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Abstract 

Connectivity in aquatic ecosystems is a broad concept that refers to the transfer of 

both abiotic (i.e. matter and energy) and biotic (organisms) elements through the 

landscape across a range of spatial and temporal scales.  The present study focuses on 

the patterns of connectivity between populations of aquatic insects in headwater 

streams.  Dispersal, emigration and immigration are the demographic forms of 

population connectivity, which are largely thought to be by the winged adult stages 

that spend much of their lives in the riparian zone.  These flying adults may disperse 

laterally and longitudinally to circumvent terrestrial barriers between headwater 

streams and catchments, thus allowing gene flow between populations in different 

streams. 

 

Riparian vegetation has a potentially strong influence on the survival and success of 

adult stages through the alteration of the microclimate, habitat structure and potential 

food sources.  Habitat fragmentation caused by forest harvesting can reduce 

population connectivity by increasing the area of open forest and altering 

microclimatic conditions, particularly air temperature and humidity.  Degradation of 

adjacent terrestrial habitat through forest harvesting may negatively affect adult 

dispersal because altered microclimatic conditions may create a barrier to dispersal.  

For example, the extreme conditions caused by harvesting may exceed tolerance limits 

of adult aquatic insects.  In addition, aquatic insect life history traits may influence the 

degree to which forest harvesting affects their populations.  For example, if a species 

with a short emergence period emerges during peak summer temperatures, 

temperatures could be higher in cleared areas compared to forested, thus exceeding 

the tolerance limit of the species.  However, little direct evidence exists on the effects 

of selective harvesting and the associated changes to the microclimate on adult 

dispersal and genetic population connectedness. 

 

This thesis explores the effects of catchment-scale selective forest harvesting on the 

dispersal of adult aquatic insects in headwaters streams of north-eastern NSW, 

Australia.  This study used a Multiple Control-Impact (MCI) design across a 

harvesting intensity gradient.  Two sub-catchments were selectively harvested and 
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one was completely cleared during a commercial forestry operation, with two left as 

unharvested controls.  Riparian vegetation was retained in all sub-catchments in 

accordance with licence conditions for Forests NSW. 

 

The patterns of genetic variation in the leptophlebiid mayfly Ulmerophlebia were 

examined in both selectively harvested and control sub-catchments, but few samples 

could be collected in the clear-cut catchment.  I hypothesised that: 1) patterns of 

mitochondrial DNA (mtDNA) variation in Ulmerophlebia sp. AV2 shows a pattern of 

structuring that reflects widespread dispersal along the stream network and across 

catchments; and (2) genetic diversity would be lower in partially deforested sub-

catchments compared to forested sub-catchments.  I found gene flow was not 

restricted among headwater streams within sub-catchments but was restricted at 

distances >15 km.  Genetic diversity was high (mean haplotype diversity >0.85) in 

both control and harvested sub-catchments.  Instead, a historical signature of 

population expansion was detected which is consistent with findings for other aquatic 

insect taxa of eastern Australia.  These findings suggest that the selective harvesting 

management strategy, including the use of riparian buffer zones, within these sub-

catchments does not appear to restrict dispersal between streams or erode diversity 

within streams for Ulmerophlebia sp. AV2 

 

Small-scale movements of individuals were explored across the harvesting intensity 

gradient using intercept traps and an isotopic enriched label.  I hypothesised that the 

main pathway of aquatic insect dispersal would either be along the stream channel or 

through the terrestrial environment.  Secondly, I predicted that harvesting would 

reduce their ability to disperse through the terrestrial environment because altered 

microclimatic conditions may create a barrier to dispersal.  Upstream flight of 

mayflies and caddisflies and the predominance of mayfly individuals captured within 

25 m of streams suggest that the stream channel was the main pathway for dispersal.  

I was not able to make conclusions about caddisfly dispersal through the terrestrial 

environment because of low sample numbers.  However, it is still uncertain if 

individuals travel similar distances downstream as they do upstream.  The low capture 

of individuals at distances > 50 m from the stream channel suggested between-stream 

dispersal via this pathway was unlikely, especially in steep forested catchments.  

Cross-catchment dispersal on this scale is possible along the stream channel and, 
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although it may not be frequent enough to affect population dynamics of nearby 

populations; it could be frequent enough to maintain high levels of gene flow among 

nearby streams.  Dispersal distances were not lower in harvested compared with 

forested sub-catchments, which indicated that harvesting did not reduce aquatic insect 

dispersal throughout the catchments. 

 

Life history traits of several common mayfly and caddisfly species were examined to 

determine the extent to which aquatic insects are likely to be affected by disturbances 

like forest harvesting.  General life history traits included most larval sizes present in 

the population through much of the year and an extended emergence period from 

spring through to autumn.  A long emergence period from spring through to autumn 

would not expose many individuals to peak summer air temperatures in the terrestrial 

environment.  However, temperatures may be more severe as a result of harvesting, 

thus increasing possible environmental stress experienced by those individuals.  

Asynchronous development has been hypothesised to spread life stages over time, 

thereby decreasing the risk of eradication by short-term disturbance events.  Based on 

these results, these life history traits may reduce the possible effects of selective 

harvesting on the dispersal of emerging adults in this study region. 

 

A lab experiment to examine air temperature tolerance of several species of mayflies 

and one caddisfly was conducted, with the prediction that extreme conditions (high 

temperatures) in the terrestrial environment caused by forest harvesting would exceed 

the tolerance limits of several species of adult mayflies and a caddisfly, thereby 

reducing their lifespan and ability to disperse through the terrestrial environment.  I 

also predicted that mayflies would be more sensitive to increasing temperature than 

caddisflies because of thermal sensitivity indicated in nymph studies.  I found the 

predicted lethal temperature values (96-hdmax LT50) for the longer-lived Atalomicria 

mayfly species to be 32oC, while the two day predicted lethal temperature values (48-

hdmax LT50) for the shorter-lived mayflies Austrophlebioides and Koorrnonga sp. and 

the caddisfly A. bicoloratus were slightly lower at around 31oC.  Peak day-time air 

temperatures rarely exceeded 30oC at control and selective harvested sites, but were 

exceeded up to 33% of the time in open areas in the harvested sites.  During that time, 

these temperatures could cause a mortality rate of 100 % for Koorrnonga sp, 30 % for 
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Austrophlebioides, and 40-50% for the caddisfly A. bicoloratus, yet not kill the 

Atalomicria species. 

 

Population connectivity is a fundamental ecological process that influences biotic 

responses to disturbances, such as forest harvesting.  This study suggests that 

population connectivity of aquatic insects in this region may not be as high as that 

proposed in the literature.  In addition, the results of this study suggested that 

harvesting does not negatively affect adult aquatic insect dispersal.  The life history 

traits, such as high temperature tolerance and long emergence timing, of many species 

in this region may have reduced the possible impact of harvesting.  Furthermore, the 

lack of dispersal of mayfly or caddisfly adults away from their natal streams 

suggested that the terrestrial zone outside of the riparian zone is not frequently used as 

a dispersal route.  Although many taxa were capable of flying distances of several 

hundred meters between sub-catchments, this route of dispersal was likely to be very 

rare.  Instead, dispersal was likely to be along stream channels.  Although it may not 

be sufficiently frequent to affect population dynamics in adjacent streams, it could 

maintain population connectivity and gene flow among nearby streams.  Therefore, 

distance and direction of adult aquatic insect dispersal is relevant to population 

dynamics at the scale of single streams, and to the persistence of populations at the 

landscape scale. 
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Chapter 1.   Introduction 

1.1  Ecological connectivity and aquatic insect dispersal in headwater 

streams 

The effects of spatial structure on population dynamics were first investigated in 

patch-based population models beginning in the early 1970’s (e.g. Levins 1969; Levin 

1974; Roff 1974), where spatial structure of populations was seen to influence 

immigration and emigration between populations.  However, movement among 

habitat patches is not just a function of an organism itself, but also depends on the 

landscape through which it moves.  Therefore, in the 1980s the term connectivity was 

widely used in the fields of landscape ecology and conservation biology (Freeman et 

al. 2007) to explain how the physical structure of the landscape influences the 

movement of individuals.  Merriam (1984) introduced the concept of landscape 

connectivity to emphasize the interaction between a species’ attributes and landscape 

structure in determining movement of organisms among habitat patches.  

Connectivity is also a fundamental concept of metapopulation ecology, where groups 

of individual populations are connected by migration and dispersal (Moilanen and 

Hanski 2001). 

 

Connectivity did not emerge as a concept in the freshwater literature until the early 

1990s.  Ward (1989) defined connectivity as a broad concept that refers to the transfer 

of both abiotic (i.e. matter and energy) and biotic (organisms) elements through the 

landscape across a range of spatial and temporal scales.  In riverine systems, concepts 

have focused on the interactive pathways along temporal (time) and spatial 

(longitudinal (upstream-downstream)); lateral (riverine-riparian/floodplain), and 

vertical (surface-groundwater) dimensions (Ward 1989).  Some of these ideas formed 

the theoretical foundation of the River Continuum Concept (Vannote et al. 1980), 

which highlights the longitudinal link between upstream and downstream river 

sections.  In contrast, the Flood Pulse Concept (Junk et al. 1989) illustrates the 

importance of lateral connections of the river and its floodplain during flooding 

events.  Connectivity in rivers was more broadly discussed as ‘hydrological 

connectivity’ by Pringle (Pringle 2003), as the water-mediated transfer of matter, 
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energy and/or organisms within or between elements of the hydrological cycle.  

Therefore, these concepts suggest that ecological connectivity includes many 

processes at multiple scales, and may include biotic and abiotic connections across 

ecological biomes, such as aquatic-terrestrial and freshwater-marine linkages. 

 

Headwater systems, the areas where water originates within a channel network, are 

characterised by interactions between hydrologic, geomorphic, and biological 

processes that change from hillslopes to stream channels and from terrestrial to 

aquatic environments (Hack and Goodlett 1960; Gomi et al. 2002).  Because the 

spatial extent of headwater streams can comprise a major proportion (70% to 80%) of 

the total catchment area (Meyer and Wallace 2001; Meyer et al. 2007), headwater 

systems are important sources of sediment, water, nutrients and organic matter for 

downstream systems (Gomi et al. 2002).  Headwater streams perform ecological 

functions of importance to the larger ecosystem, including recharging groundwater 

sources, retaining sediment, slowing runoff, processing organic matter, and taking up 

chemicals and excess nutrients that would otherwise be transported to bays, lakes and 

oceans (Wallace et al. 1997; Peterson et al. 2001; Lowe and Likens 2005). 

 

Headwater systems are naturally patchy habitats that support diverse 

macroinvertebrate communities (Meyer et al. 2007).  Despite this lack of obvious 

connectivity among habitats, many aquatic insects have broad geographical ranges.  

Movements of individuals, both instream and overland, shape the spatial structure of 

populations and species, and are an important factor influencing their persistence 

(Malmqvist 2002; Briers et al. 2003).  Some dispersal movements, such as annual 

migration (Williams 1957), are predictable; while others are responses to random 

events or local conditions, such as the catastrophic stream drift caused by floods 

(Miller and Golladay 1996; Humphries 2002).  Many taxa that are numerically 

abundant in headwater streams, for example Plecoptera, Trichoptera and 

Ephemeroptera, have adult stages that are effectively terrestrial, spending some part 

of their lives in the riparian zone (Collier and Smith 1998; Petersen et al. 1999b; 

Briers et al. 2002).  These flying adults may disperse laterally and longitudinally to 

circumvent terrestrial barriers between headwater streams and catchments, thus 

allowing gene flow between populations in different watercourses (Palmer 1996; 

Bilton et al. 2001).  Some Trichoptera have been caught up to 200 m away from the 
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stream in the riparian vegetation using sticky traps and light traps (Collier and Smith 

1998).  Mark-recapture studies using stable isotopes have revealed upstream travel to 

be approximately 2km in Baetis mayflies (Hershey et al. 1993).  Leuctridae stoneflies 

in north-eastern USA have been caught 600 m laterally from the stream, thus 

demonstrating dispersal from one stream to the next through the terrestrial habitat 

(Macneale et al. 2005).  Such dispersal in headwater streams may allow individuals to 

move from one headwater to another. 

 

Macroinvertebrate drift is also thought to be an important mechanism for dispersal 

and population connectedness (Mackay 1992; Allan 1995), where larvae may drift 

downstream to a position below the confluence of two first-order streams and then 

migrate upstream into an adjacent headwater (Griffith et al. 1998).  Downstream drift 

of aquatic insects in headwater streams presents an apparent paradox because 

upstream reaches are not defaunated over the long term despite high drift rates 

(Müller 1954; 1982; Hershey et al. 1993).  Both Müller’s (1954) colonisation cycle 

and the excess production model (Waters 1972) attempt to explain the phenomenon of 

drift.  Müller asserts that adult upstream flight and oviposition compensate for drift of 

immatures whereas Waters argues that downstream drift represents production above 

carrying capacity.  Some trapping experiments suggest that more insects fly upstream 

than downstream to compensate (Müller 1954; Waters 1968; Müller 1982), especially 

females (Roos 1957; Bird and Hynes 1981), but strength of evidence for upstream 

flight varies with taxa (Bird and Hynes 1981).  In addition, these results have been 

questioned by more recent studies that have shown that the interception trap method 

captures the instantaneous direction of the adult, not the ultimate direction of flight 

(Macneale et al. 2004).  Similarly, there is a lack of evidence that drift is density-

dependent (Humphries 2002) or that drift has a significant effect on populations. 

(Townsend and Hildrew 1976; Müller 1982).  However, there are no data that relate 

the scale of upstream flight to the scale of downstream displacement for any 

population. 

 

1.2  Genetic consequences of dispersal 

Dispersal can influence the evolution and population genetics of a species, but only if 

breeding of subsequent generations occurs after successful colonisation (Grant and 
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Little 1992; Bilton et al. 2001).  Such colonisation results in gene flow, the transfer of 

genes from one population to another.  Dispersal and gene flow can have varying and 

profound effects on populations.  For example, dispersal can support range expansion 

following colonisation of new sites.  Dispersal has been shown to alter the probability 

of extinction within local populations by introducing new colonists and increasing 

genetic diversity (Freeland et al. 2000).  Dispersal can also reduce the amount of 

genetic differentiation among populations (Bohonak 1999).  Without significant levels 

of gene flow, evolutionary independence of populations may occur, which can result 

in reproductive isolation, speciation or population extinction (Lindenmayer and 

Peakall 2000; Bilton et al. 2001; Bohonak and Jenkins 2003). 

 

The dispersal of aquatic insect adults has been difficult to quantify (Bohonak and 

Roderick 2001; Hughes 2007).  Population genetic studies provide indirect methods 

for studying dispersal.  The extent of gene flow between populations can be inferred 

from the genetic characterisation of individuals using molecular markers such as 

allozymes (Crease et al. 1997; Hughes et al. 1999), mitochondrial DNA (Crease et al. 

1997; Taylor et al. 1998), randomly amplified polymorphic DNA (RAPD) (Thomas et 

al. 1998), and microsatellite loci (Freeland et al. 2000).  The genetic similarity of 

populations will depend to a certain extent on the relative mutation rate and mode of 

inheritance (e.g., nuclear versus mitochondrial) of the molecular markers that are 

used.  Different regions of the genome evolve at different rates, which can influence 

the interpretation of dispersal (Avise 1994; Bilton et al. 2001). 

 

Analysis of the pattern and extent of phylogenetic structuring within genetic data is 

based on the spatial distributions of alleles or chromosomal segments.  High levels of 

dispersal will result in shared alleles and low genetic differentiation between 

populations, whereas low levels of dispersal will result in high genetic differentiation 

among populations as a result of drift and/or selection (Bilton et al. 2001).  One 

process driving divergence of isolated populations is ‘genetic drift’, which causes 

alleles (genetic variants of a gene) to randomly drift to fixation or loss within different 

populations and thereby increase the level of inter-population substructure.  Genetic 

drift is a stochastic process whose rate is inversely proportional to population size.  

Therefore, populations that are fragmented and reduced in size as a result of habitat 
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loss are vulnerable to loss of genetic variation, reducing their viability and increasing 

their susceptibility to local extinction (Frankham et al. 2002). 

 

Panmixia is the simplest population model, where a population is continuous and 

without restricted gene flow or dispersal.  The Island Model (Wright 1931; Maruyama 

1970) and the Stepping Stone Model (Kimura and Weiss 1964) are classic population 

models, describing geographically discontinuous population structures.  In the Island 

Model, the total population is assumed to be divided into subgroups where each is 

breeding at random within itself, except for randomly drawn migrants from the whole.  

In contrast, the Stepping Stone Model predicts that the rate of migration will be higher 

between closer populations than those further away.  These theoretical models have 

been central in the development of population genetic theory (Slatkin 1985). 

 

The Stream Hierarchy Model proposes that as a result of the hierarchical nature of 

rivers and streams, most genetic differentiation should be found between populations 

from different catchments and the least should be between streams in the same sub-

catchment (Meffe and Vrijenhoek 1988).  The reason for this is that it is easier for 

animals limited to stream channels, such as aquatic insects, to move between nearby 

streams within the same sub-catchment than between catchments.  In addition, the 

potentially homogenising effects of upstream dispersal and downstream drift will 

likely result in less isolation by distance within streams than between streams (Kimura 

and Weiss 1964).  Therefore, if dispersal is high, and thus gene flow is high, we 

would expect little genetic differentiation among populations (Slatkin 1985).  In 

contrast, if dispersal is restricted by barriers and / or low because of poor dispersal 

abilities of the species in question, differentiation among populations will occur 

because of natural selection and / or random genetic drift (Slatkin 1985).  The 

alternative Headwater Model (Finn et al. 2007) may apply to headwater stream 

specialists (i.e. species restricted to higher-elevation primary tributaries) with a 

potential for terrestrial dispersal among streams.  This model predicts that significant 

partitioning of genetic variance occurs among terrestrial islands of preferred 

headwater habitat within which headwater streams are nearby enough to allow some 

overland gene flow (Finn et al. 2006).  This pattern occurs because headwater habitat 

specialists may disperse more efficiently between adjacent headwater reaches than 

through the stream network. 



 - 6 - 

A number of genetic studies have assessed levels of genetic differentiation at different 

scales, thereby assessing the scale at which dispersal is likely to occur.  For example, 

an Australian mayfly Baetis and a caddisfly Tasiagma have lower levels of genetic 

differentiation at the higher levels of the hierarchy (i.e. between catchments, sub-

catchments and streams) indicating dispersal is high (Bunn and Hughes 1997).  This 

pattern has also been found in a New Zealand mayfly Acanthophlebia (Smith et al. 

2006) and a caddisfly Gumaga in the USA (Miller et al. 2002).  This supports the 

opinion that for many aquatic insects, colonisation and gene flow via adult flight is 

likely to occur from across catchment boundaries.  In contrast, several studies on 

aquatic insect population genetics have also uncovered some unusual patterns.  For 

example, some species have shown significant deviations from Hardy-Weinberg 

equilibrium that are not consistent across loci, populations or sampling times (Bunn 

and Hughes 1997; Hughes et al. 1998; Kelly et al. 2001; Wilcock et al. 2001).  More 

specifically, some populations of aquatic insects from south-east Queensland, 

Australia have an unusual pattern of genetic differentiation.  In these streams, species 

with a flight stage (i.e. the baetid mayfly and a caddisfly) show the highest levels of 

genetic differentiation on the smallest spatial scale, among reaches within a single 

stream as opposed to between catchments (Schmidt et al. 1995; Bunn and Hughes 

1997; Hughes et al. 1998; Hughes et al. 2000).  These authors suggested limited adult 

movement as the cause of genetic heterogeneity, and gave further evidence that the 

majority of aquatic juveniles within a stream reach can be accounted for by the egg 

production of relatively few females because emergence of adults is generally 

asynchronous in Australian subtropical streams. 

 

1.2.1  Effects of forest harvesting on aquatic insect dispersal 

Logging is a disturbance that affects physical, chemical and biological characteristics 

of nearby streams and rivers (Gregory et al. 1991; Hernandez et al. 2005; Moore and 

Richardson 2012).  Logging can increase sediment delivery to streams, covering 

stream substrates and negatively affecting instream organisms (Chamberlin et al. 

1991; Osmundson et al. 2002).  The removal of riparian vegetation is often associated 

with a decrease in the allochthonous energy inputs on which headwater streams and 

benthic macroinvertebrates depend (Vannote et al. 1980).  It can also increase algal 

production, thereby altering instream foodwebs (Stone and Wallace 1998).  Logging 
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may affect aquatic insect populations by decreasing overall density, particularly of 

sensitive taxa such as Ephemeroptera, Plecoptera and Trichoptera (Garman and 

Moring 1993; Davies and Nelson 1994) and reduce adult insect emergence (Anderson 

1992), thereby reducing an important food source for riparian consumers such as 

birds, bats, lizards, and spiders (Baxter et al. 2005). 

 

Although benthic communities have been well studied, little research has considered 

the impacts of riparian forestry management on adult aquatic insects, yet the 

terrestrial adult phase is important in determining the abundance and distribution of 

larval stages (Briers and Gee 2004).  Riparian vegetation has a potentially strong 

impact on the survival and success of adult stages through alteration of the 

microclimate, habitat structure and potential food sources (Briers and Gee 2004).  The 

removal of vegetation by harvesting increases the area of open forest and can alter 

microclimate conditions, particularly air temperature and humidity, (Werneke and 

Zwick 1992; Brosofske et al. 1997; Davies-Colley et al. 2000).  Both air and soil 

temperatures have been reported to be higher and fluctuate with greater amplitude on 

cleared land than in forest (Davies-Colley et al. 2000).  In addition, wind exposure in 

forest can average about 20% and light penetration range from 0.55 to 6% of that 

recorded in open areas (McDonald and Norton 1992; Davies-Colley et al. 2000).  

Therefore, it is likely that the removal of vegetation and subsequent conditions caused 

by logging can have a negative impact on adult aquatic insects. 

 

Many numerically abundant taxa in upland streams, such as Plecoptera, Trichoptera 

and Ephemeroptera, have terrestrial adult stages and spend their lives in the riparian 

zone (Collier and Smith 1998; Petersen et al. 1999b; Briers et al. 2002).  In many 

geographic regions, riparian forests are important for adults of some species to 

complete development, feed, roost and find mates (Müller 1982; Sweeney 1993; 

Petersson and Hasselrot 1994; Smith and Collier 2000; Briers and Gee 2004).  Adult 

longevity is particularly important for species of stoneflies and caddisflies that feed as 

adults and spend longer periods in a terrestrial phase (Petersson and Hasselrot 1994; 

De Figueroa and Sanchez-Ortega 2000).  Several studies have documented the effects 

of weather conditions on activity and flight periodicity of aquatic insects (Anderson 

1978; Waringer 1991; Briers et al. 2003).  For example, higher wind speeds have 

been associated with lower flight activity of adult stoneflies (Briers et al. 2003).  The 
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upper temperature tolerance limits of some adult aquatic insects have been shown to 

occur at 24oC for Leptophlebiidae (Carey 2002) and 30oC for Gripopterygidae (Smith 

and Collier 2005) .  The extreme conditions caused by logging may exceed tolerance 

limits of adult aquatic insects, thus fragmenting and degrading habitat used by adults 

to complete life cycles and disperse between streams (Brosofske et al. 1997, Davies-

Colley et al. 2000).  However, little direct evidence exists on the effects of selective 

harvesting and the associated changes to the microclimate on adult dispersal and 

genetic population connectedness (Figure 1.1). 

 

Degradation of the matrix of dendritic stream networks occurs when upland and 

riparian zones between stream reaches are altered (Grant et al. 2007).  Habitat 

fragmentation caused by forest harvesting creates discontinuity in the landscape, 

through the loss of habitat, fragment isolation, and increase in edge from habitat 

fragmentation (Lowe 2002).  The combined effects of aquatic and riparian habitat loss 

can lead to population isolation by eliminating populations from the landscape and 

increasing distances between suitable habitat patches, which alters the size, 

distribution, number and genetic composition of populations (Saunders et al. 1991; 

Lindenmayer and Franklin 2002; Monaghan et al. 2005).  Although the documented 

responses to habitat loss and fragmentation have been diverse, the general patterns 

include a reduction in population size, increase in demographic stochasticity, a 

reduction in levels of gene flow, and a loss of genetic diversity (Holsinger 2000; Luck 

et al. 2003; Lyndenmayer and Fischer 2006).  Important factors needed to predict the 

impact of habitat loss on populations and species include understanding how 

individuals move among resource patches and population units (Thrall et al. 2000), 

and how variation in the matrix affects dispersal and movement of individuals in 

fragmented habitats (Berggren et al. 2002) 
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Figure 1.1  Conceptual model of hypothesised effects of forest harvesting on adult 
aquatic insect dispersal in the Kangaroo River State Forest based on reviewed 
literature.  Black, broken arrows indicate dispersal pathways of adult aquatic insects. 
 

The interaction of species life history traits, such as dispersal ability, number of larval 

cohorts and emergence period, with landscape properties (e.g. physical obstacles, 

habitat loss) can determine the extent to which aquatic insects are affected by forest 

harvesting.  For example, many aquatic insects in Australia and New Zealand have 

been found to have asynchronous life cycles, with prolonged emergence periods and 

multiple overlapping cohorts present during much of the year (Towns 1981; Marchant 

1982; Towns 1983; Nolen and Pearson 1992).  This strategy has been suggested to 

reduce the risk of a particular event, such as floods or droughts, on a population (Lytle 

2008).  An extended emergence period from spring through to autumn may allow 

adults to avoid peak summer temperatures, which can be exacerbated by forest 

harvesting, thus increasing their chance of successfully producing the next generation.  
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Therefore, these traits may lessen the impact of human-caused disturbance, such as 

forest harvesting, but to my knowledge, this possibility has not been examined. 

 

Therefore, to examine the potential impact of forest harvesting on aquatic insect 

dispersal, this thesis will answer the following questions: 

·  Is there between catchment connectivity in adult aquatic insect 

populations? 

·  What pathways do adult aquatic insects use to disperse within 

catchments and does forest harvesting reduce their ability to use these 

pathways to disperse? 

·  Do life history traits of aquatic insects make them more/less 

susceptible to disturbances, such as forest harvesting? 

·  Are species in the study area sensitive to a possible increase in air 

temperatures resulting from forest harvesting. 

 

1.3  Broad research aims and predictions 

The main research aims for this project; therefore, are to examine the short-term (< 3 

years) effects of catchment-scale forest harvesting on adult aquatic insect dispersal 

and genetic population structure within headwater streams of Kangaroo River State 

Forest, north-eastern NSW, Australia (Chapter 2. Study region and experimental 

design).  This study uses a gradient of harvesting intensity, with 2 sub-catchments as 

unharvested controls, 2 sub-catchments that were selectively harvested in 2007, and 1 

catchment that was cleared in 2009.  Filter strips, protection zones and operational 

zones along stream margins were retained (Chapter 2.2).   

 

Adult flight in many aquatic insects is likely to be the major dispersal mechanism for 

connecting geographically separated populations (Hughes et al. 2008).  Therefore, 

degradation of adjacent terrestrial habitat can negatively affect adult dispersal and 

population genetic patterns of species in streams (Hughes et al. 2009).  I predicted 

that adult aquatic insect dispersal would be widespread within the catchment and that 

forest harvesting would decrease dispersal distances by altering microclimate 

conditions, thus reducing genetic diversity in harvested sub-catchments (Chapter 3 
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and Chapter 4).  As no life history information was available for this region and these 

traits can influence how a species is affected by a disturbance, I examined the life 

histories of several common aquatic insects (Chapter 5).  Finally, extreme 

microclimatic conditions experienced in harvested areas may reduce adult aquatic 

insect longevity and dispersal distances (Jackson and Resh 1989; Collier and Smith 

2000; Smith and Collier 2005).  I predicted that higher air temperature would reduce 

adult aquatic insect longevity of several taxa, and that mayflies would be more 

sensitive to temperature increases compared to caddisflies (Chapter 6).  The final 

chapter, Chapter 7, discusses the findings of the study in the context of theoretical 

models of aquatic insect dispersal and will summarise the implications for sustainable 

forest management. 
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Chapter 2.   Study region and experimental design 

2.1  Study region 

This study was conducted in the Kangaroo River State Forest (coastal NSW, 30o05’S, 

152o50’E) and Wild Cattle Creek State Forest (30o12’S, 152o45’E), approximately 40 

kilometres north-west of Coffs Harbour in New South Wales (Figure 2.1).  The state 

forests are situated on the Eastern Dorrigo Plateau, with their boundaries adjacent to 

Bagawa State Forest to the east, and Nymboi-Binderay National Park to the west. 

 

The climate of north-east NSW is subtropical with warm to very warm wet summers 

and cool to mild dry winters (BOM 2009).  Average annual temperatures range from 

19oC in winter to 27oC in summer while average minimum temperatures range from 

7oC in winter to 19oC in summer (Figure 2.2).  The area has a mean annual rainfall of 

1704 mm, with the wettest month, March having an average of 248 mm and the driest 

month, September receiving an average of 62 mm (Figure 2.3).  The mountains inland 

from Coffs Harbour receive more rain than the coast.  This rainfall pattern results in a 

flashy hydrology where streams dry to pools over winter, and flood during the 

summer period (Figures 2.3, 4 and 5). 

 

The Kangaroo River catchments are characterised by high ridge segments of 400-500 

m.s.l. with steep slopes.  Drainage lines and small streams are generally narrow (< 5 

m) with steep sides.  The catchments have a mixture of vegetation communities, 

dominated by dry sclerophyll forest (Drielsma 1995), with common species including 

Spotted Gum (Eucalyptus maculata) and Grey Ironbark / Grey Gum (E.propinqua).  

This vegetation community displays an open understorey of grasses and xerophytic 

shrubs.  The forest structure is typically multi-age with tree size classes ranging from 

remnants of the original forest as well as mature and semi-mature regrowth.  Forest 

stands are generally poorer quality on exposed ridges with medium to good quality 

stands located in middle, lower and more sheltered slopes and drainage lines (R. 

Loyd, Harvest Planner, pers. comm. 2006). 
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Wild Cattle Creek State Forest is characterised by less steep slopes and shallower 

drainage lines compared to KRSF.  The area has a mixture of vegetation communities, 

with Coachwood-Crabapple (Ceratopetalum apetalum, Schizomeria ovata) 

subtropical rainforest extensively developed in the area (Baur 1965).  Other associated 

species include Sassafras (Doryphora sassafras), Prickly Ash (Orites excelsa), Red 

Plum (Endiandra introrsa), Silver Sycamore (Cryptocarya glaucescens), and Hoop 

Pine (Araucaria cunninghamii).  A cool temperate rainforest type, Negrohead Beech-

Coachwood (Nothofagus moorei), can be found on escarpments at lower altitudes, 

including creekside belts.  Areas of Hoop Pine can be found at the northern end of the 

state forest, which is lower in altitude.  Eucalypts such as Blackbutt (Eucalyptus 

pilularis), Flooded Gum (E. grandis) and Forest Red Gum (E. teretodornis) can also 

be found (Baur 1965).  Forest types within the area of study, Compartment 549, 

include Sydney Blue Gum (E. saligna), Tallowwood (E. microcorys)– Sydney Blue 

Gum and Flooded Gum (E. grandis) (Black 2012).  In general the forest has a dense, 

mesic understory of rainforest trees, shrubs and vines. 

 

2.1.1  Stream gauging methods used by Forestry NSW 

Each of the four sub-catchments in Kangaroo River State Forest has gauging stations 

collecting temperature and stream flow data since June 2001.  Gauging stations are 

located upstream of tributary junctions (Figure 2.6) and monitoring points are located 

on bedrock (Webb et al. 2007).  Each gauging station has a Datataker DT50 

datalogger (Victoria, Australia), Unidata 6542B 0-2 m pressure transducer (Western 

Australia, Australia), and staff gauge.  Twelve-V batteries that are charged by a 30-W 

solar panel power the electrical equipment.  Stream height is logged at 6-minute 

intervals.  Data are downloaded from sites after each storm, or at a maximum interval 

of 14 days during zero-flow conditions. 
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Figure 2.1  Map of north east NSW and location of catchments within Kangaroo 
River State Forest and Wild Cattle Creek State Forest. Source: R. Lloyd, Forestry 
NSW 2007. 
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Figure 2.2  Minimum and maximum mean temperatures (oC) based on 66 years of 
record for Coffs Harbour.  Source: Bureau of Meteorology 2009. 
 

 

 

Figure 2.3  Mean annual rainfall (mm) based on 66 years of record for Coffs 
Harbour.  Source: Bureau of Meteorology 2009. 
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Figure 2.4  Mean daily discharge (ML/d) for control catchments C1 and C2 from 
2001-09.  Source: Forests NSW 2011. 
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Figure 2.5  Mean daily discharge (ML/d) for treatment catchments T1 and T2 from 
2001-09.  Source: Forests NSW 2011. 
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2.1.2  Catchments in the Kangaroo River State Forest and Wild 

Cattle Creek State Forest 

Forests NSW is a public trading enterprise within NSW Department of Industry and 

Investment that manage over 2 million hectares of native and planted forests for a 

range of economic, environmental and social values to internationally recognised 

standards (NSW DPI 2011).  Forests NSW monitor five catchments in KRSF 

(Kangaroo River Water Quality Monitoring Catchments), but this study will be 

focused on four of the catchments (treatment sites 1 (T1) and 2 (T2), control sites 1 

(C1) and 2 (C2); Figure 2.6).  Treatment catchment 3 was not used because the 

dominant vegetation type was different to the other sub-catchments, which may have 

influenced adult aquatic insect dispersal patterns.  Each stream within each catchment 

is 4th order and is well-shaded by vegetation (> 70%).  Streams are bedrock-

controlled, with a typical sequence of narrow (2 - 7m wide) and shallow (0.2 – 1.3m 

deep) pools with predominantly bedrock, but also cobble and pebble substrates, 

separated by bedrock cascades or sometimes shallow riffles (Figure 2.8).  An 

additional four sites on the same streams were selected to undertake population 

genetics investigation as a part of this project (see Chapter 3). 

 

Two sites within 1 catchment located in Wild Cattle Creek State Forest were located 

in recently cleared (2009) native hardwood plantation to get a greater range of 

harvesting intensity (Figure 2.7).  Sites had been recently replanted with natives in 

2009 at site WCC1 and mid 2010 at site WCC2.  Streams were 2nd and 3rd order and 

were well-shaded by vegetation (> 70%).  A buffer strip of 10 – 20m was retained 

along the stream channel.  Streams were generally narrow (1 – 3m wide) and shallow 

(0.1 – 0.5m deep) dominated by riffles and runs with sand, gravel and pebble 

substrates. 
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Figure 2.6  Kangaroo River Catchments, with stream order, location of gauging 
stations (sites) and forest types.  Refer to Appendix A for details of vegetation 
associated with these forest types.  Source: R. Lloyd, Forests NSW, 2009. 
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Figure 2.7  Wild Cattle Creek forestry compartments showing site locality (red dots) 
and plantation information.  Source: J. Black, NSW Forestry, 2010. 
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Figure 2.8  Morphology of study streams in KRSF showing typical pools, bedrock 
channels, steep banks and heavy shading.  Photographs by Belinda Young 2009. 
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2.2  Harvesting in NSW 

In NSW, timber harvest plans are developed and used for the control of harvest 

operations on a forest compartment basis, covering an average area of 250 hectares 

(NSW DPI 2008).  The timber harvest plan includes information on forest condition, 

felling methods, which vegetation must be excluded from harvesting (such as 

rainforest species and habitat trees), and also provisions for soil and water protection, 

drainage features, roads and crossings, and log dumps.  Detailed maps using 

Geographic Information Systems are used to present this information (Figure 2.6).  

The harvest plan includes a description of the proposed operation and how it observes 

the Forest Practices Code for Timber Harvesting.  This code provides clear guidelines 

on all aspects of timber harvesting in State Forests, including: environmental 

protection measures for soil and water, flora and fauna, occupational health and safety 

measures, planning for harvesting operations and standards for measuring, tallying 

and removal of timber.  In addition, licences under the Threatened Species 

Conservation Act, the Fisheries Management Act and the Protection of the 

Environment and Operations Act 1997 also regulate operations.  The Integrated Forest 

Operations Approval has more details on these conditions 

(http://www.environment.nsw.gov.au/forestagreements/index.htm) 

 

2.2.1  Summary of timber harvesting operations in KRSF 

Harvesting has previously occurred in the Kangaroo River State Forest during the 

1970s and early 1980s.  Harvesting methods in the area generally used selective 

harvesting where the aim is to remove mature, over-mature and damaged trees as well 

as promote regeneration (Drielsma 1995).   

 

During 2007, two of the catchments (T1 and T2) were selectively harvested and the 

other two catchments (C1 and C2) were left as unharvested controls (Table 2.1).  The 

proportions of each catchment to be harvested are shown in Table 2.1.  The forest was 

harvested using single tree selection (STS).  The integrated Forest Operations 

Approval (1999) defines STS as a silvicultural practice which, in relation to a tract of 

forested land, has the following elements: 
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·  Trees selected for logging have trunks, that in cross-section, measured 1.3 m 

above ground level, have a diameter (including bark) of 20 cm or more (a 

diameter at breast height over bark of 20 cm or more); and 

·  Trees are selected for logging with the objective that the sum of the basal areas 

of trees removed comprises no more than 40% of the sum of the basal areas of 

all trees existing immediately prior to logging within the net harvestable area. 

 

Harvesting was by manual felling with extraction by crawler tractor or rubber-tyred 

skidder (Webb 2008).  Filters, protection zones and operational zones along stream 

margins were retained in accordance with the Environmental Protection Licence 

guidelines (Table 2.2).  Further information on operations in and around streams, is 

given in the Integrated Forest Operations Approval 

(http://www.environment.nsw.gov.au/resources/forestagreements/UNESchedule4ame

nd23.pdf) 

 

Table 2.1  Catchment areas and hectares harvested for Kangaroo River monitoring 
catchments. 
Catchment Type Hectares Hectares 

harvested 

Proportion of catchment 

harvested (%) 

C1 Control 367 0 0 

C2 Control 770 0 0 

T1 Treatment 593 336 55 

T2 Treatment 443 146 32.9 

 
Table 2.2  Outline of minimum filter strip, protection zone and operational zone 
widths for mapped and unmapped drainage lines, prescribed streams and watercourses 
in native forests in Inherent Hazard Levels 1 and 2 (metres are measured along the 
ground surface). 
Stream order Filter strip  

(m) 

Protection zone 

(m) 

Operational zone 

(m) 

Unmapped 5 5 10 

1st order 5 5 10 

2nd order 5 15 10 

3rd order 5 25 10 

4th order and greater 5 45 10 
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2.2.2  Summary of timber harvesting operations in WCCSF 

Harvesting has previously occurred in Wild Cattle Creek State Forest during  

1970s and more recently in 1987/88 (Black 2012).  Sites were located in 

Compartment 549, which is 335 hectares in size.  The catchment was selectively 

harvested using a thinning method, where stands of trees are marked for retention or 

removal.  Up to 60% of sum of the basal area of trees was removed.  Thinning may 

only be carried out in stands of regrowth forest and early mature stands of forest 

where most of the trees in the stand are approximately the same age.  Licensees must 

ensure that trees are felled to minimise damage to the felled tree and to retained trees, 

avoid hang-ups, assist processing and extraction, minimise disturbance cause by 

extraction, and minimise the impact on drainage features 

 

Drainage feature protection areas (DFPAs) are required adjacent to wetlands, rivers, 

drainage lines and drainage depressions.  DFPAs contain two zones – a buffer zone 

and a 5 m zone (Table 2.3).  The buffer zone is an area of modified harvesting on 

either side of a drainage feature.  Trees may be harvested if the operator is satisfied 

that the top 200 mm of soil is dry enough to avoid erosion to the drainage feature.  

The 5 m zone is an area of extra protection located next to drainage lines (including 

rivers), where no processing or extraction machinery are allowed, except where 

crossing or if entering the zone will cause less environmental damage than using 

another route. 

 

Harvesting was by manual felling with extraction by crawler tractor or rubber-tyred 

skidder.  Filters, protection zones and operational zones along stream margins were 

retained in accordance with the Environmental Protection Licence guidelines (Table 

2.3). 
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Table 2.3  Outline of 5-metre zone and buffer zone widths for drainage features, 
(metres are measured along the ground surface). 
  Drainage feature protection area 

 Soil regolith 5-m zone Buffer zone 

Depression 1, 2, 3 None 5 

Depression 4 Yes 10 

Drainage line All Yes 10 

River (3rd order or 

greater) 

All Yes 20 

Wetland All Yes 20 

 

2.2.3  Sampling design and regime 

The experimental design is a Multiple-Control-Impact (MCI) design.  Two replicated 

sites are control sites (C1, C2) and two replicated sites are treatment (logged: T1 and 

T2).  Two sites that were completely cleared within a sub-catchment of Wild Cattle 

Creek State Forest were also included to examine the effects of harvesting across a 

gradient of intensity (WCC1, WCC2).  All experimental field studies, except for the 

isotope tracer experiment (Chapter 4), were conducted at all sites.  Response variables 

are measured through time at all control and treatment locations.  Using this design, 

we can then test whether a given variable changes at the ‘impact’ location compared 

to the natural variation observed at the ‘control’ location (Downes et al. 2002). 

 

The Multiple-Before-After-Control-Impact (MBACI) design is considered ideal in 

ecological monitoring (Downes et al. 2002).  However, the use of multiple control 

sites in the MCI design used in this study increases the power of the analysis as it 

provides a comparative basis for isolating effects of the impact from a range of other 

processes (Downes et al. 2002).  The MCI design also allows for generalisations of 

effects among stream types in similar regions i.e. climate, geology, and vegetation.  

Downes et al. (2002) advocates that the control and impact locations should be 

matched as closely as possible in terms of their physical and biological environments, 

otherwise the natural variation will be higher among replicated locations, resulting in 

lower power to detect impacts.   
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In a paired study using the same sub-catchments in Kangaroo River State Forest, 

Smolders (2010) used an MBACI design to detect the impact of selective harvesting 

on the larval stages of aquatic insects.  My study will further build on the previous 

work by examining the possible effects on the adult stages of aquatic insects. 
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Chapter 3.   Population genetics of an Australian mayfly 

Ulmerophlebia sp. AV2 (Leptophlebiidae: 

Ephemeroptera) 

This chapter includes a co-authored published paper. The bibliographic details of the 

co-authored published paper, including all authors, are: 

 

Young, B. A., Schmidt, D. J., and Sheldon, F. In press. Small-scale patterns of genetic 

variation in a headwater specialist mayfly: no influence of selective forest harvesting 

on diversity. Austral Ecology. 

 

My contribution to the published paper involved coordinating the paper, writing the 

majority of the text, conducting the majority of the data analysis, figures, tables and 

addressing reviewers’ comments.  D. Schmidt is a supervisor of this project and 

contributed to writing some parts of the text, assisting with data analysis and 

reviewing drafts of the manuscript.  F. Sheldon is a supervisor of this project and 

contributed to developing the ideas for this paper. 

 

(Signed) _________________________________ 

Name of Student 

 

(Countersigned) ___________________________ 
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Chapter 4.   Longitudinal and lateral movement of adult 

aquatic insects in headwater streams across a forest 

harvesting gradient 

4.1  Introduction 

Habitat fragmentation, such as that resulting from forest harvesting, can create a 

discontinuity or a barrier between suitable habitat conditions for a given species 

through the loss of habitat, isolation of fragments and an increase in edge effects 

(Lindenmayer and Franklin 2002; Monaghan et al. 2005; Fischer and Lindenmayer 

2007). For example, an increase in the abundance of smaller habitat patches can lead 

to population declines as resources may be more limited in smaller patches (Zanette et 

al. 2000).  The fragmentation of habitat can also negatively affect day-to-day 

movements of species (i.e. between nesting and foraging resources; Luck and Daily 

2003).  Habitat fragmentation can alter a species’ population size, distribution and 

genetic composition by reducing dispersal rates and consequent gene flow, which 

increases the risk of population extinction and decreases a species’ ability to recover 

after a disturbance (Frankham et al. 2002; Lindenmayer and Fischer 2006).  The 

effects of habitat fragmentation on a species depend on traits such as dispersal ability, 

how they move between habitat patches, and how the variation in the matrix affects 

dispersal and movement of individuals (Thrall et al. 2000; Berggren et al. 2002). 

 

Movements of individuals shape the spatial structure of populations and species, and 

play an important role in their persistence.  Some dispersal movements, such as 

annual migration (Dingle and Drake 2007), are predictable whereas others are 

responses to local conditions or random events, such as catastrophic stream drift of 

aquatic insects caused by floods (Miller and Golladay 1996; Humphries 2002).  

Dispersal can affect the growth rates and demographics of populations, population 

dynamics in neighbouring habitats (Hanski and Ovaskainen 2000), the rate and 

pattern of colonisation of new habitats or recolonization of disturbed habitats (Palmer 

1996), and the rate at which populations become genetically distinct (Bohonak and 

Jenkins 2003; Hughes et al. 2008).  These effects can occur at different temporal and 
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spatial scales, but generally dispersal that affects local population dynamics is more 

frequent and occurs over shorter distances than dispersal required for maintaining 

gene flow among distant populations (Bohonak 1999).  Therefore, the rate, distance 

and direction of dispersal are required to determine population boundaries of a given 

species and to predict the possible effects of altered dispersal patterns within and 

between populations. 

 

The spatial structure of habitat influences the dispersal of individuals and gene flow, 

and regulates ecosystem services (Campbell Grant et al. 2007).  One network theory 

of spatial structure, referred to as graph theory (Urban and Keitt 2001), suggests that 

spatially structured ‘lattice’ systems can be represented by a system of habitat patches 

(‘nodes’) and connections along which individuals disperse (‘links’).  Conversely, 

dendritic networks (rivers) are different to lattice networks because the links (or 

branches) between habitat patches function as primary habitat instead of only 

dispersal pathways (Campbell Grant et al. 2007).  However, whether a stream 

network links or separates populations of aquatic insects depends on the pattern of the 

network and on the dispersal ability of the organism (Hughes et al. 2003a; Baggiano 

et al. 2011).  The branching, hierarchical pattern and the unidirectional flow of 

streams may isolate populations in headwaters or mix populations among different 

sections of streams connected by flow (Speirs and Gurney 2001).  For aquatic insects 

with life stages restricted to stream channels, distance along streams (stream 

connectivity) may be more important for predicting dispersal patterns and population 

boundaries than the direct distance between streams.  In contrast, adult aquatic insects 

with good dispersal ability could potentially travel a shorter distance through the 

terrestrial environment from one stream to the next, rather than along the stream 

channel.  This would result in high connectivity between populations in separate 

streams and would not reflect the spatial structure of habitat.  Therefore, the influence 

of stream connectivity on dispersal patterns may decrease for aquatic insects with 

complex life cycles that include a terrestrial adult stage. 

 

Theories on aquatic insect dispersal in headwater streams have mainly focused on the 

longitudinal movement of individuals.  Müller’s (1954) colonisation cycle 

hypothesises that upstream flight is dominant and necessary to prevent upstream 

reaches from becoming depopulated as a result of the downstream movement of 
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larvae.  In contrast, Water’s (1972) excess production model suggests that 

downstream drift represents production above carrying capacity.  Some intercept trap 

studies have found more insects fly upstream than downstream (Müller 1954; Waters 

1968; Bird and Hynes 1981), but the strength of evidence for upstream flight varies 

with taxa (Bird and Hynes 1981).  However, a recent study by Macneale et al. (2004) 

demonstrated that such intercept traps did not accurately reflect the ultimate flight 

patterns of individuals.  Similarly, there is a lack of evidence that drift is density 

dependent (Humphries 2002).  Further studies using other methods, such as stable 

isotope labelling, are required to test these hypotheses and to determine flight 

direction and distances travelled by individuals along the stream channel. 

 

The following conceptual models present two alternative hypotheses to determine the 

dispersal pattern and population boundaries of aquatic insects with a flying adult stage 

(adapted from Macneale et al. 2005).  If dispersal of adults is confined to the stream 

channel or along the riparian zone, we would expect the distributions of populations 

to overlap with the stream channel or stream network, depending on dispersal ability 

(Figure 4.1 a and b).  If adult dispersal is random, we would expect the structure of 

populations not to correspond with the stream or stream network (Figure 4.1 c and d).  

Nonetheless, population boundaries of aquatic insects may not be discrete because of 

the connectedness of the larval habitat and are more likely to reflect the connected 

stream corridors to some degree.  Consequently, the dispersal patterns of adults can be 

used to identify the scale and extent of population boundaries, where distances 

travelled by the majority of individuals in a generation represent “within-population” 

movement, whereas long-distance travel by a few individuals may represent “among-

population” dispersal and consequent gene flow.  Such knowledge increases our 

ability to predict the possible effects of habitat fragmentation, such as forest 

harvesting, on a given species. 
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Figure 4.1  Conceptual models of potential dispersal patterns for flying adult aquatic 
insects.  Circles represent the probability of an adult dispersing from the stream at the 
emergence site designated by the thinner horizontal black line with circle shades 
indicating probability of dispersal (black = high, dark grey = medium and light grey = 
low).  Dispersal pattern of adults will differ with dispersal behaviour: a) dispersal 
ability is limited and restricted to the stream channel; b) dispersal ability is high and 
restricted along the stream channel; c) dispersal ability is low and not restricted to the 
stream channel; d) dispersal ability is high and not restricted to the stream channel. 
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The dispersal of aquatic insect adults has been difficult to quantify (Bohonak and 

Roderick 2001; Hughes 2007).  Most estimates of adult aquatic insect dispersal have 

been indirect, such as estimating gene flow among populations on large temporal and 

spatial scales (Schmidt et al. 1995; Bunn and Hughes 1997; Finn et al. 2007; Hughes 

et al. 2008; Hughes et al. 2011; Young et al. In press).  Some taxa in these studies 

have been shown to have widespread and frequent adult dispersal within and between 

catchments as inferred from patterns in gene flow.  However, direct measures of 

dispersal using intercept traps have been limited to within and along streams (Collier 

and Smith 1998; Briers et al. 2002; Petersen et al. 2004).  A potential problem with 

this method is that it is likely to miss relatively infrequent dispersal events over larger 

distances (Bilton et al. 2001).  This linear perspective of dispersal may be justified for 

those species with life stages that are restricted to the stream channel and adults that 

disperse along the stream network.  The potentially high cost of random flight across 

catchments may select for dispersal along streams with predictable larval habitats 

rather than random flight to colonise a new stream (Bilton et al. 2001).  However, the 

spatial and temporal variability of many freshwater habitats selects for dispersal 

because genotypes with limited dispersal are less likely to persist than ones with 

greater dispersal capacity (Philippi et al. 2001). 

 

Direct measures of adult insect dispersal have shown that dispersal across catchments 

is rare, with the majority of individuals caught < 100 m from the stream channel 

(Collier and Smith 1998; Petersen et al. 1999b; Briers et al. 2002; Petersen et al. 

2004).  In addition, species richness also declined sharply with distance from stream 

in these studies, indicating few species are capable of long distance flight.  This 

distance is usually far less than the distance between headwater streams if the insect 

travelled through the terrestrial environment, although species of Trichoptera in New 

Zealand have been caught 200 -300 m from the stream (Collier and Smith 1998; 

Winterbourn et al. 2007).  In contrast, an isotopic tracer experiment by Macneale et 

al. (2005) in forested headwater streams in north-eastern U.S.A found a species of 

stonefly capable of flying 500 m through the terrestrial environment from one stream 

to the next, indicating that the adjacent forest was not a barrier to flight across 

catchments for this species in this habitat.  Overall, the relatively lower numbers of 

individuals flying away from streams compared to the high numbers caught along 

streams indicate that the stream corridor, including the riparian zone extending 20-40 
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m on either side of the channel, is the main dispersal pathway for many adult aquatic 

insect species.  Therefore, distances and directions of adult flight for some species 

along stream channels may be more important in determining population boundaries 

than the stream network pattern (Petersen et al. 1999b). 

 

4.1.1  Aims 

In the previous chapter, genetic patterns of a mayfly species indicated widespread 

dispersal within and between sub-catchments.  In this study, I further examined actual 

dispersal distances and routes of several species of mayflies and caddisflies.  I also 

investigated the potential effects of habitat fragmentation caused by forest harvesting 

on the dispersal of adult aquatic insects.  Forest harvesting alters forest structure and 

changes microclimatic conditions, particularly air temperature, humidity and wind 

speed (see Chapter 6; Brosofske et al. 1997; Davies-Colley et al. 2000), which can 

negatively affect the survival of adult insects (Chandler and Wright 1991; Karlsson 

and Wiklund 2005).  My aim was to firstly determine potential distances that 

individuals flew along stream corridors and the potential pathways by which 

individuals could colonise nearby streams in relation to the alternative modes 

illustrated by the conceptual model in Figure 4.1.  If dispersal occurred over relatively 

large distances, I hypothesised that individuals would be able to disperse to nearby 

streams either along the stream corridor (Figure 4.1 b), or by dispersing through the 

terrestrial environment if it did not create a barrier to dispersal (Figure 4.1 d).  

Secondly, I hypothesised that harvesting would reduce their ability to disperse 

through the terrestrial environment because altered microclimatic conditions may 

create a barrier to dispersal. 

 

4.2  Methods 

4.2.1  Lateral dispersal 

To determine adult aquatic insect dispersal within catchments, I deployed intercept 

traps at four sites in Kangaroo River State Forest and two sites in Wild Cattle Creek 

State Forest (Chapter 2 Figure 2.6).  I hung traps between trees at approximately 1 m 

above the ground at each interval of 0 m, 10 m, 25 m, 50 m, 75 m, and 100m along 
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three transects running perpendicular to the stream at all sites.  The hanging traps 

were modified from traps developed for flying insects by Chapman and Kinghorn 

(1955).  Traps were constructed of two pieces of Perspex, where one 40 cm x 50 cm 

piece formed the vertical wall and the other was screwed on as a roof to reduce 

rainfall into the container.  From the bottom of the trap hung a plastic container filled 

with ethylene glycol as a preservative.  Two traps at each point along the transect 

were set constantly and were emptied and reset every 6-8 weeks from March 2010 to 

January 2011 except during winter (June – August) when adult aquatic insects are not 

active.  A total number of 7 samples were collected over this period. 

 

The five habitat structure variables were measured using a modified version of a rapid 

appraisal method first developed by Newsome and Catling (1979).  At each sampling 

point along the transect, canopy density, shrub canopy (2-4 m), ground flora, logs, 

rocks and debris, and soil moisture were measured.  Each feature was rated on a scale 

of 0-3 except canopy density, which was collected by taking the average of 5 readings 

using a periscope at each sampling point. 

 

4.2.2  Longitudinal dispersal – 15N addition and analysis 

A 15NH4Cl (10% 15N) solution was added to site T1 (see Figure 2.6 in Chapter 2) for 

the purpose of isotopically enriching (labelling) the detrital food resources of 

caddisfly and mayfly larvae and ultimately the adults emerging from these stream 

reaches.  In December 2010, I added 9 g of 15NH4Cl in solution to the top of a pool 

just below a cascade to ensure adequate mixing of the solution.  On the day of 

addition, discharge of the stream increased from an average (2001-2008) of 

1.7ML/day to 32 ML/day. 

 

To assess the degree of enrichment (� 15N of individuals) and the extent of enrichment 

downstream of the addition site, I analysed individual caddisfly and mayfly larvae 

(using a GV Isoprime at the isotope facility at Griffith University, Queensland) at 

seven sites downstream of the addition point (0 m) approximately six weeks after 

addition (Figure 4.2).  Sample collection was delayed by road closures caused by high 

rainfall and flooding in the region.  The � 15N values of potentially labelled individuals 

were compared to non-labelled individuals sampled before the enrichment experiment 
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began.  To calculate the mean background � 15N value, all caddisfly species and 

Leptophlebiidae mayfly species were pooled into two groups because sample sizes 

were small.  A larva was considered labelled if its � 15N value was greater than a 

conservative threshold of two standard deviations above the mean � 15N value of the 

non-labelled larvae, which was greater than the maximum recorded reference � 15N 

value.  The same process was repeated to determine whether adults caught along the 

stream reach were enriched.  In mayflies, the isotopic composition of larvae should 

accurately reflect that of adults because the adults do not feed (Peters and Campbell 

1991), and there is little potential for changes in isotopic composition between moults 

(Hershey et al. 1993).  Adult caddisflies have reduced mouth parts, which can only be 

used to take water or nectar (Neboiss 1991) and is also unlikely to result in a 

significant depletion of 15N. 

 

Table 4.1  � 15N values (‰) of non-labelled caddisfly and mayfly larvae collected 
before 15N addition, and the threshold used to determine which individuals (larvae and 
adults) were labelled. 
Taxa Trichoptera Leptophlebiidae 

Mean � 15N value of reference larvae 1.09 0.62 

Maximum � 15N value of non-labelled larvae 2.71 1.5 

Upper threshold for non-labelled individuals 

(mean + 2 SD) 

3.2 1.6 

 

Although the larval variation of � 15N within both caddisfly and Leptophlebiidae 

groups was high (Figure 4.2), no � 15N value of individuals from either group 

exceeded the upper threshold for non-labelled individuals (Table 4.1).  The lack of 

detected enrichment indicated that no larvae within the sampled reach were labelled, 

so I calculated the minimum distance travelled from the most downstream point of 

known � 15N values (200 m below site of addition). 
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Figure 4.2  Mean (± SE) � 15N values (‰) of larvae after 15N addition at seven sites 
below addition site (0 m). 
 

4.2.3  Data analysis 

Data from adult traps were transformed using standard transformations (e.g., square 

root, fourth root, etc); however, none of the transformations resulted in a normal 

distribution (Appendix C-K).  When viewing the normality curve, there was little 

variation on either side of the curve.  Therefore, I proceeded with an ANOVA using 

the untransformed data and treated the resulting p values with caution (Quinn and 

Keough 2002).  Three-way Analysis of Variance was used to test hypotheses about 

differences in adult insect abundance between harvesting gradient (treatment), 

distance from stream (distance) and sampling time (time) with fixed factors for 

treatment and distance and random factor for time in SPSS (IBM SPSS Statistics v19 

2010). 

 

To determine the multivariate associations of forest habitat structure on adult aquatic 

insect dispersal, Principal Components Analysis was used in SPSS V19.  The five 

habitat variables included within the PCA were canopy density, shrub canopy, ground 
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flora, logs, rocks and debris, and soil moisture.  Prior to performing PCA, the 

suitability of data for factor analysis was assessed.  Inspection of the correlation 

matrix revealed the presence of many coefficients of 0.3 and above.  The Kaiser-

Meyer-Oklin value was 0.57, exceeding the recommended value of 0.5 (Kaiser 1970, 

1974) and Bartlett’s Test of Sphericity (Bartlet t 1954) reached statistical significance, 

supporting the factorability of the correlation matrix.  To aid in the interpretation of 

the components, oblimin rotation was performed.  The resultant regression scores for 

each factor were then analysed using Spearman correlations to investigate the 

relationships between factor (environmental variables) and mayfly abundance.  

Caddisfly abundance was not included in the analysis because of very low sample 

numbers. 

 

4.3  Results 

4.3.1  Lateral movement and distribution 

A total of 283 mayflies and 9 caddisflies were caught over the study period.  

Atalomicria and Koorrnonga were the most common mayflies across all sites, 

comprising up to 5% and 32% of the total catch respectively (Table 4.2).  Up to 50% 

of leptophlebiids caught across the harvesting intensity gradient were either too 

degraded to identify to family or were females, which are not used in Australian 

identification keys.  No genus occurred in high enough numbers across all sites to 

perform further analysis on individual Genera, so total abundance has been used. 
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Table 4.2  Percent abundance of individuals from families of adult mayflies and 
caddisflies caught in hanging traps across a harvesting intensity gradient (all traps and 
times combined). 
Family Genus Forested Selective 

harvested 

Harvested 

Lephtophlebiidae Atalomicria 21.4 13.8 3.6 

 Koorrnonga 7.1 17.2 35.3 

 Atalophlebia 14.3 10.3 5.6 

 Nousia 0 0 0.8 

 Unkown 57.1 48.3 52.2 

Philorheithridae Aphilorheithrus 0 0 1.6 

Philopotamidae  0 3.4 0 

Tasimiidae  0 6.9 0 

Hydropsychidae Austropsyche 0 0 0.4 

Leptoceridae  0 0 0.4 

Total individuals  14 29 249 

 

Ninety-two percent of adult insects were caught within 25 m of the stream channel 

(Figure 4.3).  Of the four mayfly genera, three (Atalomicria banjdjalama, Koorrnonga 

sp. and Atalophlebia sp.) were collected > 25 m from the stream edge (Table 4.3).  

The distribution of adult insects across all harvesting gradient treatments was patchy.  

All caddisflies were collected within 25 m of the stream edge.  The maximum 

distance from the stream at which mayflies were collected was 100 m in the harvested 

treatment compared to 25 m and 50 m in the control and selective-harvested 

treatments respectively (Table 4.3 and Figure 4.3).  Significant differences in adult 

insect abundance were found between distance (distance from stream) and treatment 

(harvesting gradient), but not time, with a significant distance*treatment interaction 

(Table 4.4).  Adult insect abundance was higher in the harvested treatment than both 

the control and selective-harvested treatments (Figure 4.3).  Abundance at the 

harvested site peaked sharply at 10 m from the stream edge then declined, whereas it 

declined after 0m in the control and selective-harvested treatments. 
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Figure 4.3  Mean (± SE) adult insects caught at intervals from the stream channel 
across a harvesting intensity gradient.  The lower graph focuses on the variation in the 
bottom half of the top graph. 
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Table 4.3  Spatial distribution of the catch of adult mayflies and caddisflies with distance from stream edge (m) across a harvesting intensity 
gradient with sampling time combined. 
 Harvesting intensity gradient 

 Control Selective Harvested 

Distance from stream 0 10 25 50 75 100 0 10 25 50 75 100 0 10 25 50 75 100 

Mayflies                   

Atalomicria banjdjalama        1      2 1 2 1   

Atalomicria bifasciata 2  1    2 1     1 2     

Koorrnonga  1     1 3  1    83 3 1   

Atalophlebia 2  1      3     7 7 1   

Nousia              1  1   

Caddisflies                   

Aphilorheithrus stephani             2 1 1    

Philopotamidae                   

Tasimia natasia        1            

Tasiagma ciliata       1            

Austropsyche bifurcata              1     

Leptoceridae              1 1    
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Table 4.4  Three-way ANOVA for differences in adult insect abundance within a 
harvesting gradient.  Degrees of freedom are in parentheses.  Significant p-values are 
in bold. 
Source Mean squares F Significance 

Treatment (2) 576.94 8.08 0.012 

Distance (5) 305.72 8.44 <0.001 

Time (4) 86.46 1.2 0.39 

Treatment*Distance (10) 288.29 8.16 <0.001 

Treatment*Time (8) 71.40 2.02 0.069 

Distance*Time (20) 36.21 1.02 0.458 

Treatment*Time*Distance (40) 35.35 . . 

 

4.3.2  Influence of habitat structure 

The Principal Components Analysis (PCA) reduced the initial five environmental 

variables to two factors, which had eigenvalues greater than or equal to 1, explained 

68.37% of the overall variance, and were heavily loaded by the five environmental 

variables (>0.64; Table 4.5).  The highest correlation between the environmental 

variables was canopy density and leaf cover, while the lowest was between soil 

moisture and logs, rocks and debris (Table 4.6).  The vegetation variables - canopy 

density, leaf litter and ground flora as well as ground debris had high loadings on 

Factor 1; this factor was therefore considered to represent a ‘vegetation gradient’ 

(Table 4.5).  All the vegetation variables had positive loadings, whereas ground flora 

was negatively related, reflecting an inverse relationship with canopy density.  Factor 

2 was positively correlated with soil moisture and may represent a gradient of lateral 

distance from the stream as soil moisture decreased with distance from the stream. 

 

There was no correlation between vegetation gradient (Factor 1) and mayfly 

abundance (R2 = 0.19, n = 35, p > 0.05, Figure 4.4), however, there was a negative 

correlation between lateral distance from stream channel (Factor 2) and mayfly 

abundance (R2 = 0.51, n = 35, p < 0.01), with higher abundance occurring closer to 

the stream channel in the harvested sub-catchment (Figure 4.5).  Canopy density 

values for each transect can be found in Appendices L-Q. 
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Table 4.5  Direct oblimin rotated factor loadings for environmental variables at sites 
in Kangaroo and Wild Cattle Creek State Forests.  Magnitude and signs of loadings 
indicate strength and direction of each variables influence on a factor.  Underlined 
loadings indicate strength and direction of each variables influence on a factor.  
Underlined loadings were used to characterise factors. 
Environmental variable Factor 1 (46.73% of 

variance) 

Factor 2 (20.99% of 

variance) 

Leaf litter 0.920  

Canopy density 0.904  

Logs, rocks and debris 0.667  

Ground flora -0.609  

Shrub canopy 0.563 -0.495 

Soil moisture  0.931 

 

 

Table 4.6  Correlation Matrix of the five environmental variables used in the PCA. 
 Canopy 

density 

Shrub 

canopy 

Ground 

flora 

Logs, rocks 

and debris 

Soil 

moisture 

Leaf 

litter 

Canopy density -      

Shrub canopy 0.346 -     

Ground flora -0.491 -0.151 -    

Logs, rocks and 

debris 

0.520 0.341 -0.103 -   

Soil moisture 0.148 -0.294 -0.069 0.047 -  

Leaf litter 0.838 0.417 -0.543 0.514 -0.217 - 
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Figure 4.4  Association of mayfly abundance and Factor 1 (considered to represent 
the vegetation gradient across a harvesting gradient). 
 

 

Figure 4.5  Association of mayfly abundance and Factor 2 (considered to represent 
distance from the stream) across a harvesting gradient. 

Factor 2: lateral distance from stream channel  



 - 67 - 

4.3.3  Longitudinal movement and distribution 

For each labelled adult collected, I estimated the minimum distance travelled as the 

distance between the known site of capture and the estimated site of emergence.  At 

all locations along the stream section except 0 m and -50 m, > 80% of those caught 

were labelled (Figure 4.6) despite the low sample size.  Overall, twice as many 

caddisflies were caught along the stream reach as mayflies (Figure 4.7).  Caddisflies 

travelled a mean minimum distance of 182.5 m (± 27.9) compared to 120 m (± 44.2) 

travelled by mayflies.  The maximum distance both orders travelled was 350 m and 

both had several taxa that travelled more than 300 m (Table 4.7).  Males and females 

of labelled individuals were collected along the entire section of stream. 

 

 

Figure 4.6  Proportion of labelled adult individuals from total catch along the stream 
reach.  Total number of individuals caught is above each sampling location. 
 

      6             7             1              3             6             3             4 
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Figure 4.7  Distance upstream and downstream of 15N addition site (represented by 0 
m) that individuals labelled with 15N were caught.  Arrow indicates direction 
upstream of labelled section. 
 

Table 4.7  Species and sex (where known) of labelled caddisfly and mayfly adults 
caught along the stream channel. 
Taxa Number of 

individuals 

Min estimated 

distance travelled 

Sex 

Trichoptera    

Hydrobiosidae 2 50 M 

Philopotamidae 6 300 F/M 

Helicopsychidae 1 200 F 

Calamoceratidae Anisocentropus bicoloratus 2 250 F/M 

Philorheithridae 2 250 F 

Odontoceridae 3 350 F 

Hydropsychidae 2 350 F/M 

    

Ephemeroptera    

Leptophlebiidae Atalomicria bifasciata 4 300 F 

Leptophlebiidae Atalomicria banjdjalama 1 300 M 

Leptophlebiidae Koorrnonga 1 0  

Leptophlebiidae Atalophlebia 2 50  
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4.4  Discussion 

4.4.1  Adult aquatic insect dispersal in headwater streams: 

longitudinal and lateral movement 

Data from this study demonstrate that adult mayflies and caddisflies travel further, 

either actively or passively, along the stream channel than through the terrestrial 

environment.  Although it is not known whether there is a direction preference or 

difference in flight distance between upstream or downstream movement, distances 

travelled demonstrate the ability of adult insects to disperse between streams within a 

catchment.  It is unlikely that the prevailing winds determined flight distance because 

transects varied in their orientation by almost 360o (Chapter 2 Figure 2.6).  In 

addition, the dominant wind direction at the time of the isotope experiment was from 

east to south-west (BOM), which would either blow insects across the stream channel 

or downstream.  Very little breeze was observed at time of trapping and the sites were 

located in deep valleys that provided some shelter from wind (B. Young 

observations).  From direct observations and the presented data, I conclude that 

individuals actively flew along the stream channel as predicted in the conceptual 

model (Figure 4.1). 

 

The lack of enrichment found directly downstream of the addition site was not 

expected and has several possible reasons.  I expected flow at the time of addition to 

be < 5 Ml/day, which is similar to flows in the study by Macneale et al. (2004) where 

they demonstrated an enrichment reach of 50 – 400m directly downstream of the 

addition site.  However, actual flow at time of addition was 10 times this amount, 

which could have swept the solution further downstream before uptake into the 

foodweb.  Another possible reason I did not detect larval enrichment is that larvae that 

were enriched may have drifted downstream.  This was unlikely as these experiments 

have been shown to label many thousands of individuals within a given area (Hershey 

et al. 1993; Macneale et al. 2005).  Drift over the study period was expected to be low 

because only one rain event occurred during the experiment (BOM 2011) that could 

have greatly increased flow, which can increase drift rates (Bond and Downes 2003).  

In addition, this system is highly retentive in pool habitats and movement between 

pools is restricted by shallow, narrow cascades (Smolders 2010).  Therefore, larvae 
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downstream of the lowest sampling point were probably enriched and labelled adults 

flew from this stream section up to the site of capture. 

 

Movement along the stream channel by other stream insects seldom appears to be in a 

consistent direction.  Results of studies using intercept traps (malaise and sticky traps) 

have suggested that some mayfly and caddisfly species fly upstream rather than 

downstream (Bird and Hynes 1981; Winterbourn and Crowe 2001), but direction of 

movement is not always clear when more than one trap is used (Bird and Hynes 1981; 

Jones and Resh 1988; Williams and Williams 1993; Petersen et al. 1999b).  The 

inconsistent patterns of flight direction reported in the literature may be a result of 

inadequate methods for measuring the direction of flight.  Common assumptions of 

these methods are that the direction of flight is indicated by the side of the trap on 

which the insect is caught and that instantaneous direction of flight is representative 

of large-scale movement.  However, Macneale et al. (2004) demonstrated that such 

intercept traps did not accurately reflect the ultimate flight patterns of individuals 

when compared to mark-recapture data using isotopic enrichment. 

 

Our data support the conclusions of studies mentioned earlier and suggests that 

dispersal along the stream channel, at least in an upstream direction, is common in 

several caddisfly and mayfly taxa.  A preference for upstream dispersal has been 

found in the only other mark-recapture studies of aquatic insects using isotopic 

enrichment (stoneflies: Macneale et al. 2005; mayflies: Hershey et al. 1993).  These 

results partially support hypotheses proposed by Müller (1954) that greater numbers 

of adult aquatic insects fly upstream compared to downstream, but mechanisms for 

this pattern need further investigation because drift rates and density data were not 

measured in these catchments.  In addition, conclusions about flight direction 

preferences are restricted because I was not able to sample downstream of the 

enrichment reach because of increased flow at the time of the isotope addition. 

 

Adult aquatic insects may fly upstream and travel further along the stream channel 

than through the terrestrial environment because of behavioural and/or biological 

cues.  Adult mayflies and caddisflies can presumably see polarised light reflecting 

from streams (Schwind 1991; Kriska et al. 1998; Robertson et al. 2010) and perhaps 

use this to travel along stream corridors rather than dispersing through the terrestrial 
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environment.  Upstream flight may also be a result of individual behaviour when 

searching for oviposition sites.  Because adult insects do not care for their offspring, 

females can increase their fitness by ovipositing in habitats that maximise larval 

growth and minimise egg and larval mortality (Werner 1986; Petranka and Fakhoury 

1991).  Upstream flight observed in other taxa has been linked to the search for and 

selection of high quality oviposition and larval habitats (Pearson and Kramer 1972; 

Waters 1972; Hershey et al. 1993; Anholt 1995).  Peckarsky et al. (2000) and 

Hershey et al. (1993) suggested that mayflies in the Baetidae family may fly upstream 

in search of optimal oviposition sites, although this is the only family of mayfly 

observed to have this oviposition strategy (Brittain 1982).  Reich and Downes (2003a; 

2003b) have reported oviposition site-selection behaviour for several adult caddisfly 

taxa that appear to choose larger emergent rocks to lay egg masses.  Müller (1982) 

suggested that selection of suitable sites for winter survival might maintain upstream 

flight in some species.  Therefore, many taxa captured in my study may have flown 

upstream because there were more predictable and favourable oviposition sites 

compared to downstream reaches. 

 

The distribution of mayflies and caddisflies laterally from streams suggests the 

potential for dispersal among streams through the terrestrial environment in this 

region is low and uncommon.  However, I cannot draw strong conclusions about 

lateral caddisfly movement because so few were caught, which may have been related 

to trapping methods (Collier and Smith 1998).  The decline in abundance and richness 

away from the stream is similar to patterns seen in other mayflies and caddisflies 

(Collier and Smith 1998; Petersen et al. 1999b; Petersen et al. 2004; Winterbourn et 

al. 2007; Finn and Poff 2008).  Although most individuals in these studies were 

caught within 25 m of the stream channel, representatives of many species of 

caddisflies have been collected 200-300 m from the stream in New Zealand (Collier 

and Smith 1998) and some have been shown to travel up to 5 km in Canada (Kovats 

et al. 1996).  Only one species of mayfly has been shown to travel similar distances 

(Hershey et al. 1993).  The maximum distance for lateral mayfly dispersal of 100 m is 

far less than the average distance between streams of 400-500 m in these headwater 

catchments, even though it is possible that some species are physically capable of 

flying these distances.  This suggests that steep valleys in these forested catchments 
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present barriers to mayfly dispersal and may restrict dispersal to along channels rather 

than through the terrestrial environment (Malmqvist 2002; Winterbourn et al. 2007).   

 

4.4.2  Effects of forest harvesting on adult dispersal 

I predicted that forest harvesting would decrease adult aquatic insect ability to move 

between streams through the riparian vegetation by altering microclimatic conditions.  

However, I found that adult mayflies dispersed further in the cleared catchment 

compared to forested catchments.  This unexpected result may have been influenced 

by local landscape features and environmental gradients, which are believed to play a 

central role in dispersal behaviour (Bohonak and Jenkins 2003).  Firstly, mayflies may 

be restricted to the stream channel by steeper valleys in forested catchments compared 

to the harvested catchment.  Both caddisfly and stonefly species were shown to have 

dispersal restricted by steep walls of valleys (Malmqvist 2002; Winterbourne et al. 

2007).  Secondly, my prediction of reduced adult longevity in harvested catchments 

was demonstrated by Collier and Smith (2000) who showed that adult longevity was 

greater in forested habitats with lower temperatures and higher humidity than cleared 

areas.  In Chapter 6, I describe this for several mayfly and caddisfly taxa where 

temperatures exceeded LT50 values for mayflies and caddisflies for at least a couple of 

days in the harvested catchment, which could be lethal if individuals are unable to 

find thermal refuges (Jackson 1988; Smith and Collier 2005).  Mayflies caught at 100 

m in the harvested catchment may have been able to travel this distance because: 1) 

temperatures causing stress only occurred for a few days so individuals may have 

travelled during cooler or overcast days; 2) if they can travel that distance in one day, 

and find thermal refuges in retained buffer zones, mortality has been shown to be low 

even in high temperatures (see Chapter 6, Collier and Smith 1998, Smith and Collier 

2005); and 3) mayflies may disperse during the early morning or late afternoon to 

avoid peak day temperatures as shown in other species (Peters and Campbell 1991).  

Therefore, if there are nearby thermal refuges, such as riparian vegetation, mayflies 

may be able to disperse short distances across inhospitable terrain. 

 

Vegetation is also crucial for adult aquatic insects to complete key life history stages 

and may have influenced the observed pattern of lateral distribution (Sweeney 1993; 

Petersson and Hasselrot 1994; Collier and Smith 2000; Winterbourn et al. 2007).  In 
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my study, mayflies travelled further in cleared than in forested areas although low 

numbers of individuals were caught.  This suggests that vegetation may act as a 

barrier to mayfly dispersal (Jackson and Resh 1989; Kovats et al. 1996).  This result 

contrasts with other studies that have shown many aquatic insects prefer moving into 

forested areas, which have been found to have a greater diversity and abundance 

compared to more open areas (Collier et al. 1997; Harrison and Harris 2002; Smith et 

al. 2002).  Petersen et al. (1999b) also found that adult stoneflies were more abundant 

in the forested side of the stream compared to the open riparian zone on the opposite 

side of the stream and clearly demonstrated the effect of terrestrial habitat type on 

adult dispersal.  However, the preference of some taxa to move into forested areas 

might not always result in a greater amount of adult dispersal in forested compared 

with open areas.  Briers et al. (2002) found that whether an open area compared to a 

forested area discouraged, encouraged, or had no effect on movement away from the 

stream depended on the species.  Furthermore, other workers have found that clearing 

might cause adult insects in open areas to disperse further to seek forested habitat 

(Delettre and Morvan 2000).  In addition, higher temperatures from a loss of 

vegetation may decrease adult survival (Collier and Smith 2000; Smith and Collier 

2005), but may also increase flight activity (Briers et al. 2003) and could potentially 

increase transport distances over a short time span over open habitats.  It is also 

possible that adult insects are blown by wind (Kelly et al. 2001), which presumably 

would be a shorter distance in forested compared to open areas if vegetation acts as a 

barrier.  The actual effect of deforestation on adult insect dispersal is complex and 

requires further study. 

 

4.4.3  Conceptual model of adult aquatic insect dispersal in 

headwater streams 

The adult traps and stable isotope addition enabled me to determine adult aquatic 

insect dispersal and distributions in Kangaroo River and Wild Cattle Creek State 

Forests, and to differentiate between the hypothetical models proposed in Figure 4.1.  

First, evidence from upstream flight and the predominance of individuals captured 

within 25 m of streams suggest that the stream channel is the main pathway for 

dispersal (Figure 4.1 a and b).  However, it is still uncertain if individuals travel 
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similar distances downstream as they do upstream.  Second, the low capture of 

individuals at distances > 50 m from the stream suggests that few individuals fly more 

than 100 m from the stream through the terrestrial environment even though they may 

be physically capable of doing so, and that between stream dispersal via this pathway 

is unlikely especially in steep forested catchments.  Therefore, a conceptual model 

based on the observed distributions of individuals over a single generation includes a) 

dispersal restricted along the stream channel, b) minimal cross-catchment dispersal 

through the terrestrial environment, c) potential downstream flight (Figure 4.8). 

 

 

 

Figure 4.8  Proposed conceptual model of dispersal patterns over one generation for 
mayflies and caddisflies in KRSF.  Circle shades from emergence site (black line) 
represent the direction and likelihood of dispersal based on isotopic, adult trap data 
presented here and genetic data presented in Chapter 3.  Dark shading represents a 
high probability of adult insect dispersal; medium grey shading represents possible 
direction and distance travelled; light grey shading represents low probability 
distances and direction travelled. 
 
 

Connectivity of the stream network structure may be more important rather than the 

pattern of the stream network and distances between streams in predicting how 
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connected populations of mayflies and caddisflies are from one stream to the next.  

Even if streams within the network were close together (300 – 400 m apart), it is 

unlikely that these taxa would travel through the terrestrial environment if they are 

separated by steep ridgelines to reach nearby streams, even though it would be more 

direct.  Rather, it is more likely that they travel along the stream network from one 

stream to the next.  This method of travel may reduce the distance these taxa can 

disperse because presumably it is more energy-efficient and has a higher risk of 

predation than travelling more directly through the forest.  Further experiments using 

stable isotope and sticky trap techniques would help to determine maximum distances 

these taxa can travel along the stream network, thus determining population 

boundaries. 

 

Other studies have provided indirect evidence of cross-catchment dispersal supporting 

the potential of dispersal by aquatic insects.  Baggiano et al. (2011) suggested mayfly 

dispersal over tens of kilometres was frequent, with little genetic differentiation 

within, among or between catchments.  Smith and Collier (2001) found similar results 

for a species of hydropsychid caddisfly and a leptophlebiid mayfly in New Zealand 

streams.  In contrast, some populations of mayfly and caddisfly taxa showed low 

genetic differentiation within hundreds of kilometres, but high genetic differentiation 

within streams.  These patterns suggested that larvae within a given reach were from 

the egg production of relatively few females and that flight can be far in distance but 

successful ovipositing and recruitment is unpredictable (Schmidt et al. 1995; Hughes 

et al. 1998; Hughes et al. 2000).  However, evidence of genetic isolation among 

streams has been found for populations of the stonefly Yoraperla brevis in Montana, 

suggesting that steep mountains that separate streams may be a barrier to dispersal of 

adult stages of some taxa (Hughes et al. 1999).  Results presented in Chapter 3 

suggest dispersal is enough to maintain gene flow in a small, short-lived mayfly 

(Ulmerophlebia sp. AV2) between these sub-catchments despite steep mountain 

ridges separating them.  Therefore, it is likely that larger, longer-lived mayflies and 

caddisflies, such as Atalomicria that live > 20 days (Chapter 6), would be capable of 

flying similar distances to maintain gene flow between streams.  I suspect that the 

minimum distance travelled using stable isotopes greatly underestimated adult 

dispersal distance because even low levels of enrichment were not detected 200 m 
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downstream of the addition site and may actually have enriched larvae several 

hundred metres further downstream (Hershey et al. 1993). 

 

4.4.4  Conclusion 

In summary, my data indicates that the main area of activity for adult mayflies, and 

possibly caddisflies, in riparian forest was within 25 m of the stream edge.  

Individuals are unlikely to disperse away from their natal streams, but are capable of 

both upstream and downstream flight to colonise stream sections hundreds of metres 

from where they had emerged.  Cross-catchment dispersal on this scale is possible 

along the stream channel and, although it may not be frequent enough to affect 

population dynamics of nearby populations, it could be frequent enough to maintain 

high levels of gene flow among nearby streams.  In contrast to the hypothesised 

negative effects of forest harvesting, mayflies travelled further in open than in 

forested areas and may have avoided peak day temperatures by finding thermal 

refuges, such as in the retained riparian buffer zone of ~ 25 m.  These results have 

important implications in urban or fully cleared environments where a lack of riparian 

buffer zones may reduce adult dispersal between populations of nearby streams.  This 

could have a stronger effect on longer-lived species that depend on the riparian zone 

for feeding and specialised mating behaviours, such as swarming markers given by 

vegetation (Peters and Campbell 1991).  Conditions that promote movement between 

patches of habitat are complex and further studies are needed to define the extent and 

boundaries of stream insect populations whose larvae are constrained to living within 

the stream channel, but whose adults may disperse throughout the catchment. 
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Chapter 5.   Can life histories of aquatic insects influence 

the degree to which forest harvesting affects their 

populations? 

5.1  Introduction 

Understanding and predicting the response of a species to habitat perturbations, such 

as forest harvesting, can be a major challenge to ecologists.  It has been suggested that 

predictions of species response to changes in habitat should be based on a biologically 

integrated, mechanistic framework which examines the functional relationship 

between species and their environments (Poff 1997).  For example, aquatic insect life 

history traits may influence the degree to which forest harvesting affects their 

populations.  If a species with a short emergence period emerges during peak summer 

temperatures, temperatures could be higher in cleared areas compared to forested 

(Brosofske et al. 1997, Davies-Colley et al. 2000), thus exceeding the tolerance limit 

of a species (Briers and Gee 2004, Smith and Collier 2005).  This may increase adult 

mortality rates and reduce the species ability to produce the next generation (Atkinson 

1994).  

 

Life histories of aquatic insects from temperate and subtropical streams of the 

Southern Hemisphere are poorly documented, especially compared to those in the 

Northern Hemisphere.  Studies on Southern Hemisphere aquatic insects suggested a 

high degree of flexibility in life cycles of many New Zealand insects and Australian 

mayflies, with loosely synchronised larval development and extended periods of 

hatching and adult emergence (Winterbourn 1974; Hynes and Hynes 1975; 

Winterbourn 1978; Towns 1981; 1983; Pardo et al. 1998).  However, this is not 

always the case, with some groups of Australian aquatic insects showing a higher 

degree of synchrony (Marchant et al. 1984; Dean and Cartwright 1987).  These 

differences may reflect regional climatic influence, for example, in tropical northern 

Australia, larval sizes for Calamoceratidae Anisocentropus kirramus were present for 

most of the year and it had a long emergence time (Nolen and Pearson 1992).  This 

pattern was similar to that found in other tropical species, such as Tasmanocoenis 
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(Caenidae) and Cloeon (Baetidae; Marchant 1982), which contrasted to species found 

in more temperate streams (Dean and Cartwright 1987) where Chimarra monticola 

(Philopotamidae) and Hydrobiosella waddama (Hydrobiosidae) had a more 

synchronous emergence.  These patterns sharply differ to those found in North 

America, where many aquatic insects have life cycles with highly synchronised 

development and short emergence period (Kerst and Anderson 1974; Vannote and 

Sweeney 1980b; Hershey and Lamberti 1998).  For example, typical mayfly life 

history in the USA exhibits a strong seasonal synchrony where emergence is restricted 

to 1-2 weeks (Newbold et al. 1994).  The conclusion generally drawn from this 

pattern is that Australian species provide evidence of great adaptability to an uncertain 

climate.  Therefore, they tend to occupy a broader ecological niche than do Northern 

Hemisphere taxa and this may account for the relatively smaller number of species in 

parts of Australia and New Zealand (Hynes and Hynes 1975; Bunn 1988a). 

 

Hynes (1970) classifies the life cycles of aquatic insects into non-seasonal and 

seasonal types.  In this model, reproduction and growth in the tropics are likely to be 

continuous and all life stages will occur at all times because of low annual variations 

in temperature and photoperiod.  Thus, non-seasonal cycles will dominate.  Although 

there is little data on the life cycles in the tropics, Nolen and Pearson’s (1992) study 

on Calamoceratidae and Marchant’s (1982) study on Baetidae and Caenidae from 

northern Australia did find most stages of larvae were present at all times of the year 

and emergence occurred for 10 months of the year, but there was clear seasonality 

with peak emergence in the summer.   In contrast, studies of trichopterans and other 

taxa from high latitude Northern Hemisphere streams have recorded highly 

synchronous and seasonal life histories, with sequential hatching and emergence 

(Harper 1973; Parker and Voshell 1982; Warringer 1986), as the Hynes (1970) model 

would suggest. 

 

Stream hydrology and temperature regime can influence life history cycle 

characteristics such as embryonic development, nymphal growth, emergence, 

metabolism and survivorship of many taxa (Hynes 1970; Sweeney 1984; Peckarsky et 

al. 2000; Lytle 2008).  Some species synchronise emergence into adult stages to avoid 

seasons when disturbances (floods or droughts) are likely (Gray and Fisher 1981; 

Lytle 2002), while others use proximate cues such as habitat drying to alter growth 
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and development trajectories (De Block and Stoks 2005; Danks 2006).  Hydrology 

may also have a greater effect on successful oviposition and egg development of some 

species of mayflies and caddisflies that lay their eggs on the underside of rocks 

protruding from the stream (Peckarsky et al. 2000; Reich and Downes 2003a; 2003b).  

If females emerge when the water levels are too high, protruding rocks may be limited 

in their natal streams, but if they emerge when water levels are low, risk of egg 

desiccation increases (Peckarsky et al. 2000).  A baetid mayfly, B. bicaudatus, in 

USA has been shown to emerge early in drought years and later in wetter years in 

response to decreasing flow rates and increasing water temperature, although 

temperature was later found to have a greater influence on emergence timing 

(Peckarsky et al. 2000; Harper and Peckarsky 2006).  A change in the thermal regime 

can also have large direct effects on stream organisms (Poff et al. 1992), because 

water temperature directly controls many important life processes of ectotherms 

(Sweeney 1984; Atkinson 1994).  For example, temperature is not only an important 

cue for the emergence of aquatic insects (Ward and Stanford 1979; Sweeney 1992; 

Gregory et al. 2000), but it also regulates their growth and development (McKie et al. 

2004; Haidekker and Hering 2008). 

 

5.1.1  Aims 

Although knowledge of species traits and life histories may enable us to predict the 

effects of forest harvesting on a given species, little information exists on the life 

cycles of macroinvertebrates in subtropical areas of Australia.  This study was 

conducted to examine the life cycles of some of the common species of aquatic 

invertebrates in subtropical streams of the study region.  I hypothesised that forest 

harvesting may reduce connectivity between populations in separate streams by 

increased temperatures in the terrestrial environment (see Chapter 6).  Therefore, I 

suggest that life history traits that may be significant include multiple cohorts and 

long emergence timing, as these traits allow persistence in temporally unstable 

environments.  I predicted that aquatic insects in this study area would not show 

strong synchrony in their life cycles (i.e. multiple cohorts and emergence timing).  

Based on the degree of expected synchrony, I predicted that these species may be less 

vulnerable to the impacts of forest harvesting (i.e. increased temperatures in cleared 
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areas) compared to those that have highly synchronous life cycles and may only 

emerge during peak summer temperatures. 

 

5.2  Methods 

5.2.1  Physical parameters 

As thermal and hydrological regimes are known to influence aquatic insect life cycles, 

I collected both stream discharge and water temperature data.  Rainfall data from the 

station located near the sites in Kangaroo River State Forest KRSF) were obtained 

from NSW Forestry.  Stream flow records during 2001 – 2009 were also obtained for 

all 4 sub-catchments within the state forest.  Flow data for June and part of Nov/Dec 

2009 for some sub-catchments were not available because of a technical error.  Water 

temperature was measured at site T1 using a 7420 Unidata pressure transducer 

including a thermometer (Perth, Australia) and were obtained from NSW Forestry.  

Temperature was logged every hour from January to December 2007. 

 

5.2.2  Emergence traps 

To help determine life history traits, three traps each in C2 and T1 were set up along 

the bank hanging over the water (Figure 5.1).  Because this area experiences flashy 

flows over the summer period, traps were designed to hang over the stream as 

opposed to the traditional design of anchoring them to the stream bed.  The traps 

covered an area of 0.5 m2, and had a rectangular base and a collecting head at the top 

(adapted from Davies, 1984).  The entrance to the collection head was formed by a 

pipe passing into the bottle around which was placed a solution of 70% ethanol with 

glycerol.  Traps were set continuously and were sampled and reset every 4-6 weeks 

over a one-year period starting January 2009 to January 2010 for a total of 11 

samples.  On two occasions, traps had to be reset because flash flooding had twisted 

or broken them.  Adult aquatic insects were collected from the emergence traps, 

stored in 70% ethanol and later sorted and identified in the laboratory. 
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Figure 5.1  Emergence trap placement at sub-catchments C2 and T1 in KRSF. 
 

5.2.3  Larval sampling 

Larval samples were collected in 2007 at all four sites in Kangaroo River State Forest 

(Smolders 2010).  Samples were collected in three pools using a stovepipe sampler 

(35 cm diameter cylinder) every two months over a one-year period (Smolders 2010).  

The sampler was lowered onto the stream bed and all contents within it were scooped 

into a 250-µm mesh kick net using a 5-L bucket.  Samples were preserved in 70% 

ethanol and later sorted in the laboratory using Wild stereomicroscope (at a 

magnification of x 12). 
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5.2.4  Larval cohort analysis 

Six common species of aquatic insects were chosen for size-frequency analysis: four 

species of caddisflies - Anisocentropus bicoloratus (Calamoceratidae), Asmicridea sp. 

AV1 and Diplectrona sp. AV11 (Hydropsychidae), Hydrobiosella sp. 

(Philopotamidae), and two species of mayflies - Ulmerophlebia sp. AV2 and 

Koorrnonga sp. AV1 (Leptophlebiidae).  The maximum head width of insect larvae 

was measured with a finely divided scale to the nearest 0.1 mm, which was placed 

under a stereo microscope.  The size frequency distributions of the total collections of 

each species were segregated into size groups of 0.1 mm increments.  Samples from 

all sites were pooled for greater sampling size. 

 

5.3  Results 

5.3.1  Physical parameters 

The monthly rainfall at KRSF during 2007 showed a similar seasonal pattern to the 

average rainfall during 2001 – 2009 except for unusually high rainfall in August, and 

the annual total was greater than the average (Figure 5.2).  Flow at all sub-catchments 

closely followed the rainfall pattern, with the majority of flow occurring between 

August and January (Figure 5.3).  At sub-catchments C1 and C2, 91 % and 75 % 

respectively of total annual flow occurred during this time.  For sub-catchments T1 

and T2, 90% of total annual flow occurred during this time. 

 

The streams were generally warm, with winter temperatures rarely dropping below 

5oC (Figure 5.4).  The highest temperature occurred in January and the lowest 

temperature occurred in August, which also coincided with the greatest range within 

the month. 
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Figure 5.2  Average monthly rainfall at KRSF from 2001 - 2009.   
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Figure 5.3  Daily discharge recorded at each sub-catchment during 2007 in KRSF. 
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Figure 5.4  Monthly mean water temperature and range (min and max) at site T1 
during 2007 in KRSF.  All sites showed a similar pattern and temperature range. 
 

5.3.2  Adult insects 

Five taxa were caught in the emergence traps including A. bicoloratus 

(Calamoceratidae), Leptoceridae, Koorrnonga sp. (Leptophlebiidae), Ecnomina 

(Ecnomidae) and unidentifiable Leptophlebiidae (Figure 5.5).  The overall emergence 

period was from late spring/early summer through to late autumn.  A. bicoloratus was 

the dominant taxon, with an emergence period from late spring to autumn.  The main 

emergence time for Ecnomina occurred during December/January.  The emergence 

period of other taxa are not able to be determined because of the low numbers caught. 
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Figure 5.5  Monthly emergence of adult aquatic insects from sites C2 and T1 at 
KRSF. 
 

5.3.3  Life cycles 

The life cycle of Calamoceratidae A. bicoloratus appears to be at least univoltine and 

probably bivoltine and may have more than one cohort each year, with emergence 

occurring from late spring through to autumn, which was also indicated by emergence 

traps (Figure 5.6).  Small specimens in November through to March/April indicate 

continuous hatching over this period.  Late instars were present over winter and may 

lead to emergence in late spring.   
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Figure 5.6  Size frequency (%) distributions (mm) of A. bicoloratus across all sites.  
The number of individuals measured is given across the top for each month. 
 

The life cycle of Hydropsychidae Diplectrona sp. AV11 is difficult to interpret 

because small and large specimens were always present (Figure 5.7).  The species is 

at least univoltine and probably bivoltine, but it is not completely discernible.  The 

main recruitment time is likely to occur in spring.  The three groups on each date 

likely represent instars 3-5.  Emergence may occur from spring through to autumn.  

Growth appears to be fast and larvae may take up to one year to emerge.  Late instars 

were present over winter and may lead to emergence in late spring.   

 

 

Figure 5.7  Size frequency (%) distributions (mm) of Diplectrona sp. AV11 across all 
sites.  The number of individuals measured is given across the top for each month. 
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Interpretation of the life cycle of Hydropsychidae Asmicridea sp. AV1 is hampered by 

small sample sizes, especially in September and November (Figure 5.8).  The species 

is at least univoltine and probably bivoltine, but it is not completely discernible.  

Emergence may occur in late summer through to autumn.  Smaller specimens in 

January and March may indicate hatching larvae that were oviposited in spring by 

emergent adults, but not enough data is available to confirm this pattern.  Larvae may 

take up to one year to emerge. 

 

 

Figure 5.8  Size (mm) frequency (%) distributions (mm) of Asmicridea sp. AV1 
across all sites.  The number of individuals measured is given across the top for each 
month.  Short-dotted line arrows indicate possible emergence. 
 

The life cycle of Philopotamidae Hydrobiosella sp. cannot be readily interpreted 

because of a lack of samples (Figure 5.9).  However, adult trap data (see Chapter 4) 

confirms the likely presence of adults in early spring.  The species is at least 

univoltine and probably bivoltine, but it is not completely discernible.  Relatively 

higher numbers of larvae in November and the presence of smaller size classes 

indicate the hatching of a larval cohort oviposited by spring emerging adults.  The 

presence of a smaller size class in March indicates this species may have emerging 

adults during summer that oviposit in autumn. 
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Figure 5.9  Size frequency (%) distributions (mm) of Hydrobiosella sp. across all 
sites.  The number of individuals measured is given across the top for each month.  
Short-dotted line arrows indicate possible emergence. 
 

Leptophlebiidae Ulmerophlebia sp. AV2 may have multiple cohorts (2-3), with a 

wintering generation that emerges in spring, but an unknown number of generations 

in summer and autumn (Figure 5.10).  All late instar nymphs have emerged by early 

winter.  The relatively high frequency of small specimens in May possibly indicates 

mating and ovipositing occurs during summer and autumn.  Nymphs are likely to take 

less than one year to emerge. 

 

 
Figure 5.10  Size frequency (%) distributions (mm) of Ulmerophlebia sp. AV2 across 
all sites.  The number of individuals measured is given across the top for each month. 
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Leptophlebiidae Koorrnonga sp. AV1 may be multivoltine with small specimens 

appearing in late autumn and late spring (Figure 5.11).  There might be overlapping 

cohorts each year, but the pattern is not completely clear because both small and large 

individuals are present for most of the year.  Emergence trap data (Figure 5.5) and 

adult trap data (see Chapter 4) confirms nymphs emerge from mid-late spring through 

to late autumn.  Nymphs may take up to one year to emerge. 

 

 
Figure 5.11  Size frequency (%) distributions (mm) of Koorrnonga sp. AV1 across 
all sites.  The number of individuals measured is given across the top for each month. 
 

5.4  Discussion 

5.4.1  Aquatic insect life history patterns 

I hypothesised that species in this study region would not show strong synchronous 

life cycles and would; therefore, be less vulnerable to the impacts of forest harvesting 

(i.e. increased temperatures in cleared areas).  The taxa in this study generally show a 

low degree of synchrony, where most larval sizes are present in the population 

throughout much of the year with an extended emergence period from spring through 

to autumn.  However, few smaller specimens were collected and may not have been 

captured by the sampling method so exact hatching times could not always be 

determined.  Further laboratory work on length of hatching would also help confirm 

life cycle patterns.  A smaller sampling interval may also help to further define the 

timing of life stages.  Other leptophlebiids in the region not analysed in this study 
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appear to have a similar pattern to Koorrnonga, such as Atalomicria banjdjalama and 

A.bifasciata, and Atalophlebia sp, (see Chapter 4 data), with adults caught from spring 

through to late autumn/early winter.  These results suggest that these life history traits 

are common in the study region.  Prolonged emergence period and the presence of 

several instar sizes present during most of the year may reduce the possible effects of 

forest harvesting on emerging adults.  If species emerge in early spring through to 

autumn, many individuals would not be exposed to peak summer air temperatures in 

the terrestrial environment, which occur during January and February (see Chapter 2), 

reducing environmental stress experienced by those individuals (Hynes 1970; Smith 

and Collier 2005). 

 

The life histories of aquatic insects examined in this subtropical region partly supports 

the hypothesis proposed by Hynes (1970), where life history traits of species in 

tropical regions are predicted to be asynchronous and dominated by continuous 

reproduction and growth.  I found the species in this Australian subtropical region 

appeared to have an asynchronous life cycle with a long emergence period; however, 

emergence timing showed a peak seasonal pattern (spring through to autumn, but 

possibly shorter for some species) with no evidence of growth or reproduction during 

winter.  This pattern has also been found in mayflies inhabiting a subtropical 

mountain stream in China (Yan et al. 2009).  Although my study region is subtropical, 

these streams are heavily shaded (see Chapter 2) and have cool water temperatures 

with maximum day temperatures ranging from 8.4oC (August) to 26.1oC (January).  

These temperatures may be more similar to those found in temperate streams 

(Marchant et al. 1984; Bunn 1988a), which are likely to have limited larval growth in 

winter (McKie et al. 2004; Haidekker and Hering 2008). 

 

In comparison, water temperatures located in a tropical stream in northern Australia 

never dropped below 12oC in winter in the study examining a Calamoceratid species 

with near-continuous emergence and recruitment (Nolen and Pearson 1992).  Species 

of Tasmanocoenis (Caenidae) and Cloeon (Baetidae) in tropical Northern Territory 

were also shown to have short nymphal life spans of about one month and lacked 

discernible cohorts (Marchant 1982).  Hynes’s (1970) model is further supported by 

other Australian studies on temperate streams, where species of Tasmanocoenis 

(Caenidae), Atalophlebioides and Atalonella (Leptophlebiidae), Baetis (Baetidae) and 
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Ecnomus (Ecnomidae) showed more synchronous life cycles (Marchant et al. 1984).  

However, this pattern is generally not found in temperate New Zealand streams, with 

Aoteapsyche (Hydropsychidae), Oxyethira (Hydroptilidae), Zephlebia and 

Deleatidium (Leptophlebiidae) found to have numerous overlapping cohorts and an 

extended emergence period (Towns 1981; Huryn 1996).  The complex life cycle 

observed in New Zealand and Australia mayflies is unusual for those occurring at 

similar latitudes (e.g. 45o) in the Northern Hemisphere (Clifford 1982; Jacobi and 

Benke 1991) and does not follow the prediction of the model (Hynes 1970). 

 

It has been suggested that poor synchronicity in Australian and New Zealand aquatic 

insects compared to the Northern Hemisphere is a response to the mild climate of 

temperate streams (Devonport and Winterbourn 1976; Lake et al. 1985).  In addition, 

the evergreen vegetation in the Southern Hemisphere gives an almost continuous 

supply of detritus compared to peak autumn detritus in the USA (Roberts 1978; 

Huryn and Wallace 2000).  Hynes and Hynes (1975) attributed the lack of seasonal 

rigidity in growth and emergence for Australian stoneflies to the effects of a harsh and 

unpredictable climate.  However, climate alone does not explain the differences in life 

cycle patterns between warm temperate stream in the Northern Hemisphere and those 

of similar streams in Australia and New Zealand.  Both Australia and New Zealand 

aquatic insects have been subjected to wide climatic variations since isolation from 

other southern continents (Keast et al. 1959; Fleming 1975; Bowler 1976).  Towns 

(1983) proposed that climate, although different between the two areas, has led to 

selection for ecological flexibility, one expression of which is the widespread 

occurrence of non-seasonal cycles. 

 

Alternatively, or additionally, seasonality of life cycles may be influenced by the 

availability of allochthonous detritus.  In the Northern Hemisphere, life cycles of 

many aquatic insects are linked to the availability of decaying leaves, which generally 

peaks in autumn (Webster et al. 1990).  In New Zealand and Australia litter 

availability ranges from seasonal with a summer peak to virtually non-seasonal (Bunn 

1988b; Boulton and Lake 1992; Guo and Sims 1999).  It has been suggested that a 

lack of peak autumn leaf fall may be reflected in the life cycles of Australian aquatic 

insects (Williams and Wan 1972), and it may also apply to New Zealand.  However, 

few studies in the Southern Hemisphere have examined the role of allochthonous 
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input seasonality in shaping aquatic insect life histories (Winterbourn and Davis 

1976). 

 

5.4.2  Influence of disturbance on life history patterns 

The dominance of many species with several instar stages present for most of the year 

may be an adaptation to the high frequency disturbance regime (e.g. flooding) in this 

region.  Aquatic insects may synchronise a life history, such as emergence timing, 

with a disturbance regime (Lytle 2008).  Asynchronous development spreads life 

stages over time, thereby decreasing the risk of eradication by short-term catastrophic 

events (Hynes 1970).  This life history pattern has been found for several mayfly and 

stonefly species inhabiting desert streams in the USA (Berner 1959; Gray 1981; 

Dieterich and Anderson 1995).  At one extreme, univoltine or semivoltine aquatic 

insects must survive through one to several disturbance seasons before emerging into 

the adult stage.  For example, for taxa in flood-prone regions, selection may be strong 

for adult emergence that synchronises with the expected flooding season as long as 

the floods are frequent, predictable and severe.  In these taxa, emergence may be 

constrained to a pre-flood season as those that emerge too early risk the larvae being 

exposed to the flood and those that emerge too late could get swept away.  This life 

history strategy has been observed in a species of Phylloicus (Calamoceratid) in 

south-western USA (Lytle 2002). 

 

At the other extreme, multivoltine taxa with a very short life cycle may or may not be 

present in the stream during the disturbance season.  For example, several baetid 

mayfly species in a Sonoran Desert stream in south-western USA develop from egg to 

adult in 8 – 14 days (Gray 1981).  Polycentropodidae and Helicopsychidae caddisflies 

in the same Sonoran Desert stream were found to have an average emergence time of 

46 - 50 days (Gray 1981).  Although this fast life cycle is not synchronous with 

disturbance events, it may be an adaptation to disturbances such as flooding, as it 

reduces the time spent as larvae in disturbance-prone habitat (Gray and Fisher 1981).  

The species examined in my study may not be as strongly synchronised to the 

flooding season as the previously mentioned taxa because flooding is not as 

predictable.  During the sampling year, discharge in August and November was 

unusually high compared to the average for those months.  Therefore, an extended 
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emergence period may help to reduce the possible negative effects of this 

unpredictable disturbance (Lytle 2008). 

 

5.4.3  Conclusion 

In summary, life history traits of aquatic insects in Kangaroo River State Forest have 

a low degree of synchrony, with an extended emergence generally from spring 

through to autumn and most larval size classes present throughout much of the year.  

These traits would enable insects to fly between streams at times when peak day 

temperatures are below their tolerance limits (i.e. spring and autumn), despite the 

possible increase in temperatures caused by forest harvesting.  Therefore, forest 

harvesting is unlikely to greatly reduce connectivity of populations between streams 

with these life history traits.  However, for those species with a constrained 

emergence period in summer, such as species in the Northern Hemisphere, the effects 

on populations may be more severe. 

 

Further field and laboratory studies would help to refine these life history traits, as it 

is not known whether the patterns observed are the result of an extended hatching 

period or if the species are multivoltine, nor if eggs have a quiescence stage as 

demonstrated in other mayflies in New Zealand (Towns 1983).  Aquatic insects have 

been shown to control life cycles through active development and passive delays 

using environmental information to increase or decrease larval development and 

emergence timing.  As a result, the adaptations are extremely complex.  Variation in 

life history traits, such as duration of development and the timing of emergence can 

be wide, narrow, or discontinuous (Nolen and Pearson 1992; Newbold et al. 1994; 

Yan et al. 2009).  Trade-offs may include multiple traits, but do not always occur as 

might be predicted, especially when seasonal timing is limited (Danks 1994; Aoki 

1999).  Even single traits such as delayed development can serve many purposes, 

perhaps contributing to diverse goals, such as conserving energy, protecting against 

adversity, synchronising individuals with one another or with food resources, 

optimising the timing of reproduction, and preventing development at risky times of 

the year (Danks 2002). 
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Flood and drought are two types of disturbance to which aquatic insect populations 

have evolved certain life history traits, at least under conditions where populations 

experience strong local selection (Lytle 2008).  However, we do not know how 

common local adaptation is.  Are most aquatic insect populations adapted to flood or 

drought regimes?  Or does this only occur in extreme cases, such as when populations 

have strong local selective pressures?  In addition, many of the empirical examples 

come from desert systems where flood and drought are frequent, predictable and 

severe.  The results of my study indicate that populations in this subtropical region are 

not as strongly shaped by floods because these events are less severe compared to 

those that occur in desert systems.  Instead, aquatic insects have evolved to have an 

extended emergence period to reduce the risk of a particular event.  These life history 

traits are also likely to reduce the impact of human-caused disturbances, such as forest 

harvesting. 
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Chapter 6.   Tolerance of several species of leptophlebiid 

mayfly and a Calamoceratid caddisfly to diurnally 

varying temperature regimes 

6.1  Introduction 

Riparian zones are three-dimensional systems of direct interaction between terrestrial 

and aquatic ecosystems, and encompass sharp gradients of environmental factors, 

ecological processes and plant communities (Gregory et al. 1991).  The winged adult 

stages of various aquatic insects use the riparian zone for shelter, feeding, mating and 

dispersal (Collier and Smith 1998; De Figueroa and Sanchez-Ortega 2000; Briers and 

Gee 2004).  Many aquatic insects stay near streams to mate and oviposit, while others 

have been shown to disperse through the terrestrial environment from one stream to 

the next, which has significant implications for gene flow and population persistence 

(Briers et al. 2002; Macneale et al. 2004; Hughes et al. 2009; Young et al. In press).  

The reliance of these aquatic insects on the riparian zone for completing important life 

stages suggests that conditions within the riparian zone can have a potentially strong 

effect on adult survival.  The longevity of adult aquatic insects can have important 

implications for population dynamics, where even small changes in mortality rates 

may have a significant effect on the abundance of the next generation (Zwick 1989).  

However, it has been suggested that although aquatic adults generally have a short 

lifespan, ranging from a couple of days to months (Collier and Smith, 2000), the very 

high abundance of adults is an adaption that minimises the length of time of exposure 

to predators, thereby reducing mortality (Brittain 1990).  The survival of female adult 

insects may be critical to population dynamics because the number of females that 

successfully oviposit can regulate the population size of the next generation of larvae.  

However, genetic studies show that larval populations of some species may be 

derived from only a few matings (Hughes et al. 1998; Hughes et al. 2000). 

 

Microclimatic conditions, such as temperature, humidity and wind exposure, strongly 

influence ecosystem processes, and consequently, changes in microclimatic 

conditions may dramatically alter ecosystem structure and function (Whittaker 1975; 
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Davies-Colley et al. 2000).  Microclimatic conditions can potentially have a strong 

effect on the survival of insect species that spend their entire lives in the terrestrial 

environment (Chandler and Wright 1991; Karlsson and Wiklund 2005).  However, 

few studies have documented the effects of microclimatic conditions on the survival 

of adult aquatic insects that have to complete life cycles near streams in order to 

oviposit (Jackson and Resh 1989; Collier and Smith 2000; Smith and Collier 2005), 

although several studies describe the effects of weather conditions on activity and 

flight periodicity of some aquatic insects (Jackson 1988; Peng et al. 1992; Briers et al. 

2003).  Flight activity of aquatic adults appears to be affected primarily by air 

temperature, but wind speed and humidity also influence flight in some groups.  

While flight activity of adult stoneflies in the U.K was found to be positively related 

to air temperature (Briers et al. 2003), the opposite was found to be true for mayflies 

inhabiting desert streams in the U.S.A. (Jackson 1988), which highlights region 

specific and species specific tolerances to microclimatic conditions.  Temperature can 

also affect other life history aspects of aquatic insects, such as fecundity, hatching 

success, growth rates and length of emergence period (Ward and Stanford 1982).  For 

example, fecundity in aquatic insects is directly related to adult female body size 

(Britt 1962; Vannote and Sweeney 1980b).  High temperatures can dramatically 

reduce body size and decrease ovipositing success, which has important ecological 

implications for population dynamics (Atkinson 1994). 

 

Riparian vegetation plays a key role in determining riparian microclimate conditions 

along stream networks (Figure 1.1).  Conditions within mature forests with dense 

canopy cover are generally cooler with higher relative humidity and lower wind 

speeds compared to areas of clear cut forest or open pasture (Collier and Smith 2000; 

Aubry et al. 2009).  In addition, high temperatures and low humidity tend to occur in 

summer during the emergence period of many aquatic insects (Campbell 1986; Bunn 

1988a), especially in more open environments (Davies-Colley et al. 2000).  The more 

extreme and variable conditions of temperature, humidity and wind speed found 

outside forested areas could reduce the lifespan of adult aquatic insects (Collier and 

Smith 2000; Briers and Gee 2004; Smith and Collier 2005).  The preservation or 

restoration of forested strips alongside streams has been suggested to provide similar 

microclimatic conditions as those found in complete forests, as well as provide 

benefits for stream temperature, shade and terrestrial biota (Naiman and Décamps 



 - 98 - 

1997; Davies-Colley et al. 2000; Briers and Gee 2004).  Even narrow riparian buffers 

of 10-20 meters may be sufficient to regulate microclimate conditions, but this is not 

always the case, especially in open or exposed areas (Davies-Colley et al. 2000).  

However, little information exists on the appropriate microclimatic conditions 

required by adult aquatic insects to complete their life cycles in riparian zones. 

 

To date, no published studies have documented the effects of air temperature on 

Australian adult aquatic insects; however, data exists for some species in New 

Zealand (Collier and Smith 2000; Smith and Collier 2005) and the USA (Jackson 

1988).  Collier and Smith (2000) examined the effects of a constant temperature 

regime on several species of stoneflies and calculated 96-hdmax LT50 values of 22-

23oC.  However, in a later study they found diurnally varying 96-hdmax LT50 values 

were ~ 10oC higher than the constant temperature 96-hdmax LT50 for individuals 

collected from the same stream (Smith and Collier 2005).  In this later study they 

mimicked diurnally fluctuating temperatures that are typically higher during midday 

and lower at night.  These fluctuating periods can more accurately reflect the 

tolerance limits and life history traits of adult aquatic insects compared to constant 

temperature regimes.  Data on aquatic adult longevity and tolerance/sensitivity can be 

used to more accurately predict dispersal ability, especially through modified 

landscapes such as harvested and urbanised catchments, where temperature extremes 

may reduce adult movement between streams. 

 

6.1.1  Aims 

The aims of this study were to determine the effects of air temperature on the survival 

of several Australian adult aquatic insects commonly found within my study region.  

To do this I examined the effects of microclimate conditions using 24 hour diurnally 

varying air temperature cycles on the survival of adults of the Calamoceratid caddisfly 

Anisocentropus bicoloratus (Martynov 1914), and 4 species of leptophlebiid mayfly: 

Atalomicria banjdjalama (Campbell and Peters 1993), Atalomicria bifasciata 

(Campbell and Peters 1993), Koorrnonga sp. and Austrophlebioides sp. (Figure 6.1).  

I hypothesised that, firstly, adult mortality would increase with increasing air 

temperature; and secondly, adult mayflies would be more sensitive to increasing air 

temperature than caddisflies because studies have indicated thermal sensitivity in 
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nymphs.  These data will add important information to the conceptual model on how 

harvesting effects aquatic macroinvertebrates. 

 

 

Figure 6.1  Adult aquatic insects examined in lab experiment: a) Anisocentropus 
bicoloratus, b) Atalomicria banjdjalama, c) Atalomicria bifasciata, d) Koorrnonga 
sp., e) Austrophlebioides sp..  Photographs by Belinda Young 2011. 
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6.2  Methods 

6.2.1  Nymph raising and temperature trials 

Final-instar nymphs (indicated by fully developed wingpads) were collected from site 

T1 on two sampling occasions from November to January 2010-11 (see Chapter 2 for 

site details).  A total of 26 A. bicoloratus, 16 A. banjdjalama, 21 A. bifasciata, 26 

Koorrnonga sp. and 18 Austrophlebioides sp. were used in the experiment.  Larvae 

were reared to emergence at a constant 20-21oC in an aerated fish tank filled with 

water from the same stream of larval collection, and topped with a mesh lid.  Nymphs 

were fed microbially conditioned leaves and algae on rocks collected from their donor 

streams.  Emergent nymphs were provided with sticks and rocks protruding from the 

water on which to emerge.  After emergence, a single adult was placed in a 250-ml 

clear plastic container with a lid placed lightly on top and a drop of tap water.  Tap 

water was left standing for at least 24hrs before using to evaporate chlorine.  Water 

was made available to mayflies even though their mouthparts are vestigial because 

even though adults are incapable of feeding, they can take in very small amounts of 

water into the gut (Harker 1999).  Adult Trichopterans were fed a 5% sucrose solution 

(Smith and Collier 2005). 

 

Diel temperatures were controlled by Sanyo cooled incubators MIR-153.  Day 

lighting was provided by an 18 W/840 fluorescent light (Philips, Thailand) on a 13:11 

light-dark cycle.  An open container of water was placed in each incubator to achieve 

a relative humidity level of 60-70%.  Temperature regimes used fell within and 

outside the insect’s normal environmental range (Table 6.1).  The regime maintained 

a minimum baseline temperature of 18oC to represent cool night temperatures 

experienced during the region’s summer, followed by an increase over 5-6 hours to a 

maximum of 23, 27, 31 or 35oC for 5 h, before declining to the 18oC minimum 10-11 

h later (Figure 6.2).  This treatment had diel ranges of 5, 9, 12 and 16oC respectively. 

 

6.2.2  Forest measurements 

Air temperatures in riparian and terrestrial zones were measured in early spring 

through to summer (Sept-Dec, 2010) to determine how field conditions related to 

temperatures found to cause adult caddisfly and mayfly mortality.  Air temperatures 
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were not able to be recorded later in summer/autumn because of logger data capacity 

and fieldwork restraints.  Hygrochron iButton® loggers (±0.5oC) set to record at 1-

hour intervals were placed at a height of approximately 1 m above the ground at 

intervals of 0 m, 10 m, 50 m and 100 m along the 100-m transects used to catch adult 

insects (see Chapter 4). 

 

6.2.3  Data analysis 

Before graphing, the mean forest temperature within each harvesting gradient was 

calculated.  Temperature maxima were used to calculate the 96-hour lethal 

temperature values (96-hdmax LT50) for Leptophlebiidae Atalomicria bifasciata and A. 

banjdjalama.  A 48- hdmax LT50 value was calculated for Calamoceratidae 

Anisocentropus bicoloratus and Leptophlebiidae Koorrnonga sp. and 

Austrophlebioides sp. because of the shorter longevity of these taxa.  LT50 values and 

95% confidence intervals were calculated using the Trimmed Spearman-Karber 

analysis (USEPA TSK Programme Version 1.5).  This method is used extensively for 

estimating median lethal concentrations in toxicity bioassays and is accurate, precise, 

robust, and easily computable (Hamilton et al. 1977). 
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Figure 6.2  Diurnally varying air temperature cycles over 96 h (constant 18oC 
minimum with variable maximum) applied to macroinvertebrates to study thermal 
tolerances. 
 

Table 6.1  Microclimate conditions for air temperature regimes applied to adult 
insects. 
 Treatment 

Temperature regime (oC) 18-23 18-27 18-30 18-34 

Mean daily temperature (oC) 19.7 20.9 21.9 22.8 

 

6.3  Results 

6.3.1  Field measurements 

At all sites over the 14-week period, maximum air temperature increased with 

increasing distance from the stream (Figure 6.3, Table 6.2).  Sub-catchments with the 

highest proportion of harvesting (harvested sub-catchments) had similar mean air 

temperatures compared to more forested sites, but minima, maxima and number of 

days in a row that high temperatures were reached were more extreme.  Temperatures 

> 30oC were rarely reached in the forested and selectively-harvested sub-catchments; 

however, they occurred up to 33% of the time in the harvested sub-catchments.  In 

addition, temperatures > 34oC were not reached in the forested and selective-
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harvested sub-catchments, but occurred up to 7% of the time in the harvested sub-

catchments. 

 

 

 

Figure 6.3  Box plot of temperature recorded by loggers along 100-m transects 
perpendicular to the stream channel in sub-catchments with varying degrees of forest 
harvesting.  The horizontal lines in the box denote the 25th, 50th and 75th percentile 
values.  Error bars denote the 5th and 95th percentile values. 
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Table 6.2  Forest air temperature analysis from loggers placed along 100-m transects perpendicular to the stream channel in sub-catchments with 
varying degrees of forest harvesting.  48 h and 96 h denote the number of times that the maximum day temperature was higher than the specified 
temperature over a 48 h and 96 h period. 
 Control sites Selective harvested sites Harvested sites 

 0m 10m 50m 100m 0m 10m 50m 100m 0m 10m 50m 100m 

% time > 27oC  6.7 13 10 0.99 3.96 25.26 17.89 10 4.21 36 56 

48 h  2 2 2 - 1 7 4 2 1 9 13 

96 h  - 1 - - - - 1 - - 2 5 

% time > 30oC    1  0.99 3.16 5.26 1  18 33 

48 h    -  - 1 1 -  1 7 

96 h    -  - - - -  - 2 

% time > 34oC           3 7 

48 h           - - 

96 h           - - 
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6.3.2  Laboratory experiment 

At the lowest maximum temperature of 23oC, adult A. bifasciata was the longest lived 

taxon, with an average longevity of 26 days, and the shortest lived taxa of 5 days was 

Koorrnonga sp. (Table 6.3).  The variation in mortality in the lowest maximum 

temperature cycle was greatest for A. bicoloratus compared to other taxa, with a 

minimum longevity of 3 d and maximum of 11.5 d.  Variation in mortality generally 

declined as the maximum temperature increased, except for A. bifasciata and A. 

banjdjalama. 

 

Table 6.3  Longevity data for varying air temperature cycles applied to adult insects. 
Maximum air 
temperature (oC) 

23 27 30 34 

A. bicoloratus     
Mean days alive 7.8 (± 0.89) 4.2 (± 0.11) 2.3 (± 0.12) 1.8 (± 0.28) 
Median days alive 7.0 4.0 2.5 2.0 
Range (days alive) 3-11.5 4-4.5 2-2.5 1-2.5 
N 9 6 5 6 

A. banjdjalama     
Mean days alive 10.3 (± 1.2) 8.9 (±1.32.) 9.0 4.2 (± 1.95) 
Median days alive 11.0 8.8 9.0 4.0 
Range (days alive) 8-12 4-4.5 9 1.5-7 
N 3 10 1 3 

A. bifasciata     
Mean days alive 26.0 (± 2) 10.1 (± 1.62) 11.3 (± 5.75) 2.6 (± 0.66) 
Median days alive 26.0 8.5 11.3 2.3 
Range (days alive) 24-28 4-17 5.5-17 1-5 
N 2 11 2 6 

Koorrnonga sp.     
Mean days alive 5.0 (± 0.58) 3.0 (± 0.3) 4.0 1.5 (± 0.23) 
Median days alive 5.0 3.3 4.0 1.3 
Range (days alive) 4-6 0.5-4.5 4 1-2.5 
N 3 14 1 8 

Austrophlebioides sp.     
Mean days alive 6.0 3.5 (± 0.38) ND 2.2 (± 0.73) 
Median days alive 6.0 3.5 ND 2.0 
Range (days alive) 6 1-5.5 ND 1-2.5 
N 1 14 ND 3 
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Mean days alive declined as maximum temperature increased for all taxa (Table 6.3; 

Figure 6.4).  There was a sharp decline in adult longevity for A. banjdjalama, and 

Koorrnonga sp. when maximum temperatures exceeded 30oC, whereas A. bifasciata 

displayed two sharp declines in longevity when temperatures reached 27oC and again 

at > 30oC (Table 6.3).  The greatest decline in adult longevity for A. bicoloratus and 

Austrophlebioides sp. occurred when temperatures reached 27oC.  There was little 

change in % dead after 96 h for both A. banjdjalama and A. bifasciata as the daily 

maximum temperature approached 30oC; however, mortality jumped to 50% and 66% 

respectively above this temperature (Figure 6.4B and C).  Interpolated 96-hdmax LT50 

values for both A. banjdjalama and A. bifasciata were similar at 32.8oC and 32oC 

respectively (Table 6.4).  In contrast, there was a gradual increase in % dead after 48 

h for Austrophlebioides sp. as the daily maximum temperature reached 30oC before 

mortality reached 66% as temperature increased to 34oC.  The interpolated 48-hdmax 

LT50 value for Austrophlebioides sp., A. bicoloratus and Koorrnonga sp. were slightly 

lower compared to the longer-lived mayfly species (Table 6.4).  Koorrnonga sp. had 

the highest mortality rate of 75% after 48 h as maximum temperatures reached 34oC. 

 

When comparing mortality rates for diurnally varying maximum temperature cycles, 

substantial mortality could occur within 1 day if the maximum temperature exceeded 

34oC for all taxa, except A. banjdjalama (Figure 6.4).  A mortality rate of 40-50% 

could occur if maximum temperature reached 27oC for three consecutive days for 

Koorrnonga sp. and Austrophlebioides sp. (Figure 6.4D and E).  A mortality rate of 

100% for Koorrnonga sp. occurred at maximum temperatures > 30oC, whereas over 

30% of Austrophlebioides sp. survived at this temperature.  A mortality rate of 40-

50% occurred between 28-29oC for A. bicoloratus, and mortality increased to 100% at 

temperatures > 29-30oC (Figure 6.4A).  A higher temperature of 34oC for three 

consecutive days was needed before the mortality rate of A. banjdjalama and A. 

bifasciata reached 40-50%. 

 

 



 - 107 - 

 

Figure 6.4  Mortality rates for adult insects over 24, 48 and 96 h subjected to four air 
temperature cycles (oC) with different maxima (18-23, 18-27, 18-30 and 18-34). (A) 
A. bicoloratus, (B) A. banjdjalama, (C) A. bifasciata, (D) Koorrnonga sp., (E) 
Austrophlebioides sp. ND, no data. 
 

 

Table 6.4  LT50 values (oC; 95% confidence intervals in parenthesis) for adult insects 
using maxima of four diurnally varying temperature cycles at 48 h for A. bicoloratus, 
Koorrnonga sp., Austrophlebioides sp. and 96 h for A. banjdjalama, and A. bifasciata. 
Taxa LT50 value 

A. bicoloratus 31.5 (25-38) 

A. banjdjalama 32.8 (29-35) 

A. bifasciata 32 (30-33) 

Koorrnonga sp. 31.9 (28-36) 

Austrophlebioides sp. 30.7 (25-37) 
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Based on the air temperature readings measured over a 14-week period, the 96-hdmax 

LT50 values for A. bifasciata and A. banjdjalama and the 48-hdmax LT50 value for 

Koorrnonga sp. were not exceeded in the forested sub-catchments and were exceeded 

only once in the selective harvested sub-catchments (Table 6.5).  In contrast, values 

were exceeded on several occasions for all species in the terrestrial zone in the 

harvested sub-catchments.  The lower 48-hdmax LT50 value for Austrophlebioides sp. 

and Koorrnonga sp. was frequently exceeded in the harvested sub-catchments, 

although air temperature near the stream channel (0-10 m) remained below LT50 

values for all taxa. 

 

Table 6.5  Number of times air temperature exceeded 48-hdmax LT50 and 96-hdmax 
LT50 values of adult aquatic insect taxa over 14 weeks.  R = riparian zone (0-10 m 
from stream channel); T = terrestrial zone (�  25 m). 
 Treatment 

Taxa Control sites Selective 

harvested sites 

Harvested sites 

 R T R T R T 

A. bicoloratus 0 0 0 0 0 3 

A. banjdjalama 0 0 0 0 0 2 

A. bifasciata 0 0 0 0 0 3 

Koorrnonga sp. 0 0 0 0 0 11 

Austrophlebioides sp. 0 0 0 1 0 15 

 

 

6.4  Discussion 

6.4.1  Longevity of adult aquatic insects 

Few studies have examined the effects of microclimatic conditions, such as 

temperature, on the longevity of adult aquatic insects.  This study showed that 

increasing diurnally varying temperatures had a negative effect on adult survival for 

several species studied.  In addition, forest air temperatures were more extreme in 

sub-catchments with the highest proportion of forest harvesting compared to more 

forested sub-catchments.  These results indicate that conditions experienced in the 

riparian zone by adult aquatic insects have the potential to influence their survival and 
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these insects may be subject to more stress from higher air temperatures in harvested 

areas. 

 

A similar study on a desert stream in the USA by Jackson (1988) examined the effects 

of microclimate on adult aquatic insect survival and found that an increase in constant 

air temperature by 13oC from 25 to 38oC reduced longevity of adult Chironomidae by 

50%, and Ephemeroptera and Trichoptera by 47-73%.  Another such study in New 

Zealand found an increase in air temperature by 15oC from 10oC to 25oC reduced 

longevity of three species of caddisflies by 60-90% (Collier and Smith, 2000).  In my 

study, an 11o-C degree increase in air temperature from 23oC to 34oC reduced 

longevity of a Calamoceratid caddisfly by 67% and several species of mayflies by 33-

50%.  However, both previous studies examined the effects of constant temperature 

regime on adult aquatic insects.  Only one other study by Smith and Collier (2005) in 

New Zealand examined the effects of diurnally varying temperature regimes, which 

mimic naturally fluctuating temperatures.  They reported an increase in temperature 

by 10oC from 25oC to 35oC reduced longevity of two caddisflies and one mayfly by 

80-90%, but found diurnally varying 96-hdmax LT50 values were ~ 10oC higher than 

the constant temperature 96-hdmax LT50 reported in Collier and Smith (2000) for 

individuals collected from the same stream.  Constant temperature experiments tend 

to overestimate mortality rates as they do not accurately mimic naturally fluctuating 

air temperature found near streams. 

 

Although my study used diurnally varying temperature regimes to determine LT50 

values, which are likely be more realistic than constant temperatures, we were not 

able to include subimago adult mayflies in the calculation of these values because of 

the inability to identify them using currently available taxonomic keys (Appendix R).  

These subimagos died within 24 h of emergence and would likely decrease the 

longevity ratings and thus decrease the calculated LT50 value.  This has important 

implications for ovipositing success of these mayfly taxa, because if subimago adults 

die before reaching the reproductively active stage (Peters and Campbell, 1991), they 

will not be able to reproduce.  Over 80% of subimagos were relatively small in body 

size compared to larger species such as A. banjdjalama, which could indicate an 

association of increased mortality with smaller body size.  These smaller species may 

become dehydrated quicker in hot temperatures compared to those with larger body 
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size, but further experiments examining this trend are needed to determine the effect 

of body size on mortality rates with increasing temperature. 

 

In addition to affecting longevity, air temperature can also affect other aspects of 

insect life-history traits, such as flight performance, dispersal ability, fecundity and 

adult emergence size.  Fecundity and size of emergent females can directly influence 

population dynamics and the size of the next larval population (Atkinson 1994; 

Anderson and Peckarsky 1998), but these traits are not always linked to population 

success (Wagner 2002).  Studies in Austria and the U.K. documenting the effects of 

air temperature on the flight performance of adult stoneflies and caddisflies found that 

air temperature was the primary factor influencing flight performance, where higher 

temperatures were related to greater activity of adult insects (Waringer 1991; Briers et 

al. 2003).  However, the first study was performed at night and the second was 

located in a forested catchment and temperatures did not exceed 28oC.  Neither study 

examined flight in cleared areas where temperature is more likely to reach the 

interpolated LT50 value of adult aquatic insects (Collier and Smith, 2000).  

Temperatures measured at a pasture site in New Zealand by Collier and Smith (2000) 

frequently exceeded the interpolated constant temperature LT50 value, suggesting that 

air temperature has the potential to adversely affect the survival of adult stoneflies in 

the absence of suitable refugia.  In addition, wind speed was the only other 

meteorological variable that appeared to influence adult flight, with higher wind 

speeds recorded at sites with greater exposure, such as cleared areas, resulting in 

lower flight activity (Briers et al. 2003). 

 

In contrast to my findings, I expected adult mayflies to be more sensitive to increasing 

air temperature than caddisflies because larval studies have indicated thermal 

sensitivity for mayfly nymphs (Quinn et al. 1994).  However, my results indicated 

that the caddisfly A. bicoloratus generally had a greater mortality at higher maximum 

temperatures and a lower 48-hdmax LT50 value of 31.5oC, even though this family can 

be found in lowland areas with high air temperatures (Gooderham and Tsyrlin 2002; 

Connolly and Pearson 2007).  In contrast, the longest-lived mayfly species in this 

study, A. bifasciata, had a slightly higher 96-hdmax LT50 value of 32oC and had lower 

mortality rate at higher maximum temperatures compared to A. bicoloratus.  All taxa 

in this study were comparatively short-lived compared to some other aquatic insects, 
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such as some stoneflies that lived up to 53 days in the lab (Smith and Collier, 2005).  

Adult mayfly activity is highest during the day (Peters and Campbell 1991), which 

may be advantageous for short lived species because it may maximise reproductive 

opportunities, potentially at the cost of mortality from high temperatures.  To avoid 

peak daytime temperatures, imagos living in more tropical areas generally swarm 

before dawn to mid-morning (Peters and Campbell, 1991).  In addition, the 

emergence of some caddisflies and subimaginal mayflies in tropical areas is not 

strongly seasonal (Campbell and Holt 1984).  Many species of Leptophlebiidae, as 

well as Calamoceratidae, have long emergence periods, usually during spring through 

to autumn, ranging up to 10 months of the year (Peters and Campbell 1991; Nolen and 

Pearson 1992).  Extended emergence may facilitate successful recovery from 

unpredictable disturbances, such as storms and spates, and hot summers by making 

sure adults can oviposit most times of the year. 

 

6.4.2  Survival of aquatic insects: implications of forest temperature 

The LT50 results suggest that air temperature has the potential to adversely affect the 

survival of these adult aquatic insects throughout most of the emergence period, as 

these temperatures were measured in spring-early summer, whereas peak 

temperatures in this region usually occur in late summer (BOM 2011).  These results 

also highlight the importance of the riparian zone as a refuge from thermal extremes 

and indicate that planting of riparian trees is a potential option for managing riparian 

microclimatic conditions.  However, the ability of taxa such as some caddisflies and 

stoneflies (Collier and Smith 1998; Macneale et al. 2004) to travel further from the 

stream channel through the terrestrial zone could potentially be affected by conditions 

experienced in these harvested sub-catchments, which could reduce dispersal rates 

and gene flow between populations. 

 

Riparian buffer zones have been extensively used to mitigate effects of logging and 

preserve the functions of riparian forests (Gregory et al. 1991; Naiman et al. 1993; 

Davies and Nelson 1994; Moore and Richardson 2012).  The maintenance of a diverse 

range of riparian vegetation as currently recommended (Water Management Act 

2000) is likely to be beneficial to adult stream insects.  Tree cover and shrub layers 

will provide suitable microclimate conditions, shelter and food sources.  However, the 
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current recommendation of a 20-40 m wide buffer strip is likely to have a negative 

effect on microclimate conditions through strong edge effects (Chen et al. 1993).  

Clearance of forest may significantly alter microclimate conditions through the 

exposure of sunlight and wind and the consequent stresses of temperature fluctuation 

and desiccation (Davies-Colley et al. 2000; Wicklein et al. 2012).  Forest 

fragmentation creates large areas subject to “edge effects”, where ecological 

conditions contrast with interior forest in relation to vegetation structure, productivity, 

under-storey species, and microclimate (Murcia 1995; Matlack and Litvaitis 1999; 

Harper et al. 2005).  This study suggests that air temperatures can be up to 3oC higher 

in catchments with a buffer zone of 25 m compared to more forested sites.  Studies on 

the influence of forest patch size suggest a buffer strip width of 50 m to 300 m is 

needed to restore stable microclimate conditions (Young and Mitchell 1994; 

Brosofske et al. 1997).  Currently, standard riparian buffer widths also do not take 

into account individual site characteristics, such as topography, various forest 

characteristics, hydrology and adjacent land use, that are known to influence the 

system (Brosofske et al. 1997; Richardson et al. 2012).  My finding that the longevity 

of adult mayflies and caddisflies is influenced by air temperature suggests that 

provision of suitable riparian microclimate conditions should also be a consideration 

in developing riparian management plans.  High habitat complexity within the 

riparian zone, which includes canopy cover and shrub/grass vegetation layers, could 

assist in decreasing elevated temperatures and improve shelter for adult aquatic 

insects from sun and wind.  A study in the U.S.A. showed that thinning canopy cover 

significantly increased the extremes and variability of understory microclimate 

compared to thinning from below the canopy and control treatments (Rambo and 

North 2009).  If riparian vegetation is sparse, then an increase in buffer width could 

also assist in reducing the effects of external climatic conditions on conditions 

experienced within the riparian zone (Anderson et al. 2007).  In addition, a buffer 

width sufficient to eliminate most of the microclimatic effects of the edge should be 

added to the width required for gradients to stabilize. 

 

6.4.3  Conclusion 

Alteration of microclimate conditions in riparian zones by logging can have a 

negative effect on adult aquatic insects and their population dynamics.  The results 
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from this study provide information on the upper tolerance limits of mayfly and 

caddisfly species to diurnally varying air temperatures, which are directly applicable 

to natural ecosystems.  It also shows that increasing temperatures had a negative 

effect on adult survival, suggesting that conditions experienced in the riparian zone 

have the potential to influence their survival.  Although we obtained limited numbers 

of individuals for some temperature regimes, these thermal tolerance values are a 

good place to start and additional studies could further refine these.  In light of these 

findings, it is recommended that habitat complexity with canopy and shrub vegetation 

layers be taken into account when planning riparian zones.  A wider buffer zone could 

be used if the riparian vegetation is sparse as well as tree planting for increased 

canopy cover to minimise the effects of external climatic extremes on riparian 

microclimatic conditions.  Future studies should examine the combined effects of 

diurnally fluctuating temperature in conjunction with other weather conditions, such 

as humidity and solar radiation, so the synergistic impacts of these variables can be 

determined to better inform management plans. 
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Chapter 7.   The effects of selective harvesting on adult 

aquatic insect dispersal in headwater streams of 

Kangaroo River and Wild Cattle Creek State Forests: a 

conceptual model 

7.1  No effect on mayfly genetic variation and dispersal patterns 

Adult flight in many aquatic insects, such as mayflies, is likely to be the major 

dispersal mechanism for connecting geographically separated populations (Hughes et 

al. 2008).  Thus, degradation of adjacent terrestrial habitat can influence population 

genetic patterns of species in streams (Hughes et al. 2009).  I hypothesised that: 1) 

patterns of mitochondrial DNA (mtDNA) variation in the Leptophlebiidae mayfly 

Ulmerophlebia (Demoulin 1955) sp. AV2 shows a pattern of structuring that reflects 

widespread dispersal along the stream network and across catchments; and (2) genetic 

diversity will be lower in partially deforested sub-catchments compared to forested 

sub-catchments.  I found gene flow was not restricted among headwater streams 

within sub-catchments but was restricted at distances >15 km.  Genetic diversity was 

high (mean haplotype diversity >0.85) in both control and harvested sub-catchments.  

Instead, a historical signature of population expansion was detected which is 

consistent with findings for other aquatic insect taxa of eastern Australia (Baggiano et 

al. 2011). 

 

My results suggest that the selective harvesting management strategy, including the 

use of riparian buffer zones, within these sub-catchments does not appear to restrict 

dispersal between streams or erode diversity within streams for Ulmerophlebia sp. 

AV2.  Selective harvesting therefore appears to have minimal impacts on 

terrestrial/aquatic links in the lifecycle of this insect.  Larger-scale dispersal patterns 

of this species need further examination, as results suggest dispersal is limited at 

distances > 15 km, but low sample numbers reduce the power of this conclusion.  

Studies using other genetic markers, such as nuclear markers, would also further 

confirm observed genetic patterns. 
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Several models of stream connectivity are used for describing genetic variation within 

aquatic insects.  The Headwater Model (Finn et al. 2007) does not apply because there 

is no evidence this species is restricted to headwater streams (Dean 1999).  The 

Stream Hierarchy Model (SHM, Meffe and Vfijenhowek 1988) predicts that in 

dendritic stream networks, the degrees of connectivity and gene flow vary depending 

on the spacing of populations within the hierarchical network structure.  Thus, 

populations from different streams will be isolated from one another to a greater 

degree than populations within streams.  Analysis of the population structure in 

Ulmerophlebia sp. AV2 from the study region showed that the magnitude of genetic 

isolation among populations within streams was similar to the magnitude of isolation 

between them.  Therefore, the SHM was not supported for these taxa.  Panmixia, 

where no significant genetic differentiation is found, was supported within Kangaroo 

River catchment as there was no genetic differentiation within the catchment. 

 

However, on the larger spatial scale of between catchments there was greater genetic 

isolation, thereby only partly supporting expectations of Panmixia or the SHM.  The 

complex topography of upland areas is known to cause mismatches between patterns 

of population connectivity and patterns of stream connectivity (Hughes et al. 1995; 

Fagan 2002), thereby creating non-hierarchical, idiosyncratic patterns of genetic 

population subdivision (McGlashan and Hughes 2000).  Studies of dispersal patterns 

of mayflies and caddisflies in other upland systems both within Australia and in the 

USA found that dispersal capabilities of species at small spatial scales (within sub-

catchments) can be more important than drainage structure in the dynamics of 

population connectivity (Hughes et al. 2000; Macneale et al. 2005).  Although stream 

confluences may have a large effect on genetic patterns in aquatic insects, other 

factors such as in-stream barriers and dispersal behaviour also play important roles in 

shaping patterns of population connectivity.  These factors are not accounted for by 

the SHM. 
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7.2  Small-scale movements of aquatic insects are not negatively 

affected 

Habitat fragmentation, such as that resulting from forest harvesting, can create a 

discontinuity or a barrier between suitable habitat conditions for a given species 

through the loss of habitat and isolation of fragments (Lindenmayer and Franklin 

2002; Monaghan et al. 2005; Fischer and Lindenmayer 2007).  I hypothesised that the 

main pathway of aquatic insect dispersal would either be along the stream channel or 

through the terrestrial environment.  Secondly, I predicted that harvesting would 

reduce their ability to disperse through the terrestrial environment because altered 

microclimatic conditions may create a barrier to dispersal.  Upstream flight of 

mayflies and caddisflies and the predominance of mayfly individuals captured within 

25 m of streams suggest that the stream channel is the main pathway for dispersal 

(Figure 7.1).  I was not able to make conclusions about caddisfly dispersal through the 

terrestrial environment because of low sample numbers.  However, it is still uncertain 

if individuals travel as far downstream as they do upstream.  The low capture of 

individuals at distances > 50 m from the stream channel suggests between-stream 

dispersal via this pathway is unlikely, especially in steep forested catchments.  Cross-

catchment dispersal on this scale is possible along the stream channel and, although it 

may not be frequent enough to affect population dynamics of nearby populations; it 

could be frequent enough to maintain high levels of gene flow among nearby streams 

(Figure 7.1). 

 

In contrast to the hypothesised negative effects of forest harvesting, mayflies travelled 

further in open compared with forested areas and may have avoided peak day 

temperatures by finding thermal refuges, such as in the retained riparian buffer zone 

of ~ 25 m.  No discernible effect was observed between control and selective 

harvested catchments.  There may have been an interaction between landscape feature 

(steep valley vs more open valley) and vegetation (cleared vs forested) so I could not 

definitively conclude whether the lack of vegetation in the cleared catchment allowed 

greater terrestrial dispersal.  These findings provide valuable insights about the 

dispersal and persistence of populations of aquatic insects on a landscape scale.  My 

results have important implications for urban or fully cleared environments where a 
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lack of riparian buffer zones may reduce adult dispersal between populations of 

nearby streams. 

 

 

Figure 7.1  Conceptual model of hypothesised effects of forest harvesting on adult 
aquatic insect dispersal in the Kangaroo River State Forest.  Black, broken arrows 
indicate dispersal pathways of adult insects.  Red solid lines indicate barrier to 
dispersal. 
 

Müller’s hypothesis (1954) predicts that upstream flight will compensate for 

downstream drift in headwater streams.  My study partly supports Müller’s hypothesis 

as I found several adult aquatic insect mayflies and caddisflies flew at least 350 m 

upstream for their point of emergence.  I suspect that the minimum distance travelled 

using stable isotopes greatly underestimated adult dispersal distance because even low 

levels of enrichment were not detected 200 m downstream of the addition site and 

may actually have enriched larvae and nymphs several hundred metres further 

downstream.  Isotopically labelled nymphs have been found up to 0.7 km below the 

addition site (Hershey et al. 1993).  This drawback meant that I was not able to 

measure distances adults may fly downstream or if upstream flight was dominant.  
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The only other studies using isotope enrichment also found upstream flight for a 

baetid mayfly (Hershey et al. 1993) and a leuctrid stonefly (Macneale et al. 2005) of 

up to 2 km and 700 m respectively from the site of emergence, and this distance was 

greater and occurred more often compared to downstream flight.  Macneale (2005) 

found low drift rates in the leuctrid stonefly species and concluded upstream flight 

was adaptive because upstream reaches are predictably of higher quality (e.g. lower 

interspecific competition or better habitat), which contrasted with Müller’s hypothesis 

(1954) that upstream flight compensated for downstream drift.  Mechanisms for this 

pattern need further investigation because I did not measure drift rates and densities of 

aquatic insects in these catchments. 

 

Further studies are needed to examine possible differences between male and female 

dispersal.  It has been suggested that males may be more likely to disperse laterally 

from the stream and also further along the stream channel than females (mayfly: 

Hughes et al. 2003b; stonefly; Macneale et al. 2004).  As I was only able to conduct 

the isotope experiment in one sub-catchment over a short timeframe, further work 

focused over larger spatial and temporal scales would add strength to these 

conclusions.  Pairing such studies with genetic studies is needed at the landscape scale 

to define the extent and nature of dispersal in aquatic insects.  The species of 

Ulmerophlebia that I analysed for Chapter 3 was not recorded in traps even though 

this species was common in the study area.  This may have been because this species 

is difficult to identify in the adult stage and the trapping method used resulted in some 

decay of the specimens.  Finally, conditions that promote movement between patches 

of habitat are complex, and further studies are needed to define the extent and 

boundaries of stream insect populations whose larvae are constrained to living within 

the stream channel, but whose adults may disperse throughout the catchment.   

 

7.3  Asynchronous life histories 

A species’ life history traits, such as dispersal ability and length of emergence period, 

can determine the extent to which aquatic insects are affected by disturbances like 

forest harvesting.  For example, some aquatic insects synchronise their emergence 

into adult stages to avoid seasons when a disturbance (floods and droughts) are likely 

to cause high larval mortality (Gray and Fisher 1981; Lytle 2002).  Little information 
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exists on the life cycles of aquatic insects in subtropical areas of Australia and none 

on how this may interact with disturbances like forest harvesting.  I found that general 

life history traits included most larval sizes present in the population through much of 

the year and an extended emergence period from spring through to autumn for the 

species in this study area.  A long emergence period from spring through to autumn 

would not expose many individuals to peak summer air temperatures in the terrestrial 

environment.  These temperatures may also be more severe as a result of harvesting, 

thus reducing possible environmental stress experienced by those individuals (Smith 

and Collier 2005).  Asynchronous development has been hypothesised to spread life 

stages over time, thereby decreasing the risk of eradication by short-term disturbance 

events (Hynes 1970).  Based on my data, I propose that these life history traits may 

reduce the possible effects of selective harvesting on the dispersal of emerging adults 

in this study region.  In addition, if some species within the study region have shorter 

emergence periods during summer compared to those described in this study, I 

suspect that the possible effects of harvesting on these populations may be more 

severe.  To confirm this trend of asynchronicity, other species within the study region 

should be sampled using a shorter sampling time and include density data to further 

refine the life history traits identified in this study. 

 

7.4  Potentially adverse effects of air temperature 

Microclimatic conditions can potentially have a strong effect on the survival of 

aquatic insect adults that have to complete life cycles near streams in order to oviposit 

(Jackson and Resh 1989; Collier and Smith 2000; Smith and Collier 2005).  I 

hypothesised that extreme conditions (high temperatures) in the terrestrial 

environment caused by forest harvesting would exceed the tolerance limits of several 

species of adult mayflies and a caddisfly, thereby reducing their lifespan and ability to 

disperse through the terrestrial environment.  I also predicted that mayflies would be 

more sensitive to increasing temperature than caddisflies because of thermal 

sensitivity indicated in nymph studies.  I found the predicted lethal temperature values 

(96-hdmax LT50) for the longer-lived Atalomicria mayfly species to be 32oC, while the 

two day predicted lethal temperature values (48-hdmax LT50) for the shorter-lived 

mayflies Austrophlebioides and Koorrnonga sp. and the caddisfly A. bicoloratus were 

slightly lower at around 31oC (Chapter 6).  Peak day-time air temperatures rarely 
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exceeded 30oC at control and selective harvested sites, but were exceeded up to 33% 

of the time in open areas in the harvested sites.  During that time, these temperatures 

could cause a mortality rate of 100 % for Koorrnonga sp, 30 % for Austrophlebioides, 

and 40-50% for the caddisfly A. bicoloratus, yet not kill the Atalomicria species. 

 

These findings suggest that air temperature has the potential to adversely affect the 

survival of these adult aquatic insects and reduce distances they may travel through 

the terrestrial environment in harvested areas.  However, many of these taxa were 

found to emerge from spring to autumn (Chapter 4 and 5) and may have avoided peak 

day-time temperatures in summer.  They may also have been able to take thermal 

refuge in nearby riparian buffers along the stream.  In light of these findings, it is 

recommended that habitat complexity with canopy and shrub vegetation layers be 

included when planning riparian zones for adult aquatic insect refugia.  Future studies 

should examine the combined effects of diurnally fluctuating temperature in 

conjunction with other weather conditions, such as humidity and solar radiation, so 

the synergistic impacts of these variables can be determined to better inform 

management plans. 

 

As a result of climate change, pronounced increases in air temperature are expected in 

southern Australia in the coming decades, which may have a significant effect on 

adult aquatic insects.  By 2030, annual average temperatures in southern Australia are 

projected to be 0.4-2.0oC higher (relative to 1990, Hughes 2003).  By 2070, annual 

average temperatures and maxima temperatures may increase by 1.0-6.0oC, with the 

range of warming predicted to be greatest in spring and least in winter.  Adults in 

cleared areas within this study region appear to already be near their tolerance limit 

during peak summer temperatures in January and February.  Therefore, although 

many species within this region have flexible life cycles that may reduce the risk of 

catastrophic events (e.g. asynchronous life cycles with extended emergence period, 

Hynes 1970), a higher proportion of the population may be subject to temperatures 

above their tolerance limits.  This could have important implications for population 

dynamics, as increases in adult mortality rates may significantly reduce recruitment of 

the next generation (Zwick 1989).  Furthermore, increasing air temperatures may be 

an ultimate threat to headwater specialists, which generally inhabit cooler regions and 

may not find thermal refuge along the stream continuum (Haidekker and Hering 
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2008).  These effects will be particularly pronounced in harvested catchments where 

peak day-time air temperatures may be several degrees higher compared to forested 

areas as indicated by results from Chapter 6 and other studies (Collier and Smith 

2000; Aubry et al. 2009).  Therefore, riparian forest may contribute to dampen future 

air temperature increases (Davies 2010).  Regarding the probable effect of climate 

change on aquatic insects, there is still a need for life cycle studies in controlled 

environments. 

 

7.5  Overall study limitations 

It is recognised that the study design and sampling regime used in this thesis forms a 

somewhat limited dataset compared to other studies (or recommendations by studies) 

with similar objectives (Macneale et al. 2005; Smith and Collier 2005; Alexander et 

al. 2011; Baggiano et al. 2011).  This was influenced to some extent by logistical 

constraints imposed by the study region itself, a location with limited access and 

subject to frequent flooding during summer/autumn during peak sampling periods.  

This potentially weakens the strength of drawn conclusions from the study.  Despite 

this issue, strong and consistent patterns in the data along with some replication at the 

sub-catchment scale contribute substantial credence to the findings presented above. 

 

7.6  Conclusions and research implications 

This study suggests that selective forest harvesting had no detectable effect on aquatic 

insect dispersal and population connectivity.  In fact, forest clearing outside the 

riparian zone may not inhibit aquatic insect dispersal if microclimate conditions do 

not exceed their tolerance limits.  These headwater streams are subject to frequent 

disturbances, including hydrological extremes such as flooding and low flow periods.  

As such, aquatic insect communities have evolved life history characteristics that are 

flexible and adaptable to such disturbances (Gooderham et al. 2007; Lytle 2008).  The 

inclusion of other common species for population genetic studies and isotopic 

experiments in all sub-catchments within this subtropical region of Australia is 

recommended.  This will enable the dispersal model to be applied and validated using 

other species with possibly different life history traits and dispersal abilities.  For 
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example, some species may be more susceptible to forest harvesting, such as those 

that have greater dispersal through the terrestrial environment (Macneale et al. 2005), 

or those that have a short emergence period (Kerst and Anderson 1974; Vannote and 

Sweeney 1980a; Hershey and Lamberti 1998) during peak summer temperatures.  

This information is essential to inform sustainable forest management practices. 

 

Population connectivity is a fundamental ecological process that influences biotic 

responses to disturbances, such as forest harvesting.  This study suggests that 

population connectivity of aquatic insects in this region may not be as high as that 

proposed in the literature.  We found no evidence of dispersal of mayfly or caddisfly 

adults away from their natal streams, but oviposition is likely upstream and possibly 

downstream from their emergence sites (Figure 7.1).  Although many taxa are capable 

of flying distances of several hundred meters between sub-catchments, this route of 

dispersal is likely to be very rare.  Instead, dispersal is likely to be along stream 

channels.  Although it may not be sufficiently frequent to affect population dynamics 

in adjacent streams, it could maintain population connectivity and gene flow among 

nearby streams.  Therefore, distance and direction of adult aquatic insect dispersal is 

relevant to population dynamics at the scale of single streams, and to the persistence 

of populations at the landscape scale.  Integration of information about population 

connectivity and species traits into conceptual models will increase our knowledge of 

aquatic insect dispersal and our capacity to predict the effects of disturbances on 

aquatic insect populations and their ability to recover. 
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Appendices 

Appendix A. Forest types in Kangaroo River from map 2.6 
Description of the composition of forest types that occur in Kangaroo River State 

Forest: extract from Baur (1965). 

 

2. Yellow Carabeen 

Subtropical rainforest containing tall rainforest communities of mixed and complex 

composition, often marked by the prevalence of buttressed trees, vascular epiphytes 

and lianes.  Plentiful species include Black Booyong (Tarrietia actinophylla) and 

White Booyong (Tarrietia trifoliolata), with other common species including 

Pigeonberry Ash (Cryptocarya erythroxylon), Giant Stinger (Dendrocnide excels), 

White Beech (Gmelina leichhardtii), Red Cedar (Toona australis), Yellow Carabeen 

(Sloanea woollsii), Silver Ash (Flindersia schottiana), Prickly Ash (Orites excelsa), 

Rosewood (Dysoxylum fraseranum), Figs, Black Apple (Planchonella australis) and 

various Eugenias. 

 

5. Booyong-Coachwood 

Subtropical rainforest combining the composition of the Booyong and Coachwood-

Crabapple types and often occurring in intimate mixture with stands of the Flooded 

Gum (Eucalyptus grandis) and Inland Brush Box types.  Common species include 

Black Booyong (Tarrietia actinophylla), White Booyong (Tarrietia trifoliolata), 

White Beech (Gmelina leichhardtii), Yellow Carabeen (Sloanea woollsii), Tamarind 

(Diplogglottis australis), Coachwood (Ceratopetalum apetalum), Sassafras 

(Doryphora sassafras), and Prickly Ash (Orites excelsa). 

 

21. Hoop Pine 

Dry and depauperate rainforest with a dense understorey composed of many species 

of Sapindaceae and Euphorbiaceae.  There is a scattered emergent storey containing 

Hoop Pine (Araucaria cunninghamii) with Crow’s Ash (Flindersia _iscolour), 

Yellowwood (Flindersia xanthoxyla), Silver Ash (Flindersia schottiana), Brush 

Kurrajong (Brachychiton _iscolour) and other species. 
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26. Viney Scrub 

Dry and depauperate rainforest consisting of a low dense scrub interlaced with vines 

to form virtually impenetrable thickets.  Common species include Lantana, Cockspur 

(Cudrania), Burny Vine (Malaisia), and Stinger (Laportea spp.). 

 

 

37. Dry Blackbutt 

Blackbutt makes up at least 20% of the stand, but usually over 50%.  Associated 

species include Tallowwood (Eucalyptus microcorys), White Mahogany (Eucalyptus 

acmenioides and carnea), Red Mahogany (Eucalyptus resinifera and pellita), Grey 

Gum (Eucalyptus propinqua, punctata and canaliculata), Turpentine (Syncarpia 

glomulifera), Sydney Blue Gum (Eucalyptus sa1igna), Bloodwood (Eucalyptus spp.), 

Grey Ironbark (Eucalyptus decepta and paniculata), Stringybarks, Roughbarked and 

Smoothbarked Apples (Angophora floribunda and costata), Woollybutt (Eucalyptus 

longifolia), Mountain Grey Gum (Eucalyptus gonicalyx) and others.  Forest Oak 

(Casuarina torulosa) is a common understorey associate.  Dry Blackbutt has a xeric 

and open understorey. 

 

47. Tallowwood-Sydney Blue Gum 

Consists of Tallowwood (Eucalyptus microcorys) and Sydney Blue Gum (Eucalyptus 

sa1igna) as well as Brush Box (Tristania conferta), Turpentine (Syncarpia 

glomulifera), Narrowleaved White Mahogany (Eucalyptus acmenioides), Flooded 

Gum (Eucalyptus grandis), and Silvertop Stringybark (Eucalyptus laevopinea). 

 

53. Inland Brush Box 

Contains over 50% or more Brush Box (Tristania conferta), associated with Sydney 

Blue Gum (Eucalyptus sa1igna), Flooded Gum (Eucalyptus grandis), Tallowwood 

(Eucalyptus microcorys), Turpentine (Syncarpia glomulifera) and other species of 

eucalypt types, together with various rainforest species in the understorey. 

 

60. Narrowleaved White Mahogany-Red Mahogany-Grey Ironbark-Grey Gum 

Mixed composition, and in addition to the four species which give it its name, the 

type may also include Tallowwood (Eucalyptus microcorys), Turpentine (Syncarpia 

glomulifera), Red Bloodwood (Eucalyptus gummifera), Stringybarks, Brush Box 
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(Tristania conferta) and Sydney Blue Gum (Eucalyptus sa1igna).  Forest Oak 

(Casuarina torulosa) also commonly occurs and there is frequently a dense 

understorey of rainforest plants. 

 

62. Grey Gum-Grey Ironbark-White Mahogany 

This type is associated with Smoothbarked Apple (Angophora costata), Red 

Bloodwood (Eucalyptus gummifera), Tallowwood (Eucalyptus microcorys), Spotted 

Gum (Eucalyptus maculata), Blackbutt, New England Blackbutt (Eucalyptus  

campanulata), Red Mahogany (Eucalyptus resinifera and pellita), Sydney Blue Gum 

(Eucalyptus sa1igna) and other species.  Forest Oak (Casuarina torulosa) occurs 

commonly as a smaller tree, and the undergrowth is usually sparse. 

 

74. Spotted Gum-Grey Ironbark/Grey Gum 

A dry sclerophyll forest type that includes Spotted Gum (Eucalyptus maculata), Grey 

Gum (Eucalyptus propinqua, punctata and canaliculata), Grey Ironbark (Eucalyptus 

decepta and paniculata), Blackbutt, Stringybarks, Bloodwood, White Mahogany 

(Eucalyptus acmenioides and carnea) and Tallowwood (Eucalyptus microcorys).   

 

216. Improved pasture and cropland 

Areas that have been converted to permanent and improved pasture 

 

234. Rock 

Areas that have outcrops of rock 
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Appendix B. Distribution of variable positions among 81 unique haplotypes of the cytochrome c oxidase subunit 1 (COI) mtDNA fragment in 
the mayfly Ulmerophlebia sp. AV2. Nucleotide positions for each haplotype correspond to the associated sequence deposited in Genbank 
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Hap_1 JN382075 A C C A A A G C C G C T A A A G T T A C A A A T G A T G A T G T C G T G T A T A T C A G A G G A T
Hap_2 JN382076 G . . G . . . . . . . . . . . . C . . . . . G . . . . . . . . . . . . . . G . . . . G . . . . . .
Hap_3 JN382077 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A . . . . . . . . . . . . . . .
Hap_4 JN382078 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . . .
Hap_5 JN382079 G . . G . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . G . . . . G T . . . . .
Hap_6 JN382080 G . . . . . C . . . . C . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . A . A A . .
Hap_7 JN382081 G . A . . . C . . . . . . . . . . . . G . . . . . . . . G . . . . . . . . . . . . . . . G . . . .
Hap_8 JN382082 G . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . A . A . . .
Hap_9 JN382083 . . . . . . . . . . . C . . . . . . G . . . . . . . . . . . . . . . . . . . . . . G . A . A . . .
Hap_10 JN382084 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A . . . . .
Hap_11 JN382085 . . . . . . . . . . . C . . . T . . G . . . . . . . . . . . . . . . . . . . . . . . . A . A . . .
Hap_12 JN382086 . . . . . . . . . . . C . . . T . . G . . . . . . . . . . . . . . . . . . . . . . . . . . A . . .
Hap_13 JN382087 G . . . . . . . . . . . . G . . . . . G . . . . . . . . G . . . . . . . . . . . . . . . G . . . .
Hap_14 JN382088 . . . . . . . . . A . . . . . T . . . . . . . . . . C . . . . . . . . . . . . . . . . A . A . . .
Hap_15 JN382089 G . . . . . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . .
Hap_16 JN382090 . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_17 JN382091 . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_18 JN382092 G . . G . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . G . . . . G . . . . . .
Hap_19 JN382093 . . . . . . . . . A . . . . . T . . . . . . . . . . C . G . . . . . . . . . . . . . . A . A . . .
Hap_20 JN382094 G . . . . . . . . . . . . . . . . . . G . . . . . . . . G . . . . . . . . . . . . . . . G . . . .
Hap_21 JN382095 . . . . . . . . . . . . . . . T . . G . . . . . A . . . . . . . . . . T . . . . . . . A . A A . .
Hap_22 JN382096 G . . G . . C . . . . . . . . . . . . . . . . . A . . . . . A . . . . . . G . . . . G A . . A . .
Hap_23 JN382097 . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . .
Hap_24 JN382098 . . . G . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_25 JN382099 . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . G . . . . . . . A . . .
Hap_26 JN382100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . .
Hap_27 JN382101 . . . . . . . . . . . . . . . . . . . . . . . . . . . A . . . . A . . . . . . . . . . . . . . . .
Hap_28 JN382102 . . . . . . . . . . . . . . . . . . . . . . . . . T . . G . . . . . . . . . . . . . . . . . . . .
Hap_29 JN382103 G . . . . . . . . . . . . . . . . . G G . . . . . . . . . . . . . . . . . . . . . . . . G . . . .
Hap_30 JN382104 G . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . C . . . . . . . . . .
Hap_31 JN382105 G . . G . . . . . . . . . . . . C . . . . . G . . . . . G . . . . . . . . G . . . . G . . . . . .
Hap_32 JN382106 G . . G . . . . . . G . . . . . C . . . . . G . . . . . . . . . . . . . . G . . . . G . . . . . .
Hap_33 JN382107 G . . . . . . . . . . C . . . . . . G . . . . . A . . . . . A . . . . . . . . . . . . A . A . . .
Hap_34 JN382108 G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_35 JN382109 . . . C . C . . . A . . . . . T . . . . . . . . . . . . G . . . . . . . . . . . . . . A . . . . .
Hap_36 JN382110 G . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . A . . . . .
Hap_37 JN382111 G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A . . .
Hap_38 JN382112 . . . G . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . .
Hap_39 JN382113 . . . . C . . . . A . . . . . T . . . . . . . . . . C . G . . . . . . . . . . . . . . A . A . . .
Hap_40 JN382114 . . . . . . . . . . . C . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . A . . .

Nucleotide position in DNA sequence

Haplotype 
Code
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Hap_41 JN382115 G . . . . . . . . . . . . . . . C . . . . . G . . . . . . . . . . . . . . G . . . . G . . . . . .
Hap_42 JN382116 . . . . . G . . . . . . C . . . . . . . G . . . . . . . . . . . . . . . . . . G . . . . . . . . .
Hap_43 JN382117 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A . . .
Hap_44 JN382118 . . . . . . . . . . . C . . . . . . G . . . . . A . . . . . A . . . . . . . . . . . . A . A . . .
Hap_45 JN382119 G . . . . . . . . . . . . G . . . . G G . . . . . . . . G . . . . . . . . . . . . . . . G . . . .
Hap_46 JN382120 G . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . A . . .
Hap_47 JN382121 G . . . . . . . . . . . . . . . . . . G . . . . . . . . G . . . . . . . . . . . . . . A G . . . .
Hap_48 JN382122 . . . G . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . G . . . . . .
Hap_49 JN382123 . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_50 JN382124 G . . . . . . . . . . . . . . . . . G G . . . . A . . . . . . . . . . . . . . . . . . A . A . . .
Hap_51 JN382125 . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . A . A . . .
Hap_52 JN382126 G . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . G . . . .
Hap_53 JN382127 G . . . . . . . . . . . C . . . . . . . G . . . . . . . . . . . . . . . . . . G . . . . . . . . .
Hap_54 JN382128 G . . . . . . . . . . C . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . A . . .
Hap_55 JN382129 G . . . . . . . . . . C . . . T . . G . . . . . . . . . . . . . . . . . . . . . . . . . . A . . .
Hap_56 JN382130 . . . . . . . . . . . C . . . . . . G . . . . . A . . . . . . . . . . . . . . . . . . A G A . . .
Hap_57 JN382131 . . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . .
Hap_58 JN382132 G . . . . . . . T A . . . . . T . . . . . . . . . . C . G . . . . . . . . . . . . . . A . A . . .
Hap_59 JN382133 G . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_60 JN382134 G . . G . G . . . . . . . . . . C . . . . . G . . . . . . . . . . . . . . G . . . . G . . . . . .
Hap_61 JN382135 G . . . . . . . . . . . . . . . . . . G . . . . . . . . G . . . . . . . . . C . . . . . G . . . .
Hap_62 JN382136 . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . . . . . . C . . . . . . . . . . . .
Hap_63 JN382137 . . . . . . . . . . . C . . . . . . G . . . . . . . . . . . A . . . . . . . . . . . . A . A . . .
Hap_64 JN382138 . . . . . . . . . . . C . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . A . A . . .
Hap_65 JN382139 . . . G . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . .
Hap_66 JN382140 G . . G . . . A . . . . . . . . C . . . . . G . . . . . . . . . . . . . . G . . . . G . . . . . .
Hap_67 JN382141 . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_68 JN382142 G . . . . . . . . . . C . . . . . C G . . . . . A . . . . . . C . . . . . . . . . . . A . A . . .
Hap_69 JN382143 G . . G . . . . . . . . . . . . C . . . . . G . . . . . . . . . . . . . . . . . . . G . . . . . .
Hap_70 JN382144 G . . . . . . . . . . . . . . . . . . . . . . . . . C . G . . . . . . . . . . . . . . A . A . . .
Hap_71 JN382145 G G . G . . . . . . . . . . . . C . . . . . G . . . . . . . . . . . . . . G . . . . G . . . . . .
Hap_72 JN382146 . . . . . . C . . . . C . . . . . . G . . . . . . . . . . . A . . . . . . . . . . . . A . A C . A
Hap_73 JN382147 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . .
Hap_74 JN382148 G . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . A . . .
Hap_75 JN382149 . . . . . . . . . A . . . . . T . . . . . . . . . . C . G . . . . . . . . . . . . . . A . . . . .
Hap_76 JN382150 . . . . . . . . . . . C . . . A . . G . . . . . . . . . . . . . . . . . . . . . . . . . . A . . .
Hap_77 JN382151 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . T .
Hap_78 JN382152 . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_79 JN382153 G . . G . . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . .
Hap_80 JN382154 . . . . . . . . . . . . . . . . . . G . . C . . A . . . . . A . . . . . . . . . . . . A . . . . .
Hap_81 JN382155 . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . A . . .

Haplotype 
Code

Nucleotide position in DNA sequence
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Appendix C. Tests of normality results of square root transformed adult abundance 
data. 

 Kolmogorov-Smirnov Shapiro-Wilk 

 Statistic df significance Statistic df significance 

Square root 0.277 90 < 0.001 0.648 90 < 0.001 

 

 

Appendix D. Normal Q-Q plot of square root transformed adult abundance data. 
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Appendix E. Detrended normal Q-Q plot of square root transformed adult 
abundance data. 

 

 

Appendix F. Tests of normality results of fourth root transformed adult abundance 
data. 

 Kolmogorov-Smirnov Shapiro-Wilk 

 Statistic df significance Statistic df significance 

Fourth root 0.341 90 < 0.001 0.772 90 < 0.001 
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Appendix G. Normal Q-Q plot of fourth root transformed adult abundance data. 
 

 

Appendix H. Detrended normal Q-Q plot of fourth root transformed adult abundance 
data. 
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Appendix I. Tests of normality results of cube root transformed adult abundance 
data. 

 Kolmogorov-Smirnov Shapiro-Wilk 

 Statistic df significance Statistic df significance 

Cube root 0.323 90 < 0.001 0.754 90 < 0.001 

 

 

 

Appendix J. Normal Q-Q plot of cube root transformed adult abundance data. 
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Appendix K. Detrended normal Q-Q plot of cube root transformed adult abundance 
data. 
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Appendix L. Canopy density along transects at site C1 
 Transect 1 Transect 2 Transect 3 

Distance from stream 0 10 25 50 75 100 0 10 25 50 75 100 0 10 25 50 75 100 

Canopy density  68 69 65 62 54 45 69 63 62 60 64 62 70 70 70 71 69 - 

 

Appendix M. Canopy density along transects at site C2 
 Transect 1 Transect 2 Transect 3 

Distance from stream 0 10 25 50 75 100 0 10 25 50 75 100 0 10 25 50 75 100 

Canopy density  70 63 65 65 47  70 76 64 68 60 63 62 65 64 55 46 60 

 

Appendix N. Canopy density along transects at site T1 
 Transect 1 Transect 2 Transect 3 

Distance from stream 0 10 25 50 75 100 0 10 25 50 75 100 0 10 25 50 75 100 

Canopy density  63 73 73 64 39 - 70 71 58 54 31 28 72 70 69 70 65 63 

 

Appendix O. Canopy density along transects at site T2 
 Transect 1 Transect 2 Transect 3 

Distance from stream 0 10 25 50 75 100 0 10 25 50 75 100 0 10 25 50 75 100 

Canopy density  69 68 68 62 50 52 60 70 67 68 57 53 61 69 70 51 56 50 
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Appendix P. Canopy density along transects at site WCC1 
 Transect 1 Transect 2 Transect 3 

Distance from stream 0 10 25 50 75 100 0 10 25 50 75 100 0 10 25 50 75 100 

Canopy density  70 66 0 0 0 0 69 64 0 0 0 0 67 69 25 0 0 0 

 

Appendix Q. Canopy density along transects at site WCC2 
 Transect 1 Transect 2 Transect 3 

Distance from stream 0 10 25 50 75 100 0 10 25 50 75 100 0 10 25 50 75 100 

Canopy density  69 68 60 0 0 0 67 67 0 0 0 0 69 68 59 0 0 0 
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Appendix R. Number of dead subimagos for each air temperature regime 
 Temperature regime 

 23 27 30 34 

Number of dead subimagos 3 14 0 11 
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The main body of Chapter 3 forms the basis of an original journal article, published 

in Austral Ecology and is attached below in the accepted for publication 

format. 
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Small-scale patterns of genetic variation in a headwater 

specialist mayfly: no influence of selective forest 

harvesting on diversity. 

B. A. YOUNG, D. J. SCHMIDT AND F. SHELDON 

Australian Rivers Institute, Griffith School of Environment, Griffith University, Nathan, 10 

Queensland, Australia 

 

Summary 

Terrestrial environments allow the adults of some aquatic insects to disperse 

between headwater streams, which may be important for maintaining population 15 

connectivity and persistence.  Winged adult stages of aquatic insects are 

particularly sensitive to degradation of terrestrial habitat, relying on it for food, 

reproduction and dispersal.  In this study we examined the genetic pattern of the 

Australian mayfly Ulmerophlebia sp. AV2, in north eastern New South Wales, and 

compared the genetic diversity in forested and partially deforested sub-catchments.  20 

Our hypotheses were (1) patterns of mitochondrial DNA (mtDNA) variation in the 

Leptophlebiidae mayfly Ulmerophlebia (Demoulin 1955) sp. AV2 shows a pattern 

of structuring that reflects low or widespread dispersal along the stream network 

and across catchments; and (2) genetic diversity will be lower in partially 
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deforested sub-catchments compared to forested sub-catchments.  We found gene 25 

flow was not restricted among headwater streams within sub-catchments but was 

restricted at distances >15 km. Genetic diversity was high (mean haplotype 

diversity >0.85) in both control and harvested sub-catchments.  Instead a historical 

signature of population expansion was detected which is consistent with findings 

for other aquatic insect taxa of eastern Australia.  Our results suggest that the 30 

selective harvesting management strategy, including the use of riparian buffer 

zones, within these sub-catchments does not appear to restrict dispersal between 

streams or erode diversity within streams for Ulmerophlebia sp. AV2.  Selective 

harvesting therefore appears to have minimal impacts on terrestrial/aquatic links in 

the lifecycle of this insect. 35 

 

Keywords: Ulmerophlebia sp. AV2, forestry, genetic diversity, gene flow, 

headwater stream 

 

Running header: harvesting and genetic structure in a mayfly 40 

 

Introduction 

Evidence suggests that land use in headwater stream catchments affects the 

water quality, biodiversity and ecological health of downstream rivers and estuaries 

(see review by Lowe and Likens 2005).  High levels of biodiversity found in 45 

headwater streams are at a greater risk of loss as a result of deforestation (Death 

and Collier 2010) and urbanisation (Roy et al. 2003) because tight aquatic-

terrestrial linkages make these systems particularly vulnerable to disturbance in the 

surrounding catchment (Lowe and Likens 2005).  Intense deforestation (i.e. clear-
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cutting) can have numerous effects on instream processes, including: decreased 50 

allochthonous energy inputs, and increased sediment, light, water temperature and 

algal growth, which in turn can affect the macroinvertebrate community by 

reducing larval density and diversity of sensitive taxa such as Ephemeroptera, 

Plecoptera and Trichoptera (Vannote and Sweeney 1980b; Davies and Nelson 

1994; Stone and Wallace 1998; Osmundson et al. 2002). 55 

 

Some aquatic insects in headwater streams are sensitive to conditions both 

instream and in the terrestrial environment because they emerge from streams as a 

winged adults and use the riparian zone for shelter, feeding, mating and dispersal 

(Jackson and Resh 1989; Collier and Smith 1998; De Figueroa and Sanchez-Ortega 60 

2000; Briers and Gee 2004).  Deforestation of adjacent terrestrial habitat can affect 

microclimate conditions, particularly air temperature, humidity and wind speed 

(Brosofske et al. 1997; Davies-Colley et al. 2000).  This could potentially fragment 

and degrade adult habitat because microclimatic conditions can have a strong effect 

on the survival of adult aquatic insects that spend their entire lives in the terrestrial 65 

environment (Chandler and Wright 1991; Karlsson and Wiklund 2005; Smith and 

Collier 2005).  For example, the thermal tolerance limit of an adult Leptophlebiidae 

mayfly can be exceeded by the maximum temperature recorded in exposed pasture 

(Carey 2002).  In contrast, some studies have found evidence that riparian 

vegetation actually limits movement of adult insects (Delettre and Morvan 2000), 70 

possibly because microclimatic conditions did not exceed their tolerance limits.  

Habitat fragmentation has been found to significantly alter genetic structure and 

reduce population persistence of terrestrial invertebrates (Knutsen et al. 2000; 

Williams et al. 2003), but very few studies have focused on aquatic insects.  A 
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study in northern Australia on the chironomid Echinocladius martini found natural 75 

habitat fragmentation as a result of extensive historical climatic fluctuations might 

have isolated historical populations, driving genetic divergence in allopatry 

(Krosch et al. 2009).  In addition, strong genetic structure within one lineage 

implied that dispersal among proximate (< 1 km) streams was extremely restricted.  

One other study showed that deforestation reduced genetic diversity in a mayfly 80 

population in eastern United States as a result of habitat loss, both instream and 

terrestrial, and through reduced dispersal of adults (Alexander et al. 2011).  Adult 

flight in mayflies is likely to be the major dispersal mechanism for connecting 

geographically separated populations (Hughes et al. 2008).  Thus, degradation of 

adjacent terrestrial habitat can influence population genetic patterns of species in 85 

streams (Hughes et al. 2009). 

 

Theoretically, high levels of dispersal (gene flow) between geographically 

isolated populations within a catchment will result in shared alleles and low genetic 

differentiation such that they function demographically and genetically as a single 90 

population (Slatkin 1985; Bilton et al. 2001).  In contrast, low levels of dispersal 

between populations from different catchments will result in high genetic 

differentiation (population substructure) and populations will become more 

genetically distinct over time.  One process driving divergence of isolated 

populations is genetic drift, which causes alleles (genetic variants of a gene) to 95 

randomly drift to fixation or loss within different populations and thereby increase 

the level of inter-population substructure.  Drift is a stochastic process whose rate 

is inversely proportional to population size.  Therefore, populations that are 

fragmented and reduced in size as a result of habitat loss are vulnerable to loss of 
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genetic variation, reducing their viability and increasing their susceptibility to local 100 

extinction (Frankham et al. 2002). 

 

It has been hypothesised that as a result of the hierarchical nature of streams, the 

highest level of genetic differentiation in freshwater-limited taxa should be found 

between populations from different catchments and the least should be within 105 

streams in the same sub-catchment i.e. the Stream Hierarchy Model (SHM; Meffe 

and Vrijenhoek 1988).  The alternative Headwater Model (HM; Finn et al. 2007) 

may apply to headwater stream specialists (i.e. species restricted to higher-

elevation primary tributaries) with a potential for terrestrial dispersal among 

streams.  The Headwater Model predicts that significant partitioning of genetic 110 

variance occurs among terrestrial islands of preferred headwater habitat within 

which headwater streams are nearby enough to allow some overland gene flow 

(Finn et al 2006).  This pattern occurs because headwater habitat specialists may 

disperse more efficiently between adjacent headwater reaches than through the 

stream network.  However, support for these hypotheses has been mixed, as 115 

populations of some mayfly and caddisfly taxa in subtropical streams of eastern 

Australia showed more genetic differentiation within streams than between them, 

which was attributed to the egg production of relatively few females because of 

asynchronous emergence of adults (Schmidt et al. 1995; Hughes et al. 1998; 

Hughes et al. 2000).  This pattern has been referred to as “patchy recruitment” 120 

(Bunn and Hughes 1997).  Studies of some North American stream insects have 

also found mixed results, with some species showing no genetic differentiation 

over a large spatial scale of 50 kms and others showed genetic differentiation at a 

smaller spatial scale of 5-10 kms (Miller et al. 2002; Finn et al. 2006)  A Mayfly in 
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New Zealand was also found to have widespread dispersal at distances < 70-100 125 

km scale (Smith et al. 2006).  Further examination of phylogeographic structure in 

some stream insects has also found a pattern of recent population expansion, which 

has been interpreted to reflect alternating contractions and expansions of available 

habitat during historical climate patterns (Hughes et al. 2008; Hughes et al. 2011).  

 130 

Although many studies have documented the effects of intensive logging ( i.e. 

clear-cutting), little is known about the potential effects of less intensive forms of 

timber harvest such as selective logging (single tree selection), which presumably 

have less negative effects on aquatic communities.  Selective harvesting is a 

harvest method that removes only a proportion of the trees in a given area and 135 

usually involves the removal of single trees over a given basal size (cross section 

area of the tree trunk measured at 1 – 1.5 m above ground).  This disturbance has 

been considered to produce little effect on forest structure, composition and 

dynamics (Deckker and de Graaf 2003), thus maintaining natural microclimatic 

conditions within the forest.  However others have reported changes to forest 140 

structure and species composition (Silva et al. 1995; Hall et al. 2003; Okuda et al. 

2003), although reported canopy damage from similar operations were generally 

low (< 8%; Wilkie et al. 1992; Pereira Jr et al. 2001).  The only study documenting 

these direct effects of logging on aquatic insect genetic diversity (Alexander et al. 

2011) found that a loss of genetic diversity of a mayfly population co-occurred 145 

with deforestation and degradation of headwater streams in historically forested 

headwater catchments in the U.S.A.  They found that harvesting > 40-50% of 

catchment area had an effect on the physical habitat of this mayfly species and 

therefore had a detectable effect on movement and consequent gene flow within 
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these headwater catchments.  However, the effects of deforestation may have been 150 

confounded by catchment development, including agriculture and urban 

development.  Their study examined recent (<100 years) deforestation, while our 

study has examined the effects of more recent (< 50 years) selective deforestation.  

In addition, no study has examined the effects of selective harvesting alone on the 

genetic diversity and population connectedness of aquatic insects. 155 

 

To answer this question we have two hypotheses.  We hypothesised that 1) 

patterns of mitochondrial DNA (mtDNA) variation in a Leptophlebiidae mayfly 

show a pattern of structuring that reflects widespread dispersal along the stream 

network and across catchments, and 2) genetic diversity will be lower in partially 160 

deforested sub-catchments compared to forested sub-catchments because a barrier 

to dispersal could effectively isolate mayfly populations within separate headwater 

streams.  We know that forest harvesting can decrease the dispersal of mayflies, 

thereby reducing population connectivity and genetic diversity (Alexander et al. 

2011).  However, no studies have examined the method of selective harvesting 165 

performed in our study area, which aims to reduce the impacts of harvesting on 

aquatic ecosystems. 

 

Methods 

Study species 170 

The family Leptophlebiidae dominates the Australian ephemeropteran fauna, 

and the majority of Australian genera in this family are endemic (Campbell et al. 

1990).  This study focused on one species of the genus Ulmerophlebia, referred to 

as sp. AV2 (Dean 1999), which is common in headwater streams within the study 
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region.  This genus has a geographical range from Victoria in the south, and up 175 

through eastern Australia (Dean 1999), but there is no certainty of the habitat being 

occupied by this species (Suter 1986).  Reproduction is sexual and multivoltine life 

cycles are thought to be a common characteristic of this genus in the study area 

(Brittain 1990).  In the laboratory, the winged adult stage (subimago and imago) 

lasts up to 48 h (B. Young, unpub. data, 2011). 180 

 

Study area and sampling design 

Samples were collected in 2009 from small sub-tropical streams in the coastal 

ranges west of Coffs Harbour in north-eastern NSW (Fig. 1), which is part of the 

headwaters of the Clarence Catchment (catchment area 22,716km2).  We sampled a 185 

total of 17 locations from 5 sub-catchments: in the Kangaroo Creek State Forest, 2 

sub-catchments were selective harvested (treatment) and 2 sub-catchments were 

not (control).  The 17th sampling location, WCC, was located 15km away in a sub-

catchment of Wild Cattle Creek State Forest and was included to compare genetic 

differentiation across major catchments.  In each sub-catchment in Kangaroo Creek 190 

State Forest, each pair of sampling locations was located 300 m apart to examine 

within stream variation, except at sampling locations WCC and C1d, where not 

enough samples could be collected.  In this paper, a population is defined as a 

sampling location.  To obtain a sample that was representative of the population at 

the sampling location, individuals were hand-picked from underneath rocks over a 195 

minimum stretch of 20m (N = 5-21).  Individuals were stored in 70% ethanol and 

sorted back in the laboratory. 
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 200 

Fig. 1 Map of north-eastern NSW showing sampling sites for Ulmerophlebia sp. 

AV2 in Kangaroo State Forest and Wild Cattle Creek State Forest. 

 

Recent harvesting in ‘treatment’ sub-catchments occurred during 1970-1985 and 

more recently in 2007 in accordance with the Integrated Forest Operations 205 

Approval guidelines (NSW Forestry 2011).  The forest was harvested using single 

tree selection (STS), where: 1) logged trees must have trunks > 1.3m in diameter, 

and 2) the sum of the basal areas of trees removed comprises no more than 40% of 

the sum of the basal areas of all existing trees within the net harvestable area.  A 

minimum buffer zone of 45m along each side of the stream channel was retained 210 

for stream protection.  Catchment areas and percentage of catchment harvested 

information can be found in Table 1. 
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Table 1  Catchment area and harvesting level for the sub-catchments located in 

Kangaroo River State Forest 

Catchment Type Hectares Hectares 

harvested 

% of catchment 

area harvested 

C1 Control 367 - - 

C2 Control 770 - - 

T1 Treatment 593 336 56.7 

T2 Treatment 443 146 32.9 

 215 

DNA analysis 

DNA was extracted from each individual using a standard phenol-chloroform 

DNA extraction protocol (Sambrook et al. 1989).  Initially, a 710 bp fragment of 

mitochondrial DNA cytochrome c oxidase subunit 1 (COI) was amplified from 6 

individuals using polymerase chain reaction (PCR) and universal primers 220 

LCO1490 and HCO2198 (Folmer et al. 1994).  Reactions contained 0.2� �  of 

DNTPs, 0.2� �  of each primer, 1.6m�  of MgCl2, 1 x reaction buffer (Fisher 

BioReagents, Fisher Scientific Inc., Vic, Australia), 0.2 units of Taq polymerase 

(Fisher BioReagents) and 1 � L DNA template (per 10 � L reaction volume) and 

were adjusted to the required volume with sterilised water.  DNA was initially 225 

denatured at 94 oC for 5 min before being subjected to 45 cycles of 94 oC 

denaturing for 30 s, 55 oC annealing for 45 s, then 72 oC extension for 45 s, and a 

final single extension step at 72 oC for 5 min.  PCR product was visualised and 

compared with a known marker on a 1% agarose gel using 1 � L SYBR Safe DNA 

gel stain (Invitrogen, Mulgrave, VIC, Australia).  We received patchy amplification 230 

using these primers so an alignment against other Leptophlebiidae sequences was 

used to design two internal primers that were used for all subsequent amplification 

and sequencing.  These were Ulm_CO1F (5�-AATACTAGGGGCCCCCGACA-3�) 
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and Ulm_CO1R (5�-TCCTCCAGCGGGGTCAAAGA-3�).  Using these primers, 

PCR was then performed on all samples using the following programme: 94 oC for 235 

5 min, then 35 cycles of 94 oC for 30 s, 62 oC for 30 s and 72 oC for 30 s.  Suitably 

amplified PCR products were purified using 0.25 � L Exonuclease (Fermentas) and 

1 � L Shrimp Alkaline Phosphatase (Fermentas) per 10 � L PCR product.  

Sequencing reactions were carried out using Big Dye Terminator v3.1 (Applied 

Biosystems, Mulgrave, VIC, Australia) following the sequencing and 240 

Ethanol/EDTA Precipitation protocol described in McLean et al. (2008). Initial 

sequencing of PCR product in both directions showed good resolution with both 

primers and subsequently the Ulm_CO1F primer was used to sequence all samples. 

 

Data analysis 245 

Sequences of the mtDNA COI region were edited visually and aligned using 

BioEdit Sequence Alignment Editor v7.0.9 (Hall 1999).  The genealogical 

relationship of the haplotypes was estimated using statistical parsimony in 

TCSv1.21 (Clement et al. 2000).  Structuring of genetic variation within the study 

area was assessed using F-statistics and analysis of molecular variance (AMOVA) 250 

calculated in Arlequin v3.1 (Excoffier et al. 2005).  An AMOVA was performed in 

a hierarchical fashion reflecting the stream network by grouping sites at ‘between 

sub-catchment’, ‘among populations within sub-catchment’ and ‘within 

populations’ levels.  The analysis was conducted using both haplotype frequencies 

(FST) and haplotype frequencies incorporating pairwise divergence (� ST) (Excoffier 255 

et al. 1992).  Pairwise � ST values were also calculated to examine genetic 

differentiation between pairs of sites, with significance values corrected using a 

modification of the false discovery rate (Narum 2006). The power to detect 
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specified levels of population structure (FST) given the sampling effort was 

assessed using Powsim_c v4.0 (Ryman and Palm 2006). Specified FST’s for the 260 

power analysis were 0.001, 0.0025, 0.005, 0.01, and 0.02. Power was estimated as 

the proportion of significant outcomes (i.e. rejecting the null hypothesis of no 

haplotype frequency difference among populations using a � 2 contingency test at P 

< 0.05), based on 1000 simulations and incorporating observed haplotype 

frequencies and sample sizes. 265 

 

Levels of genetic diversity within treatment and control sub-catchments were 

assessed using summary statistics.  Nucleotide and haplotype diversity were 

calculated in Arlequin v3.1.  Moment-based estimates of the population mutation 

rate �  (= 2Ne� , where Ne is the female effective population size and �  is the 270 

mutation rate of the locus) were also calculated in Arlequin v3.1.  Moment-based 

molecular diversity indices included � S which defines the infinite-site equilibrium 

relationship between polymorphic sites, sample size and � , for a sample of non-

recombining DNA (Watterson 1975).  � �  describes the infinite-site equilibrium 

relationship between the mean number of pairwise differences and �  (Tajima 275 

1983).  Differences in diversity indices between control and treatment sub-

catchments were explored using a t-test in SPSS (IBM SPSS Statistics v19).  The 

indices data were fourth root transformed before analysis to comply with normality 

and homogeneity of variance assumptions (Clarke and Warwick 2001).  Neutrality 

tests including Tajima’s D and Fu’s Fs  were calculated in Arlequin version 3.1 280 

(Excoffier et al. 2005) to test whether genetic variation conformed to neutral 

equilibrium expectations or a model of demographic expansion observed 

commonly in similar studies of aquatic insects (Hughes et al. 2008; Baggiano et al. 
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2011; Hughes et al. 2011).  Fu’s Fs compares the number of alleles observed in a 

sample with the number expected to occur in a neutral sample with equivalent 285 

genetic variation (Fu 1999).  Tajima’s D compares measures of diversity based on 

segregating sites against that based on pairwise differences (Tajima 1989).  A 

significant Fs can be used to infer that the sequences observed in the populations 

are not evolving as expected, indicating an excessive number of alleles, which may 

be a consequence of demographic population expansion (Ramos-Onsins and Rozas 290 

2002). 

 

Results 

Genetic variation and structure within and between sub-catchments 

Sequencing of the mtDNA COI fragment produced a 372 base pair alignment, 295 

which revealed a large amount of genetic variation from a total of 200 individuals.  

Haplotype sequences are available under Genbank accession numbers JN382075 to 

JN382155 (Supporting Information, Appendix S1).  A total of 81 haplotypes were 

identified based on polymorphisms at 49 nucleotide sites.  Translation of the 

alignment revealed 32 of the 49 polymorphisms were synonymous, 17 were 300 

nonsynonymous and there were no unexpected indels or stop codons. Haplotype 

diversity estimates at the population level were high and variable (ranging from 0.4 

to 1.0, mean 0.798 ± 0.042), whereas nucleotide diversity was comparatively low 

(ranging from 0.005 to 0.017, mean 0.012 ± 0.0009), reflecting the close 

evolutionary relationship between haplotypes within most populations (Table 2).  305 

Both haplotype diversity and nucleotide diversity showed similar values across 

populations although lower levels were found at WCC and one population within 
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the T2 sub-catchment (Table 2). Tests for neutrality gave significantly negative 

values of -88.72 (P < 0.001) for Fu’s Fs, and -1.45 (P < 0.05) for Tajima’s D. 

 310 

Table 2  Sites, haplotype and nucleotide diversity indices of Ulmerophlebia sp. 

AV2 

Sub- 

catchment 

 Sample Nucleotide 

Diversity 

Haplotype 

Diversity 

� S � �  

Site size  

C1 C1a 14 0.01 +/- 0.006 0.76 4.717 +/- 2.068 3.989 +/- 2.382 

 C1b 11 0.016 +/- 0.009 1 6.487 +/- 2.883 6.055 +/- 3.524 

 C1c 10 0.012 +/- 0.007 0.78 7.07 +/- 3.188 4.311 +/- 2.635 

C2 C2a 19 0.009 +/- 0.005 0.83 3.433 +/- 1.492 3.415 +/- 2.041 

 C2b 15 0.009 +/- 0.005 0.69 5.66 +/- 2.418 3.275 +/- 2.012 

 C2c 9 0.015 +/- 0.009 0.97 6.991 +/- 3.241 5.556 +/- 3.343 

 C2d 8 0.013 +/- 0.008 0.97 5.151 +/- 2.473 4.889 +/- 2.983 

T1 T1a 14 0.016 +/- 0.009 0.95 6.918 +/- 2.884 6.022 +/- 3.427 

 T1b 13 0.017 +/- 0.01 0.96 6.918 +/- 2.884 6.385 +/- 3.613 

 T1c 21 0.014 +/- 0.008 0.91 5.722 +/- 2.285 5.088 +/- 2.886 

 T1d 14 0.013 +/- 0.007 0.98 5.66 +/- 2.418 4.659 +/- 2.727 

T2 T2a 14 0.017 +/- 0.009 0.97 7.232 +/- 3.000 6.165 +/- 3.501 

 T2b 14 0.012 +/- 0.007 0.91 5.975 +/- 2.535 4.473 +/- 2.631 

 T2c 12 0.013 +/- 0.008 0.97 6.623 +/- 2.876 5.015 +/- 2.951 

 T2d 5 0.008 +/- 0.006 0.4 3.36 +/- 2.001 2.8     +/- 2.068 

WCC WCC 7 0.005 +/- 0.004 0.71 2.449 +/- 1.412 1.905 +/- 1.407 

 

 

Statistical parsimony inferred haplotype 1 as the root of the genealogical 315 

network; this haplotype was widespread across all sub-catchments except in the 

geographically displaced sampling location WCC (Fig. 2).  39 of 49 tip haplotypes 

occurred in low frequency and were restricted to single streams; however, 10 tip 
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haplotypes were also distributed across sub-catchment boundaries suggesting that 

contemporary gene flow between sub-catchments was not restricted (Fig. 2).  320 

Populations within sub-catchments shared some haplotypes, but many unique low-

frequency haplotypes were not shared even between populations that were 300m 

apart.  The dominant haplotype found at WCC was not found in sub-catchments 

from the main study area.  However this haplotype occupied an internal position on 

the network and was only one mutational step from several other haplotypes within 325 

the main study area.  This indicates that deep phylogeographic structure (and/or) 

cryptic species were absent from our sample and do not confound estimates of 

genetic diversity and structure. 
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 330 

Fig. 2 Haplotype network showing geographical distribution of haplotypes of 

Ulmerophlebia sp. AV2.  Circle size indicates the frequency of each haplotype.  

Solid lines represent a single mutation and small white circles represent haplotypes 

that were not sampled.  Haplotype 1 (labelled) was identified as the root for the 

entire network. 335 

 

The AMOVA revealed that the greatest amount of genetic variation was 

partitioned within populations regardless of whether variation was represented by 

haplotype frequency (97.6%) or weighted by genetic distance (99.1%; Table 3).  

The hierarchical partitioning of populations into sub-catchments in accordance 340 
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with the structure of the stream network explained none of the variation in 

haplotype frequency, and only 1.75% of variation weighted by genetic distance 

(Table 3).  Corresponding F-statistics at the among sub-catchment level were 

indistinguishable from zero (FCT = -0.0036) for the frequency-based estimate; and 

low but statistically significant for the distance-based estimate (� CT = 0.0175; 345 

Table 3).  Pairwise comparisons among all populations using � ST values indicated 

that only one out of 105 comparisons in the main study area was statistically 

significant (P < 0.05), after correction for multiple tests (Table 4).  In contrast the 

geographically displaced populations WCC was significantly differentiated from 

13 out of 15 populations in the study area even after correction for multiple tests 350 

(Table 4). Given that most pairwise comparisons among populations were non-

significant and indistinguishable from zero, a retrospective assessment of power 

was conducted to determine what minimal level of population structure (i.e. FST) 

could be detected using observed sample sizes and haplotype diversities. 

Simulations demonstrated high power (0.97) to detect levels of structure as low as 355 

FST = 0.01 and moderate power (0.61) to detect even lower values of FST = 0.005. 

 

Table 3  Analysis of Molecular Variance (AMOVA) results for populations of 

Ulmerophlebia sp. AV2 showing F-statistics and � -statistics. * p<0.05, ** p<0.01, 

Source of variation df % 

variation 

F-

statistic 

df % 

variation 

� -statistic 

Among sub-catchments 

(FCT) 

3 

-0.36 -0.0036 3 1.75 *0.017 

Among populations within 

sub-catchments (FSC) 

11 

2.8 **0.0279 11 -0.81 0.008 

Within populations (FST) 177 97.56 **0.0244 177 99.06 0.009 
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Table 4  Ulmerophlebia sp. AV2 pair-wise comparisons using � ST values with sequence divergence included.  Figures above diagonal 360 
represent corresponding p-values and those below represent � ST values.  Bold p-values are significantly different (FDR correction p < 0.009). 
Sub-

catchment 

C1   C2    T1    T2    WCC 

Site C1a C1b C1c C2a C2b C2c C2d T1a T1b T1c T1d T2a T2b T2c T2d WCC 

C1a - 0.312 0.812 0.135 0.930 0.088 0.091 0.115 0.331 0.356 0.354 0.103 0.391 0.526 0.620 0.007 

C1b 0.008 - 0.362 0.302 0.180 0.324 0.292 0.279 0.346 0.433 0.229 0.322 0.396 0.343 0.345 0.030 

C1c -0.040 0.007 - 0.398 0.979 0.512 0.359 0.224 0.389 0.605 0.668 0.219 0.688 0.862 0.916 0.002 

C2a 0.035 0.012 0.000 - 0.112 0.121 0.234 0.019 0.006 0.074 0.054 0.021 0.071 0.210 0.129 0.030 

C2b -0.044 0.038 -0.059 0.037 - 0.152 0.117 0.128 0.243 0.447 0.571 0.104 0.471 0.860 0.937 0.000 

C2c 0.070 0.012 -0.003 0.049 0.047 - 0.524 0.622 0.165 0.333 0.304 0.611 0.536 0.664 0.339 0.000 

C2d 0.072 0.020 0.010 0.025 0.061 -0.010 - 0.312 0.086 0.271 0.343 0.347 0.253 0.637 0.209 0.007 

T1a 0.055 0.015 0.025 0.092 0.049 -0.023 0.005 - 0.480 0.691 0.658 0.999 0.822 0.663 0.413 0.004 

T1b 0.009 0.007 0.004 0.097 0.024 0.038 0.067 -0.008 - 0.610 0.481 0.438 0.661 0.500 0.608 0.004 

T1c 0.002 -0.004 -0.021 0.054 -0.003 0.008 0.027 -0.026 -0.015 - 0.894 0.706 0.875 0.744 0.814 0.001 

T1d 0.008 0.024 -0.027 0.060 -0.010 0.014 0.012 -0.024 -0.004 -0.036 - 0.655 0.774 0.853 0.895 0.003 

T2a 0.061 0.011 0.024 0.091 0.052 -0.020 0.005 -0.070 -0.003 -0.025 -0.024 - 0.758 0.617 0.454 0.001 

T2b 0.005 -0.001 -0.025 0.049 -0.006 -0.013 0.026 -0.034 -0.020 -0.035 -0.027 -0.029 - 0.930 0.706 0.000 

T2c -0.015 0.008 -0.041 0.020 -0.037 -0.027 -0.025 -0.025 -0.008 -0.028 -0.036 -0.020 -0.044 - 0.816 0.000 

T2d -0.050 0.018 -0.090 0.080 -0.083 0.024 0.071 -0.017 -0.042 -0.071 -0.096 -0.018 -0.050 -0.059 - 0.001 
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Genetic variation and structure within treatment and control sub-catchments 

Haplotype diversity estimates at the sub-catchment level were high (ranging from 

0.884 to 0.943, mean 0.8995 ± 0.018), whereas nucleotide diversity was 

comparatively low (ranging from 0.011 to 0.015, mean 0.0.013 ± 0.001), reflecting 

the close evolutionary relationship between haplotypes within most populations 

(Tables 5).  Treatment sub-catchments (selectively logged) were not significantly 

different to control sub-catchments for any of the diversity indices (haplotype 

diversity: F1,13 = 0.066; p = 0.784; � S: F1,13 = 0.174; p = 0.55; � � : F1,13 = 0.003; p = 

0.336; Fig. 3). 

 

Table 5  Diversity indices of Ulmerophlebia sp. AV2 for 81 haplotypes across sub-

catchments. 

Diversity 

indices 

Sub-catchment 

C1 C2 T1 T2 

Nucleotide 

diversity 0.013 +/- 0.007  0.011 +/- 0.006 0.015 +/- 0.008 0.013 +/- 0.007 

Haplotype 

diversity 0.861 0.884 0.943 0.91 

� S 
 

7.042 +/- 2.424 5.334 +/- 1.792 7.479 +/- 2.315 7.318 +/- 2.394 

� �  
 4.704 +/- 2.623 4.102 +/- 2.305 5.42 +/- 2.936 4.874 +/- 2.688 
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Fig. 3 Estimates of genetic diversity of Ulmerophlebia sp. AV2 in control = grey; 

and selectively logged = white; error bars = standard error. 

 

Discussion 

The ability of aquatic insects to disperse successfully between habitat patches 

reflects the dispersal mechanism employed (adult flight/larval drift) and the influence 

of barriers (or filters) within both the stream network and the surrounding terrestrial 

landscape (Bilton et al. 2001; Hughes et al. 2008).  This study predicted that the 

mayfly Ulmerophlebia sp. AV2 would exhibit lower population genetic structure 

within and between sub-catchments compared to between Kangaroo Creek State 

Forest and Wild Cattle Creek State Forest areas, reflecting the fact that this species is 

mainly found in headwater streams and terrain separating these two areas should 

represent a greater impediment to dispersal than adjacent streams within a catchment.  

In addition, we predicted that genetic diversity would be lower in partially deforested 

sub-catchments compared to forested sub-catchments because of fragmented aquatic 
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and terrestrial habitat, potentially reducing population size and constraining dispersal 

and gene flow. 

 

We found that the population genetic structure of this mayfly species was 

consistent with similar headwater taxa in showing significant levels of structuring at 

distances > 15 km.  Both the structure of the haplotype network and neutrality test 

results were consistent with a signature of historical population expansion (Ramos-

Onsins and Rozas 2002).  In addition, genetic diversity was high and statistically 

indistinguishable between selectively harvested and forested sub-catchments, 

indicating that selective harvesting may have no detectable effect on mayfly genetic 

diversity and is unlikely to impose a barrier to dispersal. 

 

The AMOVA revealed that genetic differentiation between sub-catchments was 

very low or absent depending on the weighting scheme used.  Pairwise analyses of 

population structure supported the results of the AMOVA suggesting unrestricted 

dispersal both within, and between, sub-catchments.  The significant differentiation 

observed at both sub-catchment and population scales may have partly resulted from 

low sampling numbers at some of the sampling locations, which may have missed 

some haplotypes that were shared with other populations since there was a high level 

of variation of haplotypes within populations.  In addition, the sharing of several tip 

haplotypes, which are more recently derived (Beebee and Rowe 1998), between sub-

catchments indicated dispersal was not restricted.  Larger scale dispersal patterns of 

this species need further examination, as the highly significant pairwise result 

comparing the WCC population to all other populations indicated dispersal is limited 
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at distances > 15 km.  The very short lifespan observed in this species may restrict 

dispersal over such distances. 

 

At the smaller spatial scale of stream reaches, the non-significant result for the 

majority of the pairwise comparisons when including sequence divergence suggested 

the species was dispersing freely between populations 300m apart and along the 

stream channel.  Low levels of differentiation are not attributable to a lack of power in 

the analysis as power simulations demonstrated that very low FST’s could be detected 

with our sampling design.  Low levels of differentiation are also unlikely to be due to 

use of a single locus (mtDNA), as studies have demonstrated that when mtDNA 

variation is high (as in the present case), this locus may approximate or outperform 

multiple locus markers in terms of power to detect population structure (Larsson et al. 

2009; Schmidt et al. 2011). The observed pattern of minimal differentiation between 

closely spaced populations has also been found in another leptophlebiid species in 

sub-tropical areas (Baggiano et al. 2011).  However, this contrasts with other studies 

of a baetid mayfly and several species of caddisfly from south-east Queensland, 

where the greatest genetic differentiation was observed among reaches within streams 

(Hughes et al. 1998; Hughes et al. 2000; Hughes et al. 2003a; Schultheis and Hughes 

2005).  This patchiness in genetic diversity at small spatial scales has been 

hypothesised to reflect that larvae in a particular reach are the offspring of only a few 

matings because emergence of adults in sub-tropical streams is not a synchronous 

event, and that movement of larvae between pools within a stream is limited (Bunn 

and Hughes 1997).  In contrast, streams in this study were located at higher elevation 

and are more like temperate streams, which are cooler than those found in sub-tropical 

areas at lower elevation.  Therefore, the lack of differentiation between pools and 
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within streams in our study suggested that in these forests emergence may be more 

synchronous and nymphs are the product of matings from many females within each 

reach. 

 

These observed differences in genetic structure could mirror differences in female 

oviposition behaviour between different species.  Female dispersal in some species of 

aquatic insects, such as some mayfly and stonefly species, is confined within the 

stream network (Hughes et al. 2003b; Schultheis and Hughes 2005), whereas others 

have widespread patterns across catchment boundaries (mayfly: Hughes et al. 2003a; 

caddisfly: Baker et al. 2003)(caddisfly: Baker et al. 2003; mayfly; Hughes et al. 

2003a).  In addition, it has been suggested that males may be more likely to disperse 

laterally from the stream and also further along the stream channel than females 

(mayfly: Hughes et al. 2003b; stonefly; Macneale et al. 2004).  Further examination 

into the potential for sex-biased dispersal in this species should be undertaken using 

nuclear markers, as the maternal inheritance of mtDNA may alter the observed pattern 

of dispersal without the inclusion of male dispersal. 

 

We predicted that Ulmerophlebia sp. AV2 would be sensitive to the potentially 

isolating effects of forest harvesting in headwater streams based on its adult flight 

stage and preference for good water quality (signal score of 8: Chessman 2003).  We 

hypothesised that any reduction in habitat quality, both instream and terrestrial, could 

lead to smaller effective population sizes by large reductions in census population 

sizes, or even local extinctions within streams, which could lead to a loss of regional 

diversity through local extinction or genetic drift.  However, we found no significant 

difference between selectively harvested and non-harvested sub-catchments for any of 



185 
 

 - 185 - 

the diversity indices.  It should be noted that the time scale at which chronic effect of 

impairment would cause changes in indices is unknown and may be greater than that 

in this study.  These results indicated that this species has large populations that 

support diverse mitochondrial genotypes, including rare alleles found at lower 

frequencies, and gene flow was widespread at distances < 15 km.  This was also 

found by Alexander et al. (2011) in a similar study on a mayfly species in the United 

States.  Their results suggested there was no observable impact on diversity until the 

level of catchment clearing reached at least 40-50%, after which diversity was found 

to decrease with increasing percentage area of catchment clearing (Alexander et al. 

2011). 

 

There are two possible explanations as to why we did not detect an effect of 

selective harvesting on Ulmerophlebia.  Firstly, selective deforestation may not be 

severe enough to alter conditions instream and in terrestrial habitats, hence not 

affecting dispersal and gene flow between streams.  An instream study by Smolders 

(2010) within the same study area found that the method of selective harvesting used 

in these sub-catchments had very little effect on instream processes and aquatic 

invertebrate populations, but the effects on the terrestrial habitat were not examined.  

Riparian vegetation has a potentially strong impact on the survival of adult aquatic 

insects by providing habitat structure, refugia from predators and corridors for 

dispersal (Collier and Smith 2000; Smith and Collier 2005).  In particular, 

microclimatic conditions within the riparian habitat, such as temperature, have been 

shown to reduce the longevity of mayflies if temperatures exceed their thermal 

tolerance limits (Collier and Smith 2000; Smith and Collier 2005).  These 

microclimatic conditions tend to be more severe during summer in open 



186 
 

 - 186 - 

environments, such as those found after forest harvesting (Davies-Colley et al. 2000).  

The lack of an observable effect of forest harvesting on the genetic diversity of 

Ulmerophlebia sp. AV2 suggested that the retention of a buffer zone of at least 45m 

along stream channels in the riparian zone may have protected this mayfly species 

from the possible altered conditions experienced in the terrestrial habitat.  Buffer 

zones have been widely used to mitigate land-clearance impacts and may reduce the 

negative effects on terrestrial adult stages (Naiman and Décamps 1997; Hernandez et 

al. 2005). 

 

Alternatively, the dispersal ability of this species may override any potential 

negative effects of selective harvesting through the continuous spread and re-

introduction of individuals from nearby streams or sub-catchments.  The genetic 

characteristics of this species, such as relatively high number of haplotypes, sharing of 

tip haplotypes between sites, and low levels of genetic structuring among sub-

catchments, all suggested that this species was capable of relatively frequent 

movement within and between sub-catchments at distances of up to 8 km.  However, 

dispersal appeared to be limited at distances of greater than 15 km, which was lower 

than that found for other species of mayfly (Baggiano et al., 2011; Hughes et al. 

2011) and indicated that this species had a smaller dispersal range compared to other 

mayfly taxa. 

 

In addition, this species was relatively small for a mayfly and only lives for up to 

48 hrs, suggesting that adult Ulmerophlebia were unlikely to travel great distances in 

a single generation.  Therefore, if harvesting altered conditions beyond this species 

thermal tolerance limit across greater distances than an adult could fly in its lifetime 
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(i.e. whole sub-catchment); it may not survive long enough to reproduce in more 

suitable habitat.  Given its relatively short lifespan, this mayfly species may only 

travel a few tens of metres into the riparian zone for mating behaviour and/or 

dispersal along the stream corridor between one stream and the next.  It would 

presumably have a higher risk if this species dispersed further distances as it might 

not be able to find a suitable mate and oviposition site before the end of its lifecycle.  

The selective harvesting management strategy, including the use of riparian buffer 

zones, within these sub-catchments does not appear to reduce habitat quality or erect a 

barrier to dispersal between streams for Ulmerophlebia, thereby sustaining the 

terrestrial/aquatic link between instream processes and the terrestrial environment for 

this species lifecycle.  Harvesting may have a greater impact on mayfly species that 

travel greater distances through the terrestrial environment outside the riparian buffer 

zone where climatic conditions are likely to be more severe.  A more detailed 

examination of how adult aquatic insects use the terrestrial habitat and move within 

catchments is needed to increase our understanding of the possible effects of forest 

harvesting practices. 
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