy to
survive in these specific habitats in intermittent streams (Harper & Peckarsky 2006;
Lytle et al. 2008; Robson et al. 2011; Wickson et al. 2012; Strachan et al. 2015).

Voltinism refers to the number of generations of an organism within a year: univoltine
taxa have one generation per year and have slower development when compared to
bivoltine or multivoltine species (Hershey et al. 2001). Based on patterns of late instar
abundance where numbers peaked during one period of the year, the following taxa
displayed univoltine behaviour: Illiesoperla, Cheumatopsyche, and Triplectides.
However as late instars of these taxa were also present throughout the year there may be
multiple cohorts occurring, or delayed development of eggs or juveniles relating to
temperature cues (Hynes & Hynes 1975). Taxa that displayed bi or multivoltine patterns
in late instar abundance included: Thraulophlebia, Atalophlebia, Nousia, Jappa,
Tasmanocoenis, Oecetis and Ecnomus. These recruitment patterns were validated by
available literature (see Table 4.1).

Although not included in this study, due to low abundances or limited identification,
previous studies have found the stonefly Riekoperla, the caddisflies Tamasia and
Chimarra, and the mayfly Mirawara to be univoltine (Hynes & Hynes 1975; Campbell
1986; Dean & Cartwright 1987; Yule 1990; Hawking et al. 2013), whereas the caddisfly
Anisocentropus and mayflies Offadens and Pseudocloeon have been found to be
multivoltine (Campbell 1986; Nolen & Pearson 1992; Hawking et al. 2013).

The fast generation times of multivoltine taxa may assist in population persistence post
disturbance (Griswold et al. 2008), however, univoltine taxa may also benefit from the
longer time spent as adults and timing of emergence to help avoid unfavourable aquatic
conditions (Hynes & Hynes 1975; Delucchi & Peckarsky 1989). Taxa with flexible life
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histories and multiple cohorts have greater potential of maintaining viable populations if
conditions were to change (Brittain 1991).

4.4.2 Responses to hydrological and anthropogenic disturbance

Differences in responses between genera over space and time
The results from this study revealed that genera within the same Family have differing
patterns in late instar recruitment, habitat requirements, and responses to anthropogenic
and hydrologic disturbance. For example, within the caddisfly Family Leptoceridae,
Oecetis were more abundant in Gregors Creek, which was characterized by upstream
riparian clearing, stock presence and perennial flow, compared with the almost absent
Triplectides. Genera in the mayfly Family Leptophlebiidae also displayed stream
specific habitat requirements. Notably, the highly abundant Nousia occurred in riffles
and did not move to pools during stressful conditions unlike Atalophlebia which were
more evenly distributed between habitats, Atalomicria were rare and only found in
Mountford Creek which has intermittent flow and thick riparian forest, and while both
genera share the ability to burrow Ulmerophlebia was exclusive to Mountford Creek
while Jappa was absent (Appendix C). Although both streams are perennial, caddisflies
in the genera Ecnomus were more abundant in pool habitats in Oaky Creek (partial
riparian clearing) and riffles in Gregors Creek (almost complete riparian clearing),
possibly indicating habitat requirements of two different species.

Responses to hydrological disturbance
Throughout the year, hydrological disturbances were recorded across the four streams.
Flash flooding occurred at the beginning and end of the sampling period coinciding with
the summer wet seasons (See Chapter 2, Figure 2.9), while habitats dried in Dam Creek
and Mountford Creek on numerous occasions (See chapter 3,Table 3.1). Of the highly
abundant taxa, most were recorded in the month directly after each hydrological
disturbance, suggesting resistance or resilience. A number of taxa appeared to be habitat
generalists, and moved to remnant pool habitats when riffles dried. These results are
similar to those of Lytle et al. (2008), who found that populations from environments
with predictable hydrologic events (such as floods and droughts) responded to such
disturbances by moving into refuge areas, whereas those from less predictable
hydrologic environments had lower response rates. For example, while Jappa occurred
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in pool habitats of perennial streams, they were not recorded in either pool or riffle
habitats of intermittent streams, suggesting they are not tolerant of drying disturbances.
Whereas early and late instars of rheophilic Cheumatopsyche were recorded
immediately upon the resumption of flow in Dam Creek, perhaps surviving in
interstitial spaces of the hyporheos, or as pupae in moist silk cases when their riffle
habitats dry. In Canada, Diplectrona modesta (Hydropsychidae) have been recorded to
survive short periods of desiccation by retreating into chambers made of sand and silk
(Imhof & Harrison 1981), a strategy that may be used by other species of this family.
Oecetis were also present in the riffles of Dam creek post drying, possibly surviving this
period by moving into the hyporheos, or aestivating in their external sand cases as is
common for other case-building Trichopteran taxa (St. Clair 1993; Wickson et al. 2012),
or entering the pupal stage.

Based on abundances and distributions (Appendix C), some rare taxa appeared to be
highly sensitive to flow intermittency, such as Chimarra (Philopotamidae) that were
exclusively found in riffle habitats, possibly reflecting their filter feeding habit of
collecting fine organic particles with silk nets in fast flowing waters (Gooderham &
Tsyrlin 2002; Wahlberg & Johanson 2014). Whereas others displayed resistance and
resilience to hydrologic disturbance, recorded immediately after the drying of habitats in
Mountford Creek; these included the stonefly Riekoperla and mayfly Ulmerophlebia
that can burrow (Hynes & Hynes 1975; Bae et al. 2004), and the caddisfly
Anisocentropus that builds cases from leaf litter (Nolen & Pearson 1992).

Influences of stream condition on distribution and recruitment
The streams chosen for this research represented a gradient in habitat alteration due to
agricultural land use. Riparian vegetation clearing has altered the quality and structure
of both aquatic and terrestrial habitats within their respective streams, which have
subsequently influenced the distribution and abundances of EPT taxa within. For
example, the caddisflies Anisocentropus and Triplectides may have had a restricted
distribution reflecting the availability of suitable case construction materials such as
leaves and sticks (Eggert & Wallace 2003). Very low abundances of Triplectides and no
Anisocentropus occurred in Gregors Creek which had little to no riparian zone, and no
Anisocentropus occurred in Dam Creek which is dominated by Casuarina sp. that have
modified branchlets rather than leaves for photosynthesis (Duhoux et al. 1996).
Caddisfly cases can be used for aestivation purposes, therefore the in-stream availability
83

of riparian resources can influence the success of Trichopterans to resist desiccation
when surface water dries (Wickson et al. 2012). The absence of riparian vegetation can
also influence the persistence of many taxa during their terrestrial adult stage, through
lack of thermal regulation and food availability. Little is known about the adult dietary
requirements of each taxon, however pollen, lichen, fungi, and algae are common
components, and the supply of these resources may be affected by riparian clearing
(Briers & Gee 2004). Regarding temperature, the lifespans, flight capabilities, and
mating success of adult insects can be reduced due to increased temperature and
lowered humidity caused by riparian clearing (Briers & Gee 2004; Corban & Goonan
2010). Collier and Smith (2010) found the lethal thermal tolerances of New Zealand
adult gripopterygid stoneflies to be 22-23˚C, and Young (2012) found the lethal thermal
tolerances of Australian adult Atalomicria (Leptophlebiidae) mayflies to be 32˚C;
perhaps explaining why these taxa were mostly restricted to the thermal refuge of the
mostly natural Mountford Creek.

Many species have specific habitat requirements such as thermal regimes, substrate, and
sources of organic carbon. While these features vary geographically, naturally
restricting the ranges of many species (Stoddard 2004), agricultural land use has altered
these conditions in many steams, limiting the distributions of taxa in areas that were
once their local range (Allan 2004). The clearing of riparian vegetation has likely
increased temperatures in Dam Creek and Gregors Creek, which were more than 10˚C
warmer in pools during January than Mountford Creek. Such changes in temperature
across the landscape are possibly reducing the suitable habitat range of stenothermic
taxa such as stoneflies (Brittain 1990; Chessman 2009; Rivers-Moore et al. 2013b). The
temperature discrepancy between streams was consistent throughout the wet season,
with temperatures 5-10˚C warmer in the cleared streams compared with Mountford
Creek. As this is now known to be the peak season for late instar recruitment among
many of the taxa sampled, it is possible that the current temperature increases may be
influencing cues, development, and emergence timing, especially considering that not
all peaks in recruitment were synchronous between streams (Brittain & Campbell 1991;
Sweeney et al. 1992; Harper & Peckarsky 2006: Burgmer et al. 2007; Jannot 2009).

In addition to temperature, juvenile development may be being influenced by the low
variety and overall decline in riparian carbon contribution to these streams, as larval
growth can vary by a factor of two or more depending on the species of leaf available as
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food (Sweeny & Vannote 1984). Finally, the availability of preferred sites for
oviposition or hyporheic accessibility in each stream may have influenced distributions
(Boulton & Lake 1992; Paltridge et al. 1997; Reich & Downes 2003; Strachan et al.
2015) as substrate composition differed between streams (Chapter 3, Table 3.2), in
particular Gregors Creek, which had the least substrate complexity with substrate
dominated by muddy silt. The differences in substrate between streams may have
further impacted populations during periods of hydrologic variability, as eggs may have
dried or been washed away, and hyporheic refuges for juvenile taxa may have been
inaccessible due to silt/mud filling the interstitial spaces.

4.4.3 Implications for EPT population persistence with respect to climate
change
For taxa with a specific and narrow range of habitat requirements essential for survival,
the projected conditions caused by climate change, and exacerbated by land use change
may result in localised extinctions and reduced geographical range (Domisch et al. 2011;
Rivers-Moore et al. 2013b). For some, fatalities will be caused by supra-seasonal
‘ramp’ disturbances such as drought, and ‘pulse’ disturbances such as flood and
heatwaves, which may occur erratically or extend for periods beyond the lifespan of
each life stage (Imhof & Harrison 1981; Lake 2000; Kingsolver et al. 2011). For
example, Lytle (2002) found late season flooding locally eliminated populations of
caddisflies in subsequent years post disturbance, as due to timing most adults had
already reproduced and their offspring were washed away. The ‘ramp’ disturbance of
increasing mean annual temperatures may also be lethal for many stenothermic taxa
such as stoneflies, which are primarily cool water species, rarely being recorded from
waters above 25˚C (Brittain 1990).

Where these changes are not directly lethal, the indirect effects of increased disturbance
across all life stages may nonetheless reduce population viability for many taxa. This
will be especially challenging for taxa that respond to cues, such as seasonal variations
in rainfall or temperature, which may change or be disrupted, causing unsynchronized
timing of life history events and reduced fitness (Sweeney et al. 1990; Brittain &
Campbell 1991). The increased unpredictability of some disturbances may also shorten
lead times for cues that trigger survival strategies (Lytle et al. 2008; Jannot 2009), as
taxa that aestivate require time to prepare for drying (Wickson et al. 2012).
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Many studies suggest that populations of multivoltine taxa with fast development will
be more likely to endure these changes, as faster life cycle completion times can occur
between disturbances (Fritz & Dodds 2004; Doledec et al. 2006; Griswold et al. 2008;
Lytle et al. 2008). More generations per year may mean a greater likelihood that
populations will recover from unpredictable disturbances (Sponseller et al. 2010;
Robson et al. 2011). Also likely to persist are warm water eurythermic generalist
species with higher tolerances and flexible habitat requirements (Chessman 2012;
Rivers-Moore et al. 2012; Chessman 2015). While many taxa within this study
displayed these characteristics (e.g. Tasmanocoenis), there were a large number who,
based on their recruitment patterns, had limited distribution reflecting land use change,
and/or responses to hydrologic and thermal disturbance, and therefore may be
vulnerable to localised extinction from future increases in habitat variability. These
include: all rare taxa, and quite possibly Illiesoperla, Jappa, and Cheumatopsyche.
Many of these taxa have also been identified as vulnerable based on endemism, rarity,
or limited habitat range within SEQ by Nolte (2011), including Mirawara, Atalomicria,
Riekoperla, and Tasimia.

For most taxa, little information was available on the timing and longevity of each life
history stage, tolerances, and habitat requirements to ensure persistence. Despite the
new information presented in this study, there remains knowledge gaps for EPT that
need to be addressed in order to understand the effects of disturbance for each genus,
and identify those that may be vulnerable to change.

4.5 Conclusions
In this chapter timing of late instar recruitment and responses to environmental change
including hydrologic variation and human alteration were documented for the ten most
abundant EPT genera in the four case study streams.

For some taxa, temporal variation in late instar abundances was associated with thermal
and/or hydrological changes over the study period, and timing of late instar recruitment
was synchronized between streams; however others demonstrated more flexible
development patterns over space and time. A range of recruitment patterns was
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observed between genera, including uni, bi- and multi voltinism; life histories strategies
which were likely developed around predictable disturbance.

Populations of most genera recovered quickly from hydrologic disturbance,
demonstrating adaptations and resilience to these conditions from prolonged exposure
to an intermittent and variable environment. Though some taxa including Jappa kutera,
had limited distributions and are dependent on perennial streams.

Based on their abundances, distributions of all rare taxa and Illiesoperla may have been
restricted due to the in-stream effects of land use change (including riparian clearing).
These taxa may be vulnerable to localised extinction from future increases in habitat
variability.

To support the highest biodiversity given the projections of future conditions, a range of
habitat and hydrological conditions are required, as each genus demonstrated specific
environmental requirements and life history strategies. Of particular importance are the
availability and quality of both aquatic and terrestrial refugia, to ensure the survival of
taxa throughout all life stages, especially where timing of recruitment is affected by
increased hydrological variability and temperature, exacerbated by land use.

87

5 Upper thermal tolerances of common EPT
5.1 Introduction
Temperature affects all aquatic biota, and the thermal regime of a stream, including
minimum and maximum temperature range, can influence stream assemblages. Stream
temperature can directly or indirectly influence an organism’s survival, through lethal
impacts by exceeding physiological tolerances of individuals, or through sub-lethal
effects that influence organism fitness and consequently population survival (Figure
5.1). These indirect changes may include the diurnal pattern of dissolved oxygen
availability, or water levels due to evapotranspiration, both of which are influenced by
stream temperature (Figure 5.1) (Williams 1996; Atkinson & Sibly 1997; Lake 2003;
Jannot 2009). All modelled projections of climate change impacts suggest atmospheric
temperatures will increase in the coming decades (Dowdy et al. 2015); given the strong
relationship between air temperature and stream temperature (Morrill et al. 2005) it is
reasonable to suggest that both average and maximum stream temperatures will also rise.
How this affects aquatic insects will depend on the specific changes in the thermal
regime and the thermal tolerances of each taxa. Some taxa may be initially tolerant to
these changes or eventually adapt depending upon the speed and magnitude of change.
Conversely, increases in average and maximum temperature may have acute effects
such as localized or regional extinction for taxa that have reached their thermal limits,
or chronic effects upon life histories such as reduced fitness and fecundity (Figure 5.1)
(Sweeney & Vannote 1984; Bullock et al. 2002; Jannot 2009). Ultimately, increasing
temperatures may lead to reduced population size, range size and long-term persistence
for thermally sensitive insects and a net loss of biodiversity. Therefore, in order to
predict which taxa are at risk from future temperature rise, information is required on
their upper thermal tolerances.

Climate
Change

Increased
stream
temperature

Lethal:
↓ DO,
↑ Temperature,
↓ Habitat

Sub-lethal:
↓ DO,
↑ Temperature,
↓ Habitat

↑ Mortalities

↓ Reproductive
output

Reduced
abundance &
biodiversity

↓ Fitness
↓ Dispersal

Figure 5.1 Conceptual model of possible lethal and sub lethal effects of increased
stream temperature on EPT invertebrates
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The projected changes in climate not only include increased mean atmospheric
temperature (described in Chapter 1), but additional heatwave periods of extreme
temperatures above seasonal average. In Australia heat waves are classified as three
excessive hot days occurring in a row, relative to the local climate (Steffen et al. 2014;
Leigh et al. 2015). In south-east Queensland (SEQ) summer heatwaves are usually in
excess of 35˚C (B.O.M. 2015), with current climate change predictions including hotter
and more frequent episodes of two to three times the average number of days (Steffen et
al. 2014; Dowdy et al. 2015).

Of the aquatic insects, the EPT taxa are regarded as amongst the most sensitive to a
range of habitat disturbances, with many species restricted to cool and/or flowing
environments (see Chapters 3 & 4). The distributions of some EPT taxa are described as
limited due to temperature, for example the alpine stonefly Thaumatoperla alpina only
inhabits low temperature streams at altitudes of >750 m above sea level and is endemic
to the Kiewa River catchment in Victoria (DEWHA 2015). Conversely, some EPT taxa
are adapted to warmer environments with extreme thermal regimes, such as the arid
waterways of inland Australia (Marshall et al. 2006a; Sheldon & Thoms 2006). If the
thermal regimes change, it is likely that within EPT assemblages there would be some
tolerant winners with potential habitat range expansion, and other more sensitive losers
who may face localized extinctions (Rivers-Moore et al. 2013a; Rivers-Moore et al.
2013b). Localised survival of populations of specific taxa will depend upon preceding
exposure to local thermal conditions, as tolerances and adaptations can vary across a
species’ range (Humphries & Baldwin 2003; Poff et al. 2006; Lytle 2008; Rose et al.
2008).
At the local scale, factors such as the extent of riparian canopy cover (shade), channel
morphology, or groundwater contribution to streamflow may influence aquatic thermal
regimes and therefore assemblages of EPT taxa (see Chapter 3) (Olden & Naiman 2010;
Dallas & Rivers-Moore 2012). This may include small scale variations in temperature
between habitats (riffle, pool, run), vertically, and through time (diel, seasonal and interannual variations) (Evans & Petts 1997; Townsend 2006; Olden & Naiman 2010). In
largely developed coastal areas such as SEQ, human activities including vegetation
removal and channel alterations have contributed towards increased headwater stream
temperatures through direct solar heating of the water surface (Marsh et al. 2005).
Damage to the natural environment has caused many systems to become unsuitable for
sensitive taxa, resulting in the regional rarity of numerous species which rely upon
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refuges in small patches of undeveloped remnant environments (Nolte 2011). In areas of
altered habitat it is likely that many populations of EPT taxa are already approaching
their thermal limits and could face localized extinctions if temperatures were to further
rise due to climate change.
It is therefore important to gain a more detailed understanding of the thermal tolerances
of EPT taxa to help understand likely biodiversity impacts within SEQ associated with
climate change. However, the upper thermal limits of Australian EPT taxa are mostly
unknown. There is currently only one Australian study on the thermal tolerances of
stream invertebrates (see Stewart et al. 2013). This study was performed in Western
Australia which has a Mediterranean climate, whereas SEQ is subtropical and therefore
temperature tolerances may be different owing to differences in regional climate
conditions.

5.1.1 Sub-lethal impacts of increased temperatures
Temperatures above regular seasonal levels can accelerate growth rates in insects,
leading to smaller body sizes at maturity (Sweeney & Vannote 1984; Jannot 2009;
Brown et al. 2012). Jannot (2009) found that when Limnephilus indivisus caddisfly
pupae are stressed by increased temperature more energy is allocated to survival,
consequently affecting reproductive output and longevity. Sweeney and Vannote (1984)
found an inverse relationship between adult size and fecundity and rearing temperatures
for the mayfly Cloeon triangulifer. In addition, a number of studies (e.g. Sweeney &
Vannote 1984, Suter & Bishop 1990a, Brittain & Campbell 1991) have found that
mayfly egg incubation period and juvenile development decreases with increasing
incubation temperatures. Lesser distances are travelled by smaller adults due to reduced
fitness; limiting the ability to counteract larval aquatic drift, as well as decreasing
accessibility to neighboring populations (Kovats et al. 1996; Bullock et al. 2002; Miller
et al. 2002; Smith et al. 2009). In addition, increased atmospheric temperatures may
inhibit the ability of adults to fly between habitats (Brittain 1990; Young 2012).
Changes to thermal regimes can also disrupt environmental cues, leading to
asynchronous emergence patterns between streams. For example Brown et al. (2012),
discovered mayflies emerging 2-4 weeks earlier in streams only 1.2-1.6˚C warmer on
average than neighboring cooler streams.
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Temperature can influence respiration rates of insects, as waters with higher
temperatures have less capacity to carry oxygen (Davis 1975). At higher temperatures
respiration rates increase and may exceed energy intake (Gallepp 1977). Animals that
are not directly sensitive to temperatures may be sensitive to oxygen levels and could
therefore be indirectly influenced by temperature.

Temperature has been shown to directly influence feeding rates, for example Gallepp
(1977) found that the caddisfly Brachycentrus occidentalis had reduced filter feeding
rates with temperatures above 18˚C. Temperature change may also affect food
availability e.g. algal growth, or riparian plant species composition (Coutant & Brook
1970; Thuiller et al. 2004). Availability of organic carbon may influence the entire
aquatic community via a bottom up effect on trophic levels. Life history strategies of
many insects are based around food supply (Brown et al. 2012), where changes in food
availability (both scarcity and excess) could lead to cascading ecological effects such as
increased inter and intra-specific competition at different development stages. Inversely,
where predator populations are affected by thermal pressures, top down effects may also
disrupt instream communities (Kishi et al. 2005). In situations where increased
temperatures are not yet directly lethal, sub-lethal changes may significantly alter
population dynamics (Figure 4.1).

5.1.2 Thermal tolerance limits
A common method of determining the acute thermal tolerance limits for an organism is
by experimentally quantifying the temperature that kills 50% of a sample population
(LT50 test) (Kefford et al. 2003; Dallas & Ketley 2011). In this chapter thermal
tolerance limits for the most common EPT taxa in the study region are determined
through the use of LT50 tests.
The “LT50” test is an appropriate method for evaluating for the prolonged exposure of
EPT to conditions occurring during a heat wave or general temperature rise. LT50 tests
for temperature are often performed over 48-96 hours, with slow incremental changes in
the test variable, similar to that of diurnal fluctuations (Cox & Rutherford 2000). In
contrast, alternative faster methods are often used to estimate potential responses of
organisms to disturbances such as water abstraction and river regulation (Dallas &
Rivers-Moore 2012). These alternative techniques include the “Critical Thermal
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Method”, intended to discover the critical thermal maximum (CTmax) temperature at
which an animal can survive; tests are performed for 60-90 mins, where animals are
exposed to small temperature changes every minute until the CTmax temperature is
reached. Faster testing methods such as the CTmax are designed so that animals cannot
acclimatise to temperature increases, best simulating the conditions of “pulse”
disturbances (Chapter 1, Dallas & Rivers-Moore 2012). However, the slower increases
in temperature performed during an LT50 test better simulate natural environmental
temperature rises that may occur during a heat wave, allowing natural acclimatisation to
occur rather than the animal dying of a sudden heat shock. Prolonged exposure from the
LT50 gives a more conservative result for maximum threshold temperature in
comparison to CTmax (Dallas & Ketley 2011). That is, animals may survive their 48
hour critical LT50 temperature if only exposed for short periods; though over longer
time frames this temperature is lethal. It is often found in LT50 tests, that over shorter
time periods animals have higher lethal tolerances, and the limit of tolerated
temperature decreases over longer time periods. For example Stewart et al. (2013)
found that at 24 hours the baetid mayfly Offadens had an LT50 limit of 26.6˚C, whereas
at 48 hours exposure this limit decreased to 23.7˚C, and after 96 hours it was 20.5˚C.
Terblanche et al. (2007) found that acclimatization temperatures, starting temperatures
and the rate of temperature increase may all affect the outcome of temperature threshold
results for the same species. For this study it was decided that conservative results using
LT50 tests over 48 hours were more realistic to simulate the targeted environmental
condition, as heat waves do not occur within an hour, rather they build up over many
hours and persist over a period of days.

Testing for the upper temperature limits gives conservative estimates for lethal
tolerances, by assuming that thermal thresholds are the only factor influencing survival
of an organism. Increased temperatures may have other chronic affects that will reduce
overall fitness and influence life histories, and although these issues are not tested
within this chapter, may still lead to population declines before temperature thresholds
within an environment are reached. Knowing the upper temperature tolerance limits of
sensitive organisms may aid management decisions. Intervention, such as riparian
restoration (see Davies 2010), of degraded freshwater systems can occur before these
conditions are reached as a result of climate change related temperature rise; thus
attempting to maintain biodiversity under future conditions.
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5.1.3 Chapter aims:
The primary aim of this chapter is to experimentally estimate the limiting thermal
thresholds for common EPT taxa from SEQ streams. Thermal tolerance limits are
estimated using the LT50 test method. The results of the LT50 tests will establish how
close these taxa currently are to their thermal tolerance thresholds, and allow an
assessment of their potential responses to temperature increase due to climate change.

In addition, to better understand if the thermal thresholds of these taxa are regionally
specific, or similar across different climates, comparisons are made between the results
of this study and similar Australian and international studies.

5.2 Methods
5.2.1 Study area and sampling sites
Live insects were sampled for the experiments from the case study streams described in
Chapter 2. These streams vary in habitat structure, morphological, and hydrological
conditions. Gregors Creek and Dam Creek have low canopy cover and are more
exposed than Oaky Creek, which in turn has less cover than Mountford Creek.
Accordingly the maximum temperatures recorded during this study reflect this (Table
5.1). These temperatures represent extreme heat days, which are projected to increase
(BOM 2010; Dowdy et al. 2015).

Table 5.1 Highest mean water temperatures recoded during monthly sampling from all
of the streams studied in this thesis (see Chapters 2 & 3 for descriptions and sampling
details)
Gregors Creek
Maximum mean pool
Temperature ˚C
Maximum mean riffle
Temperature ˚C

Dam Creek

Oaky Creek

Mountford Creek

30.4

31.2

24.4

20.9

(11/12/2011)

(10/1/2012)

(16/2/2012)

(10/1/2012)

29.4

27.9

24.8

22.2

(15/2/2012)

(24/3/2011)

(16/2/2012)

(10/1/2012)

To find the natural fluctuation between day and night temperatures in each stream,
loggers were left overnight (24 hours) at Mountford, Oaky, and Gregors’ Creeks (on the
12th of March 2012). These fluctuations were on average around 3˚C between day and
night (Figure 5.2).
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Figure 5.2 Overnight temperature fluctuations in streams where insects were sourced
(March 2012).

5.2.2 Field sampling methods
Insects for this study were sampled from streams with high abundances of each genus.
Taxa included within this experiment were chosen so that the resulting sample size was
adequate for statistical analysis. Because of issues of trying to keep too many
individuals alive at any one time, and limitations on equipment, the experiment was run
from the 20th of February 2012 to the 2nd of April 2012. Insects collected from Oaky
Creek included the leptophlebiids Jappa kutera and Atalophlebia spp., and leptocerids
Triplectides volda and Oecetis spp.; those collected from Mountford Creek included
Illiesoperla spp. (Gripopterygidae); and from Gregors Creek included Cheumatopsyche
spp. (Hydropsychidae), Pseudocloeon spp. (Baetidae), and Tasmanocoenis spp.
(Caenidae).

Insects were collected from riffle habitats of each creek, with individuals gently washed
from rocks into a bucket which contained a portable aerator. Extra stream water, algae
covered rocks and leaves were also collected as a habitat and food source during the
experiments. Once collected from the stream, all insects were transported back to the
laboratory where they were left overnight for a minimum of 12 hours in the bucket with
the aerator at room temperature of approximately 21˚C (similar to the night
temperatures of Oaky Creek and day temperatures of Mountford Creek – Figure 5.2).
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5.2.3 Laboratory experiments
The methods for the LT50 experiments were modified from the protocols outlined by
Quinn et al. (1994) and Kefford et al. (2003). Methods were chosen based on pilot
studies where a variety of approaches were tested, including a control temperature room,
individually heated tanks, and the final selection of control temperature cabinets.
Modifications of literature sourced methods were made for the present study including
the container size, grouping of animals, the use of a control cabinet, and the range of
tested temperatures.

For the experimental procedure, new insects were used for each of the tested
temperature intervals. The following morning after the field collection, sampled insects
were transferred to sorting trays filled with stream water and an air supply for
identification. Live taxa were identified to genus as this was the lowest level possible
without a microscope. Once identified these insects were allocated to replicate
containers to immediately begin the experimental process.

For each temperature tested, six replicate plastic containers were allocated per genus
group (Figure 5.4). Five individuals of each genus were assigned to each container per
tested temperature. Each replicate contained 1 litre of stream water, algae covered rocks
and stream sourced leaves, and an individual portable aerator (Figure 5.3). Atalophlebia
and Jappa mayflies were tested in the same containers, as were Pseudocloeon and
Tasmanocoenis. Oecetis and Triplectides caddisflies were tested in the same containers,
whereas Cheumatopsyche caddisflies were tested in isolation. Illiesoperla stoneflies
were also tested in isolation. Insects were grouped to minimise the chance of predation.
These containers were transferred to adjustable control temperature & humidity cabinets
to begin the LT50 test for a particular temperature (Figure 5.3).

Figure 5.3 Control temperature cabinets with replicate containers and aerators.
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All experiments began in the morning, where temperatures were slowly increased (by
approximately 1-2˚C every hour) over 12 hours to reach the intended night test
temperatures. This was to prevent the insects dying from heat shock due to increasing
the temperatures too quickly, without allowing time for acclimation to raised
temperatures (as per Quinn et al. 1994). The actual LT50 test temperature was then
increased for 12 hours later commencing the following morning. The 3˚C average diel
temperature fluctuations documented at the study sites (Figure 5.2) were used as a guide
to simulate diel temperature fluctuations in the laboratory experiments for each tested
temperature. For example if the daytime LT50 test temperature was 35˚C, then the night
temperature was progressively turned down to a minimum of 32˚C and back to a
maximum of 35˚C the following day (or as close as possible) (see Table 5.2). LT50 tests
were run over a 72 hour period, where individuals were checked every 12 hours for
deaths. Water physico-chemistry measurements (temperature, dissolved oxygen,
conductivity, and pH) were also taken at each time interval for each container to ensure
that temperature was the only limiting factor. Dead individuals (that did not respond to
prodding or cooler temperatures) were immediately removed to prevent a decline in
water quality due to decomposition (Quinn et al. 1994; Kefford et al. 2003).

Table 5.2 Experimental design (repeated for each genus at each tested temperature).
Time

Cabinet temperature adjustment

Previous day

Insects sampled from stream, held overnight in laboratory at room
temperature (approximately 21˚C ) for a minimum of 12 hours

Beginning of experiment

Insects transferred from bucket to cabinet. Start at room

(following morning)

temperature. Temperature increased 1-2˚C every hour

Night (12h)

Night temperature - e.g. 32˚C for an intended 35˚C LT50 test

Morning (24h)

35˚C (intended test temperature)

Night (36h)

32˚C

Morning (48h)

35˚C

Night (60h)

32˚C

Morning (72h) END

35˚C

96

Figure 5.4 Experimental design (repeated for each genus at each tested temperature).
Insects were tested at temperatures ranging from 20˚C for a control treatment to the
maximum temperature tested of 38˚C, at which point the LT50 temperatures for all taxa
except Tasmanocoenis had been established. Control treatments of each taxon were
temperatures similar to the streams at the time of collection, where 27˚C was recorded
whilst collecting insects for this experiment in Gregors and Oaky Creeks in February
and March; while Mountford Creek was closer to 20˚C at this time. Control
temperatures for Oecetis, Triplectides, Cheumatopsyche, Jappa and Atalophlebia were
27˚C; and Tasmanocoenis, Pseudocloeon, and Illiesoperla were 20˚C. Over the
experimental period, temperatures recorded while sampling all three streams decreased
by approximately 2-3˚C from February to April. New experiments were performed for
each tested temperature (Table 5.2; Figure 5.4). If LT50 was not reached for a genus at
a certain temperature then the following test temperature was increased by 1-2˚C, this
continued until lethal temperatures for a sufficient number of individuals were reached
such that LT50 could be determined. In total (excluding controls) nine different
temperatures were tested.

For the majority of taxa, the lethal temperature for 50% of the tested population was
established at 48 hours because some individuals did not survive three days under
experimental conditions, regardless of the temperature (determined by pilot studies at
room temperature). Quinn et al. (1994) and Stewart et al. (2013), also present 48 hour
results in their 96 hour thermal LT50 experiments.
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5.2.4 Data analysis
Lethal tolerance (LT50) values and 95% confidence intervals were calculated using the
Trimmed Spearman-Karber method in the R statistical environment (R Development
Core Team 2013). This widely accepted method is recommended by Hamilton et al.
(1977) for estimating lethal toxicity concentrations due to ease of use and precise and
accurate calculation. This method has also been used in recent research papers on the
thermal limits of aquatic insects (for examples see Quinn et al. 1994, and Dallas &
Ketley 2011)

5.3 Results
Estimates for the upper thermal thresholds were found for all tested genera except the
mayfly Tasmanocoenis as more than 50% of the test population of this taxon survived
each experimental temperature for the entire 72 hours. Although LT50’s were not
established for Tasmanocoenis it is reasonable to conclude that this genus is tolerant of
high temperatures and may survive periods of exposure above 38˚C.

Estimates for the upper thermal thresholds were established for all other taxa tested,
resulting in a 10˚C range in acute thermal sensitivity between the least to most tolerant
genera tested. A graphical illustration of the LT50 values and 95% confidence intervals
for each tested genus, arranged from the least to most sensitive to thermal stress is
shown in Figure 5.5. When exposed to the tested temperatures over a 48hour period,
Illiesoperla stoneflies demonstrated the highest sensitivity; with an LT50 value similar
to the “control” temperatures (27˚C) survived by all other tested genera. Of the
caddisflies tested, Cheumatopsyche were the most sensitive to thermal stress, however
could tolerate more than 5˚C above Illiesoperla stoneflies.

Notably within Families, leptophlebiid mayflies had similar 48 hour LT50 values with a
variance in tolerance limits of only 0.3˚C between Atalophlebia and Jappa (Figure 5.5).
In comparison, leptocerid caddisflies displayed greater divergence in tolerance limits,
with estimated LT50 values for Triplectides more than 2.3˚C higher than thermal
tolerance limits of Oecetis.
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Figure 5.5 LT50 values for each genus over a 48hour period (± 95% confidence
intervals.). Note >50% of tested Tasmanocoenis specimens survived all experimental
tests so LT50 could not be determined for this taxa.
Water physico-chemistry measurements taken at each time interval suggested
temperature was the limiting factor causing mortality (Table 5.3). Despite the decreases
in dissolved oxygen concentrations as temperatures increased, oxygen saturation in the
water did not fall below 80% (Table 5.3). Lethal effects of hypoxia for tropical
Queensland mayflies occurs at concentrations <20% (Connolly et al. 2004).

Table 5.3 Oxygen levels associated with the range of tested temperatures.
Mean tested experimental
Mean dissolved oxygen (ppm)
% Oxygen Saturation
temperature (˚C) (+/- S.E)
across 48hrs (+/- S.E)
20.37 (0.05) (control)
9.46 (0.07)
100
27.09 (0.02) (control)
6.76 (0.07)
85
28.95 (0.02)
7.08 (0.02)
90
30.98 (0.03)
6.71 (0.05)
90
31.55 (0.05)
6.34 (0.08)
85
32.95 (0.09)
5.87 (0.07)
80
33.37 (0.04)
6.68 (0.02)
90
35.35 (0.05)
5.69 (0.03)
80
36.14 (0.07)
5.52 (0.03)
80
37.28 (0.07)
5.38 (0.01)
80
37.97 (0.05)
5.55 (0.05)
85
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When exposed to each tested temperature, similar responses in death rates were
observed between most genera (except Tasmanocoenis), where the majority of animals
survived the experimental temperatures until a specific threshold point, above which a
dramatic increase in deaths occurred (Figure 5.6). For example, <2˚C increase in test
temperature increased the death rate by >60% for Pseudocloeon, Atalophlebia,
Cheumatopsyche, and Triplectides (Figure 5.6). These results demonstrate the extreme
effects of small changes to stream temperature when approaching the thermal threshold
of a genus.

The response curve shapes for each genus across the experimental temperatures may
indicate individuals tested comprised more than one species. Different tolerance
thresholds per species may occur, possibly causing the variation in LT% at different
temperatures. Mortality peaked twice for the caddisfly genera Oecetis potentially
indicating two species were tested with differing thermal maxima, where 30.98˚C is
likely species one, and 34.89˚C is likely species two (Figure 5.6). Mortality also peaked
twice for the mayfly genus Pseudocloeon possibly indicating two different species
within this genus, where 30.98˚C may indicate the LT50 for one species, and 34.48˚C
for the other.
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Figure 5.6 Temperatures tested for each genus. Temperatures were averaged across
container replicates for each tested temperature increment.
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5.4 Discussion
Stream temperature is a principal factor that influences assemblage composition and
abundance within an aquatic insect community (Rivers-Moore et al. 2013a). Current
projections of future climate conditions include increases in air, and consequently
stream, temperatures (Dowdy et al. 2015), which will influence all stream organisms.
This study has estimated the limiting thermal thresholds for common EPT taxa from
SEQ streams using LT50 experiments. The results provide data on how close these taxa
may currently be to their upper thermal tolerance thresholds under the present climate
conditions and allow comparison with similar studies from elsewhere. From these
results, estimates have been made on the likely responses of each tested taxa to
projected future climate changes, allowing those most at risk to be identified along with
those that appear tolerant to increases in stream temperature.

5.4.1 Upper temperature limits of tested taxa within the study area
When compared to current maximum temperatures recorded within the study sites
(Table 5.1), the stonefly genus Illiesoperla (thermal maxima of 27.16˚C) appears to
have reached its thermal threshold in both Dam and Gregors Creeks during the hottest
months of the year. All other EPT tested could potentially survive these maximum
temperatures within the cooler riffle habitats or other temperature refuges such as
shaded edges, the hyporheos, and deeper pools. However, such refuges are not always
available in intermittent streams, where extended periods of ‘cease to flow’ are common
(see Chapter 3) (Steward et al. 2012). Insects surviving in refugial pools of Dam and
Gregors Creeks may also be subjected to potentially sub-lethal habitat changes that are
associated with temperature rise and habitat disconnection, such as low dissolved
oxygen, algal blooms, eutrophication, predation, and competition (Boulton 2003; Lake
2003; Bunn et al. 2006; Griswold et al. 2008). While mortalities may not occur as a
direct result of temperature, these sub-lethal effects may impact EPT populations.

5.4.2 Temperature may limit abundances and distributions of rare taxa
This study did not include rare taxa as abundances were too low in samples to support
statistical analysis. The distributions of rare taxa within the study area (Chapter 3)
indicate that these taxa may be highly sensitive to habitat quality; and, given their
limited range, may also be influenced by temperature. For example the mayflies
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Mirawara, Atalomicria and Ulmerophlebia, the stoneflies Riekoperla and Stenoperla
and the caddisflies Tamasia, Tasimia, and Agapetus did not occur in streams warmer
than the conditions of Mountford and sometimes Oaky Creek (Chapter 3). For many of
these rare taxa, the thermal conditions of disturbed streams in SEQ could be nearing
threshold levels due to a reduction of riparian cover, possibly limiting distributions to
minimally disturbed pockets of refugia for survival (Nolte 2011). Temperature may be
directly or indirectly responsible for their rare occurrence, small population sizes, and
limited distributions, however these hypotheses represent an area in need of further
research.

5.4.3 Comparing local and global EPT temperature threshold studies
Given the abundance and richness of EPT taxa found in both Gregors Creek and Dam
Creek (see Chapter 3), it appears that some taxa have adapted to high temperatures and
frequent disturbance and may have developed mechanisms or strategies to overcome
thermal pressures, similar to other insects that occur in unstable areas (Bond et al. 2008;
Nhiwatiwa et al. 2009). However, it is unknown if the upper thermal thresholds for EPT
of SEQ are regionally specific, or if these tolerances are similar across different climates,
thus comparisons are needed from similar studies.

The upper thermal limits of Australian EPT taxa are mostly unknown; only one similar
study has been performed on the thermal tolerances of stream invertebrates of southwest Western Australia (Stewart et al. 2013). Therefore, to expand this comparison,
similar datasets are provided from a global perspective with the inclusion of CTmax
methods, presented in Table 5.4.

It is important when comparing thermal tolerance tests to consider natural and
experimental factors that may influence the results, such as the thermal history of the
organism, i.e. acclimatisation to a thermal range reflecting the climate of the region; as
well as acclimatisation to tested temperatures and the speed of experimental temperature
increase; both of which can affect the thermal tolerances of an individual during an
experiment. For example, Martin et al. (1974) (cited in Dallas & Rivers-Moore 2012)
found the same species of dragonfly from streams of different thermal regimes had
different thermal thresholds, where warmer streams produced more tolerant individuals;
this is known as phenotypic plasticity (Johnston & Bennett 2008). This may also have
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the same potential when testing between seasons, as acclimatisation to summer
temperatures may produce different results when compared with insects tested during
winter. Regarding the rate of temperature increase within testing, the notable difference
in the mayfly Castanophlebia thresholds between CTmax (32.6˚C) and LT50 (28.3 ˚C)
tests performed by Dallas and Ketley (2011), show that a rapid increase in temperature
results in a higher threshold, whereas longer exposure reduces thermal tolerances (Table
5.4). This trend also held true for leptocerid caddisflies and notonemourid stoneflies
tested in the same experiment (Dallas & Ketley 2011) (Table 5.4).

Across the tolerance studies presented in Table 5.4, many taxa within the same families
show great differences in threshold limits both within and between study methods, and
across regions. These results support the conclusions of Chapters 3 and 4, where taxa
within the same family do not always respond to disturbance in the same way,
emphasizing the need for lower taxonomic resolutions in aquatic invertebrate studies.
For example, within the present study estimated LT50 values of the caddisfly
Triplectides were more than 2.3˚C higher than thermal tolerance limits of Oecetis from
the same family Leptoceridae; and in New Zealand, Quinn et al. (1994) found a 5.6˚C
tolerance difference between Conoesucidae species (Table 5.4).

Mayflies of the Leptophlebiidae family have been shown to have the largest thermal
range regardless of methods; from a thermal limit of 21.9˚C in Western Australia
(Stewart et al. 2013) to 34.78˚C in the present study, suggesting that the SEQ
populations have a much higher thermal tolerance (Table 5.4). Baetid mayflies from
SEQ also had a high thermal tolerance compared to the same family tested in other
studies, except those in South Africa (Table 5.4). As previously mentioned, CTmax
methods often have results of higher tolerance thresholds than LT50 methods due to
exposure times and acclimatisation; therefore baetids from SEQ might have had higher
CTmax thresholds than those in South Africa if this method were used for this study.
Similarly, for hydropsychids, CTmax methods from other studies produced higher
thresholds than the LT50 from this study, however when compared across only LT50
studies, the SEQ taxa had higher thermal tolerances (Moulton et al. 1993; Quinn et al.
1994; Dallas & Rivers-Moore 2012; Stewart et al. 2013). When comparing families, all
taxa tested within SEQ had higher LT50 thresholds than other regions, indicating that
tolerances are relative to local climate and disturbance experience.
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Table 5.4 Global Comparison - SEQ LT50 values; Western Australian LT50 values; New Zealand LT50 values; South African LT50 and
CTmax values; American LT50 and CTmax values. (E= Ephemeroptera; T = Trichoptera; P = Plecoptera)

SEQ Australia
Present Study

48hr
LT50
(˚C)

South-Western
Australia.
Sourced from
Stewart et al.
(2013)

48hr
LT50
(˚C)

New Zealand
Sourced from
Quinn et al.
(1994)

48 hr
LT50
(˚C)

Leptophlebiidae
Atalophlebia spp.
(E)
Leptophlebiidae
Jappa kutera (E)

34.44

Leptophlebiidae
Nyungara bunni
(E)

21.9
(*96hrs)

Leptophlebiidae
Deleatidium spp.
(E)
Leptophlebiidae
Sephlebia dentate
(E)

24.5

Baetidae
Pseudocloeon
spp. (E)
Leptoceridae
Triplectides
volda(T)
Leptoceridae
Oecetis spp. (T)

34.48

Hydropsychidae
Cheumatopsyche
spp. (T)
Gripopterygidae
Illiesoperla spp.
(P)

32.67

34.78

Baetidae Offadens
soror (E)

34.89

27.16

90 mins
Mean
CTmax
(˚C)

Leptophlebiidae
Castanophlebia spp.
(E)
Baetidae (family)
(E)

32.6

32.4

Leptoceridae
(family) (T)

32

26.8

Leptoceridae
Athripsodes spp. (T)

31.9

27

Hydropsychidae
(family) (T)

32.9

25.5

Notonemouridae
Aphanicerca
capensis (P)

30.7

25.3

23.7

37.2

Hydropsychidae
Cheumatopsyche
modica (T)

South Africa.
Sourced from
Dallas & Ketley
(2011), and Dallas
& Rivers-Moore
(2012)
Leptophlebiidae
(family) (E)

30.6

Conoesucidae
Pycnocentrodes
aureola (T)
Conoesucidae
Pycnocentria
evecta (T)
Hydropsychidae
Aoteapsyche
colonica (T)
Gripopterygidae
Zelandobius
furcillatus (P)

48 hr
LT50
(˚C)

33.5

28.3

34.6

30.9

24.9

America.
Sourced from
Bunting (1981),
and Moulton et al.
(1993)

96 hr
LT50
(˚C)

Ephemerellidae
Ephemerella
invaria (E)
Heptageniidae
Stenomena ithaca
(E)
Hydropsyche
Symphitopsyche
morose (T)
Brachycentridae
Brachycentrus
lateralis (T)
Hydropsychidae
Hydropsyche
simulans (T)
Hydropsychidae
Ceratopsyche
morose (T)
Philopotamidae
Chimarra
aterimma (T)

22.9

Mean
CTmax
(˚C)

31.8

30.4

32.8

35.6

34.2

33.6
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5.4.4 Implications of future temperature rise
This study has revealed that some tolerant SEQ taxa are capable of surviving relatively
high temperatures, and could possibly acclimatize to slow incremental change (Somero
2010; Rivers-Moore et al. 2013b). The globally renowned “highly sensitive” category
of EPT does not hold true for all taxa with respect to all environmental conditions. In
fact, regarding temperature, many EPT taxa from varying regions could be considered
quite tolerant with LT50 values in excess of 30˚C (Table 5.4). However, taxa already
nearing their thresholds, such as the stonefly Illiesoperla, may not adapt to increases in
temperature. In addition, the sudden onset of heatwaves and the increased severity of
these episodes may still be beyond the thermal limits of even the most tolerant taxa. The
findings and interpretations of this chapter are comparable to Rivers-Moore et al.
(2013b), who predicted that climate change will have greatest impacts on cold-adapted
(stenothermic) and highly specialist (e.g. univoltine or cue dependent) taxa with limited
ranges, whereas warm-adapted (eurythermic) generalist taxa will prosper and dominate.

Most of the taxa tested can withstand current thermal maximums across all streams
sampled; however, it is uncertain how they may tolerate the temperature changes of the
near future. As mentioned in Chapter 1, high emission scenario projections for
atmospheric temperatures in SEQ are rises of 1.3˚C by 2030, and 4.7˚C by 2090
(Dowdy et al. 2015). Generally, every 1˚C increase in atmospheric temperature equates
to approximately 0.8˚C increase in stream temperature (Morrill et al. 2005); this equates
to 1.04˚C increase in stream temperatures by 2030 and 3.76˚C by 2090. Decreased
rainfall is also predicted which could lead to reduced flow (Dowdy et al. 2015),
resulting in the isolation of refugial pool habitats during extreme heat periods (Williams
1996; Bond et al. 2008). When compared to current maximums (Table 5.5), 1.3˚C
increases in overall atmospheric temperatures may effect EPT populations both directly
from fatalities and indirectly via changes in water quality, habitat availability, and
ecosystem structure.

Stoneflies of the genus Illiesoperla were found to be highly sensitive to increased
temperatures, which may be contributing towards their absence in unshaded streams
(See Chapter 3). Given the projected 2090 temperature rises, during the hottest annual
months Oaky Creek may also become intolerable or result in sub-lethal chronic effects
for this genus, further reducing the distributions of these already rare taxa (Table 5.5).
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The temperature projections for 2030 within Dam and Gregors Creeks (Table 5.5) may
also negatively impact Cheumatopsyche caddisflies (LT50 32.76˚C), perhaps reducing
populations within current habitats.

Table 5.5 Estimates of stream temperatures in the four study streams based on
projections of air temperatures for CSIRO high emission scenarios (Dowdy et al. 2015).
Estimates were established using the conversion of air to water temperature given by
Morrill et al. (2005) based on current maximum mean pool temperatures.
Stream

Current maximum

Projected stream

Projected stream

pool temperature (˚C)

temperature 2030

temperature 2090

(+1.04˚C)

(+3.76˚C)

Gregors Creek

30.4

31.44

34.16

Dam Creek

31.2

32.24

34.96

Oaky Creek

24.4

25.44

28.16

Mountford Creek

20.9

21.94

24.66

The projected temperature increases and reduced stream flow will inevitably cause
habitat loss and population decline for many taxa. By 2090 summer temperatures in
Gregors and Dam Creeks will near the thermal thresholds for the Baetidae,
Leptophlebiidae, Hydropsychidae, and Leptoceridae families, with likely sub-lethal
consequences for others (Table 5.5). While mean summer temperatures are within
threshold limits for Triplectides volda (LT50 37.2˚C) and Tasmanocoenis spp. (≈
LT50 >38˚C), both streams may surpass tolerances during extreme heat waves.
Currently, the longest recorded heatwave within SEQ spanned six days, well beyond the
48 hours of the LT50 tests (B.O.M. 2015). The hottest recent heatwave in Gatton QLD,
(40km south of Oaky Creek) reached > 44˚C on the 4th of January 2014 (B.O.M. 2015);
climate change projections include even hotter and longer heatwaves.

5.4.5 Management options
To prevent localized extinctions and preserve EPT biodiversity in SEQ direct
management actions are needed with prioritization for taxa and habitats that are highly
vulnerable. When thermal limits of this study are compared with projected maximum
summer temperature increases, it is almost certain that by 2030 two of the eight taxa
tested will encounter habitat loss due to thermal stress, and highly likely that four other
taxa will also be affected in some way.
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To avoid the pressures of rising temperatures some insects will need to seek thermal
refuges. The topography of SEQ has relatively low relief (maximum peak 1375m above
sea level - Department of the Environment 2010), therefore streams which may provide
altitudinal temperature refuge are scarce. Long distance dispersal options may also be
limited for some taxa, as McLean et al. (2008) found that habitats of low elevation
provided dispersal barriers resulting in restricted gene flow of the mayfly genus
Bungona narilla in SEQ rainforests. Currently many taxa are limited to small areas of
refugia due to the clearing and development of the catchment for agriculture and urban
purposes (see Chapter 2).

A feasible option towards increasing refugial habitat is to reduce the temperatures of
targeted SEQ stream reaches through re-vegetation, with spatial prioritization of areas
that will potentially yield the highest ecological benefit for such investment (Davies
2010; Hermoso et al. 2012; Hermoso et al. 2015). The re-vegetation of these streams
will not only aid in reducing temperature via shade, but also improve bank stability,
erosion, fertilizer runoff, sedimentation, habitat complexity, and organic carbon
resources (Tabacchi et al. 1998; Brooks & Brierley 2002; Pusey & Arthington 2003;
Marsh et al. 2005; Lake et al. 2017).

Stream temperature can decline significantly when moving along a gradient from
sections of stream with cleared riparian vegetation compared to fully forested sections
(Storey & Cowley 1997). In a SEQ sub-catchment adjacent to the present study area,
mean summer temperatures decreased by 3˚C within three years of re-vegetating of a
2km stream section (Marsh et al. 2005). A study of the same reach ten years after revegetation, stream temperatures were on average 1.5˚C cooler when compared to
neighbouring cleared streams (Frampton 2009).

The results of this study could be used to help establish in-stream temperature targets
when restoring streams, to preserve maximum biodiversity (Rivers-Moore et al. 2013a).
Cox and Rutherford (2000) suggest a safety margin of 5˚C with respect to the lethal
thermal maxima, as an acceptable temperature for protecting a particular species,
applied midway between the daily mean and the daily maximum. These targets however
need to consider the projected conditions for both average temperature increases and
heatwaves. It is therefore proposed that targeted ranges will need to account for: the
projected mean annual temperatures of future summer months (i.e. seasonal variation);
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the potential of increased temperatures during heatwaves; the upper thermal maximums
of the considered species; and indirect sub-lethal effects on both individual species and
the entire ecosystem - an area in need of further study.

5.5 Conclusions
The results of the LT50 tests have shown that Illiesoperla stoneflies are the most
vulnerable of the taxa tested, already approaching potential thermal limitations in two of
the study streams. Cheumatopsyche caddisflies are also nearing their thermal thresholds,
and have a high chance of habitat limitation when temperatures rise. Under high
emission climate scenarios for eastern Australia, the Leptophlebiidae, Baetidae, and
Leptoceridae families may also become subject to indirect or direct temperature
pressures. Leptocerids and caenids were the least sensitive of the EPT tested towards
temperature increases; however this may not reflect the sensitivities of all taxa within
the family groups, as Oecetis (Leptoceridae) are more sensitive than Triplectides
(Leptoceridae). In addition, sub-lethal effects of temperature rises may still have
negative impacts on populations.

Gregors and Dam Creeks have the highest projected temperatures, and are most likely to
experience a reduction in the presence of sensitive taxa. Given that Dam and Gregors
Creeks are just two examples of the many degraded and cleared streams in the region,
the reduction of habitats of suitable thermal regime will be widespread across the
agricultural or developed areas of SEQ. The projected thermal increases for Oaky and
Mountford Creeks could lead to a decline in habitats suitable for sensitive taxa due to
both direct and indirect pressures of temperature rise. The loss of such habitats may
affect rare taxa already approaching their thresholds, with the potential for biodiversity
loss in the region. Increased availability of temperature refuges will be required to
ensure the longevity of sensitive taxa; however the losses of some taxa may be
unavoidable. A feasible solution is to rehabilitate and provide shade to cleared streams,
and protect refugial habitats from development. There is a need for further tolerance
tests on rare taxa of SEQ to identify those at risk of localized extinction. There is also a
need for tests on other factors influenced by climate change such as dissolved oxygen,
as well as the sub-lethal effects of temperature change.
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6 Assessment of mayfly and caddisfly movements during
drying periods using isotopic tracers

6.1 Introduction
In ephemeral and intermittent streams, aquatic taxa exposed to natural periods of drying
disturbance have developed physiological or behavioural traits to avoid, withstand or
recover after the disturbance (Boulton & Lake 1992b; Boulton & Lake 2008; Lytle 2008;
Bogan et al. 2017; Stubbington et al. 2017). Mayflies and caddisflies are often found in
streams that have recently received water after dry periods (see Chapters 3 and 4),
however an in-depth understanding of responses to drying is lacking for most species.
How taxa respond to changes in water quality and habitat availability experienced
during hydrologic intermittency influences the likelihood of population persistence.
While many studies have documented changes in aquatic insect communities during the
drying phases of intermittent waterways, highlighting resistant and resilient traits, and
recolonization patterns (e.g: Paltridge et al. 1997; Wood et al. 2010; Chester & Robson
2011; Leigh 2013; Storey & Quinn 2013; Bogan et al. 2014); few Australian studies
have tracked the movements of individual taxa as both juveniles and adults when
aquatic habitats become disconnected.

Understanding the responses of each caddisfly and mayfly taxa to disturbances is
important when attempting to predict and/or understand future biodiversity of a
particular region. The projected future climate within SEQ includes extended seasonal
drying, and increases in the occurrence and severity of drought (Dowdy et al. 2015).
Knowledge on behaviour during hydrologic intermittency will aid towards predictions
of population sustainability during longer and hotter dry periods; and the ability to
provide or maintain refuges accordingly.

6.1.1 EPT survival strategies in drying streams
Aquatic insects that are frequently subject to hydrologic intermittency possess resistant
and/or resilient traits, ensuring population persistence (Bogan et al. 2017). To resist
drying conditions, aquatic insects may actively move into refugial habitats such as pools
or moist hyporheos (Stubbington & Datry 2013; Bogan et al. 2014). Taxa that survive
in such habitats are tolerant of deteriorating water quality conditions, and may be
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resistant to desiccation in either egg or larval form (Boulton & Lake 2008; Robson et al.
2011; Strachan et al. 2015; Stubbington et al. 2017). For example, caenid mayflies are
highly tolerant to low flow, high temperature, and eutrophication (Hawking et al. 2013),
while leptophlebiids Jappa and Ulmerophlebia burrow into the hyporheic substrate
(Bae et al. 2004; Bae et al. 2012; Bae et al. 2013). Caddisflies (Family: Leptoceridae)
have also been shown to respond to drying with Triplectides australis moving into the
moist fissures of wetlands during drying phases (Strachan et al. 2014), while others,
such as Lectrides varians can survive dry periods for more than twelve weeks without
standing water through aestivation (Wickson et al. 2012; Chester et al. 2015). However,
the efficacy of these resistance strategies is dependent upon the severity and longevity
of the dry period.

Alternatively, taxa that cannot tolerate drying conditions may invest energy into rapid
development, prematurely emerging from the stream as an adult (Harper & Peckarsky
2006; Strachan et al. 2015). Such organisms would have flexible life histories and/or
short life cycles (Drummond 2011). For example, increased temperatures caused by the
cessation of flow, accelerated juvenile growth rates and emergence timing of the
caddisfly Helicopsyche borealis and the mayfly Baetis bicaudatis (Brown et al. 2012).
Smaller adult body size upon emergence of Baetis bicaudatis was also linked to
increased predation pressures (from contracting habitat), indicating rapid development
under distress (Peckarsky et al. 2001). Emerged adults may deposit eggs in more
suitable locations, ensuring recolonisation when flow resumes (Robson et al. 2011).
This strategy is dependent on: instar stage at the time of drying, rates of metamorphosis,
tolerance of adults to atmospheric conditions, sensitivity of eggs to in-stream conditions,
and the incubation time of the eggs regarding the duration of the dry period (Brittain
2008). Premature stream emergence can however, result in undersized adults,
influencing fitness and fecundity (Taylor et al. 1998; Harper & Peckarsky 2006).

Taxa exposed to predictable drying may have developed life history strategies that
include pre-dry season emergence, surviving the dry period as an adult, and depositing
eggs in refugial in-stream pools or migrating to neighboring waterbodies (Harper &
Peckarsky 2006; Brittain 2008; Robson et al. 2011; Bogan & Boersma 2012; Strachan
et al. 2015; Bogan et al. 2017). The persistence of the population is based upon the
survival of the subsequent generation through the actions of the current cohort.
However, completing metamorphosis for adult emergence may be limited by the
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hydroperiod of the current habitat, as rapidly drying surface water may not provide
enough time for transformations (Drummond 2011).

Resilient and resistant strategies often co-occur, prolonging survival without surface
water (Corbet 1964; Towns 1983; Jacobi & Cary 1996). Where the adult life stage
coincides with drying, oviposition of desiccation resistant eggs allows for the
succession of following generations (Stubbington et al. 2017). For example in seasonal
creeks of the Northern Territory the eggs of Cloeon fluviatile (Baetidae) can withstand
desiccation until the return of flow (Hawking et al. 2013).

An unconventional theory to the dry season survival of obligate aquatic taxa is
emigration to adjacent refuges, where the insect actively moves to a more suitable area
through the hyporheos or across the terrestrial landscape. This phenomenon is not well
documented, and likely implausible for some taxa. It may be possible for highly tolerant
insects, capable of some time spent out of the water column, or those able to tolerate
conditions within the hyporheic habitat. Boulton and Lake (2008) describe many
species that utilize the hyporheos as a refuge as surface water dries, however it is
unknown if longitudinal dispersal of otherwise obligate surface dwellers occurs through
this medium (Boulton 2000). Few studies report the movement of obligate aquatic
juvenile insects across terrestrial environments, other than for the purpose of emergence;
however some Trichoptera and Megaloptera are known to survive out of water (Lytle
2008). Aquatic to terrestrial movement has also been documented in recent PhD
research from SEQ, where Epiprocta nymphs and Diptera larvae were found in pitfall
traps adjacent to a drying refugial pool (Alisha Steward 2012, pers. comm.). This
strategy however, poses high risk to the animal. The lack of literature on these
observations indicates it is an area that requires further investigation (Lytle 2008).

6.1.2 Nutrient enrichment as a tracer for insect movement
Longitudinal movement of aquatic insects during periods of no flow is not well
understood. Most research on the topic includes the movement of aquatic communities
from riffle to pool habitats prior to the cessation of flow (e.g: Delucchi & Peckarsky
1989; Lytle 2008); rather than movements once disconnection occurs. It is expected that
some taxa disperse in their adult mobile stage as a response to drying; however there is
little published evidence to substantiate this hypothesis.
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Tracking the movements of aquatic insects as surface water contracts can help
understand resistant or resilient strategies to habitat drying; and there are various
methods that may be used to explore the dispersal of freshwater biota over varying
spatial and temporal scales (Crook et al. 2015). However, following the movements of
an individual insect is difficult given their small stature (e.g. mark-recapture or tagging
methods). Genetic variations or similarities in populations can describe connectivity
between species across space and time (Hughes et al. 2009); however specific timing
(days) of this movement, or the population source at the microhabitat scale (individual
pool) are difficult to determine. Instead, nutrient enrichment can be used to trace
movements of targeted organisms; where a population is “labelled” via the addition of
an isotopically highly enriched nutrient to the environment that is subsequently
incorporated within the food web and able to be identified due to its distinct isotopic
value (Fry 2006). The isotopically labelled consumers can then be detected using stable
isotope analysis. The intention is that any movement away from this source population
can be tracked as enriched migratory animals will have distinct isotopic values
compared with the background populations. Therefore it will be detectable if: 1) adult
invertebrates are dispersing to other habitats via flight, 2) larvae are moving across
terrestrial or hyporheic corridors, or 3) invertebrates remain at their original location (no
movement).

The use of isotopically enriched nutrients within aquatic ecosystems is often applied to
“trace” foodweb pathways, connections, and in-stream metabolism (Rezanka & Hershey
2003; Dodds et al. 2014). However, isotopically enriched nutrient addition as a ‘markrecapture’ method to study aquatic insect movement has not been widely used, with
little published Australian literature, although the approach has great potential as a few
North American studies have demonstrated (e.g: Hershey et al. 1993; Caudill 2003;
Macneale et al. 2005). A literature search using combinations of the search terms:
“Australia, stable isotope, nutrient, enrich*ment, addition, label, nitrogen, 15N, tracer,
aquatic macro*invertebrate, insect, drying, drought, dispersal, and movement” within
ISI Web of Science and Google Scholar search engines (May 2015) revealed no
published studies within Australia that have used the addition of isotopically enriched
nutrients to trace the movements of aquatic insects during a drying disturbance.
This chapter aims to quantify the movements of juvenile and adult mayflies and
caddisflies within headwater stream corridors using an isotopically enriched form of
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Nitrogen (15NH4Cl) as a tracer. As the life-histories of most caddisflies and mayflies of
SEQ are largely unknown, it is possible that adult emergence could be a timed event
corresponding with season. To test the hypothesis that premature emergence is a
reaction to the drying of riffle habitats within a stream, rather than a seasonal life history
strategy that occurs across a region, insects were sampled from a perennial stream and a
non-flowing stream that had retracted to isolated pools for comparison.
The 14N to 15N ratios of organisms are often used as a guide to trophic position within
food web studies (Kilham et al. 2009). The heavier 15N isotope is retained by the
consumer, thus the ratios of 15N to 14N shift when metabolised reflecting trophic
position (Hershey et al. 2007). Nitrogen isotope values are compared to a standard of
Nitrogen found in the atmosphere, and expressed as parts per thousand (‰), where:
δ15N= [(Rsample-Rstandard)/Rstandard]×1000

(where: R=15N/14N)

The variations in nitrogen ratios between trophic levels are called fractionations, where
consumers typically become enriched by 1.6-3.4‰ relative to their food source,
depending upon the system studied (Bunn et al. 2003; Kilham et al. 2009). When highly
enriched 15N is added to a system, it will be detectable throughout the food web, as the
14

N to 15N ratios (i.e. Nitrogen isotopic values) will be much higher than natural

abundance samples, depending upon the amount added. Theoretically, primary
producers will metabolise the added nitrogen, which will then be consumed and
assimilated by higher trophic levels; with the enrichment “label” evident throughout the
food web. This method works best where autochthonous carbon is the primary base of
the food web, as allochthonous sources will not be labelled (in the given time frame);
for example aquatic ecosystems in streams such as Gregors Creek and Dam Creek
where the majority of riparian vegetation has been cleared would presumably rely on
autochthonous production (Bunn et al. 1999).

The purpose of this nutrient addition is to mark the insects for identification of the
source population, rather than to measure nutrient values between trophic levels or over
time. Although using isotopic enrichment as a tracer can be laborious and expensive,
when successfully conducted, this method can provide insight into ecosystems that were
often previously mere speculation (Peterson & Fry 1987; Fry 2006; Hershey et al. 2007).
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6.1.3 Chapter aims
The aim of this chapter was to study the movements of mayflies and caddisflies within
the stream channel and corridor during the drying phase of Dam Creek, using 15N
enrichment as an isotopic tracer of a source population. Gregors Creek, which remained
connected with surface flow was used to control for the effect of season on emergence
rates.
This chapter aimed to address the following questions:
1. As the streams dry do water physico-chemistry conditions change/deteriorate?
2. Do caddisflies and mayflies display behavioural responses to drying via:
a. Unseasonal adult emergence?
b. Longitudinal adult dispersal? (actively seeking a more suitable habitat)
c. Larval movement/dispersal between refugial pools?
3. Are caddisflies and mayflies emerging regardless of drying phase (seasonal)?

6.2 Methods
The nutrient addition was run from the 18th of October until the 9th of November 2011.
This period was chosen because riffles of Dam Creek dried, and conditions were
optimal for the experiment. The length of the experiment was chosen because of the
timing between drying and rainfall events (See rainfall data Chapter 2, Section 2.3); and
also because literature suggests that three weeks is beyond the lifespan of many adult
mayflies, and was believed to be enough time to follow emergence and flight patterns
(Brittain 1982).

6.2.1 Field methods
Study design
Sections of two streams were compared for this study. Gregors Creek had surface flow,
while Dam Creek had ceased to flow above ground and was reduced to disconnected
pools. Very low hyporheic flow was evident between pools as food dye was used to
detect water movement. These conditions were chosen to test if EPT were emerging or
emigrating in both streams due to life history (i.e. time of year), or if adult or juvenile
movement between habitats was a reaction to hydrologic disturbance (if only recorded
in Dam Creek). In both streams three adjacent pools were used for this study, with the
middle pool being labelled with enriched 15N and the upstream and downstream pools
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sampled for EPT to quantify movement between pools (Figure 6.1). Only pool habitats
were sampled in both streams for comparison, as riffles had dried in Dam Creek.

These streams were chosen as they both have similar agricultural pressures including
riparian clearing and grazing. The EPT surveys in Chapter 3 revealed that of the streams
tested within this study, the assemblage of Gregors and Dam Creeks were the most
similar, allowing for the comparison of taxa between streams. Additionally, water
physico-chemistry parameters were also the most similar between these systems. While
Dam Creek ceased to flow and retracted to isolated pools, Gregors Creek remained
flowing, ideal for the experimental design. These streams were also the closest
geographically of the streams sampled (See Chapter 2). Finally, both streams were
situated on private property, minimising the risk of vandalism and allowing for
equipment to be left unattended for long periods. The only disadvantage was that lateral
adult dispersal traps (to detect movement away from streams, rather than longitudinal
traps within the stream corridor) could not be placed outside the stream bed into the
riparian zone and beyond, due to trampling from livestock (determined after multiple
attempts of terrestrial trap deployment).

Figure 6.1 Sampling traps and treatment design (both streams), showing the relative
location of the nutrient addition (Treatment Pool B) and the sampling traps to collect
larval and adult insects. “Close” and “far” refer to the distance of the adult flying traps
relative to the treatment pool, where “close” is adjacent to the enriched pool and “far” is
upstream or downstream at the following pool sequence.
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For Gregors Creek (flowing), Pool A was 20 metres upstream of pool B, which was ten
metres upstream of Pool C; for Dam Creek (dry), Pool A was 20 metres upstream of
pool B, which was 5 metres upstream of Pool C (Figure 6.1).

Tracer Additions
The tracer addition methods used for this study were modified from the Lotic Intersite
Nitrogen eXperiment (LINX II) sampling protocols (Mulholland et al. 2000; Hamilton
et al. 2001; Ashkenas et al. 2004; Mulholland et al. 2004). To label the insects in order
to trace their movements, a solution of 15NH4Cl (10% 15N) was added to the targeted
pool habitat. The 15N concentration was added to each stream using the marionette
bottle dripping method (Petersen et al. 1983), where enriched ammonium chloride
powder dissolved in 20L of de-mineralised water was dripped slowly over a 7 day
period into a pool for uptake within the food web. A seven day drip period was chosen
to ensure adequate mixing and that the 15N concentration was not washed downstream
before the enrichment was taken up in the food web. EPT were sampled one week prior
to the addition to determine ambient background 15N levels, and were further sampled at
weekly intervals for three weeks after cessation of the drip, to allow for uptake of the
label into biota.
Enrichment levels were targeted to increase by 10-500‰ in biota relative to natural
concentrations, enough to enrich the samples for tracking movement between labelled
and un-labelled pools without fertilizing the stream. The enrichment methods and
calculations followed procedures outlined in Fry (2006) and Hershey et al. (2007). The
following methods consider: 1) the ammonium chloride powder used was enriched in
15

N to 10.40%, above the background level of 0.3663% 15N (natural level in ammonium

chloride, see: Michener & Lajtha 2008, page 5.); 2) concentrations of 15N differed
between streams due to the pool sizes, assumed metabolic turnover rates, and flow rate.
The amount of 15N (i.e. the amount of enriched ammonium chloride powder) to be
added to each stream was calculated using the following steps:
Step 1 is to find the natural concentration of 15N in the pool (mg/day):
Pool volume (m3) * Total ammonium (mmol) * total 15N present in the ammonium
(mg/l) * estimated stream metabolic turnovers per day (using flow rates and pool size)
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Natural ammonium concentrations (mmol) within the study streams were estimated
from data for similar streams of the region, sourced from the SEQ Healthy Waterways,
Ecosystem Health Monitoring Program (EHMP 2011). The pool volumes and flow rates
were based on best estimates from previous trips to the sites.
Step 2 is to find the concentration of 15N in the enrichment substance (for this study a
25g jar of ammonium chloride powder).
 First the %N which was calculated by: 100*14.0037(atomic weight)/53.5
(formula weight of nitrogen) = 26.17514
 Then to find the %15N is: 26.17514 * 10.40% (15N enrichment amount of the
ammonium chloride used) = 2.722215
 Then to find the total 15N in the jar is: 25 (grams in the jar) * 2.722215 /100 =
0.680554 (*1000 = 680.554 mg)
Step 3 involves matching up the concentration in the jar of 15N and the required amount
of powder to add to the pool each day to increase 15N values of aquatic insects by 10500‰.
25g (grams in the jar) * mg/day (from step 1)/ mg 15N in jar (step 2)

For Dam Creek, 1g of powder was added to 20L of de-mineralised water dripping over
a 7 day period at a rate of approximately 1 drip per 3 seconds. For the larger pool in
Gregors Creek 4g of powder was added to 20L of de-mineralised water and dripped at
the same rate. Due to de-pressurisation in the marionette bottles, dripping rates slowed
over time and were re-adjusted to 1 drip per second after 2 days. To stop algal growth in
the marionette, 10ml of hydrochloric acid was added to the de-mineralised water.
As this study was intended for mark-recapture purposes and not as a precise metabolism
or food-web tracer, best estimations were made with respect to the amount of nutrients
added to the stream. Care was taken to ensure that the waterway did not become
fertilized on account of the amount of added nutrients, with a target of <5% change in
ammonia concentrations relative to background levels (Hershey et al. 2007).

Biofilm was sampled before, and one week after the additions within the labelled pools
to determine if the targeted enrichment was achieved. These samples were processed
immediately, and 15N values were found to be successfully enriched by 10-500‰ above
background levels. The 15N values of biofilm in Gregors creek rose from 5.1 to 31.3,
and values in Dam creek rose from 2.4 to 24.5.
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Sampling methods
EPT were sampled from the three pools in each stream at four intervals: before nutrient
addition, 1, 2, and 3 weeks after addition.

Water physico-chemistry parameters (including dissolved oxygen, conductivity, pH and
temperature) were recorded in each sampling location 1, 2, and 3 weeks after the
enrichment addition to determine if habitat conditions were deteriorating over time.
Water physico-chemistry was only measured once in each pool per sampling occasion.

Samples were taken of both juvenile and adult caddisflies and mayflies on all sampling
occasions. Juveniles were sampled from pool habitats using the shuffle-kick dip net
method and handpicked from rocks (see Chapter 3). Adults were sampled from
emergence traps and adult flying traps (Figures 6.1 & 6.2). Emergence traps were made
of fine mesh, and placed in each pool over rocky substrates, with three emergence traps
used in each stream. Adult flying traps were made of clear plastic, which was coated
with a sticky glue on both sides of the trap (“Tangle-TrapTM”, The Tanglefoot Company,
Grand Rapids, MI, U.S.A). Note that this glue was pre-tested for 15N stable isotope
values and did not affect the isotope signal as N values were below detection levels of
the mass-spectrometer. Flying traps were placed at each end of the pools to catch
terrestrial adult insects migrating within the stream channel. A total of six adult flying
sticky straps were used in each stream (Figure 6.1). The glue coated plastic was
replaced at each sampling time. Also recorded from the adult traps were the numbers of
adults moving in the direction of upstream versus downstream, as traps were placed
horizontally across the stream path and both sides were covered in glue.

Care was taken to ensure that unintended enrichment did not occur during this
experiment, which can produce false positives in the data due to human error. Sampling
was always conducted from least to most enriched section of the stream, i.e. pool A,
followed by pool C, then pool B. Between each pool, sampling equipment and waders
were washed with de-mineralised water. All samples were kept in separate bags, and
separated again in extra bags according to which pool they came from to avoid crosscontamination. Once collected, samples were immediately placed on ice and then
frozen pending laboratory processing.
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a) Dam Creek, facing upstream of enriched pool
(B)

b) Dam Creek, enriched pool (B) facing
downstream

c) Dam Creek, Pool A facing upstream

d) Dam Creek, enriched pool (B) marionette
dripper

e) Gregors Creek, enriched pool (B) facing
upstream

f) Gregors Creek enriched pool (B) marionette
dripper

g) Gregors Creek, facing upstream of enriched pool

h) Gregors Creek, Pool A facing upstream

Figure 6.2 Photos a, b, c, d: Dam Creek (dry) pools A and B; e, f, g, h: Gregors Creek
(flowing) pools A and B. Featured are emergence traps, flying traps, and the marionette
dripping device for 15N solution deployment.
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6.2.2 Laboratory methods
Prior to isotope analysis, EPT were defrosted and identified to genus. Samples were
then oven-dried in aluminium foil trays at 60˚C for 24 hours. Once dried, samples were
ground to a fine powder with a mortar and pestle or a puck and mill ring grinder.
Samples were analysed for percent nitrogen and stable isotopes of nitrogen through
combustion in a continuous flow-isotope ratio mass-spectrometer at Griffith University,
Nathan Campus. Isotope values of samples were then compared to determine where the
insects originated from, and if they had dispersed due to water quality conditions.

During preparation precautions were taken to ensure the accuracy of the results and
minimise the chances of accidental sample enrichment. Samples from each pool across
each occasion were kept separate, with those from the enriched pool isolated in a
different freezer. Natural abundance (before enrichment) samples were processed in a
separate laboratory to the potentially enriched samples. Potentially enriched samples
were processed in quarantine, in order from assumed least to most enriched, pool A
followed by pool C followed by pool B, across all sampling times and both streams.
Enriched samples were dried in a separate oven to natural abundance samples, and only
samples from the same pool and time were processed and dried at one given time.
Between processing each site the laboratory area and equipment was thoroughly cleaned.
Potentially enriched samples were also processed via the mass spectrometer in groups
according to site and time from least to most potentially enriched.

6.2.3 Taxa included within this study
To determine if movements were due to seasonal life history events or the pressures of
drying, only taxa found in pool habitats of both streams during the experimental period
were compared in this chapter. Results are only shown for the most abundant taxa found
in both streams, as sample sizes of rare taxa were too low for replication.

Adult mayflies of the families Caenidae and Baetidae were not captured during the
timeframe, and only nymphs were sampled from both streams. The baetid nymphs
Pseudocloeon and Offadens were combined in processing to increase sample size. Of
the caddisflies, Cheumatopsyche (Hydropsychidae) adults were sampled from both
streams, however larvae were not sampled as they are restricted to riffle habitats and did
not occur in the sampled pools (see Chapter 4).
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6.2.4 Data analysis
Variations in water physico-chemistry metrics between streams across the sampling
times were explored by performing a two-way Analysis of Variance (ANOVA) using
the SPSS software program version 22 (SPSS, 2013) on square root transformed data. A
one-way ANOVA on log-10 transformed abundance data from adult flying traps was
also performed to explore variations in flight direction for caddisflies and mayflies
within and between streams.

6.2.5 Detection of enrichment and movement
Given the differences in hydrology at the time of sampling, it was expected that the
extent of the targeted enrichment area would differ between the two streams. In Gregors
Creek it was predicted that enrichment would occur in the targeted pool and also
possibly downstream due to flow and mixing, so detection of active insect movement
away from the targeted area could only confidently include any enriched animals found
in the “upstream” areas of this creek. This includes animals (both adult and juvenile)
actively moving from one habitat to another (possibly due to prevailing environmental
conditions or life history stage) rather than passively moving (i.e. drift) downstream. In
Dam Creek however, as hyporheic flow was minimal and assimilation of added
nutrients was assumed to have occurred within the pool, any highly enriched EPT
(juvenile or adult) found away from the targeted pool could be confidently assumed to
have actively moved from that habitat.
Ambient background values of 15N, as well as enrichment values varied between stream
location, genera, across age categories (juvenile vs adult), and time. Because of this, the
minimum 15N value considered as “enriched above background levels” differed between
streams. The average background δ15N value for EPT (juvenile and adults) within
Gregors Creek was approximately 9.55; whereas for Dam Creek this value was
approximately 4.15 (Table 6.2). Fry (2007) recommends that variance in natural
abundance values as well as fractionation reactions are around 5‰ relative to mean
natural levels of 15N, and that evidence of successful enrichment includes values above
this amount. As the targeted enrichment in this study was between 10-500‰ above
ambient background levels, a conservative approach was taken discerning which
sampled insects were enriched or not. Within Gregors Creek taxa with δ15N values <15
were regarded as similar to base levels and therefore not enriched, whereas for Dam
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Creek this threshold δ15N value was <10. EPT of any age above these values
(respectively for each stream) were considered to be enriched above background levels.
A second issue, as mentioned above, is that for Gregors Creek insects sampled within
the downstream pool (pool C) that were enriched could not confidently be identified as
having travelled from the targeted area (Pool B) due to flow and mixing. It was assumed
that the majority of 15N solution added to the enrichment pool was assimilated rather
than washed downstream, however to be sure, only insects with a high δ15N value
of >25 sampled within “Pool C” or any trap downstream of “Pool B” were considered to
be from the targeted area and had moved away during the sampling period. It could not
be determined if these insects moved due to drift (passive) or active movement.

A total of 12 individual Atalophlebia adults were caught in the emergence traps across
both streams, whereas no other adult taxa were caught in these traps. However,
Atalophlebia, Cheumatopsyche, Ecnomus, and Triplectides were all caught in larger
abundances on the sticky traps of both streams. The sticky traps comprised the more
complete dataset to base the analysis on, and therefore graphical representation of this
dataset has been presented in the results.

6.3 Results
6.3.1 Habitat condition
In Dam Creek, Pool A dried one week and three weeks after enrichment, but had water
two weeks after enrichment due to light rainfall (on the 27th-28th of October 2011, see
rainfall data Chapter 2, Section 2.3). Water physico-chemistry was only measured once
within each pool per sampling occasion, and therefore standard error could not be
calculated.

All water physico-chemistry metrics were significantly different between streams
(p<0.05), and apart from temperature, these values did not change significantly during
the sampling period (Table 6.1). The differences in conditions between streams were
expected as Gregors Creek was flowing whereas Dam Creek was not; as it was these
anticipated differences in conditions that the experiment is based on. Although
temperature increased in all sampling locations during the sampling period (Figure 6.3),
no values recorded were beyond the critical limits for any of the taxa sampled (see
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Chapter 5). Dissolved oxygen was the only variable that reached levels that may have
influenced the distribution and abundance of EPT in the study systems. Within Gregors
Creek oxygen saturation was always recorded as being above 115% (minimum 9.42
ppm), whereas in Pool B of Dam Creek levels were recorded as low as 25% (2.07 ppm).
The lack of flow within Dam Creek was likely the underlying cause of these conditions.
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Figure 6.3 Water physico-chemistry measured across both streams and within each pool habitat for the three week experimental period.
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Table 6.1 Two-way univariate ANOVA of water physico-chemistry variables
Variable

Time

Conductivity
Dissolved Oxygen
Temperature
pH

F
1.633
2.203
22.180
0.216

Sig
0.230
0.136
0.000
0.883

Stream
F
54.032
35.092
17.178
6.673

Sig
0.000
0.000
0.000
0.010

Time*Stream
F
2.293
0.962
3.054
0.169

Sig
0.140
0.408
0.082
0.846

6.3.2 Enrichment results and longitudinal movement
Ambient background levels of 15N (tested before the enrichment addition) varied
between streams (Table 6.2). The maximum background δ15N value for Gregors Creek
was 13.6, whereas in Dam Creek the highest recorded value was only 4.6. Some adults
were not caught during this period, hence the missing values for these genera.
Table 6.2 Mean δ15N background values of taxa found in both streams before
enrichment (±S.E where applicable)
Sample
size

Juvenile
Adult
Juvenile

Mean δ15N value of
background samples
GREGORS CREEK
7.4 (0.256)
9.8 (0.787)
7.5 (0.295)

Juvenile
Juvenile
Adult
Juvenile
Adult
Juvenile
Adult

8.1 (0.126)
Do not occur in pools
10.5 (0.411)
9.8 (0.220)
12.7 (0.515)
7.1 (0.484)
9.2 (0.774)

6

Taxa

Life
stage

Leptophlebiidae
Atalophlebia
Baetidae
Caenidae
Tasmanocoenis
Hydropsychidae
Cheumatopsyche
Ecnomidae
Ecnomus
Leptoceridae
Triplectides

10
12
7

13
3
10
4
5

Mean δ15N value of
background samples
DAM CREEK
3.7 (0.209)
3.9 (0.580)
4.5 (0.878)

Sample
size

4.0 (0.261)
Do not occur in pools

6

10
5
2

5
n/a
n/a

1

4.6 (1.064)

3

n/a

The15N values of EPT in the treatment pools were successfully enriched by 10-500‰
above background levels. The results indicate that the experimental period was adequate
for assimilation into the food web of juvenile mayflies and caddisflies, allowing for
metamorphosis and the detection of enrichment in some adults. Although juveniles
within both streams demonstrated enrichment (Figure 6.4), these results were not found
for all adult taxa, indicating that perhaps more time was needed for the emergence of
some genera (Figure 6.5). The results of the experiment indicated that most EPT
sampled stayed within the vicinity of their pool habitat, with no conclusive indication of
active migration of any genera regardless of age category.

126

Trichoptera
Cheumatopsyche (Hydropsychidae) larvae were only present in the riffles of Gregors
Creek at this time (see Chapter 4), though were not caught from pools of either streams
during this experiment. This suggests that Cheumatopsyche larvae cannot tolerate the
refugial pool conditions of Dam Creek, and/or hatching of new larvae within the
isolated pools did not occur. In comparison, larvae of Triplectides (Leptoceridae) and
Ecnomus (Ecnomidae) (though less abundant) occurred in pools of both streams,
indicating tolerance to varying in-stream conditions of no flow and low dissolved
oxygen (Figure 6.4). Enriched Ecnomus and Triplectides larvae recorded in Gregors
Creek showed no signs of upstream movement from the treatment pool; however, larvae
sampled downstream were found to be enriched, possibly due to facultative movement,
drift, or the 15N label also enriching nymphs downstream of the targeted area. Enriched
larvae in Dam creek did not move away from the treatment pool habitat (Figure 6.4).

Adult caddisflies from the three families were recorded at both streams, indicating that
emergence at this time is a life history event for these taxa, and that drying did not cue
premature emergence. As no adults were found to be enriched, it is likely the
experimental period was not long enough to include emergence of the enriched
juveniles. Additionally no adult caddisflies were caught in the emergence traps in either
stream. These results indicate that either emergence had occurred prior to sampling, or
adult insects had flown in from elsewhere (Figure 6.5). Another possibility is that
caddisflies were already in the pupal stage prior to the beginning of the experiment and
therefore did not metabolise the enriched material (i.e. not feeding), and were emerging
though were not captured in the emergence traps.

Ephemeroptera
Enriched juveniles of three mayfly genera were sampled from pools in both stream
locations (Figure 6.4), indicating tolerance to varying in-stream conditions of no flow
and low dissolved oxygen. Atalophlebia (Leptophlebiidae) nymphs did not move from
the treatment pool in either stream. Likewise, baetid nymphs Offadens and
Pseudocloeon and the caenid Tasmanocoenis from Gregors Creek did not move
upstream; however, nymphs sampled downstream were found to be enriched, possibly
due to facultative movement, drift, or the 15N label also enriching nymphs downstream
of the targeted pool. Both baetid and caenid nymphs in Dam Creek showed no signs of
movement away from the treatment pool habitat.
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The only mayfly adults caught during the experiment were Atalophlebia (Figure 6.5).
Adults were found on the flying traps and within the emergence traps, indicating that
emergence occurred during this time. In Gregors Creek, enriched Atalophlebia adults
were only found in the most downstream sticky traps, indicating possible drift before
emergence. In Dam Creek, enriched adults were only sampled in emergence and sticky
traps closest to the treatment pool, with no indication of flight movement away from
this habitat.

The lack of baetid and caenid adults across both streams suggests that emergence does
not occur in these families during this time of the year, and that drying does not cue
premature emergence. For Atalophlebia, the presence of adults in both streams suggests
emergence does occur during this part of the year.

Dam Creek Pool A (upstream) dried twice during the experiment at one and three weeks
after the tracer addition, hence no larval samples were found within this pool during
these times. Late instar nymphs of Atalophlebia and Tasmanocoenis were sampled from
Pool A of Dam Creek in week 2, after this pool had completely dried in week 1 and refilled from light rainfall.
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GREGORS CREEK (FLOWING)

DAM CREEK (DRY)

Figure 6.4 Mean juvenile insect δ15N isotope values in each pool across sampling
occasions. (Note that values without error bars were only sampled once due to low
abundances. Also note where “Y” axis values change as indicated in bold font)
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GREGORS CREEK (FLOWING)

DAM CREEK (DRY)

Figure 6.4 (continued): Mean juvenile insect δ15N isotope values in each pool across
sampling occasions. (Note that values without error bars were only sampled once due to
low abundances. Also note where “Y” axis values change as indicated in bold font)
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GREGORS CREEK (FLOWING)

DAM CREEK (DRY)

Figure 6.5 Mean adult insect δ15N isotope values across sampling occasions. (Values
without error bars were only sampled once due to low abundances)
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Adult flight direction
The direction of adult flight was inferred from the side of the sticky trap on which
individuals were recorded (combining all genera). Those collected on the downstream
facing side of the traps were flying in an upstream direction, and vice versa.

In Gregors Creek significantly more mayflies and caddisflies flew in an upstream
direction (Figure 6.6, Tables 6.3 and 6.4). This phenomenon was found to be different
between streams, as no preference for flight direction was demonstrated by either Order
in Dam Creek. That is, around a flowing stream there is a strong compulsion for
upstream flight, whereas flight direction is less imperative when aquatic habitats
become disconnected.

Figure 6.6 Mean adult flying direction of all mayflies and caddisflies
Table 6.3 One-way ANOVA of flight direction for caddisflies (combined genera)
Variable

F

P

Gregors Creek U/S vs D/S

25.234

0.000

Dam Creek U/S vs D/S

0.532

0.475

Stream * direction

5.133

0.029

Table 6.4 One-way ANOVA of flight direction for mayflies (combined genera)
Variable

F

P

Gregors Creek U/S vs D/S

6.257

0.022

Dam Creek U/S vs D/S

0.216

0.647

Stream * direction

1.67

0.204
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6.4 Discussion
Contracting habitat and altered conditions during the drying phase of intermittent and
ephemeral waterways applies great pressure on organisms dependent upon flow and
connection of aquatic habitats. However, many obligate aquatic taxa are present in
waterways with variable hydrology. Within this chapter the resistant and resilient
strategies of obligate aquatic mayflies and caddisflies were explored through the use of
a heavily enriched nutrient tracer. By following the movements (or lack thereof) of
juvenile and adult EPT during the drying phase of a stream, inferences can be made on
whether these taxa possess resistant and/or resilient traits allowing them to survive
drying. From these results, conclusions are drawn on whether the recorded behaviour is
part of an annual life history cycle or as a direct response to current disturbance. The
outcomes of this research are then discussed with respect to climate change, with
implications for the survival of taxa given the projections of increased drying
disturbance.

6.4.1 In-stream conditions during a drying event
For aquatic insects that are flow or oxygen sensitive, conditions within Dam Creek
during the experiment became intolerable, possibly accounting for some of the
differences in community composition between the two streams. Dissolved oxygen was
the only measured variable in the refugial pools that reached levels which may have
influenced the distribution and abundance of aquatic taxa. Within Gregors Creek
oxygen saturation was always above 115% (9.42 ppm); whereas in Dam Creek levels
were recorded as low as 25% (2.07 ppm), likely due to lack of flow. Connolly et al.
(2004) found that lethal effects of hypoxia for some Queensland mayflies occurs at
concentrations <20%. If changes in dissolved oxygen are a cue for emigration it would
only be correlated with Dam Creek and not Gregors Creek during the sampling period.
Any EPT movements recorded within Dam Creek but not Gregors Creek may be a
reaction to flow cessation and low dissolved oxygen; whereas movements occurring in
both streams may be a life history event.

Although all recorded water physico-chemistry metrics were significantly different
between the streams, the conditions in both streams were not beyond the known
tolerance limits of most taxa (see occurrence during similar conditions in Chapters 3
and 4) with the exception of dissolved oxygen. Conductivity, pH, and temperature were
all lower in Dam Creek than Gregors Creek (Figure 6.4), despite the drying conditions.
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Other factors that have been found to influence assemblage composition in refugial
waterholes include stream morphology or substrate, interspecific interactions such as
increased competition or predation, food availability, and water quality (Lake 2003;
Strachan et al. 2015); these factors may also have contributed towards the differences in
assemblage in Dam and Gregors Creeks.

6.4.2 EPT movements and responses to drying
Juvenile movement between pool habitats
The recurrent drying of temporary streams shapes in-stream communities, selecting for
taxa with traits that may infer resistance or resilience to such disturbance, essential for
population persistence (Delucchi & Peckarsky 1989; Fritz & Dodds 2004). Despite their
sensitivities to organic pollution, caddisflies and mayflies exist in intermittent streams,
demonstrating physiological tolerances and behavioural strategies to survive changing
environmental conditions that many aquatic taxa could not withstand (Hawking et al.
2013). This tolerance is essential, as this study found no juvenile caddisflies or mayflies
moved between disconnected pools. Therefore when refugial pools eventually dry, taxa
that do not emerge prior are confined to that particular space and either withstand the
lack of moisture or perish.

Resistance to disturbance
Taxa that survive within refugial pools must have mechanisms (physiological or
behavioural) that allow them to tolerate periods when dissolved oxygen levels reach low
saturation (Bogan et al. 2017), such as the conditions experienced in Dam Creek.
Abundances of juvenile Ecnomus in Dam Creek were low compared to other the genera,
which suggests they may be nearing their thresholds of tolerance to prevailing water
conditions in that system. The mayflies Atalophlebia, Tasmanocoenis, Offadens and
Pseudocloeon, and the caddis Triplectides dominated these ‘harsh’ habitats displaying a
high tolerance for lentic anoxic environments. These taxa commonly inhabit sedentary
lake and wetland environments with low oxygen levels (Neboiss 1978; Gooderham &
Tsyrlin 2002; Hawking et al. 2013). Where surface water remains, these tolerant genera
withstand conditions as juveniles until flow resumes, resisting the disturbances
associated with low flow.

Resistance to the drying of surface waters was also documented within this study. The
occurrence of late nymphal instar mayflies Atalophlebia and Tasmanocoenis in Pool A
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of Dam Creek upon re-wetting indicates they survived the drying of this pool. Refuge
may have been sought in moist leaf packs or hyporheos (Boulton & Lake 2008); as
Tasmanocoenis tillyardi have been recorded to survive in damp sediment for 20 days
(Chester et al. 2013), and both caenid and leptophlebiid nymphs are known to survive in
drying leaf packs along the margins of pools (Dell et al. 2014). However, dormancy or
aestivation has not been documented for these taxa, and further study is needed
regarding the thresholds of their tolerances.

Juvenile dormancy and aestivation has been recorded in other species within the family
groups of this study, and may give insight as to how these taxa survive within a drying
environment. For example, larvae of the leptocerid caddisflies show adaptation to
drying with Triplectides observed surviving in the fissures of dry waterways in Western
Australia (Strachan et al. 2014), Lectrides varians have desiccation resistant eggs
(Towns 1983), and Lectrides varians larvae have been shown to survive four months
without surface water via aestivation in leaf litter, well beyond the normal period of
predictable drying, indicating longer term adaptation to drought situations (Wickson et
al. 2012). Wickson et al. (2012) concluded that the cases of the Leptoceridae help
individuals to avoid desiccation; which was similarly found by Chester (2013) who
documents Triplectides australis surviving drying by sealing their leaf cases with silk
and entering a state of dormancy. Hydropsychid caddisflies, which are mostly
rheophilic (riffle specialist) taxa, are also common in intermittent streams despite their
need for flowing water. Imhof and Harrison (1981), found larvae of the American
species Diplectrona modesta (Hydropsychidae) can survive >30 days without water
within cases built of gravel and silk which remain moist deep in the hyporheic substrate.
While the hyporheos was not sampled within the present study during periods of no
flow, it is likely that Cheumatopsyche spp. survived the drying in a similar manner as
pupae, as these caddisflies build cases out of substrate for their pupal stage (Rutherford
& Mackay 1985), and no larvae were found despite the presence of adults.

Desiccation resistance and aestivation are also traits found in the mayfly family
Baetidae. Cloeon fluviatile has desiccation resistant eggs (Hawking et al. 2013), Baetis
sp. has been recorded within the hyporheos (del Rosario & Resh 2000), and Cloeodes
hydration can survive up to nine hours without water (Nolte et al. 1996). Within this
study the baetids Pseudocloeon and Offadens, and caenid Tasmanocoenis were only
recorded as juveniles, resisting the prevailing water quality conditions within refugial
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pools. No adults were collected suggesting that emergence is not a response to a drying
disturbance. In this study, Tasmanocoenis were found to be multivoltine with flexible
non synchronous emergence and no specific breeding period (Chapter 4). During the
drying disturbance abundance shifted from the riffle to the pool habitat, presumably in
response to a decrease in available water. Both families are tolerant of high
temperatures and conductivity, and low dissolved oxygen (Chapters 3 & 5), and occur
in degraded habitats of harsh water quality reflected by their lowest SIGNAL scores of
all EPT taxa (Hawking et al. 2013). Taxa within these families may have developed
these tolerances as a resistance response to the drying conditions often experienced in
their natural environments, which include intermittent streams (Boulton & Lake 2008).

Resilience to disturbance
In what may be a reaction to the predictable annual disturbance regime of drying
ephemeral streams typical of the region, adult caddisflies Ecnomus, Triplectides and
Cheumatopsyche, and the mayfly Atalophlebia were all found to be simultaneously
emerging before or during the experiment period regardless of location. Additionally,
abundances of adults were higher in Gregors Creek indicating that emergence was not
solely due to the drying of Dam Creek, but rather, likely a well-timed part of the life
history of these taxa. While the timing of emergence benefits the aquatic juvenile
populations where habitat quality or availability decline, the terrestrial conditions are
also more favorable for adult insects, as the risk of storms or extreme heat is lower in
winter (B.O.M. 2015). Life history traits such as this are not uncommon for aquatic
invertebrates within predictable environments (Lytle 2002; Strachan et al. 2015). For
example the stoneflies Mesocapni frisoni and Capnia californica (Jacobi & Cary 1996),
and dragonflies Gynacantha and Lestes (Corbet 1964) are known to survive the dry
season as adults and lay desiccation resistant eggs.

Only one enriched adult each of the caddis Ecnomus and Triplectides were found on the
sticky flying traps in the upstream pool location of Gregors Creek. While these results
provide evidence of emergence and upstream movement, there is inadequate replication
to infer behavioural patterns for both genera within this stream. Additionally, there were
no recordings of emergence within Dam Creek. The upstream flight of caddisflies
within Gregors Creek is however, supported by results from the adult flying traps. A
strong compulsion for upstream flight was recorded around the flowing stream, whereas
flight direction was less imperative around the disconnected pool habitats of Dam Creek.
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Upstream caddisfly migration is a common occurrence, though there are conflicting
accounts of flight direction (Macneale et al. 2004). Bird et al. (1981) found that some
caddisflies fly upstream as part of a colonization cycle, whereas others displayed more
random flight patterns. Jones and Resh (1988) observed conflicting flight patterns; and
Blakely et al. (2006) found higher adult caddisfly abundances downstream, where
preferential oviposition habitat had higher influences on flight direction.

The presence of adults of the three caddisfly genera at both streams indicates that either
the study period was too short for 15N assimilation, or emergence mostly occurred
before enrichment. In support of the latter hypothesis, no adult caddisflies were caught
from emergence traps at either stream during the experimental period. The occurrence
of adult Cheumatopsyche at Dam Creek despite the lack of juveniles also indicates that
Cheumatopsyche transitioned to pupae and began to emerge before the riffles dried as a
resilient life history strategy (re-populating the stream when flow resumed – see
Chapter 4). This appears to be a life history adaptation to predictable seasonal drying
rather than an isolated reaction to the drying of riffle habitats as Cheumatopsyche had
also emerged from Gregors Creek despite the availability of riffle habitats. Emergence
prior to drying may also be a life history adaptation for Triplectides and Ecnomus.
St.Clair (1993) found similar patterns in Triplectides emergence within Victorian
streams, where adults were evident in October and November; but the emergence period
could extend to January or February with growth rates varying from year to year. The
results of the present study indicate that Triplectides and Ecnomus possess several traits
to overcome drying including flexible life histories, multiple cohorts, and tolerances to
lentic pool habitats; while Cheumatopsyche pupate and emerge to survive the drying of
their exclusive riffle habitats as adults.

Taxa that survive dry periods as adults would presumably live long enough to persist
until the reinstatement of flow and have the capacity to reproduce; however the adult
lifespan of Ecnomus, Cheumatopsyche, and Triplectides are unknown for SEQ and
require further research. Adult caddisflies were caught on sticky traps three weeks after
the initial sampling occasion, and are assumed to have emerged prior to the start of this
experiment, as no taxa were caught in emergence traps. When compared to the 10-15
day adult lifespans of some American Hydropsychids (Fremling 1960; Mackay 1979),
adult Cheumatopsyche within the present study may be relatively long-lived.
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Within the mayflies the leptophlebiid Atalophlebia was the only enriched genus found
to be emerging throughout the experimental period at both streams. Adult mayflies
generally have short lifespans, and staggered emergence; multiple cohorts across the dry
period ensures a continuous adult population and a source of re-population (Strachan et
al. 2015). The movements of adult Atalophlebia were traceable due to high enrichment;
with the results showing no migration, as all adults remained within the vicinity of their
larval habitat. These results were unexpected as it is a common theory that mayflies
counteract the effects of larval drift via upstream adult flight to re-populate headwaters
(Hershey et al. 1993; Kovats et al. 1996; Smith et al. 2009); and adults re-populate
disturbed habitats via flight dispersal after return of surface waters (Paltridge et al. 1997;
Chester & Robson 2011). The adult flying traps also support the results of the
enrichment study, where mayflies showed no strong directional preference in Dam
Creek. The results suggest that where flow has ceased, mayflies stay in the vicinity of
the refugial pool.

Because habitats were disconnected, drift could not occur within Dam Creek at the time
of sampling. However, Atalophlebia within the region may not regularly drift. Kerby et
al. (1995) found that drift rates for EPT were low in Stony Creek SEQ (connected to
Mountford Creek); as most Atalophlebia comprised <3% of their total drift catch, but
more commonly contributing to <1% of the total amount of drifters. Adult Atalophlebia
of Dam Creek may not need to migrate upstream to counteract juvenile drift, as it was
not occurring at the time. That is, there is no need for the compensation of downstream
larval movements (Hershey et al. 1993). Hershey et al. (1993) suggest that scale of
adult flight is similar to downstream displacement of nymphs, as they found with a
stable isotope tracer study of the movements of Baetis mayflies in Alaska.

The preferred upstream flight direction of adult mayflies found in Gregors Creek may
be counteracting small scale displacements or drift of nymphs, which could be related to
flow. However the drift distance in Gregors Creek is unknown, as enrichment of insects
found in the down-stream pool could be caused by overflow of the 15N solution from the
upstream pool, or actual drift by passive or active movement. No enriched mayflies
were sampled from the upstream locations at Gregors Creek, indicating that mayflies do
not travel as far as consecutive habitats. These theories require further tracer studies
both spatially and temporally to confirm the movements (or lack thereof) of adult
mayflies in SEQ.
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The mayfly Atalophlebia and the caddisflies Triplectides, and Ecnomus exhibited both
resistance and resilience to drying disturbances. These genera tolerated refugial pool
conditions as juveniles, as well as displayed timed emergence of adults to repopulate the
streams. The combination of strategies enables existence in a variety of habitats of
differing water quality and flow, as well as pioneer recruitment on the recommencement
of flow after dry periods. Strachan et al. (2015) suggests that invertebrates with life
history strategies that combine desiccation resistance and resilience traits may show the
greatest flexibility that will assist species to adapt to climatic drying.

Community trends
In most studies of survival mechanisms of aquatic insects, the scale of trait possession is
not often described or compared. However, to better understand and help predict the
responses of taxa to projected disturbances, it is important to know if the same traits of
resistance or resilience occur between individuals of the same species within a
population (phenotypic variation) (Hauer & Stanford 1981); or different species or
genera within a family group (Poff et al. 2006); or the same species across different
(and often vast) spatial regions (e.g. across different climatic bio-regions) (Vieira et al.
2006).

The results of this study revealed that of the genera sampled, no movements occur
between pool habitats for these populations at this time of year, regardless of life history
stage or the state of flow in either location. Remaining within the limits of the existing
aquatic habitat is a common response shared by the aquatic communities that reside in
intermittent habitats (Strachan et al. 2015).

While Gregors Creek had persistent flow for the twelve months of this entire study
period, this stream has been known to dry during years of low rainfall. The historical
hydrology of Gregors Creek indicates that for each of the taxa sampled, responses were
consistent across nearby stream locations where intermittency is expected. The results
of this study also reveal that for the taxa studied, emergence occurred regardless of the
status of flow, and is a life history response to drying rather than a short-term
behavioural response. In addition, aquatic insects of this study remain within their
respective pool habitats despite the availability of connectivity. In a study of life history
strategies in intermittent versus permanent streams, Delucchi and Peckarsky (1989) also
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found that the same species displayed similar behavioural patterns of resistance across
streams regardless of flow consistency.

The taxa within this movement study similarly experience short life cycles spanning
less than one year (see Chapter 4, Suter 1980; Marchant et al. 1984; Campbell 1986;
Dean & Bunn 1989; St Clair 1993); which is common in species that inhabit frequently
disturbed environments (Jacobi & Cary 1996). Short life cycles are also common in
warmer climates, as higher water temperatures often account for species with shorter
development times or increased growth rates (Hynes & Hynes 1975; Campbell 1995;
Huryn & Wallace 2000). In Australian sub-tropical or tropical regions where the risk of
seasonal mortality during juvenile development is high due to the wet and dry seasons
(Kennard et al. 2010), selection may occur within intermittent streams that is suited
towards flexible or faster development (Huryn & Wallace 2000).

Most taxa within this study have flexible or multivoltine life histories with multiple
simultaneous cohorts; where staggered emergence may maintain populations if a cohort
of adults fail. However, while Triplectides volda are univoltine though highly flexible,
Cheumatopsyche are univoltine with highly synchronised emergence (see Chapter 4).
This emergence pattern may be for survival, as the riffle habitats that Cheumatopsyche
depend upon are often likely to dry. These findings were similar to those of Delucchi &
Peckarski (1989), where specialist intermittent species had univoltine life cycles,
emerging prior to expected disturbance; whereas facultative species that occurred in
both temporary and permanent streams had the most variable life cycles. While
Cheumatopsyche are not specialist intermittent taxa (occurring in permanent streams)
they are specialist riffle taxa; and as intermittent streams are common in SEQ, this
univoltine and highly synchronised emergence allows Cheumatopsyche to persist in a
larger variety of streams that would not be possible otherwise due to their specific
habitat requirements.

6.4.3 Implications for climate change
It is apparent that the traits exhibited by these mayflies and caddisflies are beneficial in
surviving the natural intermittent flow regimes of SEQ streams. However during a
supra-seasonal drought, or even a prolonged dry season, the resistance and resilience
capabilities demonstrated in this study may locally fail depending upon the
circumstances of the drought. The longevity and severity of the dry period will
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influence the efficacy of traits which infer resistance or resilience to disturbance, and
ultimately population survival (Fritz & Dodds 2004). If the entire stream is dry beyond
the adult lifespan, populations of all taxa within this study may face localised extinction.
Persistence under such conditions requires immigration, aestivation, or desiccation
resistant eggs, however all of these require further study.

The extended drying conditions projected to occur in SEQ (Dowdy et al. 2015) will
alter stream communities, and there are many knowledge gaps that remain to be
addressed. Further investigation is required into the ability of adult flight between
habitats, the longevity of the adult life stages, and the adequate terrestrial conditions
required for migration to maintain populations of intermittent streams. Flight distance
may have been limited in the current study due to the lack of riparian cover, where the
terrestrial environment was unsuitable for extensive movement of Atalophlebia (Smith
et al. 2009; Young et al. 2013). The addition of tree cover for shade, temperature, and
predation protection may increase the viability of longitudinal terrestrial corridors.
Investigation of flight distances across ranging riparian cover would elude towards
viable management options to facilitate the recolonisation of drought affected streams
from surviving source populations. Finally, research is needed towards the dormancy
potentials of taxa, as providing the appropriate habitat conditions and refuge availability
for aestivation such as substrate porosity and leaf litter (riparian coverage) could
increase the potential of survival where surface water is unavailable.

6.5 Conclusions
The results in this chapter suggest that the mayflies and caddisflies sampled do not
prematurely emerge from pools as a response specifically connected to hydrologic
intermittency. Juveniles did not attempt to move between pool refuges either through
the hyporheos or across the terrestrial landscape. Synchronised seasonal emergence was
exhibited by the caddisflies Cheumatopsyche, Triplectides, and Ecnomus; whereas the
mayfly Atalophlebia had less synchronised emergence. No Cheumatopsyche larvae
were sampled in Dam Creek; it is therefore likely that these taxa survive drying
sequences via the pupal stage and highly synchronous adult emergence. All other taxa
displayed tolerances to the isolated refugial pool conditions within Dam Creek; however,
Ecnomus appeared to be reaching tolerance limitations. The mayflies Tasmanocoenis,
Offadens and Pseudocloeon did not emerge during this period, demonstrating resistance
to the disturbance through tolerance of water physico-chemistry conditions. Triplectides,
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Ecnomus, and Atalophlebia all possessed traits of resistance and resilience that helped
individuals survive the drying period. Finally, there appeared to be no longitudinal
movement of adult mayflies between streams, indicating that these mayflies chose to
remain where viable habitat was present. The movement results for adult caddisflies
remain inconclusive and further study is needed possibly earlier in the dry season to
accurately label and track the movements of caddisflies prior to emergence.

The taxa included within this study represented the most abundant genera sampled
across all streams, each having adaptations which enable them to survive in habitats of
both hydrologic and anthropogenic disturbance. The streams used for this case study are
subject to disturbances from land use change resulting in low species richness, and for
some taxa low abundances (see Chapter 3); as such, this limited the variety of taxa that
could be included in this study, as many rare species did not occur in sufficient numbers
in these streams. However, several rare species are found in Mountford Creek which is
also hydrologically variable, suggesting that these taxa may have specialist responses to
drying, and require further research.

Further knowledge gaps were also identified that could direct research to better
understand caddisfly and mayfly biodiversity with respect to future climate variability.
These include the longevity of adult life stages for each species, as well as the
development timeframe of juvenile invertebrates. Further research is needed on the
length of time each life stage occurs, how environmental conditions (water quality)
affect juvenile and pupal development, and how environmental conditions (terrestrial)
affect survival rates and dispersal abilities of adults. It is important to better understand
these stages in life history to predict if the dry period will extend beyond the life
expectancy of a species; and therefore depending upon the survival strategy of the
species, predict if it may survive the length of hydroperiod as juveniles, or, persist until
flow resumes as pupae, adults or even desiccation resistant eggs.
The 15N enrichment method to trace the movements of invertebrates has great potential
toward answering many of these questions. This experiment could be spatially and
temporally expanded to further explore whether the results from the current study are
comparable across space and time, and also to determine the effects that different
extremes in environmental conditions such as drought or flooding have on invertebrates.
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7 A synthesis of EPT sensitivities and traits that reflect
capacity to survive habitat disturbances

7.1 Introduction
EPT richness is often used as an indicator of river health in rapid river health
assessments as most taxa in these orders are sensitive to organic pollution, and
assemblage changes are predictably linked with declines in water quality (Metzeling et
al. 2006; Corbin & Goonan 2010). EPT taxa are sensitive to a range of disturbances,
and thus may be a good indicator of environmental disturbance linked to climate change.

Substantial literature is available on the sensitivities of EPT taxa and other
macroinvertebrates to water quality change including salinity (e.g. Kefford et al. 2004),
dissolved oxygen (e.g. Nebeker 1972; Connolly et al. 2004), pollution (urban, industrial,
and agricultural; e.g. Hubbard & Peters 1978; Mandaville 2002), and eutrophication (e.g.
Sandin & Johnson 2000; Menetrey et al. 2008). Additionally, there are many studies
documenting low EPT diversity in sites disturbed by humans including urban, industrial,
and intensive agricultural areas (Baker & Sharp Jr 1998; Sponseller et al. 2001; Walsh
2006; Sheldon et al. 2012). There is little information however, on the spatial and
temporal changes in macroinvertebrate assemblage composition, where habitat change,
rather than pollution may be a limiting factor (Chessman et al. 2006). This includes
information on the responses of EPT in particular, to both natural (seasonal or supraseasonal), and human (riparian clearing) habitat disruption. Beyond observations of
community or population metrics it is poorly understood how individual taxa respond to
environmental disturbances, and the adaptations that allow some taxa to persist where
others perish. This chapter reviews available information gained from the research in
this thesis and current literature on the ecology and life history traits of sampled EPT
assessed at the genus level, and uses this information to assign environmental
disturbance sensitivity scores for each taxa. These taxon-specific sensitivity scores are
compared to other commonly used indices ISI and SIGNAL which are derived at the
species and Family-level, respectively. This information was then used to assess the
sensitivities of these taxa to future environmental disturbances associated with climate
change.
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7.1.1 EPT in variable environments
Although many EPT taxa are sensitive to water quality disturbance, some are also
commonly found in naturally variable environments such as temporary streams within
extreme climatic regions (e.g. arid dryland rivers) (Marshall et al. 2006a; Sheldon &
Thoms 2006). The ability to survive in highly variable, and in many cases unpredictable
environments is attributable to traits, tolerances or adaptations to withstand disturbances
in ambient habitat conditions (Poff et al. 2006; Verberk et al. 2008). While there have
been some case studies on the reactions of species to changes in specific water quality
metrics (e.g. salinity tolerance; Kefford et al. 2003; Horrigan et al. 2005; Kefford et al.
2016) or population reactions to a disturbance (e.g. movement to and from refuge
habitats; Acuña et al. 2005; Chester & Robson 2011), comprehensive species specific
information is lacking for most EPT taxa, particularly in Australia (Chessman 2015).

The sensitivity or adaptability of EPT to disturbance mostly depends upon the
tolerances and adaptive traits of the species and the duration of exposure to the
disturbance (Lake 2003; Lytle 2008). Survival strategies (such as seasonal emergence),
are often a reflection of historical environmental or ecological conditions, where life
history or physical advantages enhance the chances of persistence (Lytle 2008; Verberk
et al. 2008; Chessman 2015). The possession or exhibition of a trait state may occur in
response to local conditions (such as behavioural adaptations), or may be extensive
across space (such as physical adaptation) developed in response to widespread
conditions. These traits are often linked together into syndromes where simultaneous
trait states co-occur, allowing an organism to exist within a certain habitat or survive
predictable disturbance events (Poff et al. 2006; Verberk et al. 2008).

The information that is available on the environmental requirements, tolerances and life
histories of EPT taxa may not apply equally to all individuals as regional differences
occur in both the degree of a disturbance with respect to the area affected and the
adaptive capabilities of species which can often reflect antecedent conditions such as
climate and flow regime (Poff et al. 2006; Vieira et al. 2006; Johnston & Bennett 2008;
Knouft & Ficklin 2017). A species may have different behavioural reactions or
tolerances to different circumstances depending upon the hydrologic history of the
habitat and localized acclimatisation of the organism to the environment (Poff & Ward
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1990; Lytle 2008; Sanford & Kelly 2011). For example, although a species may be
present in both arid and temperate regions, it is likely that the population inhabiting the
arid region may be more accustomed to disturbances such as high temperatures and
drying than the population in the more temperate climate (Marchant 1982a; Marchant et
al. 1984). It is therefore important when making environmental management decisions
that may influence a population, that information on the taxa is used from a local or
regional perspective where possible, or else assumptions from broader sources are
treated with caution; as such information may not equally apply to all taxa within a
species group. For example, the ability of a mayfly to burrow may be present regardless
of the location; however the timing of emergence to avoid habitat drying may not occur
ubiquitously.

When life history information relative to local ecosystem conditions is known,
predictions can be made on the responses of a species to future disturbances for that
region (Bonada et al. 2007; Rivers-Moore et al. 2013b). A collation of regionally
applicable information on life histories and ecological traits at the lowest possible
taxonomic level can help towards assessing the vulnerability of taxa to future conditions
(Chessman 2012). This comprehensive review may also address or expose knowledge
gaps for each species.

For most taxa however, species level information is either unavailable, or unattainable,
where taxonomic identification to species is yet to be completed (Hawking et al. 2013).
Depending upon the purpose, genus level information can give an insight into the
environmental requirements and tolerances of lower order EPT taxa, providing a more
accurate representation of species than family level observations (Bailey et al. 2001).
Although traits based on family or generic level taxonomy should also be treated with
caution when making inferences for species. Family level observations are common for
most monitoring programs (and sensitivity grading systems); however genus level
resolution offers greater accuracy when needing to understand responses to changing
environmental conditions (Lenat & Resh 2001; Marshall et al. 2006b; Chessman 2015).
Differences in life histories, traits, and environmental requirements occur between
genera within families. For example, mayflies of the genus Atalophlebia
(Leptophlebiidae) often occur in lentic or slow flowing environments and have feathery
gills developed for increased surface area to derive maximum oxygen, compared to
Kirrara within the same family, which occur in headwaters and have a skirt of broad
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gills around the abdomen which help it to cling to rocks in fast flowing streams
(Gooderham & Tsyrlin 2002). However, life history and trait based information at the
genus level for many taxa is limited. If taxonomic resolution was improved even for
basic monitoring studies, many knowledge gaps on EPT could be filled.

7.1.2 Vulnerability of EPT to climate change related disturbance
Based on current knowledge of the generally high sensitivities of many EPT taxa to a
range of disturbances, it seems likely that these orders will be highly susceptible to
climate change. However, considering that many taxa also contrastingly occur in
unstable natural environments it is important to determine just how sensitive lower
taxonomic levels of these broad groups are to disturbance, and differentiate between
that of pollution sensitivity and sensitivity to other environmental factors. Within this
thesis, the terms “environmental disturbance” and “pollution disturbance” are
commonly used regarding the responses of EPT macroinvertebrates. The term
“environmental disturbance” in this instance is similar to that of the International Union
for Conservation of Nature (IUCN) threats classification scheme theme “climate change
& severe weather” (IUCN 2017), and refers to disturbances such as habitat shifting and
alteration, droughts, temperature extremes, storms and flooding, and other seasonal,
supra-seasonal, or climatic changes which alter the habitat conditions of a stream.
Whereas “pollution disturbance” in this instance is similar to that of the IUCN threats
classification scheme theme “pollution” (IUCN 2017), and refers to disturbances such
as diffuse and point source pollution, or physical alterations to aquatic system resulting
from urban development, waste water, industrial and military effluents, agriculture and
forestry effluents, garbage and solid waste, airborne pollutants, and excess energy. It is
essential to make the distinction between sensitivity to “environmental” and “pollution”
disturbances for each taxon for two main reasons; firstly, to determine which taxa will
be the most sensitive to disturbances caused by climate change, and secondly, as climate
change intensifies, aquatic insect communities may also change in accordance with the
disturbances to environmental conditions and respective tolerances or sensitivities
(Domisch et al. 2011).

It is important to understand sensitivity levels to environmental disturbance especially
regarding the presence or absence of EPT species, as some aquatic health assessment
methods rely on the “EPT index”, which reflects the number of EPT species present,
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and may suggest misleading results under future conditions. That is, certain EPT taxa
may be present despite changed conditions as these taxa could be tolerant to
environmental disturbance, yet sensitive to pollution (Chessman et al. 2006; Rose et al.
2008). For other macroinvertebrate stream health assessment methods (e.g. SIGNAL
Chessman 2003; or AusRivAS - a reference site comparison method, see Conrick &
Cockayne 2000), the presence of pollution sensitive families may lead to false
assumptions of good ecosystem health (Davies et al. 2000; Chessman 2003); however,
these taxa may not predictably distinguish an altered ecosystem state such as drought
(Rose et al. 2008). Further issues with these methods include taxonomic resolution and
species-specific knowledge, where one species within a family is very tolerant, and
persists under disturbance conditions (pollution or environmental), yet other sensitive
species within the same family are no longer present. Therefore family level indices of
stream health may not reflect such disturbance.

Within this chapter, the knowledge gaps that have been highlighted throughout this
thesis are addressed for the EPT taxa of SEQ, using data from the present study as well
as current literature. This includes a comprehensive understanding of the life histories,
traits, tolerances, and environmental requirements of each EPT taxon (at the lowest
possible level). This information is then used to determine which taxa are the most
sensitive to environmental disturbance and therefore vulnerable to climate change. The
understanding of environmental requirements of each taxa presented in this chapter can
assist towards: a) identifying habitats in need of protection by the presence of
vulnerable taxa, and b) focussing rehabilitation efforts to areas with greatest refuge
potential.

147

7.2 Aims
The aim of this chapter is to synthesize data and information from the previous chapters
of this thesis in addition to current literature, on the ecology and life history traits of
sampled EPT assessed at the genus level. The intention of this synthesis is to organise
available data into a format where the sensitivities of each taxa can be compared,
through assigning disturbance sensitivity scores for each taxa. These taxon-specific
sensitivity scores are compared to other commonly used indices ISI and SIGNAL which
are derived at the species and family-level, respectively. This collation of contemporary
information is then used to assess the overall sensitivity of EPT taxa within SEQ to
habitat and ecosystem disturbances that are projected to occur due to climate change.

More specifically this chapter aims to:
1. Synthesise current knowledge from the results of previous chapters of this thesis
and available literature on the life history traits and environmental tolerances of
the EPT taxa sampled in SEQ
2. Highlight the remaining knowledge gaps on the life history traits and
environmental tolerances of these taxa.
3. Categorise the sensitivities of these taxa with respect to natural disturbances
4. Estimate the vulnerability of each taxon to expected conditions for climate
change scenarios.

Through these aims the following research questions will be addressed:


What is the current state of knowledge on the life histories, environmental
tolerances and requirements EPT taxa within SEQ?



Do genera within the same family respond differently to disturbance?



How do tolerances/sensitivities rankings of EPT taxa to environmental and
habitat disturbance compare with current SIGNAL and ISI sensitivity scores?



Which of the EPT taxa within this study are the most sensitive to change, and
therefore will be the most vulnerable to the impacts of climate change?



Which EPT taxa within this study are the most tolerant to environmental
variation and are most likely to persist if conditions were to change?
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7.3 Methods
The methods, results, and discussion of this chapter are subdivided based on the four
research aims:
1) To address aim 1 and 2, a literature review was performed to synthesise the
current knowledge on life history traits and environmental requirements of EPT
taxa that were identified in the field research of this study. Included in this
review are the findings of the research within this thesis.
2) To address aim 3, “Disturbance Tolerance Scores” were developed for taxa
found within this study; these scores are based on information gathered in the
literature review, as well as the research findings of this thesis.
3) To further address aim 3, the “Disturbance Tolerance Scores” were compared to
other existing tolerance/sensitivity metrics, to highlight differences between
sensitivities of EPT taxa to environmental disturbance and pollution.

4) To address aim 4, the vulnerability of each taxon is assessed with respect to
future climate change scenarios based on disturbance tolerance values.

7.3.1 A synthesis of the life histories, traits, and requirements of SEQ EPT
Two approaches were used to gather information on the life histories, traits, and
requirements of EPT found within the study region. The first was a thorough literature
review synthesising current information on Australian EPT. Aquatic insect “traits”
included those which enhance the likelihood of survival of individuals or continuation
of the population of a species during an environmental disturbance; and refers to both
functional and response traits. Functional traits are “morphological, biochemical,
physiological, structural, phenological, or behavioural characteristics”; and response
traits are those which “influence the abilities of species to colonize or thrive in a habitat
and to persist in the face of environmental changes” (Díaz et al. 2013). The review
focussed on genus level data where possible; however, where this was unavailable data
was inferred from knowledge on attributes of taxa from the same Family. Literature
review parameters are outlined in Table 7.1.
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Table 7.1 Literature review parameters used to search for information on EPT life histories, traits and environmental requirements
Data bases

Search terms

Relevant literature included

ISI Web of Science
ISI Web of Knowledge
Google Scholar
JSTOR

Australia; Queensland;
Macro*invertebrate; Freshwater;
Aquatic; Insect; EPT; PET;
Ephemeroptera; Trichoptera;
Plecoptera; Mayfly; Caddisfly;
Stonefly; Trait; Environmental
Tolerance; Environmental
sensitivity; Habitat; Lifespan; Life
History; Life Cycle; Habit; Biology;
Adaptation; Behaviour; Larvae;
Nymph; Adult; Flying; Migration;
Dispersal; Emergence; Drought;
Drying; Flooding; Temperature;
Diet; Morphology; Desiccation;
Aestivation; Hyporheos; Caenidae;
Baetidae; Leptophlebiidae;
Ameletopsidae; Gripopterygidae;
Eustheniidae; Leptoceridae;
Ecnomidae; Hydroptilidae;
Hydropsychidae; Tasimiidae;
Hydrobiosidae; Calamoceratidae;
Philopotamidae; Calocidae;
Glossossomatidae

1.Riek (1968 ); 2. Riek (1973); 3. Hynes & Hynes (1975); 4. Hynes (1976); 5.
Suter (1980); 6. Suter & Bishop (1980); 7. Theischinger (1981); 8. Marchant
(1982a ); 9. Marchant (1982b); 10. Theischinger (1983); 11. Marchant et al.
(1984); 12. Yule (1985); 13. Wells (1985); 14. Campbell (1986); 15. Mackay
(1986); 16. Marchant (1986); 17. Dean & Cartwright (1987); 18. Benson &
Pearson (1988); 19. Bunn (1988); 20. Dean & Bunn (1989); 21. Brittain
(1990); 22. Campbell et al. (1990); 23. Cartwright (1990a); 24. Cartwright
(1990b); 25. Suter & Bishop (1990a); 26. Suter & Bishop (1990b); 27. Yule
(1990); 28. Brittain (1991); 29. Nolen & Pearson (1992); 30. O'Connor (1993);
31. St.Clair (1993); 32. Campbell (1995); 33. Dean & Suter (1996); 34.
Hubbard & Campbell (1996); 35. Nolte et al. (1996); 36. Cartwright (1997a);
37. Cartwright (1997b); 38. Dean (1997); 39. St Clair (1997); 40. Suter (1997);
41. Wells (1997); 42. Campbell et al. (1998); 43. Cartwright (1998); 44.
Jackson (1998); 45. Pardo et al. (1998); 46. Dean (1999a); 47. Dean (1999b);
48. Suter (1999); 49. Dean (2000); 50. Finlay (2000); 51. Hawking (2000); 52.
St Clair (2000); 53. Tsyrlin (2001); 54. Cartwright (2002); 55. Gooderham &
Tsyrlin (2002); 56. Suter et al. (2002); 57. Williams (2002); 58. Bae et al.
(2004); 59. Dean et al. (2004); 60. Suter et al. (2006); 61. Boulton & Lake
(2008); 62. Haase & Nolte (2008); 63. Hauer et al. (2008); 64. Corbin &
Goonan (2010); 65. Suter & Webb (2010); 66. Dean (2011); 67. Nolte (2011);
68. Robson et al. (2011); 69. Webb & Suter (2011); 70. Bae et al. (2012); 71.
Chessman (2012); 72. Wickson et al. (2012); 73. Bae et al. (2013); 74.
Cartwright et al. (2013); 75. Chester et al. (2013); 76. Hawking et al. (2013);
77. Strachan et al. (2014); 78. Strachan et al. (2015)

Websites:
Identification and
Ecology of Australian
Freshwater
Invertebrates.
http://www.mdfrc.org.a
u/bugguide
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The second approach synthesized data gained from the previous chapters within this
thesis, using observation and experimental measures to fill knowledge gaps. Chapters
Three and Four addressed the basic environmental requirements and recruitment
patterns of SEQ EPT taxa. This research also monitored the reactions of populations to
events such as seasonal variation in temperature and rainfall, drying and habitat
availability. The experiments in Chapters Five and Six addressed temperature tolerances,
and resistance or resilience demonstrated to flow cessation and habitat isolation.

7.3.2 Development of “Disturbance Tolerance Scores”

Using the information from the literature review undertaken in this Chapter, a
classification structure was developed to identify relative tolerances of each taxa to
likely environmental disturbances associated with climate change (such as elevated
temperatures and increased drying), based on current knowledge. Traits chosen for this
classification met two criteria: 1) the trait state is attributable to the persistence of the
individual or population during a disturbance (i.e. “survival traits”); and 2) information
exists to describe the trait state of each taxon. More traits could have been included, but
there was inadequate information for most taxa.

Scores were assigned to each taxon based upon life history characteristics,
environmental tolerances, and reactions to current disturbances within the present study.
These scores were calculated by allocating values to survival traits states, then applying
these scores to taxa that possess or exhibit this trait state. Scores awarded to a species or
genera for exhibiting or possessing a particular trait state were assigned based on
relevant published studies, data from within this thesis, or personal unpublished
observation (similar to the development of SIGNAL scores by Chessman 1995, and the
British Biological Monitoring Working Party score system by Armitage et al. 1983). An
overall score was then generated by summation of the individual scores that each taxon
possesses. The total score ranged from 0-22, with 22 being the most tolerant to
disturbance.
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Trait state score allocations
Each state of an individual trait has been arbitrarily scored between 0-3 depending on
how the trait state may enhance the chances of survival during a disturbance, with the
value based on how beneficial the trait state is. For example, the ‘desiccation resistance’
category has a number of possible states (including no resistance which scores ‘0’). The
ability to move or burrow into the hyporheos scored ‘1’ because it involves the animal
entering a moist environment to seek refuge during disturbance such as drought or high
flow, as well as the additional benefits of protection from predators. However under a
prolonged drought scenario this ability is surpassed by aestivation capabilities which
score ‘2’, whereas the ability to enter a state of anhydrobiosis and survive extreme dry
conditions scores ‘3’. A species may receive multiple scores within this trait category,
for example having both the ability to burrow and enter a state of dormancy.

For some traits the information is based upon results from the present study and
supporting literature. This includes presence during disturbances of high flow and
drying, population recovery after these disturbances, recruitment patterns, and
tolerances to variable water physico-chemistry conditions. Reproductive plasticity,
rapid growth, and short lifecycles are trait states associated with persistence in
commonly disturbed environments (Chessman 2015). These trait states were allocated
higher scores than slow maturing or non-flexible life history characteristics. Taxa that
are habitat generalists, tolerant of habitat isolation, and those present in streams with
altered land use were also allocated higher scores than specialist taxa.

Population return time after a disturbance is based on the abundance of taxa
immediately after an event, where a population was deemed to have returned if >25% of
the mean monthly population abundance was present. Population return time after
drying was tested for taxa in Dam Creek and Mountford Creek, as these were the only
streams within the study where pool habitats became isolated. For this trait state,
monthly EPT abundances were assessed for Dam Creek across the months of October to
January; whereas monthly abundances were assessed for Mountford Creek across the
months of October and November (see Appendix C for abundance data). Population
return time after high rainfall was determined using the highest rainfall event recorded
on a single day across the whole year of sampling as an example of a “high flow
disturbance”. The 5th of March 2011 had the highest recorded rainfall at all nearby
recording stations (Chapter 2, Section 2.3.2), with Toogoolahwah Post Office recording
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in excess of 100 ml, which is a substantial daily flow and is assumed to have caused
flash flooding. Therefore recovery times for high flow disturbance were measured in the
months immediately following. As stated in Chapter 3, EPT were sampled monthly
during this period for an entire year; from this data, species abundance after these flow
disturbances was used as a measure of population recovery. Where abundances for a
specific taxa were >25% of the mean monthly population size then this taxa was
considered to have recovered to the disturbance. Those that were present in these
quantities the month immediately following the disturbance are considered to have had
an “immediate recovery”, those absent until the following month’s samples were
considered to have a moderate or “lagging” recovery, and those that remained absent
beyond this point were considered to have a “slow” recovery.

Temperature tolerance is based on the results of the LT50 tests for the eight taxa that
were included in the experiment (Chapter 5). As literature is unavailable on the thermal
tolerances of taxa not tested within this study, temperature tolerances for all other taxa
were assumed based on the maximum recorded temperature of a stream habitat where
the taxa were present (results highlighted). Sampling that was performed during January
of 2012 occurred on the third day of the warmest heatwave within a three year period,
with atmospheric temperatures in the region reaching above 39˚C (B.O.M. 2015) (for
atmospheric temperatures see Appendix B). Taxa that were not LT50 tested and were
present when stream temperatures reached ≥30˚C were given a score of “2”; ≥27 ˚C a
score of “1”; and < 27 ˚C scored “0”.

Trait states scores for taxa identified to family level in the literature were scored a
maximum of “1” as the confidence of applicability to all genera was uncertain.
Considerable ‘within family’ variation occurs in many traits, and this approach takes
this into account by proportionally weighing scores based on confidence. Information at
the genus level could score higher. Where traits are based on information from literature,
priorities were given to local sources, however as extensive regional information is
lacking on EPT taxa, many sources were included based on wider Australian studies.
This highlights an area in need of further research, and future studies could be used to
update the disturbance tolerance scores with species specific local data. References for
life history and trait information are included in table 7.1.
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Score validation
The disturbance tolerance scores developed in this chapter were then tested for validity
based on the monthly abundance data gathered in Chapter 3 (also see Appendix C).
Abundances of each taxa during and post high flow and no flow disturbances were
examined to see if their occurrence corresponded with their assigned scores. The high
flow (flash flooding) and no flow (drying) disturbances are those outlined previously in
this section; high flow occurred in March of 2011 within all streams; and low flow
occurred from October (2011) to January (2012) for Dam Creek, and during October
(2011) for Mountford Creek. The month that immediately followed the disturbances
was considered “post” disturbance, used to examine recovery response. Taxa were only
considered “present” either during the disturbance or in the month post disturbance if
the total abundance of that species/genus was ≥0.5% of the total abundance of all taxa
recorded at that stream (i.e. the entire community) (Marchant 2002). This test was
different to “population return time after disturbance”, where taxa were determined as
present/absent relative to their own mean monthly population size, which could
therefore include taxa with very low abundances; whereas for score validation, taxa
with very low abundances relative to the entire assemblage composition were not
considered to be present. The validation method was successful in demonstrating that
the disturbance tolerance scores for each taxon suitably represented their recovery
responses to disturbance.

Traits that reflect capacity to survive habitat disturbances
Thirteen traits of life history, behaviour, and environmental requirements/tolerances
were included within this synthesis based on available information gathered in the
literature review and data or personal observations from the research within this thesis.
These traits fell into three broad categories: Physiology, Behaviour, and Morphology,
defined in Vieira et al. (2006). As documented in Poff et al. (2006), each trait either had
multiple potential states (such as short, medium, or long duration), or could be
characterized in a continuous fashion (e.g. body size). The definitions of these traits, life
history stages, and environmental requirements, along with the different states that are
considered are described in Table 7.2. While this synthesis collates information for each
of the included taxa, not all traits (e.g. feeding habit and morphology) were directly
related to "disturbance tolerance" and were therefore not used to create the scores. Many
additional traits could have been included in this review, such as those for the adult life
phases; however inadequate information was available for the majority of taxa.
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Table 7.2 Explanations of traits and trait states; trait type and category are based on descriptions in Vieira et al. (2006)
Trait type
Physiology

Trait category
Life history

Trait
Voltinism

Behaviour

Reproduction/
Life history

Development

Behaviour

Reproduction/
Life history

Timing

Physiology

Life history

Behaviour

Mobility

Behaviour

Mobility

Duration of
juvenile phase
Juvenile
crawling
ability
Swimming
ability

Morphology

Morphological

Armoring

Morphology

Morphological

Morphology

Morphological

Physiology

Tolerance

Behaviour

Resistance/
resilience

Population
return post
disturbance

Behaviour

Mobility

Habit

Behaviour

Resource
acquisition

Feeding Habit

Behaviour /
Physiology

Tolerance

Description of trait and trait state
Number of broods or generations of an organism in a year. Semivoltine <1, univoltine 1, and multivoltine >1.
Rate of juvenile development phase. Fast-seasonal includes multiple highly seasonal synchronized cohorts per year;
slow-seasonal includes one highly synchronized cohort per year (or longer); non-seasonal includes any number of
cohorts of different development stages over the same period, randomly emerging
Referring to emergence timing of adult insects from the water, either synchronized (mass emergence) or nonsynchronous (staggered).
The duration of the obligate aquatic juvenile phase of the life cycle
The movement capabilities of juvenile insects, where crawling ability is the maximum speed observed covering the
distance of 50cm. Rapid refers to this distance covered in less than one minute, and slow taking more than one minute.
These observations were personally made within the stream habitats, and during the live sorting of insects in Chapter 4.
The movement capabilities of juvenile insects, where swimming ability is the ability to swim short distances (e.g.50cm).
Where, none refers to an inability to swim, weak refers to the ability to cover the distance though not against a slight
flow (e.g. pool environment), strong is where the distance is easily covered in a flowing environment (e.g. riffle)
The sclerotization of body segments providing a hard exoskeleton, or artificial protective enhancements. None refers to
soft bodied forms; poor refers to sclerotized body only; good refers to hard housing cases such as sticks or shells.

Shape

The body shape of the insect, where Streamlined includes those with flat or fusiform shapes which minimally disrupt
water flowing around the body; whereas non-streamlined refer to oddly shaped bulky animals.

Juvenile size

The largest size of late instar juvenile insect sampled from all Chapters.
Thermal ranges of the invertebrate, where cold stenothermal refers to animals which prefer temperatures below 20˚C,
cool/warm are animals found in temperatures between 25-30˚C, and warm eurythermal includes animals surviving in
temperatures above 30˚C. Stenotherms are able to exist only within a narrow range of temperature, whereas eurytherms
are tolerating or adaptable to a wide range of temperatures.
The presence/ absence, and relative abundance of taxa after a hydrological disturbance event (e.g. drying or flash
flooding), upon resumption of typical stream flow. Used as a measure of population recovery, indicating resistance or
resilience to such disturbance.
The movement or stance an insect may take when disturbed or in flight. Burrow refers to the ability to burrow in to
sediment/hyporheos; cling is clinging to a surface or crawling; swim is swimming away.
Feeding habit is the functional feeding group an animal has been allocated to, often this category is assigned at family
level. It refers to the food source of the animal and the mechanisms by which it is attained and consumed.

Thermal range

Habitat/flow
requirement

The habitat (pool or riffle) and flow conditions that taxa utilised within this study (from Chapters 3 and 4)
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7.3.3 Comparison of “Disturbance Tolerance Scores” to current sensitivity
characterisations
EPT taxa, along with most common aquatic insects have been classified for a number of
stream health assessment methods with respect to their sensitivities to human related
disturbance and pollution (Metzeling et al. 2006; Suter et al. 2006; Rose et al. 2008;
Chessman & McEvoy 2012). For this section of the chapter, the sensitivities given to
taxa for human disturbance such as pollution or eutrophication are compared to that of
their sensitives to natural environmental disturbance such as flooding, drying, and
heatwaves. Through the comparison with similar studies, it is possible to examine any
differences between methods and results of the classification systems used within this
chapter, highlighting possible inconsistencies in tolerances/sensitivities to
environmental disturbance as opposed to human disturbance. It is important to note that
the disturbance tolerance scores developed in the present study are not intended for the
calculation of stream health metrics. Rather, these scores are intended to reflect the
responses, or ‘likelihood of persistence’ of the EPT found within the SEQ study sites to
environmental disturbances, and the vulnerability of these taxa to intensified future
disturbances as a result of climate change.

The intention of the following comparison is to determine if the disturbance tolerance
scores developed in this study through the examination of traits, life histories, and
environmental requirements/tolerances are relevant to sensitivity scores developed in
other studies. The two most relatable Australian aquatic insect indices to the present
study are the “Invertebrate Species Index” developed for SEQ (ISI; Haase & Nolte 2008)
and “Stream Invertebrate Grade Number Average Level” used Australia-wide (SIGNAL;
Chessman 2003); both of which were designed as stream health indices.

The ISI for a stream is calculated using the weighted average of all species scores, and
also considers abundances (log transformed) of each species. Species scores (S10) and
their relevant weightings (W) for the ISI were based on aquatic invertebrates within
SEQ and are highly relevant to the findings and interpretation of the results of the
present study with respect to location and taxa. For detailed information on the ISI
calculation method and derivation of “S10” and “W” scores see Haase and Nolte (2008).
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S10 refers to the ISI score for a given species. This score ranges from 1-10, with a score
of 10 representing species that are restricted to natural or undisturbed environments,
while a score of 1 applies to species tolerant of the most excessive pollution,
eutrophication, and degradation.
W - Refers to the ISI indicator weight, which describes the ‘strength’ of the indicator
score. Where tolerance reflects the ecological amplitude of a species across an
environmental gradient (Haase & Nolte 2008); species with a narrow tolerance range
are better indicators than those that are distributed across a broad range of conditions.
Higher weighting indicates a smaller distribution range and therefore a better indicator
of stream health. W ranges from 1-16, where 16 represents good indicators of stream
health, and 1 very poor indicators.

SIGNAL scores are only applicable to family level taxonomic resolution. SIGNAL
scores are based upon sensitivities to pollution and indicate water quality at sites.
SIGNAL scores range from 1-10, with a score of 10 signifying highly sensitive and a
score of 1 signifying highly tolerant taxa (Chessman 2003).

Disturbance tolerance scores developed in the present study are interpreted opposite of
the SIGNAL and ISI sensitivity scores, where a high score (maximum of 22) reflects
tolerance, and a low score reflects sensitivity to disturbance; disturbance tolerance
scores are ranked from 1-22.

This comparison between the three scoring systems is based solely on the scores
allocated to each EPT group, observing the level of sensitivity allocated to each taxon
for each given study method. The objective of the comparison was to determine
parallels and contrasts between the grading; to do so, EPT were compared at the lowest
possible taxonomic resolution. As both the ISI and the present study were conducted in
SEQ, many species could be directly compared. For species within this study that were
not included in the ISI, or, where taxa in this study were not identified to species level,
taxa were compared at the genus level. Comparisons to the SIGNAL scoring system
could only be made at the level of Family. Rare taxa, defined by Marchant (2002) as
those with total abundances <0.5% of the total abundance of all taxa, or taxa that were
not included in the SIGNAL or ISI scoring methods were excluded from this
comparison.
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7.3.4 Assessing the vulnerability of EPT taxa to climate change
To demonstrate one possible application of the disturbance tolerance scores developed
within this chapter, the likelihood of persistence for each taxon is explored under
simplified climate change scenarios. The likelihood of persistence is examined across
four different stream types typical of SEQ, for changes likely to occur to these habitats
under different climate change scenarios (using current CSIRO future projections). The
three simplified scenarios have been used to demonstrate how this assessment of EPT
disturbance tolerance may be applied, however it must be noted that these scenarios do
not include all projected climate change influences. Rather, a few key factors have been
included (such as precipitation, heat waves, and mean temperatures), and only those for
which the reactions of the EPT taxa can be anticipated based on the results in this thesis.
An example of a climate change variable that was not examined within this thesis
regarding population predictions includes changes to the lowest temperature ranges;
therefore this factor has not been included in the scenarios, however it is likely to have
an effect on stream ecosystems. Additionally, these scenarios do not take into account
all in-stream variables such as changes in other aspects of water quality, or changes in
ecosystem structure and function. Moreover, these scenarios are oversimplified from the
stream habitat perspective, and do not represent all stream types. Finally, these
scenarios do not consider other human pressures such as increasing land use
development.

For each taxon, the predicted likelihood of persistence of each scenario is based on
assessment according to the corresponding disturbance tolerance scores established
within this chapter (Tables 7.7 and 7.8). These predictions also take into account known
utilization of habitat type (including population presence/absence in case study streams
– Chapters 3 and 4) and sensitivities to changes in flow and temperature from the data
in previous chapters. These predictions are estimates based on judgment of the literature
and results within this thesis. The prospects of persistence in each scenario within a
stream environment are expressed as: Very low= extinction highly likely, low =
localised extinctions possible, moderate = populations may survive with variations to
abundances or fitness, high = viable populations may persist, very high= taxa are well
adapted and may dominate assemblages.
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Scenarios
Three scenarios for future climate change specific to SEQ are explored based upon
projections within the “CSIRO East Coast Cluster Report” (Dowdy et al. 2015), from
data specified by the International Panel on Climate Change (IPCC). The
Representative Concentration Pathways (RCPs) defined by the IPCC include
intermediate level (RCP 4.5) and high level (RCP 8.5) emission scenarios.

The first scenario includes projections for the near future from 2020 to 2039, which
includes a mean temperature rise of between 0.4-1.3˚C with little difference between
RCP’s. To represent a worst case situation, the maximum projected temperature rise of
1.3˚C is used for the first scenario. The further two scenarios include late century
projections from the year 2080 to 2099, where mean temperature projections for SEQ
include increases of 1.3- 2.5˚C for RCP4.5, and 2.7 - 4.7˚C for RCP8.5. Again, the
highest temperature values are used for the scenarios. Thus the second scenario for this
assessment is of late century low emissions scenario with a mean temperature increase
of 2.5˚C; and the third and final scenario is also for the late century with high emissions
and a mean temperature increase of 4.7˚C.

The four different stream types used for this assessment are loosely based on the case
study streams from this thesis (Chapter 2), including perennial and intermittent, and
with or without riparian cover (Table 7.3). The hydrology and riparian state of these
streams are relevant to a range of streams of varying conditions that occur within the
SEQ region. Urban influences are not included as the streams within these scenarios
represent headwater tributaries.
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Table 7.3 Differences in vegetated vs non-vegetated streams described in scenarios
Vegetated
Non-vegetated
▫ Without an extensive riparian zone,
▫ Established mature riparian zone
however may include sparse remnant
and a thick canopy of varying
riparian plants.
degrees of cover, providing bank
▫ Consistently subject to intense pressures
stability, shade, complex habitat
such as grazing or agriculture.
structure, and allochthonous
▫ The lack of stabilizing vegetation and
carbon sources to the stream.
pressure from stock has led to altered
▫ Not subject to intense grazing, and
channel shape and reduced habitat
do not suffer from extensive
structure due to erosion and sedimentation.
damage such as erosion or high
▫ Unobstructed sunlight coupled with high
nutrient inputs.
nutrient inputs have led to autochthonous
▫ It is not implied that these streams
growth such as macrophytes and algal
are in pristine condition; rather
blooms. Higher water temperatures are
they are without constant major
experienced in cleared streams due to
human disturbances.
greater exposure to sunlight.
The key differences between perennial and intermittent streams (regardless of
vegetation) are temperature and water persistence. Perennial streams are assumed to be
cooler due to persistent groundwater discharge to surface flow. Intermittent streams are
subject to seasonal drying whereas perennial streams are not (though may experience
irregular habitat isolation).
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7.4 Results
7.4.1 A synthesis of the life histories, traits, and requirements of SEQ EPT

Within this study, 24 EPT taxa were sampled from the four SEQ streams. Acronyms
were created for each taxon and are listed in the Table 7.4 to simplify comparisons.
Table 7.4 Acronyms for EPT taxa
Acronym
Scientific Name
CT
Caenidae Tasmanocoenis
BOP
Baetidae Offadens & Pseudocloeon
LJK
Leptophlebiidae Jappa kutera
LU
Leptophlebiidae Ulmerophlebia
LAT
Leptophlebiidae Atalophlebia
LN
Leptophlebiidae Nousia sp. AV2
LT
Leptophlebiidae Thraulophlebia
LA
Leptophlebiidae Atalomicria
AM
Ameletopsidae Mirawara
GR
Gripopterygidae Riekoperla sp.1
GI
Gripopterygidae Illiesoperla
ES
Eustheniidae Stenoperla
LTV
Leptoceridae Triplectides volda
LO
Leptoceridae Oecetis
EE
Ecnomidae Ecnomus
H
Hydroptilidae spp.
HC
Hydropsychidae Cheumatopsyche
TT
Tasimiidae Tasimia sp. AV1
HA
Hydrobiosidae Apsilochorema
HT
Hydrobiosidae Taschorema
CA
Calamoceratidae Anisocentropus
PC
Philopotamidae Chimarra
CTA
Calocidae Tamasia
GA
Glossossomatidae Agapetus

Order
Ephemeroptera (Mayflies)

Plecoptera (Stoneflies)

Trichoptera (Caddisflies)

Within the synthesis tables of information on SEQ EPT (Tables 7.5 and 7.6) the origin
of information is described using symbols. In some cases, the present study was
contradictory to literature sources; where this occurred, data within this study was
chosen as it represents the current status of the organism within the taxonomic and
regional context of SEQ.
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Table 7.5 Summary of trait and life history information for SEQ Mayflies and Stoneflies.
See Table 7.4 for explanation of taxon codes. * = present study data, + = genus level
literature, ^ = personal observation from present study, ‘≈’ = inferred from family literature
CT
Trait

Trait State

B
O
P

LJ
K

L
U

L
A
T

Taxon
L
LT
N

L
A

A
M

G
R

GI

Semivoltine (<1 generation/y)
Voltinism

+

Univoltine (1 generation /y)
Multivoltine (>1 generation/y)

ES

*

≈

*

≈

*

≈

*

≈

*

*

*

≈

*

≈

+

+

*

+

+

*

+

+

*

+

+

+

+

^

^

^

^

^

^

^

Fast seasonal
Development

Slow seasonal
Non-seasonal

Timing
Duration of
juvenile
phase
Juvenile
crawling
ability
Swimming
ability

*

≈

Synchronized
Non-Synchronous

*

≈

Short <1 month

+

≈

Medium 1month-6months

+

≈

+

≈

*

*

*

*

*

≈

≈

+

≈

≈

Long 6 months +

+

+

Slow (<50cm/min)
Rapid (>50cm/min)

^

^

^

^

^

^

^

^

^

^

^

^

^

^

None
Weak

^

Strong

^

^

None (soft-bodied forms)
Armoring

Poor (heavily sclerotized)

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

^

^

^

^

^

Good (e.g. cased caddisflies)
Shape

Streamlined (flat, fusiform)
Non streamlined

Largest
juvenile size
in sample

Thermal
range

Habit

Feeding
Habit

<5mm

^

<1cm

^

>1cm
>1.5 cm
Cold stenothermal
Cool eurythermal

^
≈
+

Burrow

+

+

+

+

Cling

+

+

+

Swim

+

grazer, scraper, filterer

+

shredder, collector

+

+

+

+

Riffle (fast flow, high DO)
Pool (slow/no flow, low DO)
Both (habitat generalists)

References (from Table 7.1)

^

^

+

+

+

+

+

+

+

+

+

+

+

+

+
+

+

+

+

+

+
+
+

+

+

+

+

predator
Habitat/flow
requirement

^
≈
+

Warm eurythermal

^

*

*

*

+

+

+

+

+

+

*

*

*

*

14,
33,
34,
55,
60,
67,
76

2,
3,
4,
7,
11,
12,
26,
42,
57 ,
60,
64,
67,
76

2,
3,
4,
7,
11,
12,
26,
27,
42,
57,
64,
6

2,
3,
4,
7,
10,
57,
71,
76

*

*

*

*

*

*

5, 6,
8, 9,
11,
14,
16,
19,
33,
34,
45,
49,
56,
57, 64

11,
16,
33,
34,
40,
55,
56,
57,
60,
64,
69,
76

32,
33,
34,
46,
58,
66,
73,
76

33,
34,
46,
58,
66,
70,
76

5,
14,
21,
22,
25,
33,
34,
42,
46,
60,
64,
66,
76

11,
14,
21,
22,
25,
33,
34,
46,
50,
64,
66,
76

*

*

33,
34,
46,
60,
64,
66,
76

33,
34,
46,
66,
67,
76
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Table 7.6 Summary of trait and life history information for SEQ Caddisflies.
See Table 7.4 for explanation of taxon codes. * = present study data, + = genus level
literature, ^ = personal observation from present study, ‘≈’ = inferred from family literature
Trait

Trait State

LT
V

L
O

EE

H

H
C

Taxon
TT
H
A

H
T

*

+

+

C
A

PC

Semivoltine (<1 generation/y)
Voltinism

Univoltine (1 generation /y)

*

*

*

Non-seasonal
Timing
Duration of
juvenile
phase
Juvenile
crawling
ability
Swimming
ability

*

≈

+

*

≈

*

≈

+

+

+

+

+

+

+

+
+

≈
*

*
*

Synchronized
Non-Synchronous

≈

+

≈

Fast seasonal
Slow seasonal

G
A

+
*

Multivoltine (>1 generation/y)
Development

C
T
A

*

+

+

+

+

+

≈

≈

≈

≈

Short <1 month
Medium 1month-6months
Long 6 months +
Slow (<50cm/min)

+

+

≈

≈
≈

+

+

≈

+

^

^

^

^

^

^

^

^

^

^

^

^

^

^

^

^

^

^

^

^

^

^

^

^

+

+

+

+

+

+

Rapid (>50cm/min)
None
Weak
Strong
None (soft-bodied forms)

Armoring

+

+

+

+

+
+

<5mm

+

+

+

+

+

+

+

+

+

^

^

<1cm
>1cm
>1.5 cm

Thermal
range

+

Streamlined (flat, fusiform)
Non streamlined

Largest
Juvenile size
in sample

+

Poor (heavily sclerotized)
Good (e.g. cased caddisflies)

Shape

+

^
^

^
^

^

Cold stenothermal

^

^

+

Cool eurythermal
Warm eurythermal

^

+
+

+

+

≈

+

+

+

+

^

^

+
+

+

+

+

+

+
+

Burrow
Habit

Cling

+

+

+

+

+

+

Swim
Feeding
Habit

grazer, scraper, filterer
shredder, collector

+
+

predator
Habitat/flow
requirement

Both (habitat generalists)

References (from Table 7.1)

+

+
+

+

+

Riffle (fast flow, high DO)
Pool (slow/no flow, low DO)

+
+

+

+

+

*

*

*

*

9,
15,
18,
20,
30,
47,
59,
60,
76,
78

1,
36,
37,
59,
60,
67,
76

20,
38,
55,
57,
59,
76

20,
38,
55,
57,
59,
76

+

+

+

*

*

*

17,
20,
24,
36,
37,
42
54,
59,
60,
71,
76

17,
44,
57,
59,
76

17,
37,
42,
43,
59,
71,
76

*
*

*

*

*

9,
17,
31,
52,
57,
59,
75,
76,
77

9,
18,
31,
52,
57,
59,
76

9,
11,
16,
18,
20,
36,
37,
59,
60,
76

13,
41,
55,
59,
67,
76

*
9,
29,
39,
59,
76
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7.4.2 Development of “Disturbance Tolerance Scores”
The collation of survival traits and tolerances of mayfly and stonefly taxa (Table 7.7)
and caddisfly taxa (Table 7.8) revealed differences in the disturbance response
adaptations between the EPT orders, families, and even genera within families with
scores ranging from 1-17 for mayflies and 1-15 for caddisflies. The lowest scores for
rare taxa may be misrepresentative due to a lack of information, though considering
these taxa have a limited habitat range and slow population recovery post low flow and
high flow disturbance events (Tables 7.9 and 7.10), the low tolerance scores are justified.
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Table 7.7 Collation of survival traits, tolerances, and behaviours of mayfly and stonefly
taxa for calculating disturbance tolerance scores. See Table 7.4 for explanation of taxon
codes.
* = data from the present study, + = literature (genus level), ^ = personal observation
from present study, ‘≈’ = inferred from family level literature
Taxon
Trait

Trait State

Voltinism
(reproductive
frequency)

Semi- or uni- voltine (< 1
generation/year)
Bi- or multi- voltine (>1
generation/year)

Seasonal
influence on
juvenile
abundance?
Duration of
juvenile
phase
Sensitivity to
habitat
disturbance
e.g. riparian
clearing or
stream
physicochemistry
Flow
dependence

Ability to
persist in
isolated pools

Score

C
T

B
O
P

L
U

L
A
T

L
N

L
T

L
A

0
1

1*

1+

No

1

1*

1+

Yes

0

Short <1 month

2

Medium 1month-6months

1

Long 6 months +

0

High -only found in
Mountford Creek

0

Med -found in Mountford
& Oaky Creeks

1

Low – found in Dam or
Gregors Creeks

2

Riffle habitat only

0

Habitat generalists

1

No

0

Yes, immediately after
isolation
Yes, until nearly dry (Dam
Creek only)

L
J
K

2+

1*

1≈

0*

0+

1+

1≈

1*

1*

1*

1*

1≈

2*

2*

2*

2*

1*

1*

1*

1*

1*

Immediate (March)

2

Lagging (1 month)

1

Slow (2+ Months)

0

Maximum
temperature
tolerance
LT50
(max stream
temperatures
highlighted)

<30

0

30-33

1

34-36

2

>37

3

Desiccation
resistance
(taxa may
receive
scores for
more than
one trait
state)

None

0

Seek a moisture refuge e.g.
refugial pool, hyporheos

1

Aestivation

2

Egg or pupae diapause,
dormancy, or
anhydrobiosis

3

TOTAL SCORE: (maximum possible total = 22)

G
I

E
S

0+

0+

0*

0+

0+

0+

0*

0≈

0+

0+

0+

0≈

1*

0*

0*
1*

1*

0*

0*

0*

0*

0*

0*

0*

0*

1*

1*

1*

2*

2*

2*

1*

1*

2*

Population
return time
post high
rainfall (flash
flooding)

1≈

1*
0*

2*

0

1≈

0*

2*

Slow (3+ months)

2*

1*

2*

1

1+

0*

2*

Lagging (2 months)

0≈

0*

2*

2

0*

0*

2

Immediate (1 month)

1≈

G
R

2+

1

Population
return time
after drying
event

1*

A
M

1*

2*

1*

1*

1*
0*

2*

2*

2*

2*

2*
1*

0*
25
0*

2*

2*

27
1*

27
1*

0

0

0*

0*

22
0*

17
0*

0*
0^

0*

22
0*

2*

3*

1+

1≈

1+

1+

0

1*

0
1+

1≈
17

17

9

8

15

11

9

4

1

1+

1+

1≈

1≈

6

6
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Table 7.8 Collation of survival traits, tolerances, and behaviours of caddisfly taxa for
calculating disturbance tolerance scores. See Table 7.4 for explanation of taxon codes.
* = data from the present study, + = literature (genus level), ^ = personal observation
from present study, ‘?’ = inferred from family level literature
Taxon
Trait
Voltinism
(reproductive
frequency)
Seasonal
influence on
juvenile
abundance?
Duration of
juvenile phase
Sensitivity to
habitat
disturbance
e.g. riparian
clearing or
stream
physicochemistry
Flow
dependence

Ability to
persist in
isolated pools

Trait State
Semi- or uni- voltine (< 1
generation/year)
Bi- or multi- voltine (>1
generation/year)

Score

L
T
V

0

0*

L
O

E
E

1*

1*

No

1

1*

1*

Yes

0

Short <1 month

2

Medium 1month-6months

1

Long 6 months +

0

High -only found in
Mountford Creek

0

Med -found in Mountford
& Oaky Creek

1

Low – found in Dam or
Gregors Creek

2

Riffle habitat only

0

Habitat generalists

1

No

0

0*

1≈

0≈

1+

1+

0+

H
T

0+

0+

0*

0≈

0+

0+

1≈

1≈

1≈

C
A

P
C

1+

1+

1+

1+

1≈

C
T
A

G
A

0+

0+

0+

0+

1≈

1+
0+

0*

0*

0*

1*
2*

2*

2*

2*

2*
0*

1*

1*

1*

1*

1*

2*

2*

2*

Immediate (1 month)

2

2*

2*

Lagging (2 months)

1

Slow (3+ months)

0

Population
recovery post
high rainfall
(flash
flooding)

Immediate (March)

2

Lagging (1 month)

1

Slow (2+ months)

0

Maximum
temperature
tolerance
LT50
(max stream
temperatures
highlighted)

<30

0

30-33

1

34-36

2

>37

3

None

0

Seek a moisture refuge e.g.
refugial pool, hyporheos

1

1+

Aestivation

2

2+

1≈

Egg or pupae diapause,
dormancy, or
anhydrobiosis

3

1≈

1≈

1≈

1≈

16

15

14

12

2*
1*

2*

2*

0*

0*

0*

0*

0*

0*

0*

0*

1*
0*

0*

0*
1*

2*
1*

2*

0*

2*

1*
0*

1

TOTAL SCORE: (maximum possible score =22 )

H
A

0≈

2*

Desiccation
resistance
(taxa may
receive scores
for more than
one trait state)

T
T

1≈

1≈

2

Population
recovery after
drying event

H
C
0*

1

Yes, immediately after
isolation
Yes, until nearly dry (Dam
Creek only)

H

1*

2*
1*

1*
0*

0*

2*

2*

1*
0*

2*

0*

2*

1*

1*
0*

25
0*
1*
2*

30
2*

30
2*

0

0

27
1*

27
1*

27
1*

22
0*

22
0*

30
2*

3*
0

0

0

0

0

0

0

0

1≈

1≈

1≈

1≈

1≈

1≈

1≈

1≈

8

5

8

7

11

11

3

2

1≈
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Score Validation
The validation of the disturbance tolerance scores (Tables 7.9 & 7.10) demonstrated that
the highest scoring taxa (≥12, top 25% of taxa) were consistently present during or
immediately after both disturbances except in streams where abundances were
consistently low. Most taxa with scores of 8-12 also demonstrated rapid recolonization
post disturbance. Few taxa with scores below 8 demonstrated rapid recovery. The
tasimiid Tasimia (5) and both gripopterygids (6) only rapidly recolonised after one type
of disturbance. Based on this examination of results, all scores were considered valid.

Table 7.9 Low flow event; demonstrating the abundances of taxa present and their
corresponding disturbance tolerance (DT) scores.
Abundances during the low flow disturbance for Dam Creek are averaged across
October, November, December, and January, with total abundances (TA) for February
(only) as the month post disturbance. Abundances during the disturbance for Mountford
creek are the total abundances for October (only), with total abundances for November
(only) as the month post disturbance. See Table 7.4 for taxon codes
Creek

Dam
Creek

During disturbance
Taxa DT
Average
score abundance
CT
17
1084
BOP 17
119
LAT 15
21
LTV 16
45
LO
15
17
EE
14
13
H
12
18

Taxa DT
score
Mountford CT
17
Creek
BOP 17
LAT 15
LN
11
LTV 16
TT
5
CA
11

TA
101
51
28
49
46
5
14

Post disturbance
Taxa DT
TA
score
CT
17
427
BOP 17
199
LAT 15
111
LTV 16
21
LO
15
18
EE
14
12
H
12
56
LN
11
30
HC
8
14
Taxa DT
TA
score
CT
17
8
BOP 17
5
LAT 15
9
LN
11
25
LTV 16
22
TT
5
5
CA
11
19
LT
9
5
EE
14
5
PC
11
7

Interpretation.

All taxa present during the
four month disturbance period
scored 11 or higher. All of the
highest scoring taxa (≥12)
were recognized during the
disturbance period

All taxa present during the
four month disturbance period
scored 8 or higher, except for
Tasimiidae. All of the highest
scoring taxa (≥12) were
recognized during or post
disturbance period except
Oecetis. However, abundances
of Oecetis were consistently
low in Mountford Creek
regardless of sampling time.
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Table 7.10 High Flow Event, Total abundance (TA) of taxa present with corresponding
disturbance tolerance (DT) scores.
Total abundances for March (2011) are immediately after the high flow disturbance, and
May (2011) are post disturbance. See Table 7.4 for explanation of taxon codes
Creek

Dam
Creek

Immediately after
disturbance
Taxa DT
TA
score
CT
17
589
BOP 17
327
LAT 15
109
LN
11
10
LTV 16
17
LO
15
5
EE
14
31
HC
8
63

Mountford BOP
Creek
LAT
LN
GI
LTV
CA
LU

17
15
11
6
16
11
8

Oaky
Creek

CT
BOP
LJK
LAT
LN
LTV
LO
EE
HC
HA
CA
PC

17
17
9
15
11
16
15
14
8
8
11
11

Gregors
Creek

CT
BOP
LAT
LO
EE
H
HC

17
17
15
15
14
12
8

Post disturbance

Taxa DT
score
CT
17
BOP 17
LAT 15
LN
11
LTV 16
LO
15
EE
14
HC
8
PC
11
9
BOP 17
19
LAT 15
42
LN
11
15
GI
6
18
LTV 16
21
CA
11
16
LU
8
CT
17
HC
8
TT
5
HT
7
PC
11
CTA 3
778 CT
17
1443 BOP 17
25
LJK 9
41
LAT 15
91
LN
11
225 LTV 16
60
LO
15
145 EE
14
1042 HC
8
38
HA
8
36
CA
11
73
PC
11
LT
9
647 CT
17
276 BOP 17
26
LAT 15
34
LO
15
46
EE
14
32
H
12
536 HC
8
LTV 16

Interpretation

TA
1362
654
50
106
121
26
15
391
12
32
11
93
44
28
58
4
5
125
32
11
12
22
1646
810
117
32
259
174
158
65
855
44
2
8
11
741
612
23
64
61
926
1582
14

Aside from Cheumatopsyche, all
taxa present within the month of
the disturbance scored 10 or higher.
All of the highest scoring taxa
(≥12) were present immediately
after the disturbance event.

All taxa present within the month
of the disturbance scored 6 or
higher. All of the highest scoring
taxa (≥12) were recognized post
disturbance, except Oecetis.
However, abundances of Oecetis
were consistently low in Mountford
Creek regardless of sampling time.

All taxa present within the month
of the disturbance scored 8 or
higher. All of the highest scoring
taxa (≥12) were present
immediately after the disturbance
event.

Aside from Cheumatopsyche, all
taxa present within the month of
the disturbance scored 12 or higher.
All of the highest scoring taxa
(≥12) were present post
disturbance.
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7.4.3 Comparison of “Disturbance Tolerance Scores” to current sensitivity
characterisations

Mayflies and Stoneflies
When the disturbance tolerance scores of EPT taxa from the present study are compared
to alternate pollution sensitivity scoring methods available for the taxa of SEQ (Table
7.11), there are marked differences between the environmental and pollution tolerances.
However, keeping in mind that these methods were not developed for the same
purposes (i.e. pollution/eutrophication sensitivity compared to environmental change),
these results were not unexpected. From this comparison it is evident that the present
study has highlighted differences in sensitivities between taxa that were not discernable
using the alternate SIGNAL method. For example, when mayflies and stoneflies were
ranked from least to most sensitive, both scoring systems were identical in ranking
order (Table 7.12). However, where SIGNAL graded all Leptophlebiidae equally, the
disturbance tolerance scoring system distinguished between the six genera with scores
ranging from “4” for Atalomicria to “15” for Atalophlebia.

When compared to the results of the disturbance tolerance scores, the ISI scoring system
may have offered comparatively different results in sensitivity ranking for two main
reasons. Firstly due to the species level resolution of the ISI study compared to mostly
genera in the present study; or secondly, due to differences in the focus of the scoring
system where pollution/eutrophication sensitivity rather than tolerance to environmental
change is the key factor. It must be noted however, that if the weighting of the ISI
scores were considered of higher consequence than the S10 scores, the results of the ISI
would be more similar to those of the present study (Table 7.13). The most evident
discrepancy between the ISI and the present study is the scoring of the stonefly
Illiesoperla (Gripopterygidae).
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Table 7.11 Comparison of disturbance tolerance scores (DTS) to SIGNAL and ISI
Order

Ephemeroptera

Family

Leptophlebiidae

Taxa in present
study

ISI Taxa

Atalophlebia

Atalophlebia sp.
AV13, AV18
Jappa kutera
Nousia sp. AV1
Koorrnonga
AV2, AV5
Ulmerophlebia
AV2. and sp. 2
Atalomicria sp.
AV1b
Tasmanocoenis
rieki
Bungona sp.1

Jappa kutera
Nousia sp. AV2
Thraulophlebia
Ulmerophlebia
Atalomicria
Ephemeroptera

Caenidae

Tasmanocoenis

Ephemeroptera

Baetidae

Ephemeroptera

Ameletopsidae

Pseudocloeon &
Offadens
Mirawara

Trichoptera

Calamoceratidae

Anisocentropus

Trichoptera
Trichoptera
Trichoptera

Ecnomidae
Philopotamidae
Hydropsychidae

Ecnomus
Chimarra
Cheumatopsyche

Trichoptera

Hydroptilidae

Trichoptera

Leptoceridae

Hydroptilidae
(unknown)
Oecetis

Hydroptilidae (6
species)
Oecetis sp.1, 3,
& 4.

Triplectides
volda
Tamasia
Taschorema
Apsilochorema
Tasimia
Agapetus
Illiesoperla

Triplectides
volda

Trichoptera
Trichoptera

Calocidae
Hydrobiosidae

Trichoptera
Trichoptera
Plecoptera

Tasimiidae
Glossossomatidae
Gripopterygidae

Riekoperla sp.1
Plecoptera

Eustheniidae

Stenoperla

Anisocentropus
sp. 2
Enomus sp. 1
Chimarra sp.1
Cheumatopsyche
sp. AV1,2, & 6

Agapetus sp. 1
Illiesoperla
franzeni
Riekoperla
perkensi

ISI Scores
S10

W

7.8,8.4

8

SIGNAL
Score
(family)
8

5.8
8.2
7, 8.2

8
8
2, 4

8
8
8

9
11
9

8.2,
7
8.5

4

8

8

16

8

4

6.6

4

4

17

7.9

4

5

17

N/A

N/A

7

1

7.0

4

7

11

7.0
7.3
6.1,
2.5,
5.5
4 to 7

4
4
4,
8, 8

4
8
6

14
11
8

4 to
8
8,
4, 4

4

12

6

15

8

6

16

N/A
N/A
N/A
N/A
7.3
6.4

N/A
N/A
N/A
N/A
4
2

9
8
8
8
9
8

3
7
8
5
2
6

9.5

16

8

6

N/A

N/A

10

1

6.4,
6.5,
7.6
6.7

DTS

15
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Table 7.12 Mayflies and stoneflies ranked from least to most sensitive comparing
across the three assessment methods
SIGNAL
4

Baetidae

5

Leptophlebiidae

8

Leptophlebiidae

8

Leptophlebiidae

8

Leptophlebiidae

8

Leptophlebiidae

8

Leptophlebiidae

8

Gripopterygidae

8

Gripopterygidae

8

S10

W

Present Study

5.8

8

Caenidae Tasmanocoenis

6.4

2

6.6

4

7

2

7

4

7.8

8

Baetidae Bungona sp.1

7.9

4

8.2

8

8.2

4

8.2

4

8.4

8

8.5

16

9.5

16

Leptophlebiidae Nousia
sp. AV1
Leptophlebiidae
Ulmerophlebia sp.AV2
Leptophlebiidae
Koorrnonga sp. AV5
Leptophlebiidae
Atalophlebia sp. AV18
Leptophlebiidae
Atalomicria sp. AV1b
Gripopterygidae
Riekoperla perkensi

Baetidae Pseudocloeon
& Offadens
Leptophlebiidae
Atalophlebia
Leptophlebiidae Nousia
sp. AV2
Leptophlebiidae Jappa
kutera
Leptophlebiidae
Thraulophlebia
Leptophlebiidae
Ulmerophlebia
Leptophlebiidae
Atalomicria
Gripopterygidae
Illiesoperla
Gripopterygidae
Riekoperla sp.1

17
17
15
11
9
9
8
4
6
6

Least Sensitive → to → Most Sensitive

Caenidae

ISI (ranked by S10)
Leptophlebiidae Jappa
kutera
Gripopterygidae
Illiesoperla franzeni
Caenidae Tasmanocoenis
rieki
Leptophlebiidae
Koorrnonga sp.AV2
Leptophlebiidae
Ulmerophlebia sp. 2
Leptophlebiidae
Atalophlebia sp. AV13

Table 7.13 Mayflies and stoneflies ranked from least to most sensitive (ISI ranking
based on score weight)
S10

W

Present Study

Gripopterygidae Illiesoperla franzeni

6.4

2

Caenidae Tasmanocoenis

17

Leptophlebiidae Koorrnonga sp.AV2

7

2

Baetidae Pseudocloeon & Offadens

17

Caenidae Tasmanocoenis rieki

6.6

4

Leptophlebiidae Atalophlebia

15

Leptophlebiidae Ulmerophlebia sp. 2

7

4

Leptophlebiidae Nousia sp. AV2

11

Baetidae Bungona sp.1

7.9

4

Leptophlebiidae Thraulophlebia

9

Leptophlebiidae Koorrnonga sp. AV5

8.2

4

Leptophlebiidae Jappa kutera

9

Leptophlebiidae Ulmerophlebia sp.AV2
Leptoceridae Jappa kutera

8.2
5.8

4
8

Leptophlebiidae Ulmerophlebia
Gripopterygidae Illiesoperla

8
6

Leptophlebiidae Atalophlebia sp. AV13

7.8

8

Gripopterygidae Riekoperla sp.1

6

Leptophlebiidae Nousia sp. AV1

8.2

8

Leptophlebiidae Atalomicria

4

Leptophlebiidae Atalophlebia sp. AV18

8.4

8

Leptophlebiidae Atalomicria sp. AV1b
Gripopterygidae Riekoperla perkensi

8.5
9.5

16
16

Least → to→ Most Sensitive

ISI (ranked by score weight)
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Caddisflies
Greater differences between scores occurred in the comparison of caddisflies across the
three methods, than mayflies and stoneflies. While some similarities are apparent
between the SIGNAL scores and the disturbance tolerance scores, such as the high
sensitivity rankings of Calocidae and Hydrobiosidae; overall, the rankings of caddisflies
between the three methods are mostly mismatched (Table 7.14). Two examples of
discrepancies include Triplectides volda (Leptoceridae) and Chimarra (Philopotamidae),
which in the present study are both given much higher disturbance tolerance rankings to
environmental changes compared to the alternative studies of human influences on
water quality. However this may indicate that whilst these taxa are tolerant to physical
habitat change, they may display more acute sensitivities to pollution and eutrophication.

For caddisflies, shifting the ISI sensitivity ranking with greater consideration placed
upon the weighting of each score does not change the affiliation of rankings compared
with the disturbance tolerance scores of the present study (Table 7.15). In contrast,
Triplectides volda and Oecetis (Leptoceridae) (sp.1 for the ISI) have the opposite
rankings with respect to sensitivities between the two methods, also indicating that
while these taxa are highly tolerant to environmental changes they are also sensitive to
pollution and eutrophication. However, some similarities across the two methods are
displayed, including Anisocentropus (Calamoceratidae) and Cheumatopsyche
(Hydropsychidae).
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Table 7.14 Caddisflies ranked from least to most sensitive comparing across the three
methods
Hydropsychidae
Cheumatopsyche sp. AV2
Hydropsychidae
Cheumatopsyche sp. AV8

S10

W

2.5

8

5

8

Hydroptilidae

4

Hydropsychidae

6

Hydroptilidae spp.

5.5

4

Leptoceridae

6

Hydropsychidae
Cheumatopsyche sp. AV1

6.1

4

Leptoceridae

6

Leptoceridae Oecetis sp.1

6.4

8

Calamoceratidae

7

Leptoceridae Oecetis sp. 3

6.5

4

Philopotamidae

8

6.7

8

Hydrobiosidae

8

7

4

Hydrobiosidae

8

7

4

Calocidae

9

Philopotamidae Chimarra

7.3

4

Calocidae Tamasia

3

Glossossomatidae

9

Glossossomatidae
Agapetus sp1.

7.3

4

Glossossomatidae
Agapetus

2

Leptoceridae Oecetis sp. 4

7.6

4

Calamoceratidae
Anisocentropus
Philopotamidae
Chimarra
Hydropsychidae
Cheumatopsyche
Hydrobiosidae
Apsilochorema
Hydrobiosidae
Taschorema

15
14
12
11
11
8
8

Most Sensitive

Leptoceridae Triplectides
volda
Calamoceratidae
Anisocentropus
Ecnomidae Ecnomus

Hydroptilidae spp.

16

→

4

to

Ecnomidae

→

Present Study
Leptoceridae
Triplectides volda
Leptoceridae
Oecetis
Ecnomidae
Ecnomus

Least Sensitive

ISI (ranked by S10)

SIGNAL

7

Table 7.15 Caddisflies ranked from least to most sensitive (ISI ranking based on score
weight)
S10

W

Present Study

Hydroptilidae spp.

5.5

4

Leptoceridae Triplectides volda

16

Hydropsychidae Cheumatopsyche sp. AV1

6.1

4

Leptoceridae Oecetis

15

Leptoceridae Oecetis sp. 3

6.5

4

Ecnomidae Ecnomus

14

Calamoceratidae Anisocentropus sp. 2

7

4

Hydroptilidae spp.

12

Ecnomidae Ecnomus sp. 1

7

4

Calamoceratidae Anisocentropus

11

Philopotamidae Chimarra sp. 1

7.3

4

Philopotamidae Chimarra

11

Glossossomatidae Agapetus sp.1

7.3

4

Hydropsychidae Cheumatopsyche

8

Leptoceridae Oecetis sp. 4

7.6

4

Hydrobiosidae Apsilochorema

8

Hydropsychidae Cheumatopsyche sp. AV2

2.5

8

Hydrobiosidae Taschorema

7

Hydropsychidae Cheumatopsyche sp. AV8

5

8

Calocidae Tamasia

3

Leptoceridae Oecetis sp.1

6.4

8

Glossossomatidae Agapetus

2

Leptoceridae Triplectides volda

6.7

8

Least → to →Most Sensitive

ISI
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7.4.4 Assessing the vulnerability of EPT taxa to climate change
Scenario 1: Near Future, 2020-2039.
The CSIRO predicts a mean annual atmospheric temperature increase of 1.3˚C for this
time period. As previously mentioned in Chapter 5 of this thesis, generally, every 1˚C
increase in atmospheric temperature equates to approximately 0.8˚C increase in stream
temperature (Morrill et al. 2005); this would result in 1.04˚C increase in stream
temperatures. There is projected to be an increase in hot days >35˚C from a current
average of 12 days per year to 18 days (ranging between 15-22 days per year). Hot
days >40˚C are projected to increase from a current average of 0.8 days per year to 1.2
days (ranging between 1.1-1.6 days per year). Also projected are decreases in winter
rainfall and increases in summer rainfall, ranging from -15 to +10 %. Thus there will be
changes to seasonal drying and flash flooding. Based on their respective disturbance
tolerance scores, the likelihood of persistence for taxa within this study to such changes
is shown in Table 7.16 for streams of differing hydrology and riparian condition.
Table 7.16 Likelihood of EPT persistence under Scenario 1, near future (2020-2039)
climate change scenario. See Table 7.4 for explanation of taxon codes
Near Future Scenario Persistence Likelihood
Disturbance Taxa included
Perennial Intermittent Perennial Intermittent
tolerance
vegetated vegetated
cleared
cleared
score range
stream
stream
stream
stream
15-17
CT, BOP, LAT, LTV,
Very
Very High
Very high
Very High
LO
High
12-14
EE, H,
Very high
Very high
High
High
8-11
LJK, LU, LN, LT, CA,
High
High
High
Moderate
PC, HC, HA
5-7
GR, GI, HT, TT
Moderate
Moderate
Moderate
Low
0-4
LA, AM, ES, CTA, GA Moderate
Moderate
Low
Low

Scenario 2: Late century 2080-2099 with intermediate emissions (RCP 4.5).
The mean projected atmospheric temperature increase is 2.5˚C, which is approximately
equivalent to a 2˚C increase for instream temperatures. There is projected to be an
increase in hot days >35˚C from a current average of 12 days per year to 27 days
(ranging between 21-42 days per year). Hot days >40˚C are projected to increase from a
current average of 0.8 days per year to 2.1 days (ranging between 1.5-3.9 days per year).
This is more than double the current amount of hot days and heat waves over 40˚C.
Also projected are decreases in winter rainfall and increases in summer rainfall, ranging
from -25 to +20 %. Thus there will be changes to seasonal drying and flash flooding.
Based on their respective disturbance tolerance scores, the likelihood of persistence for
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taxa within this study to such changes is shown in Table 7.17 for streams of differing
hydrology and riparian condition.
Table 7.17 Likelihood of EPT Persistence under Scenario 2, late century (2080-2099)
climate change scenario with intermediate emissions (RCP 4.5). See Table 7.4 for
explanation of taxon codes
Medium mitigation Scenario Persistence Likelihood
Disturbance Taxa included
Perennial Intermittent Perennial
tolerance
vegetated vegetated
cleared
score range
stream
stream
stream
15-17
CT, BOP, LAT, LTV,
High
High
High
LO
EE, H,
12-14
High
High
High
8-11
LJK, LU, LN, LT, CA,
High
Moderate
Moderate
PC, HC, HA
5-7
GR, GI, HT, TT
Moderate
Moderate
Low
0-4
LA, AM, ES, CTA, GA
Low
Low
Very low

Intermittent
cleared
stream
High
Moderate
Low
Low
Very low

Scenario 3: Late century 2080-2099, high emission scenario (RCP 8.5).
The mean projected atmospheric temperature increase is 4.7˚C, approximately
equivalent to a 3.76˚C stream temperature increase by 2090. There is projected to be an
increase in hot days >35˚C from a current average of 12 days per year to 55 days
(ranging between 37-80 days per year). Hot days >40˚C are projected to increase from a
current average of 0.8 days per year to 6 days (ranging between 2.9-11 days per year).
Also projected are decreases in winter rainfall and increases in summer rainfall, ranging
from -30 to +25%. Thus there will be dramatic changes to seasonal drying and flash
flooding. Based on their respective disturbance tolerance scores, the likelihood of
persistence for taxa within this study to such changes is shown in Table 7.18 for streams
of differing hydrology and riparian condition.
Table 7.18 Likelihood of EPT persistence under Scenario 3, late century (2080-2099)
climate change scenario with high emissions (RCP 8.5). See Table 7.4 for taxon codes
Low mitigation Scenario Persistence Likelihood
Disturbance Taxa included
Perennial
tolerance
vegetated
score range
stream
15-17
CT, BOP, LAT, LTV,
High
LO
12-14
8-11
5-7
0-4

EE, H,
LJK, LU, LN, LT, CA,
PC, HC, HA
GR, GI, HT, TT
LA, AM, ES, CTA, GA

Intermittent Perennial
vegetated
cleared
stream
stream

Intermittent
cleared
stream

High

Moderate

Moderate

High

High

Moderate

Moderate

Moderate

Moderate

Low

Low

Low
Low

Low
Very low

Very low
Very low

Very low
Very low
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7.5 Discussion
7.5.1

A synthesis of the life histories, traits, and requirements of SEQ EPT

The collation of data in Tables 7.5 and 7.6 demonstrates where the findings of research
within this thesis have added to previously unknown information, as well as highlighted
remaining knowledge gaps for SEQ EPT taxa. Regardless of the climate change theme
behind this research, this data can also be useful for basic ecological monitoring or
survey purposes. For example, the absence of Cheumatopsyche (Hydropsychidae)
larvae within a stream may not be due to stream health per se, rather a mis-match in the
timing of sampling such that their presence is not detected (see Chapters 4 & 6). Life
history information may help to better interpret the results of such sampling, and also
lead to improved sampling design such as temporal replicates (Dallas 2004).

Knowledge gaps and discrepancies among studies
Larvae
For the EPT found within SEQ, information on life history, traits, and environmental
requirements/tolerances is mostly incomplete. Basic descriptive information is available
from literature from across Australia; however, much of this is not specific. For
example morphological features are not available beyond genus level for many taxa
(Hawking et al. 2013). In addition, descriptions do not include movements or habitat
requirements such as swimming ability and flow partiality. This basic information is not
well documented (Chessman 2015). Information available on feeding habits is mostly
grouped based upon family functional feeding guild (Hawking et al. 2013). Species
specific information is lacking on dietary requirements as most descriptions are vague
e.g. “Gatherer” (Chessman 2015). Further knowledge on specific diets may reveal that
some taxa are absent from a stream section based upon dietary needs rather than water
quality parameters such as pollution, another source of false negatives with respect to
indicator species monitoring. Dietary knowledge is important with respect to climate
change, where crucial food web linkages or relationships will be at risk from disruptions
to temperature or flow regime (O'Connor 1993; Wallace et al. 1996).

In some cases, where genus level literature was available on life history information,
discrepancies occurred between the interpretations from data of the current study and
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that of previous studies in different climatic regions. For example, Campbell (1986)
describes a univoltine species of Nousia, whereas the taxa in the present study are
thought to be bi-or multivoltine. This could simply be due to different species of the
same genus having different life histories. Or, regional differences may apply, where
univoltinism and slow development occurs in the colder southern regions of Australia,
whereas faster development and multivoltinism occurs in warmer regions (present study
location). Voltinism of aquatic insects is strongly influenced by temperature, for
example, Braune et al. (2008) describe an increase in the voltinism of the European
gomphid Vulgatissimus across a latitudinal gradient from north to south corresponding
with increased temperatures and day length. Many studies indicate positive relationships
between increased water temperatures and increased feeding rates, metabolism, and
overall growth rates in aquatic insects (Hynes & Hynes 1975; Wotton 1995; Lessard &
Hayes 2003); including Campbell (1995), who found that Australian species of Jappa
(Leptophlebiidae) in higher water temperatures display shorter life cycles. This
comparison demonstrates that regional differences occur, and highlights the need for
local species knowledge rather than assumptions based upon distant studies, where
information could be misleading or climatically irrelevant.

One of the major knowledge gaps that is yet to be resolved for many species, and is
essential for the prediction of climate change or flow change impacts, is the length of
the larval or nymphal obligate aquatic stage. This information is vital with respect to
climate change, where under drought conditions population survival may be dependent
upon the persistence time of a refugial waterhole and the relative longevity of the larval
stage (Drummond 2011). Many taxonomic or descriptive papers indicate the number of
instar stages during development, however rarely is a timeframe given. To complicate
matters, in some cases where a description of larval development time is given, climatic
region or seasonality can influence development rates. For example, descriptions of
development times for larvae of the Australian Caenidae and Baetidae mayflies differ
between Marchant (1982a) and Marchant et al. (1984). This may possibly be due to a
comparison of different species. However, the author indicates in both papers that
temperature has a major influence on development times. Considering that the two
papers are extremely different in climatic regions (Northern Territory compared to
Victoria) it is expected that development times would vary, where as previously
discussed, faster rates (e.g. weeks) occur in the warmer regions and slower rates (e.g.
months) occur in the cooler region. Marchant et al. (1984) also describes seasonal
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changes in development rates within the same region, where Ecnomus (Ecnomidae)
sampled from Victoria have faster development times in the summer, compared with
winter cohorts. Further knowledge may be important in understanding the influences of
drought timing and likelihood of taxa to persist disturbance, as well as information
towards the management of in-stream temperature.

Adults
Information is scarce regarding the adults of EPT taxa beyond taxonomic description
and ovipositing technique, hence the exclusion of adult information in the summary
tables (Tables 7.5 and 7.6). To better understand the influences of the adult stage on the
persistence of populations, especially under future extreme disturbance conditions, the
following information is necessary:
▫

Flight strength (i.e. can they fly into a slight breeze?)

▫

Flying capabilities (i.e. maximum distance)

▫

Are they affected by terrestrial habitat quality? (i.e. temperature, vegetation
refuge availability).

▫

Adult dietary requirements (if any?)

▫

Adult lifespan

This basic information is not well documented in Australia, even at the Family level.

Despite the success of the tracer tests performed in Chapter 6, knowledge remains
negligible on the flight distances of EPT taxa. The intent of Chapter 6 was to increase
knowledge on the adult life stage, however this was limited by the (then unknown)
emergence timing of many species. This method however, deployed across a greater
temporal and spatial range could give greater insight into these unknown characteristics.

Knowledge on the flight strength and flight capabilities of adult insects can indicate
distances from which remnant populations may be available to repopulate a disturbed
site via aerial distribution (Gjerløv et al. 2003; Lepori & Hjerdt 2006). Information on
the environmental requirements of adult taxa such as temperature, vegetation refuge
(fatigue or predator avoidance), and possibly dietary requirements is also important with
respect to population recruitment or migration. That is, a remnant population may be
near enough to a disturbed location to re-populate, however if terrestrial conditions are
intolerable, aerial migration could be limited (Young 2012). Finally, the adult lifespan
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is particularly important, especially where a population is limited to terrestrial adult
generations as a survival strategy during seasonal drying. Where extended seasonal
drying periods (or other disturbances) occur, the longevity of the adult life stage may be
the limiting factor for local population persistence (Lytle 2002).

7.5.2 Development of “Disturbance Tolerance Scores”

The disturbance tolerance scores generated in this chapter are merely a starting point for
the classification of taxa applicable to the likelihood of persistence towards
environmental disturbance. These scores are not designed to be used for the assessment
of stream health, rather to enhance current knowledge and interpretation of aquatic
insect data, and to assist in predicting the impacts of climatic disturbances on
populations. Further information on individual species will improve the accuracy of this
scoring system and thereby enhance the ability to predict population reaction to change.
In addition, the confidence of these scores could be further validated against other
monitoring studies or programs within SEQ that encompass an in-stream disturbance.

Many knowledge gaps on EPT were exposed from the collation of information in this
chapter. Those that specifically apply to the persistence of populations to in-stream
disturbance include:
▫

Adult traits (flight strength , longevity, sensitivity)

▫

Dispersal ability

▫

Critical linkages to other organisms

▫

Specific dietary requirements

▫

Tolerance limits (e.g. LT50) to other variables including O2, pH,
conductivity, and nutrient levels

▫

Specific information on egg dormancy periods and desiccation resistance
including aestivation potential

▫

Specific details on voltinism, egg batch size, and development times (all life
history stages)

Aside from filling necessary knowledge gaps towards gaining a better understanding of
basic life histories, detailed information on EPT taxa, including the above suggestions
would strengthen the confidence of the scoring system.
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7.5.3 Comparison of “Disturbance Tolerance Scores” to current sensitivity
characterisations

Regardless of parallels or contrasts between scores of the three compared methods, both
the ISI and current method presented within this study demonstrate the necessity to
distinguish between taxa beyond the family level. As the SIGNAL method is aimed at
family level taxonomy, it was possible to compare all taxa found within this study, as
well as the taxa within the ISI study to the SIGNAL method. This comparison
highlighted differences in the sensitivities and tolerances of genera within the same
family, which Chessman (1995) acknowledged during the development of the SIGNAL
index. The ISI method validates this point further by demonstrating the differences in
sensitivity levels between species of the same genus to eutrophication, for example
Cheumatopsyche sp. AV1 (S10: 6.1, W:4) compared with sp. AV 2 (S10 2.5, W:8). Suter
et al. (2002) also acknowledge this problem and propose individual SIGNAL scores for
Queensland baetid and caenid species, ranging from 4 - 8.8 and 2.4 - 9.2 respectively,
based on species distribution across water quality parameters as per the methods from
Chessman (1995), Chessman et al. (1997), and Chessman & McEvoy (1997). The vast
range in sensitivity between species of the same family and genus (Suter et al. 2002)
further demonstrates the need for lower taxonomic resolution in methods of stream
health assessment.

Although developed for pollution and eutrophication sensitivity rather than
environmental disturbance, the ISI for SEQ is the most relevant Australian study to
compare or validate the methodology and applicability of the scoring system developed
within this chapter. Both the ISI and the present study are based on a variety of stream
conditions to gather information on sensitives and tolerances of aquatic insects. Where
the ISI methods are based on a reference system of stream conditions from pristine to
polluted, the current study has used a similar method with respect to streams of different
habitat condition and occurrence of disturbance events. In addition, due to the close
proximity of sampling locations, an almost direct comparison of regional subtropical
climate may be applied.

However, whilst comprehensive across most aquatic invertebrate taxa, the ISI did not
include all of the taxa that were found within the present study (and vice versa for taxa
missing from the current study). This may be due to localized differences in sampling
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areas within SEQ, and as such, not all taxa can be compared. Additionally, only species
that were sampled on more than ten occasions were included in the ISI index, thereby
excluding rare species. The comparison of presented taxa does however, highlight three
issues. The first is the differences in community composition between catchments
within the same region. Considering that both studies were within SEQ these results
reiterate the need for comprehensive spatial and temporal sampling design. The second
is that evidently the ISI for SEQ could be expanded to include all of the EPT taxa found
within SEQ, especially important rare species. Accordingly the disturbance tolerance
method could be expanded to include a greater variety of aquatic invertebrate orders.
Finally, the ISI scoring demonstrates differences in eutrophication sensitivity between
species, and highlights the need for the present study of EPT taxa to environmental
disturbance to be further developed for species.

The comparison of the three methods not only highlights the need for greater taxonomic
resolution, and as such more detailed information on the life histories, tolerances and
requirements of all taxa; it also highlights the importance of a holistic approach to
stream ecosystem assessment. While the ISI, SIGNAL, and the proposed method were
not developed for the same purposes, and therefore are not directly relatable, the
information gained by further developing both pollution sensitivity and environmental
tolerance indices could produce a more effective approach to aquatic invertebrate
surveys. Discrepancies between scoring systems may not necessarily diminish the
soundness of each method, rather highlight that a more complex situation may be
occurring. For example it is highly probable that while some species are sensitive to
human pollution which is a relatively modern form of disturbance, the same species
may be highly tolerant to environmental changes due to evolutionary adaptation (Lake
2003; Chessman et al. 2006; Poff et al. 2006). Where discrepancies occur between
sensitivity scoring methods there is need for further research to identify specific
tolerances and thresholds, ideally occurring at the species level.

As each of the sensitivity scoring methods were developed for different conditions and
to assess or predict different aspects of the instream community, rather than dismiss one
method for another, it may be more fruitful to integrate multiple approaches to stream
assessment. Contemporary methods need to be adjusted to incorporate the influences of
flow regime and local climatic conditions (Chessman et al. 2006). For example,
pollution sensitivity index such as the ISI, used in collaboration with life history
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knowledge, and the disturbance tolerance scoring system may reveal deeper information
about the state of the environment than the current popular methods of EPT metrics
such as richness/ abundance ratios or presence/ absence. Where pollution is not the
limiting factor, the localized extinction of a sensitive species, or abundant presence of a
tolerant species may indicate that environmental changes have occurred (Dallas 2004;
Rose et al. 2008). Life history information and specific knowledge on traits,
environmental requirements and sensitivities will improve interpretation of such EPT
data, minimizing assumptions. In addition to the current ecosystem health monitoring
methods for pollution, it may be beneficial to monitor for changes in EPT assemblage
with respect to environmental disturbances and the effects of climate change. Using one
method without the other may lead to misleading results or interpretations of an
ecosystem.

The disturbance tolerance scoring method developed within this study has not been
intentionally designed to assess the conditions of habitats or ecosystems, rather to
categorize and rank the sensitivities of the EPT taxa found within this study to
environmental disturbance, and in doing so highlight taxa which are most vulnerable to
environmental change. It must be reiterated that this scoring system does not reflect
sensitivities to pollution or eutrophication. The three main outcomes from the
development of this scoring system include: 1) prioritization of EPT taxa within SEQ
that are most sensitive to habitat disturbances linked to climate change and are in need
of future protection efforts; 2) this method has identified knowledge gaps in the life
histories and traits of EPT taxa; 3) demonstration that current methods of environmental
health indices need to incorporate aspects of environmental tolerances and sensitivities
of taxa to avoid misleading results and improve the environmental interpretations of
aquatic invertebrate data.

7.5.4 Assessing the vulnerability of EPT taxa to climate change

The climate change scenarios across the four stream types has highlighted the
vulnerability of many taxa currently within SEQ to population decline and even
localised extinction within the near future. While in all scenarios taxa with a disturbance
tolerance score of ≥12 have at least a moderate likelihood of persistence across the
range of habitats, this represents only 29% of all the genera included in these scenarios.
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The subsequent taxa with a disturbance tolerance ranging from 8-11 may also withstand
environmental variations associated with climate change within the near future
(Scenario 1; Table 7.16), however towards the latter half of the century only heavily
vegetated or perennial habitats may be suitable for some of these taxa.
These scenarios have highlighted that the taxa with disturbance tolerance scores of ≤7,
which make up 37.5% of the tested taxa, are vulnerable under all scenarios (Tables
7.16–7.18). The current distributions of many of these taxa (Chapter 3) demonstrate
these taxa will have low likelihood of persistence in cleared streams. However, in
forested streams where these taxa currently seek refuge, the changes to environmental
conditions in both scenarios of the late century indicate an increased probability of
further population decline and possible loss of biodiversity across all habitats.

As discussed in Chapter 1, any loss in biodiversity may have implications for the entire
stream ecosystem. The loss of a species and its particular role or function within an
ecosystem, can modify food webs (Brittain 1990; Wallace et al. 1996) and cause
population changes for associated or dependent taxa (Brittain 1982; Lacki et al. 1995;
McIntosh 2000; Encalada & Peckarsky 2007).

Highly Sensitive Taxa
The results regarding likelihood of persistence for the most vulnerable taxa (scores ≤7)
under the climate change scenarios highlight two areas in need of consideration. Firstly,
there is a need to better understand the requirements of vulnerable taxa and manage
habitats and environments accordingly. The second, is that knowledge of these
threatened taxa may be useful from a bioassessment viewpoint. Approaches to both of
these issues could be combined for greater effectiveness towards preserving biodiversity.

For example, Nolte (2011) identified rare or especially sensitive taxa within the
Moreton Bay Region in SEQ as being of “High Biodiversity Value” (HBV), which were
then used to identify and map streams of “High Ecological Value” (HEV). The focus of
this status is to protect healthy headwater streams, as well as identify streams in need of
improvement to maintain biodiversity (Nolte 2010). In a similar fashion to this approach
in biomonitoring, vulnerable taxa highlighted in this chapter could be considered as
having “High Biodiversity Value”. This HBV status could help interpret aquatic insect
data; where, the presence of HBV taxa within a stream could be used to weight current
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measures of stream health. As such, streams where these taxa currently occur should be
considered “streams of High Ecological Value” and be protected from future
degradation (Nolte 2011). As these taxa are relatively rare within SEQ protecting this
small number of streams is not an extreme measure.

To better understand the distributions of these rare taxa in SEQ would require extensive
spatial and temporal studies of macroinvertebrates (e.g. monitoring programs) that use
higher taxonomic resolution, beyond family level. Studies such as these could
contribute towards filling knowledge gaps in the life history strategies and habitat
requirements of these taxa (see Suter et al. 2006). In addition, a better understanding of
dispersal capabilities and travel distances for each taxon is needed, as potential
movement between refuge streams may strengthen the likelihood of resilience post
disturbance. Increased knowledge in these areas can inform the identification of suitable
refuge areas that could be prioritised for conservation management.

Tolerant Taxa
The likelihood of persistence for tolerant taxa (scoring ≥12) under the future scenarios
justifies the need for higher taxonomic resolution in biomonitoring surveys. For
example within the family Leptophlebiidae, Atalophlebia has a disturbance tolerance
score of 15 compared to Atalomicria with a score of 4. However, using current family
level bioassessment methods both of these taxa would be considered to have the same
level of tolerance or sensitivity. Higher taxonomic resolution will not only distinguish
between sensitive and tolerant taxa, but may also help to distinguish between the effects
of pollution or environmental disturbances therefore giving a better understanding of the
habitat condition (Bailey et al. 2001; Lenat & Resh 2001; Chessman et al. 2007).
Greater knowledge on habitat condition will improve measures to resolve or alleviate
pressures to the stream system.

Under future conditions a loss in biodiversity of sensitive taxa could lead to increased
abundances of tolerant taxa. This situation currently occurs in the modified habitats of
Dam and Gregors Creeks, where riparian vegetation has been cleared and livestock have
direct access to the streams (Chapter 2). Highly sensitive taxa are mostly absent from
these streams and tolerant taxa such as Tasmanocoenis occur in high abundances
(Chapter 3). Under future conditions current assessment metrics may need to be
reconsidered, where a reduced EPT richness may become the norm with higher
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abundances of fewer (more tolerant) taxa. Expectations of community composition may
need to be changed, as the current status of what is considered to be a normal or
“healthy” community may in the future become rare. Additionally, given the high
tolerances displayed by many mayfly and caddisfly taxa, the use of combined species
within EPT metrics (e.g. richness or abundance) in assessments of stream condition may
be unsound; as such methods could overrate the ecological health of an ecosystem.
Rather than grouping EPT, the presence or absence of individual species (e.g. HBV)
could give greater indication of habitat condition.

7.6 Conclusions
While this chapter has attempted to consolidate known information on EPT taxa and
relate this to the possible effects that climate change may have on EPT biodiversity
within SEQ, more notable is the amount of knowledge that remains yet to be discovered.
Through synthesising current information it is evident that there is still a major lack in
information for all EPT taxa within Australia (Chessman 2015). Despite the numerous
studies that are focussed upon or include EPT taxa, little information on life history
strategies, environmental requirements, or traits is available at the genus level let alone
species level. While local information is necessary for predictive studies, for most
species information is negligible at even the continental scale. The present study has
provided some knowledge at the regional scale including life histories, temperature
tolerance, and disturbance response; however there are still many important knowledge
gaps yet to be covered. Areas in need of further research include (but are not limited to):
identification keys to species level, specific dietary requirements (adult and juvenile),
critical linkages to other organisms, voltinism and fecundity, development times (egg,
larval, and adult lifespan), dispersal capabilities (adult and juvenile), adult sensitivities
to environment, tolerances to other water quality factors such as dissolved oxygen or pH,
and further studies on disturbance survival traits such as desiccation resistance and
aestivation potential.

The development of disturbance tolerance scores will aid towards predicting the future
vulnerability of EPT within SEQ. Additionally, these scores could also potentially assist
towards better interpretation of EPT data with respect to environmental disturbance.
However, as the disturbance tolerance scores were not developed for biomonitoring
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purposes alone, far more information (such as the knowledge gaps listed above) is
necessary to strengthen and validate these scores before they are used in such context.
The disturbance tolerance scores have however, further justified the need for higher
taxonomic resolution in bioassessment surveys.

The disturbance tolerance scores were developed in relation to environmental
disturbances and have identified the EPT taxa within the study area that are most
sensitive and therefore most vulnerable to the impacts of climate change; as well as the
taxa most tolerant to environmental disturbances with the highest adaptive capabilities
to changing conditions. Using simplified habitat scenarios common to SEQ, with future
projected CSIRO climate conditions, up to half of the genera assessed were vulnerable
to population decline and even localised extinction by the end of the current century.
The availability of suitable habitat for sensitive taxa will be in decline as temperatures
and hydrologic patterns begin to change. The life history and trait information presented
in this thesis may assist towards establishing where these vulnerable taxa occur and
protecting current habitats from unnecessary disturbances. Knowing the types of habitat
conditions required by vulnerable taxa may also benefit restoration efforts towards areas
of streams that can act as refugium (Davies 2010). Increased information on life
histories and traits such as dispersal capabilities will further enhance these efforts.
Finally, changing the current perspectives on EPT taxa will also improve the
interpretation of EPT data. This includes measures such as boosting the status of rare
and vulnerable taxa to “HBV species” which will help to identify “streams of High
Ecological Value”, as well as downgrading the values of highly abundant
environmentally tolerant taxa in areas of disturbance which may be skewing results of
common EPT metrics.
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8 General Discussion
Insects within the EPT orders are widely recognised as being sensitive to human
impacts including pollution, eutrophication and other stressors (Chessman 2003;
Metzeling et al. 2006). My research has shown that some EPT taxa are also highly
sensitive to natural environmental disturbances such as flooding or drying. The sensitive
categorisation of these taxa has mostly been based on studies at the taxonomic
resolution of family, with little investigation into the responses at the species or genera
level to these stress factors. Whilst information is available on the responses of some
EPT to pollutants (Hubbard & Peters 1978; Sandin & Johnson 2000; Mandaville 2002;
Kefford et al. 2003; Menetrey et al. 2008), or responses of communities to a range of
disturbances (Growns & Davis 1991; Leigh & Sheldon 2009; Sponseller et al. 2010);
there are few studies that quantify taxon-specific responses of EPT to environmental
disturbances. This lack of information has led to two general assumptions regarding
EPT taxa, firstly that all taxa within a given family will respond in a similar way to a
specific disturbance, and secondly that due to their “sensitive nature” most disturbances,
both anthropogenic and natural, will impact EPT taxa. It is for these reasons that EPT
are most often used as indicators of ecosystem health (Lenat & Barbour 1994; Lenat &
Penrose 1996; Kitchin 2005; Metzling et al. 2006).

Disturbances such as drought and flooding are projected to increase in intensity and
frequency in the near future, which is in addition to projected increases in mean
atmospheric temperature and decreases in annual precipitation (altering streamflow)
(Dowdy et al. 2015; Leigh et al. 2015). Following the rationale that all EPT taxa are
generally sensitive, and will thus be sensitive to disturbances such as floods and
droughts, the impacts of climate change are likely to greatly reduce EPT biodiversity.
The problem with this notion is however, that EPT in Australia currently occur across a
range of environments with highly variable flow regimes, many of which are temporary
waterways that experience natural periods of hydrological disturbance (e.g. seasonal
drought and flood) (Marshall et al. 2006a; Leigh & Sheldon 2009). Many EPT taxa are
adapted to cope with such disturbances (Wickson et al. 2012; Hawking et al. 2013;
Strachan et al. 2014), and as such are likely more tolerant than proposed. But, as current
disturbances are projected to intensify in the next 15 years, there may be some taxa
unable to survive such rapid change.
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The objective of this thesis was to determine how the EPT taxa of south-east
Queensland (SEQ) respond to environmental disturbances associated with hydrologic
and thermal changes, as a basis to identify those at risk of localised extinction due to
climate change. It was first important to explore their sensitivities and/or survival
strategies to current conditions. This required basic knowledge on life histories,
environmental requirements/tolerances, and behaviours of genera or species (where
possible) at the local scale. This was necessary because: a) differences may occur
between genera or species of the same family, b) taxa may respond differently between
regions due to regularity of exposure to specific disturbances, and c) because changes in
climate will vary across regional scales. However, an initial literature search identified
that substantial knowledge gaps existed for basic life history attributes of EPT taxa
within SEQ, which are needed to understand the implications of climate change for each
taxon. These knowledge gaps became the focus of the research within this thesis. The
outcomes of this research include the identification of threats to EPT biodiversity within
SEQ under climate change scenarios, and also increased knowledge of EPT sensitivities
which may in future be useful information for biomonitoring purposes.

8.1 Regional climate conditions influence local EPT assemblage
The first research question (Chapter 3) was to investigate environmental factors which
influence the spatial and temporal distributions and abundances of EPT in the upper
Brisbane River. Twelve months of monthly assemblage data from four streams of
varying condition revealed that EPT have in-stream habitat requirements specific to
each genus. Many genera were relatively rare, were only present in near pristine
environments, and were already nearing their threshold limits to environmental
conditions (e.g. Gripopterygidae: Riekoperla tuberculata, Leptophlebiidae:
Ulmerophlebia spp.). However other taxa (e.g. Caenidae: Tasmanocoenis spp.,
Leptoceridae: Triplectides volda) were found to be generalist and flexible, inhabiting
temporary and perennial systems of varying agricultural influences such as riparian
clearing and presence of cattle.

This survey also addressed research question 2, in revealing substantial within-family
variation in late instar recruitment patterns (Chapter 4). These results demonstrate that
not all genera within the same family behave in a similar fashion; and therefore climate
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change will impact each genus in a different way. Some taxa exhibited characteristics
contrary to accounts within the available literature (e.g. Gripopterygidae: Illiesoperla),
such as the timing of recruitment, likely reflecting a difference in climate between
studies. This disparity between the findings of the current research and other studies
suggests the regional specificity of the results, where a species has adapted to local
conditions, with strategies developed around the comparatively unpredictable and
highly variable hydrology of SEQ streams (Humphries & Baldwin 2003; Lytle 2008;
Rose et al. 2008; Kennard et al 2010; Knouft & Ficklin 2017). However, for taxa where
literature was unavailable (e.g. Leptophlebiidae: Thraulophlebia), comparison across
broader regions was not possible, and the present study represents the only known
account of late instar recruitment patterns.

The results of this survey revealed that: 1) EPT assemblages vary over space and time at
the local scale, reflecting differences in recruitment patterns, habitat requirements, and
tolerance to hydrological disturbance; 2) these behaviours are not ubiquitous across
regions; and 3) differences were found between genera of the same family for late instar
recruitment patterns, response to disturbance, and specific environmental requirements.
This information may assist towards design and interpretation of future studies into
aquatic invertebrate assemblages, including bioassessments (Downes 2010).

8.2 Survival strategies and tolerance thresholds of SEQ EPT to
environmental disturbance
There are many strategies used by EPT taxa to survive hydrologic variability throughout
their life cycles, in the egg, juvenile, pupal, or terrestrial adult stages. Some species are
known to have desiccation resistant eggs or pass through periods of dormancy (Jacobi &
Cary 1996; Robson et al. 2011; Hawking et al. 2013; Strachan et al. 2014; Strachan et
al. 2015); many juvenile taxa are tolerant to the extreme conditions within isolated
refugial pools, and where these are unavailable have been found to aestivate or seek
refuge from drying in the moist areas below stones, debris, exposed macrophytes, or
interstitial spaces of the hyporheos (Nolte et al. 1996; del Rosario & Resh 2000;
Boulton 2003; Robson et al. 2011; Storey & Quinn 2013; Strachan et al. 2015;
Stubbington et al. 2017), or seek refuge from flooding in woody debris dams, attached
via silk to large rocks (caddisflies), or in the stable substrate of shallow shore zones
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(Palmer et al. 1996; Rempel et al. 1999; Bond et al. 2000); some caddisflies have been
documented surviving drying as pupae in their cases built of silk and substrate or
organic matter (Imhof & Harrison 1981; St. Clair 1993; Wickson et al. 2012; Strachan
et al. 2014); and some EPT taxa emerge as terrestrial adults prior to hydrologic
disturbance, possibly cued by seasonal variation in temperature and rainfall (Brown et
al. 2012).

The effect of disturbance on aquatic communities has been the focus of considerable
scientific research, however, species specific tolerances to environmental disturbances,
and traits that contribute towards the persistence of a species remains unknown for
many Australian taxa. As temperature and the frequency and duration of drought
periods is projected to increase in the near future, gaining an understanding of how a
species responds to such disturbance is important when predicting impacts of climate
change for local populations (Chessman 2009). In addressing research question 3
(Chapters 4, 5 and 6), mechanisms of resistance and resilience of EPT taxa to persist in
variable conditions within the temporary systems of SEQ were explored through
monitoring populations across habitats and time, and experimental manipulations of
conditions. These results were then used to infer the likelihood of population persistence
when subjected to instream conditions of extreme drought and increased temperatures
reflective of climate change (Chapter 7).

Responses of EPT taxa to increased temperature
The upper thermal thresholds of individual EPT taxa were found through tolerance
experiments (Chapter 5), which were then considered with regards to the effects of
projected temperature increases for populations in SEQ. These experiments revealed a
broad range of maximum water temperature thresholds across the juvenile EPT tested,
with differences in tolerances nearing 10˚C between some EPT orders, 5˚C between
families of the same order, and 3˚C between genera of the same family. These thermal
thresholds appear to be specific to the taxa of this region, differing from other studies of
the same families from different regions (Quinn et al. 1994; Stewart et al. 2013).

Availability of suitable streams for some highly sensitive genera is already restricted
within SEQ (Nolte 2011), where current temperature regimes extend beyond maximum
thermal limits for these taxa throughout much of the region. The extent of habitat
restrictions will only increase as temperatures rise, and for some taxa, such as the
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gripopterygid Illiesoperla spp., even heavily shaded systems may become thermally
intolerable. However, the tolerance tests also revealed that other taxa such as the
leptocerid Triplectides volda or the caenid Tasmanocoenis spp., can withstand shortterm exposure to projected heatwave conditions.

These tests suggest that whilst many taxa are indeed highly sensitive to environmental
change, others are robust having adapted high tolerances to extreme fluctuations in
habitat conditions, contradicting the notion that all EPT are sensitive. However, these
results only represented fatalities to elevated temperatures, and did not consider sublethal effects as a result of chronic temperature exposure such as reduced population
fitness, or impacts on trophic linkages (Kishi et al. 2005; Brown et al. 2012). These
tests also did not consider how temperature interacts with other critical aspects of water
quality such as reduced capacity to maintain high dissolved oxygen levels (Davis 1975);
underlying factors which could also influence the persistence of taxa. Whilst this
information is important towards predicting persistence of EPT under future scenarios,
it is also helpful in understanding why particular taxa may or may not be present in a
system under current conditions. Where pollution is not the limiting factor, temperature
or water quality variables and other ecosystem components that are influenced by
temperature could be influencing in-stream assemblages.

Responses of EPT taxa to drying habitats
To determine how projected dry spells will impact EPT biodiversity it was important to
understand behavioural responses to such events. To trace the movements of EPT taxa
during seasonal drying, an approach not documented in Australian literature was used
via the application of enriched 15N (Chapter 6). This method was successful in tracking
individuals from a point source through increased isotope values. Two main strategies
that may represent adaptation to disturbance were shown by taxa during this experiment.
Some demonstrated resistant to change, where juveniles were tolerant of conditions (e.g.
no flow and decreased dissolved oxygen) and capable of surviving in refugial pools
(Bogan et al. 2014), these were mostly taxa that displayed poor synchrony in the timing
of late instar recruitment events (Chapter 4). Whereas others were sensitive to riffle
habitat loss and/or water quality, though demonstrated resilience to the changes in local
hydrology and avoided these conditions via synchronously emerging prior to, or during,
the dry period. This emergence was possibly cued by seasonal variation in temperature
and rainfall, ensuring population persistence through timing of pupal, adult, and egg
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stages during periods of no flow (Lytle 2002; Robson et al. 2011; Strachan et al. 2015).
Some taxa exhibited both strategies.

For those that did emerge, there was no evidence to suggest upstream movement, which
is contrary to current literature on the behavior of mayflies and caddisflies (e.g. Bird et
al. 1981; Hershey et al. 1993; Kovats et al. 1996; Macneale et al. 2004; Smith et al.
2009). This study showed that most adults remained in the immediate vicinity of their
larval habitat. This lack of movement may reflect the hydrological variability of
intermittent streams in the upper Brisbane River catchment, where venturing away from
an existing refugial habitat during a disturbance period may not culminate in finding a
suitable or even available habitat alternative. Therefore tolerance to persist in refugial
conditions and/or life history adaptations to cope with hydrologic variability is essential
towards existing in habitats prone to drying.

Two genera displayed tolerances to drying beyond the scope of this study which
requires further investigation. Late instar Atalophlebia spp. and Tasmanocoenis spp.
nymphs were present one week after the re-wetting of a dry pool environment. This
indicates capacity to withstand surface water loss, possibly in the hyporheos, as
migration was not possible because habitats remained disconnected.

All genera found to persist in the refugial pools were also those with the highest
tolerances to temperature (the leptocerids Triplectides volda and Oecetis spp., the
caenid Tasmanocoenis spp., the baetids Offadens spp. and Pseudocloeon spp., and the
leptophlebiid Atalophlebia spp.). In contrast, taxa with the lowest temperature
tolerances were also exclusive riffle-dwellers, with no recordings of juveniles during
dry spells (the gripopterigid Illiesoperla spp., and the hydropsychid Cheumatopsyche
spp.). It is these taxa with specific habitat requirements and limited tolerances that will
be most at risk of localised extinction when temperatures exceed lethal limits (as
projected by the year 2090) or dry periods extend beyond adult or egg lifespans
(Griswold et al. 2008; Robson et al. 2011).
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8.3

Implications for population persistence of EPT in SEQ, based on
sensitivity to future climatic conditions

The intention of this thesis was to explore how climate change in SEQ will impact EPT
taxa that are sensitive to environmental disturbance. Consolidation of information on
EPT found in SEQ from data gathered during the research component of this thesis and
current literature has addressed research questions 2, 3, and 4. Using this information,
scores of disturbance tolerance were developed based on a new understanding of
strategies, survival traits, environmental requirements and sensitivities of each genus
(Chapter 7). These scores enabled the ranking of genera according to environmental
disturbance tolerance, thereby highlighting those that were most vulnerable to climate
change. The disturbance tolerance scores allocated to each genera within the dataset
ranged from 1 (most sensitive) to 17 (most tolerant); with differences in tolerance scores
between and within families extending most of this scale. These results demonstrate the
breadth of tolerance within the EPT group as a whole, and while some taxa are well
adapted to current hydrological variability and habitat changes, many EPT are
considered especially sensitive.

More than a third of the genera found in SEQ are considered as vulnerable with scores
≤ 7, and are estimated as likely to experience localised extinctions given the predicted
regional increase in temperature and reduction in rainfall associated with high emission
scenarios, resulting in substantial biodiversity loss. Those at highest risk are the
numerically rare taxa with specific habitat requirements. This loss of biodiversity will
have implications for the entire stream ecosystem, as the functions and services of these
genera (e.g. trophic position, energy flow through food webs, nutrient cycling (see
Covich et al. 1999)) will also be lost.

As disturbance tolerance scores were different for genera within families, current
methods using indices of invertebrate sensitivity determined for the family level are
failing to distinguish between taxa that are environmentally tolerant and those that are
not. For example, within the family Leptophlebiidae Atalophlebia spp. had one of the
highest disturbance tolerance scores of 15, whereas Atalomicria spp. scored only 4. This
issue is acknowledged and discussed by Chessman et al. (2007), where poor
identification and poor knowledge of variations of tolerance between genera was
recognised in the development of SIGNAL pollution sensitivity scores for aquatic
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invertebrate families. While new advancements to these methods such as the
Invertebrate Species Index (ISI) have reduced knowledge gaps on sensitivity of SEQ
species to eutrophication (Haase & Nolte 2008), this technique was not designed for
assessing responses to environmental disturbance, rather as a biotic index using aquatic
invertebrates to assess stream health. However, if used in conjunction, the present study
and the ISI will increase detection of biological change and improve interpretation of
such results for EPT of SEQ.

8.4 Management suggestions to minimise biodiversity loss
There are many current management practices within SEQ designed to protect and
promote aquatic biodiversity. These include federal and state legislation such as:
-

Environment Protection and Biodiversity Conservation Act 1999, which
provides a legal framework to protect and manage nationally and internationally
important flora, fauna, and ecological communities including wetlands.

-

Water Act 2000, protecting against disturbances such as vegetation clearing that
affect the stability of beds and banks, or activities that impact water quality;

-

Vegetation Management Act 1999, maintaining native riparian vegetation to
prevent land degradation and protect water quality and biodiversity;

-

Nature Conservation Act 1992, enforcing the protection of areas for the
preservation of endangered, vulnerable and rare species (Lovett & Price 2001).

In addition, local councils in SEQ have individual initiatives for the protection of
biodiversity and the ecological features and processes of waterways from development
activities, including compliance codes and conservation strategies. There are also many
activities endorsed by government, organisations, agencies, local council, and
community groups. For example, the Healthy Waterways organisation provides
monitoring and education for restoration projects (EHMP 2013); and SEQ Catchments
assists landholders with the conservation and management of nationally threatened
ecological communities (SEQ Catchments 2015). While the Moreton Bay Regional
Council identify and protect animals of High Biological Value (HBV) and streams of
High Ecological Value (HEV) (Nolte 2010, 2011).
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The findings of this thesis are applicable to all of the above mentioned management
initiatives and can help to improve practices for protection of EPT biodiversity. For
example, rare and vulnerable taxa identified in Chapter 7, could be protected by the
Nature Conservation Act (1992) or added to the threatened ecological communities for
conservation management by SEQ Catchments. These taxa could also be used as
indicators in the same manner as currently used in the Moreton Bay Regional Council,
adding to their list of HBV taxa, which will help to identify streams of HEV. Such
streams need to be identified across SEQ, and protected to ensure available refuge
habitat for these taxa. These streams of HEV could also be used as reference sites for
comparisons in bioassessments (e.g. using the Australian River Assessment System –
see Conrick & Cockayne 2000). Restoration projects such as those provided by Healthy
Waterways, or the management of threatened communities by SEQ Catchments, could
include the environmental requirements of vulnerable taxa specified in this thesis.
Requirements specific to disturbance, such as the maintenance of surface waters in
refugial pools, would additionally benefit from shading (Marsh et al. 2005; Bond et al.
2008; Lake 2008a; Lake et al. 2017). Taxa that are capable of aestivation or desiccation
resistance (as eggs, larvae, pupae, or adults) would benefit from complex substrate
(porous spaces) and damp vegetation to hide under or lay eggs upon (Boulton 2000,
2007; Boulton & Lake 2008); therefore best practices would provide complex structure,
reduced sedimentation, and vegetative (terrestrial and aquatic) refugia.

8.5 Limitations of this study
The conclusions of this study are limited by the temporal and spatial scale of monitoring
and experiments. Interpretations of recruitment could be further improved with multiple
years of data to detect temporal changes in species abundance (Delucchi & Peckarsky
1989; St Clair 1993). As only four streams were sampled, the data may not accurately
represent the entire SEQ region; increasing this scale would increase confidence and
would also reveal more taxa (Haase & Nolte 2008; Nolte 2011). Data were limited for
many taxa within this study due to the low number of individuals sampled, restricting
the scope of the experimental studies to only frequently occurring taxa. This was in
particular a problem for the tracer experiment, where many taxa were excluded due to
insufficient sample size. The tracer experiment was also limited in time and spatial scale
due to the cost of isotope samples, and would benefit from further replication (Hershey
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et al. 1993; Macneale et al. 2005). Finally, most taxa were only identified to genus and
in some cases family, potentially weakening the strength of conclusions if more than
one species were to have occurred within each genus.

8.6 Further research
The research within this thesis amended many knowledge gaps on the behaviours,
environmental requirements, and tolerances of EPT taxa in SEQ with implications for
climate change. Moreover, this research revealed the many areas of essential
information that are in need of remediation to best manage biodiversity loss with respect
to future conditions. These include but are not limited to:

-

Life history information on rare taxa with current distribution range.

-

Life history information for taxa outside of SEQ (to determine regional
transferability; currently limited by a lack of other studies on life histories).

-

Information on adult life stages of all taxa including longevity and requirements.

-

Dispersal capabilities of adult taxa.

-

Improvement of identification keys to species, with detailed distributions.

Throughout this thesis there has been a strong argument for wider use of lower
taxonomic resolution in both scientific studies and biomonitoring. There is debate
within current literature, that depending upon the research question, deeper taxonomic
resolution may not produce differing results compared to family level data (e.g. for
assessing stream health), and the additional time and cost are unjustified (Bailey et al.
2001; Marshall et al. 2006b; Chessman et al. 2007). However, this has mostly been due
to the lack of information at the genus and species level up until this point, and many
current methods (e.g. SIGNAL) have been limited by this. The results of this thesis will
help to resolve this problem within the SEQ region, where new information on
environmental requirements, tolerances, and disturbance responses of EPT genera, will
aid towards interpretation of assemblage data. If lower taxonomic resolution were used
more often in scientific studies and biomonitoring, such data would be useful towards
fulfilling the abovementioned knowledge gaps for EPT.
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8.7 Conclusions
The EPT genera of SEQ each have diverse life histories, tolerances, and habitat
requirements, developed from exposure to local conditions. All have strategies to persist
in a region that experiences regular periods of disturbance. However the projected
increases in disturbances linked to climate change will affect all taxa studied within this
thesis either directly or indirectly, altering the state of aquatic ecosystems. Taxa that
have been identified as having non-specific habitat requirements, flexible life histories,
and high tolerances to disturbance conditions will be most likely to succeed under future
climate change conditions, possibly dominating assemblages. However, within this
study almost half of the taxa found had specific requirements and limited tolerances;
and consequently biodiversity loss has already occurred within streams with altered land
use. Limited distributions due to habitat loss, combined with the inability to adapt (low
resistance and resilience) to unprecedented disturbance makes these taxa vulnerable to
the projected changes, and are therefore most likely to experience further localised
extinctions. It is suggested that these vulnerable taxa are recognised as indicators of
high biodiversity value, and closely monitored for change. Habitats in which these taxa
occur require protection as sources of biodiversity refugia. However this would require
current monitoring methods to use lower taxonomic resolution.
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Appendix A - Mean values for environmental variables measured over the 12 month sampling period in all streams

Figure 10.1 Mean canopy cover for each creek location across all habitats sampled (± S.E.)
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Figure 10.2 Percent substrate composition for each sampled habitat across all stream locations
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Figure 10.3 Mean conductivity (μS.cm ) across habitats for each stream location over the 12 month sampling period (March 2011 to March 2012)
1. March, 2. May, 3. June, 4. July, 5. August, 6. September, 7. October, 8. November, 9. December, 10. January, 11. February, 12. March
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Figure 10.4 Mean Dissolved Oxygen (DO) (ppm) across habitats for each stream location over 12 month sampling period (March 2011 to March 2012)
1. March, 2. May, 3. June, 4. July, 5. August, 6. September, 7. October, 8. November, 9. December, 10. January, 11. February, 12. March
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Figure 10.5 Mean temperature (˚C) across habitats for each stream location over the 12 month sampling period (March 2011 to March 2012)
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Figure 10.6 Mean water depth (cm) across habitats for each stream location over the 12 month sampling period (March 2011 to March 2012)
1. March, 2. May, 3. June, 4. July, 5. August, 6. September, 7. October, 8. November, 9. December, 10. January, 11. February, 12. March
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Figure 10.7 Mean stream width (cm) across habitats for each stream location over the 12 month sampling period (March 2011 to March 2012)
1. March, 2. May, 3. June, 4. July, 5. August, 6. September, 7. October, 8. November, 9. December, 10. January, 11. February, 12. March

236

Appendix B - Daily maximum atmospheric temperatures of 2010-2012
recorded from the nearest weather station
Table 10.1 Daily maximum atmospheric temperatures (degrees Celsius) of 2010
recorded from University of Queensland Gatton weather station.
Data © Copyright Commonwealth of Australia 2015, Bureau of Meteorology. Prepared
using Climate Data Online, Bureau of Meteorology
http://www.bom.gov.au/climate/data.
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Table 10.2 Daily maximum atmospheric temperatures (degrees Celsius) of 2011
recorded from University of Queensland Gatton weather station.
Data © Copyright Commonwealth of Australia 2015, Bureau of Meteorology. Prepared
using Climate Data Online, Bureau of Meteorology
http://www.bom.gov.au/climate/data.
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Table 10.3 Daily maximum atmospheric temperatures (degrees Celsius) of 2012
recorded from University of Queensland Gatton weather station.
Data © Copyright Commonwealth of Australia 2015, Bureau of Meteorology. Prepared
using Climate Data Online, Bureau of Meteorology
http://www.bom.gov.au/climate/data.
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Appendix C - Population trends of all EPT taxa found during the one
year sampling period
The following graphs show the monthly mean abundances of each taxa found across the
four stream locations, from March 2011 to March 2012. During identification insects
were divided into age classes as ‘early instar’ (1-2 mm) or ‘late instar’ (>2 mm), with
the exception of Hydroptilidae spp. and Oecetis (Leptoceridae). This division of size
was used to infer late instar recruitment patterns from age categories of cohorts in
Chapter 4.
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Mean Leptophlebiidae Thraulophlebia Late Instar Abundance Across All Streams
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Figure 10.8 Mean abundances of late instar Leptophlebiidae Atalophlebia, Nousia and
Thraulophlebia (± S.E.)
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Figure 10.9 Leptophlebiidae Atalophlebia, Thraulophlebia, & Nousia mean abundances across 12 months (including age and habitat) (± S.E.)
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Caenide Tasmanocoenis mean abundance Dam Creek
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Figure 10.10 Mean Caenidae Tasmanocoenis abundances across twelve month sampling period (including age and habitat) (± S.E.)
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Figure 10.11 Mean abundances of Leptophlebiidae Jappa kutera and Leptophlebiidae Ulmerophlebia (including age and habitat) (± S.E.)
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Figure 10.12 Mean combined Baetidae spp. abundances across twelve month sampling period (including age and habitat) (± S.E.)
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Figure 10.13 Mean abundances of Ameletopsidae Mirawara and Leptophlebiidae Atalomicria across twelve month sampling period (± S.E.)
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Figure 10.14 Mean Gripopterygidae (Riekoperla & Illiesoperla) & Eustheniidae Stenoperla abundances across twelve month sampling period (± S.E.)
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Figure 10.15 Mean Hydroptilidae spp. and Calocidae Tamasia abundances across twelve month sampling period (including age – Tamasia only, and
habitat – both taxa) (± S.E.)
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Figure 10.16 Mean Hydropsychidae Cheumatopsyche abundances across twelve month sampling period (including age and habitat) (± S.E.)
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Figure 10.17 Mean Hydrobiosidae Taschorema abundances across twelve month sampling period (including age and habitat) (± S.E.)
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Figure 10.18 Mean Hydrobiosidae Apsilochorema abundances across twelve month sampling period (including age and habitat) (± S.E.)
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Figure 10.19 Mean Leptoceridae Triplectides volda abundances across twelve month sampling period (including age and habitat) (± S.E.)
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Figure 10.20 Mean Leptoceridae Oecetis abundances across the twelve month sampling period (± S.E.)
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Figure 10.21 Mean Calamoceratidae, Tasimiidae, and Glossossomatidae abundances across twelve months (including age – Anisocentropus & Tasimia
only and habitat - All) (± S.E.)
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Figure 10.22 Mean Philopotamidae Chimarra abundances across twelve month sampling period (including age and habitat) (± S.E.)
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Figure 10.23 Mean Ecnomidae Ecnomus abundances across twelve month sampling period (including age and habitat) (± S.E.)
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