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Abstract
High severity fires are likely to become more prevalent with climate change, resulting in habitat
loss, local extinctions and a decline in ecological function. Leaf litter dependent fauna, including
those responsible for decomposition, are particularly vulnerable to habitat loss through fire. In
this thesis, I investigate the effects of fire severity on the composition and function of leaf-litter
dwelling macroinvertebrate detritivores located in damp sclerophyll forest dominated by
messmate stringybark (Eucalyptus obliqua) within the 2009 Kilmore East-Murrindindi fire
complex, Victoria, southeast Australia. I hypothesized as fire severity increased: 1) richness and
abundance of macroinvertebrate litter fauna would decline; 2) decreased rates of leaf litter
decomposition by macroinvertebrate detritivores would occur; 3) species traits (i.e. large body
size, wing presence and dimensions) would favour dispersal and/or in situ survival; 4) wingless
species with poor physiological adaptions for dispersal and in situ survival would have lower
levels of genetic diversity. I collected macroinvertebrates using litterbags and standardised
hand searches of logs at unburnt, low severity (ground burnt) and high severity (crown burnt)
eucalyptus forests (n=7) in south-eastern Australia, three years after fire. I found that traits, in
particular large body size, determined composition and maintained high rates of leaf litter breakdown
by detritivore fauna, despite species loss. Larger body size was most likely to driven by a requirement for
greater physiological tolerance under changed microhabitat conditions but this trait may have also
facilitated dispersal, post-fire. Molecular and trait based approaches revealed the prominence of both
poor dispersers with low desiccation tolerance reliant on refuges, and holometabolous species with
superior dispersal traits exposed as larvae to microclimatic perturbations in leaf litter. Future effects of
increased anthropogenic activity on compositional and functional resilience of macroinvertebrate
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detritivores is likely to be mediated by identifying and managing for both refuges and microclimatic
conditions in leaf litter.
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Chapter 1
General Introduction
1.1

Background

The question of how the composition and function of organisms responds to change is becoming
increasingly important with the accelerating influence of human activity in natural systems (Gillings and
Paulsen 2014, Malhi, Gardner et al. 2014, Snell-Rood, Cothran et al. 2015). While large scale high
severity fire is now predicted to become more widespread though human activity (Flanningan,
Krawchuk et al. 2009), and can cause transformative change in forest ecosystems, it remains a poorly
understood form of disturbance with regard to ecosystem resilience (Holling 1973).

Important drivers of fire include weather conditions, fuel availability and sources of ignition. While fire
can be started by natural (i.e. lightning strikes) or anthropogenic (fuel reduction burns) sources that
promote increased frequency, the severity and scale of a fire event is principally driven by conditions
that exist at time of ignition and include wind speed, moisture and arrangement of fuel (Sousa 1984,
Whelan 1995). Large scale, high severity fires are known to occur occasionally (i.e. several decades) in
forests that are prone to both the build-up of large amounts of fuel (leaf litter, twigs and bark) and
experience periodic drought (Sousa 1984). Globally, these forests are common in temperate latitudes
and predicted to experience more frequent protracted dry periods as a result of climate change and
therefore these events are likely to become more prominent in the future (Johnson, Miyanishi et al.
2001). Additionally, anthropogenic activity can alter microclimate and fuel components that support
occurrence of high severity (i.e. wildfire suppression, burning and logging) (Flanningan, Krawchuk et al.
2009). While fire frequency and time-since-fire of low severity fires have important time dependent
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effects on biota (i.e. reproductive age and rate of habitat recovery)(Sousa 1984), large scale high
severity fires are of particular interest because of their capacity to cause pronounced change in
ecosystems. This includes the entire incineration of habitat and potential extirpation of local populations
(Whelan 1995).

A critical component of forest biota often overlooked when studying the impact of fire are
macroinvertebrate detritivore composition and their function. Macroinvertebrate detritivores have a
central role in the breakdown of leaf litter (Anderson and Swift 1983, Lavelle, Blanchart et al. 1993,
Wardle 2002) contributing an average of 35% in the destruction of leaf litter, globally (Garcia-Palacios,
Maestre et al. 2013). Macroinvertebrate detritivores, such as millipedes (Diplopoda), woodlice (Isopoda)
and nematoceran fly larvae (Diptera) (Canhoto and Graca 1999, Zimmer 2002, Heemsbergen, Berg et al.
2004, Kitz, Steinwandter et al. 2015), break down leaf litter by fragmenting fresh intact leaves or
consuming microbially conditioned leaves and re-ingesting leaf material. Macroinvertebrate detritivore
composition and microclimatic (or physiochemical) conditions are believed to drive rates of
decomposition (Gessner, Swan et al. 2010, Garcia-Palacios, Maestre et al. 2013). Fire has been found to
alter the microclimate of forest floor habitat (Balch, Nepstad et al. 2008), species composition of
macroinvertebrate detritivores and importantly, reduce the rate at which they are able to breakdown
leaf litter, post-fire (Brennan, Christie et al. 2009). A reduction in the rate of litter breakdown by fauna
would contribute to the accumulation of fine fuel that supports fire (Brennan, Christie et al. 2009,
Flanningan, Krawchuk et al. 2009). Leaf litter is an important fuel component in the rate of spread and
severity of fire (Raison, Woods et al. 1983). Therefore the effects of fire on macroinvertebrates not only
includes changes to composition but the potential for feedback to future fires through greatly reduced
levels of leaf litter breakdown.

2

Macroinvertebrate detritivore species capacity to recovery from fire disturbance can be divided into the
ability for in situ survival during fire and to recolonise in the advent of local extinction, post-fire (Gandhi,
Spence et al. 2001, Mackey, Lindenmayer et al. 2002), but exploring this with regard to the effects of fire
severity in macroinvertebrate detritivores presents some challenges. Firstly, studies into the direct
impact of severe wildfire are difficult because unlike control burns used for the management of fuel
loads, high severity fires cannot be planned. Therefore most studies occur post-fire and this means
direct observation of the effects of high severity fire are unavailable (New, Yen et al. 2010). Instead, we
can compare differences between high severity sites and unburnt sites. Another challenge when
investigating macroinvertebrate species, is traditional means of determining levels of dispersal available
to the study of vertebrate fauna are not practicable i.e. radio tracking and collaring. Utilising molecular
techniques provide a way forward on determining level of dispersal ability.

A genetic approach can infer greater or lesser capacity for dispersal and therefore help explain changes
in composition and species loss due to fire disturbance. If individuals are more closely related to others
in proximity rather than further away, it indicates that movement is limited across the population
regionally and therefore an inability to disperse freely (Bohonak 1999). The extent to which this pattern
is exhibited provides a way of determining to what degree a species has limited capacity to recolonise
rapidly in cases of local extinction. It can tell us about mechanisms in relation to the disturbance, for
example, a species that that does not respond to high severity fire but at the same time has relatively
poor dispersal capacity would most likely indicate they have an ability to survive in situ.
Despite functional trait testing becoming more common in ecological studies in recent years (McGill,
Enquist et al. 2006, Langlands, Brennan et al. 2011), most previous studies on the effects of fire severity
on detritivores has relied on interpreting changes in species composition alone (Wikars and Schimmel
2001, Malmström 2010). A functional trait approach provides a means to better understand
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mechanisms behind compositional responses; for example the increase in wing traits at high severity
sites would indicate the effect of fire severity on composition is driven by dispersal due to local
extinction rather than species reliant on survival in situ. This approach can be particularly valuable when
used in combination with a genetic approach to infer levels of dispersal in a population (Schmuki,
Vorburger et al. 2006, Pierson, Allendorf et al. 2013). For example, a number of wingless detritivores are
believed to be less adapted to dispersal in terrestrial environments, including intolerance to desiccation
(Wright and Machin 1993, Schmalfuss 2003, Schmidt 2015) and poorer physical means of locomotion
(Hornung 2011, Schmidt 2015). This knowledge of traits and expected dispersal permits for the
formulation of hypotheses a priori to be then tested using molecular approaches.

Understanding the effect of fire severity on macroinvertebrate detritivores is of great importance given
anthropogenic activity is likely to drive this disturbance to become more widespread globally. By
exploring changes in composition and function of macroinvertebrate detritivores affected by high
severity fire we are able to ask important questions about dispersal and in situ survival, trait response to
changing habitat conditions and whether high severity fire reduces the rate of litter breakdown by
fauna. This combination of approaches has widespread relevance to many anthropogenic disturbance
processes and helps answer questions about the level of resilience ecosystems and ultimately make
predictions and informed management decisions in the future.

1.2

Aims of the Thesis

The general aim of the thesis is to investigate the effects of fire severity on composition and function of
leaf litter-dwelling macroinvertebrate detritivores. High severity fires incinerate leaf litter and coarse
woody debris required by detritivores for food and habitat (Schowalter 2012). Their diverse composition
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and functional role in the breakdown of litter mean they provide an important opportunity to examine
how and to what extent diversity and function is restored after large scale high severity fire disturbance.

In Chapter 2, I investigate the effects of fire severity on macroinvertebrate detritivores and their
function using a manipulative experiment comparing leaf litter mass loss with and without
macroinvertebrate fauna among fire severity classes (unburnt, ground burnt and crown burnt). I also
test the effect of fire severity on the body size, abundance and biomass of macroinvertebrate
detritivores present in litter bags. Further, I examine how fire severity affects microhabitat variables and
therefore the conditions regulating macroinvertebrate composition and function.

In Chapter 3, I examine associations between fire severity and assemblage composition and species
traits. First, I tested whether the composition of higher taxa (principally families) and Coleoptera
(morphospecies) differed among leaf litterbags placed in sites that had experienced different fire
severities. Second, I asked if traits likely to favour in situ survival or increase the potential for
recolonisation after local extinction increase in prevalence as fire severity increases. I used
macroinvertebrates collected from litterbags to compare trophic position and dispersal traits (presence
of wings and body size) among sites that had experienced different fire severities. Additional
mensurative samples were taken from logs to detect the presence of wingless detritivores, which were
expected to have the most limited dispersal ability. I consider my findings in the context of the rates of
recovery of wing and size traits, and trophic groups following fires of differing severities.

In Chapter 4, I test the efficacy of genetic and morphospecies identification methods for larval
Lepidoptera collected in litterbags to detect species composition differences among fire severity classes.
I discuss the benefits and disadvantages of morphospecies and barcoding approach with a focus on taxa
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with few readily available diagnostic features. Further, I use adult barcoded specimens that matched
Lepidopteran larvae from litterbags to value-add to the dataset by testing the effects of fire severity on
wing dispersal traits.

In Chapter 5, I compared the dispersal ability of two species of isopod with distinctly different adaptions
to terrestrial life using a molecular approach. By comparing genetic population structure and measures
of genetic diversity after a high severity fire, I was able to compare likely levels of dispersal from
molecular analysis with predictions based on life history traits i.e. desiccation tolerance and rates of
movement. I discuss the importance of fire refuges in extreme poor dispersers.

By adopting a combination of trait and molecular based approaches and using both manipulative and
mensurative experiments, this study improves our knowledge of the extent to which macroinvertebrate
detritivore composition and function recover after a large scale high severity fires and provides evidence
that points toward the mechanisms driving recovery.
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Chapter 2
The Effects of Fire Severity on Macroinvertebrate Detritivores
and Leaf Litter Decomposition.
Buckingham S, Murphy N, Gibb H (2015) The Effects of Fire Severity on Macroinvertebrate Detritivores
and Leaf Litter Decomposition. PLoS ONE 10(4): e0124556. doi:10.1371/journal.pone.0124556

This chapter was published as a paper. I made a significant and leading contribution to this work. I
conceived and designed the experiments, performed the experiments, analysed the data and wrote the
paper. Both co-authors contributed to the conception and design of the experiments and writing of the
paper.
I have permission for inclusion of this paper for this thesis as outlined on their website.
http://blogs.plos.org/everyone/authors/qa/#ppub
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Abstract
High severity wildfire events are a feature of forests globally and are likely to be more prevalent with
climate change. As a disturbance process, fire has the potential to change important ecological
functions, such as decomposition. Despite the recognised importance of decomposition in terms of fuel
loads and energy flow, little is known about the post-fire effects of fire severity on decomposition by
litter-dwelling macroinvertebrate detritivores. We used a litterbag experiment and measured site
microhabitat characteristics, comparing three fire severities: long-unburnt (n = 7), ground-burnt (n = 7)
and crown burnt (n = 7) forest to test its effect on: a) macroinvertebrate-driven break-down of litter fuel
loads; and b) the size and abundance of macroinvertebrate detritivores three years after fire.
Microhabitat conditions differed among fire severity classes. Biomass of macroinvertebrates and litter
loss were unaffected by fire severity. Macroinvertebrate exclusion reduced litter decomposition by
34.7%. Macroinvertebrate detritivores were larger and less abundant following higher severity fires,
possibly as a result of fire-induced changes in habitat structure. Opposing effects of fire severity on
macroinvertebrate abundance and body size resulted in similar detritivore biomass and leaf litter
decomposition under different fire severities. This suggests that the diversity of macroinvertebrates
enhances functional resilience of litter decomposition to fire and that litter-breakdown is not inhibited
within three years following a high severity fire. We found no support for the hypothesis that high
severity fires reduce litter decomposition and therefore increase the likelihood of future fires.

Key-words: disturbance; traits; body size; functional redundancy; wildfire; fuel reduction burns;
Eucalyptus

8

2.1 Introduction
Fire is recognised globally as an important form of disturbance due to its widespread occurrence and
potential to alter the structure and function of ecosystems (Bond, Woodward et al. 2005). High severity
wildfire events occur in forests exposed to persistent high pressure system events that dry fuel
(Johnson, Miyanishi et al. 2001). Wider fluctuations in weather conditions, periods of increased dryness
extending fire seasons and more regular extreme hot dry winds are thought to be more likely under
climate change, enhancing the likelihood of severe fires (Macias Fauria and Johnson 2008, Clarke, Smith
et al. 2011). Although numerous studies have examined the responses of biodiversity and ecosystem
function to fire frequency e.g. (Coleman and Rieske 2006, Kiss and Magnin 2006, Moretti, Duelli et al.
2006, Andersen, Parr et al. 2007, Vasconcelos, Leite et al. 2008, Langlands, Brennan et al. 2011, Pryke
and Samways 2012), fewer studies have examined the effect of fire severity on biota (Wikars and
Schimmel 2001, Saint-Germain, Larrivée et al. 2005, Rodrigo, Sardà-Palomera et al. 2008, Fattorini 2010,
Malmström 2010).

In southern Australian forests, litter from trees is the defining factor driving fire regimes (Bradstock
2010), and plays a large role in contributing to fire severity and rate of spread (Noble, Bary et al. 1980,
Cruz, Sullivan et al. 2012, Mccaw, Gould et al. 2012). Due its role as fuel, the build-up of litter plays a
significant role in assessing bushfire hazard and fuel reduction burns are usually targeted to reduce litter
(Watson, Penman et al. 2012). The balance between litter fall and decomposition is therefore central to
the prevention of fuel build-up. Globally, decomposition can be explained in terms of three major
components: climatic conditions, leaf litter quality and biota (Anderson and Swift 1983, Lavelle, Decaëns
et al. 2006). At local scales, where single tree species often dominate, climate and litter quality are likely
to vary less, increasing the relative importance of biota in decomposition. Leaf litter decomposition
occurs through chemical change caused by the action of microbes or the physical fragmentation of
9

leaves through consumption of leaf material by macroinvertebrate detritivores, resulting in acceleration
of microbial activity (Wardle 2002). Leaf fragmentation is potentially a major driver of decomposition in
tropical and temperate climates where conditions such as moisture and temperature are less limiting for
macroinvertebrates (Wall, Bradford et al. 2008, Makkonen, Berg et al. 2012, Garcia-Palacios, Maestre et
al. 2013). At local scales, the role of other drivers, such as climate and leaf substrate quality may be far
less predictive of litter decomposition than measures of the macroinvertebrate detritivore assemblage
(Anderson and Swift 1983, Makkonen, Berg et al. 2012, Garcia-Palacios, Maestre et al. 2013). Two recent
meta-analyses showed that litter quality and climate are important drivers of decomposition
(Makkonen, Berg et al. 2012, Garcia-Palacios, Maestre et al. 2013). However, these studies also
emphasised that macroinvertebrate detritivores had substantial effects on decomposition and that this
third factor has been neglected and warranted emphasis in future studies. This study responds to this
reported oversight.

Disturbance may change the rate of decomposition by altering the characteristics of litter-feeding
macroinvertebrate assemblages (Swift, Heal et al. 1979, Anderson and Swift 1983, Lavelle, Blanchart et
al. 1993). Previous studies suggest that macroinvertebrate diversity and function are affected by
disturbance due to fire (Andersen, Woinarski et al. 2012, Pryke and Samways 2012). Fire is characterised
by its frequency, extent and severity (Gill 1975) and each of these elements may affect outcomes for
macroinvertebrate assemblages and the functions they perform. Fire severity describes the loss of or
change in organic matter aboveground and belowground following a fire (Keeley 2009). High severity
fires have previously been shown to have long-lasting effects on vegetation recovery (Schimmel and
Granstrom 1996) and to reduce the abundance and species diversity of fungi (Dahlberg, Schimmel et al.
2001) and microinvertebrates (Kim and Jung 2008, Malmström 2010), while bird assemblages respond
differently to fires of differing severity (Smucker, Hutto et al. 2005). Reduced litter decomposition by
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macroinvertebrates is associated with increased fire frequency (Brennan, Christie et al. 2009). However,
the effects of fire severity on macroinvertebrate biodiversity and function are less well known (Wikars
and Schimmel 2001, Rodrigo, Sardà-Palomera et al. 2008, Bogorodskaya, Krasnoshchekova et al. 2010).

High severity or crown fires present macroinvertebrates with particular challenges. Entire oxidation of
organic matter of surface soil and logs occurs in high severity forest fires (Certini 2005, Cruz, Sullivan et
al. 2012), resulting in the complete loss of habitat for litter-feeding macroinvertebrates, compared with
more patchy low severity fires. Wikars and Schimmel (2001) (2001) showed that, in severe fires,
invertebrates living deeper in soil suffered reduced mortality compared with those in the vegetation and
litter layers. However, no studies have examined the effects of fire severity on macroinvertebratedriven decomposition. The loss of habitat following fire has immediate and ongoing effects for fauna
populations (Robinson, Leonard et al. 2013). After severe fire, fauna populations and their functional
roles could be affected by local extinction and their capacity for local recruitment, loss of habitat
complexity, and altered species interactions, including competition and predation (Wardle 2002,
Schowalter 2012). Despite the key functional role of macroinvertebrates in litter decomposition
(Anderson and Swift 1983), no studies have examined the effects of fire severity on macroinvertebratedriven decomposition for leaf litter, although one study has examined the effects of fire severity on the
decomposition of cellulose (Radea and Arianoutsou 2000 ). A closer examination of functional responses
is required if we are to explain mechanisms driving change in the functional importance of
macroinvertebrate detritivores (Wall, Bradford et al. 2008, Makkonen, Berg et al. 2012, Garcia-Palacios,
Maestre et al. 2013).

We tested the effect of fire severity on macroinvertebrate abundance and body size and litter breakdown in Eucalypt forests in south-eastern Australia that had experienced the catastrophic ‘Black
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Saturday’ fires in 2009. We used a manipulative experiment to test the following hypotheses: 1)
increasing fire severity is associated with decreased rates of leaf litter decomposition by
macroinvertebrate detritivores; 2) the abundance and biomass of macroinvertebrate detritivores
decreases with increasing fire severity, while body size increases.

2.2 Methods
2.2.1 Study sites
This research was conducted at Kinglake National Park, Mount Robertson, Toolangi and Marysville State
Forests with the permission of the Department of Sustainability and Environment, Victoria, Australia
(Permit Number: 10005924). Field studies did not involve any threatened or endangered species.
This study was carried out in forests located within the 2009 Kilmore East-Murrindindi fire complex, in
the foothills of the Great Dividing Range, Victoria, southeast Australia (37° 34'S, 145° 30'E) (S1 Fig.). The
climate is temperate with a mean annual rainfall of 1373 mm recorded at 595 m a.s.l. The mean daily
maximum summer temperature is 23.2 oC, while the mean daily minimum winter temperature is 3.8 oC.
Sites selected were located in damp sclerophyll forest in gullies dominated by messmate stringybark
(Eucalyptus obliqua), around 25 m tall with a dense midstorey of tree fern (Dicksonia antarctica) and
hazel pomaderris (Pomaderris aspera). Other tree species that occurred in the vicinity of sites but were
not dominant included blue gum (Eucalyptus globulus), mountain grey gum (Eucalyptus cypellocarpa) or
small-leaved peppermint (Eucalyptus radiata). These damp gullies are typically surrounded by dry
sclerophyll forest with an open midstorey (DSE 2005). Soils were clay loam and sandy clay loam derived
from alluvial and/or colluvial weathering. Aspect and slope varied among sites (SI 2 Table).

The fire began on February 9th, 2009, as two separate fires at Kilmore East and Murrindindi and burnt to
the east under severe weather conditions for the first 12 hours, during which time most of the high
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severity crown fires had occurred (SI 1 Fig.). The two fires later joined under lower wind speeds and
humidity to cover an area of over 228,000 ha (Teague, McLeod et al. 2010, Cruz, Sullivan et al. 2012,
Price and Bradstock 2012). Three fire severities were selected in this study and refer to the severity of
the fire that occurred in February 2009 (Keeley 2009, Cruz, Sullivan et al. 2012). Fire severities were
classified as follows: 1) Crown burnt (highest severity), referring to burning of all leaves in the tree
crown and midstorey, leaf litter, humus, and logs; 2) Ground burnt (lower severity), referring to the
incineration or charring of the litter layer and underlying humus layer; logs are typically charred where
exposed but sometimes wholly burnt and the shrub and groundlayer vegetation, but not the tree crown,
is typically burnt; and 3) Unburnt, referring to sites not burnt or directly affected by fire in 2009. All sites
were unburnt and unaffected by logging for at least 20 years prior to 2009.

2.2.2 Litter decomposition
We commenced with two decomposition experiments in spring 2011. Sites were selected in the three
severity classes with seven replicates making a total of 21 sites interspersed over a 30 by 50 km area (SI
1 Fig.). Sites were separated by a minimum distance of 150 m and sites of the same fire severity were
separated by a minimum of 1.15 km. Unburnt sites ranged 10 to 20 m from the burnt edge. For the first
experiment, we placed litterbags directly on the soil and covered them with leaf litter at each site. Litter
bags were 180 mm x 180 mm in dimensions and contained 10 g of dried E. obliqua leaves (collected
green). Green leaves make up around 10% of total leaf fall in E. obliqua forest (Attiwill 1979), so are a
representative substrate, but differ chemically from senescent leaves (Ashton 1975). Although this is a
small proportion of the total litter fall, using green leaves allowed us to standardise the litter bags across
all sites. Senescent leaves or 'leaves on strings' were used to verify that any artificiality in the methods
used in the litter bag experiment due to leaf age did not affect the relative rates of decomposition
among fire severity treatments. Litter quality and climate are important drivers of decomposition
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(Makkonen, Berg et al. 2012, Garcia-Palacios, Maestre et al. 2013), but this study did not aim to address
these issues. Litter quality was controlled for by using a controlled experiment, with litter sourced from
the same locations and tree species. Climate was controlled for by using a limited geographic area for
the study.

Litter bags were dried in ovens at 60ᵒC for 3 days and weighed before and after the field experiment.
Frass (excreted organic material less than 2 mm diameter) and soil debris were removed from leaves
after the experiment with the aid of a 3 mm sieve. In order to determine the role of macroinvertebrate
detritivores in the first experiment, we used a “control” treatment (n=10 bags per site, unmanipulated)
to measure the effects of fauna and microbes on decomposition and an “insecticide” treatment (n=10
bags per site, macroinvertebrates excluded) to measure the effects of microbes only on decomposition
rates. The litter bags had a mesh size of 8 mm to allow access by most macroinvertebrate detritivores,
microarthropods, fungi and bacteria. Before placement in the field, we soaked the “insecticide” litter
bags in a pyrethroid (Bifenthrin 10 mg/L) solution for the insecticide treatment and the control was
placed in water only, both for 1 hour. Chemical exclusion using a pyrethroid was preferred over a
physical exclusion using fine mesh because no studies using that method have reported success in
excluding moth larvae (Lepidoptera) in Australia (Crockford and Richardson 2002, Brennan, Christie et al.
2009). Pyrethroids do not affect the function of fungi and bacteria (Tu 1980). In the first experiment,
litter bags were placed along a 30 m x 2 m belt transect at each site. The litter bag treatments (2 control
and 2 insecticide) were located at each station along the transect at 3 m intervals (10 stations and 40
litter bags per site). Control and insecticide litter bags were 2 m apart at each station. Ten control and
ten insecticide treatment litter bags were removed from each site and measured at 6 months (autumn
2012) and the remaining ten control and ten treatment litter bags were removed from each site at 12
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months (spring 2012). A total of 840 litter bags were placed in the field (10 replicates x 2 treatments x 2
sampling periods x 21 sites).

We used a second method to determine levels of leaf breakdown because conditions within litter bags
can potentially alter decomposition rates (Bradford, Tordoff et al. 2002, Kampichler and Bruckner 2009).
Here, we tied five senescent leaves to a piece of nylon string placed 50 cm from the control litterbag at
six of the ten stations across 21 sites for a total of 186 leaf area subsamples. This experiment presented
more realistic conditions for decomposition: senescent leaves scattered amongst the leaf litter.
However, unlike the litter bag experiment, it did not allow us to sample the decomposer assemblage.
We measured leaf area before placement in the field in spring 2011 and after 12 months using an Area
Meter AM 300 (Bioscientific, Australia), then calculated percentage area loss. Leaves were placed in
contact with the soil. As well as providing a more ‘natural’ microclimate, leaves tied to strings may
provide better access to larger fauna. However, they could also allow larger fragments to break off and
become lost. The use of both litter bag and ‘leaves on string’ methods should provide estimates that
bound true values of leaf breakdown by macroinvertebrate detritivores (Coleman, Crossley et al. 2004).
If the area loss from the ‘leaves on string’ experiment and mass loss from the litter bag experiment are
related, this should indicate that litter bag experiment provided a suitable model for responses to
senescent leaves.

2.2.3 Macroinvertebrate detritivores
To determine the abundance, size and biomass of macroinvertebrate detritivores, litter bags (control
and insecticide) were placed in Tullgren funnels with fluorescent 30 watt light bulbs within 24 hours of
collection and were removed from funnels after 48 hours. Earlier tests using 10 grams of wet leaf litter
collected from the field confirmed that extraction of all living animals was achieved over a 2 day period.
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Mesh size of 10 mm permitted movement of macroinvertebrates into funnels and vials filled with 70
percent ethanol.

We considered only macroinvertebrate detritivores 2 mm or greater in length for this analysis because
they included all the functionally important fauna (principally larvae) that ingest leaf litter (Coleman,
Crossley et al. 2004). Macroinvertebrate detritivores were identified to family and morphospecies.
Morphospecies were assigned to the following functional groups: detritivores, fungivores and predators
using references (Holloway, Bradley et al. 1987, CSIRO 1991, Coleman and Rieske 2006, Booth, Cox et al.
1990) and a dissection microscope. Abundance and body length were recorded for all individuals.
Biomass was calculated from body length-mass relationships Saint-Germain (2007) (Saint-Germain,
Buddle et al. 2007) using algorithms from Hodar (1996) (Hodar 1996) for all taxa with the exception of
amphipods for which we used Gruner (2203) (Gruner 2003). A subsample of macroinvertebrate
detritivores were measured for length, then dried and weighed to confirm that algorithms accurately
estimated their biomass. We used the mean value of abundance, size and biomass at each site to test
changes in the assemblage.

2.2.5 Microhabitat
Nine microhabitat measurements were made for each of the control and insecticide litterbags making a
total of 20 measurements per site during the autumn 2012 leaf litterbag collection. Percentage cover of
foliage was the total of ground, midstorey and canopy cover. Ground cover was estimated visually
within a 30 cm x 30 cm quadrat. Midstorey and canopy cover were estimated within a 2 m x 2 m
quadrat. Percentage cover of leaf litter, bare ground and moss was estimated visually within a 30 cm x
30 cm quadrat. Soil disturbance was the visual estimation of the percentage of soil covering litterbags
from foraging vertebrates e.g. superb lyrebirds (Menura novaehollandiae) and long-nosed bandicoots
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(Perameles nasuta). Soil included organic and mineral components. Litter depth was measured at three
points within each quadrat. The distance to the nearest log of diameter greater than 10 cm was
measured. Disturbance was recorded as the percentage cover of soil covering each litterbag principally
caused by digging of ground foraging vertebrate species. Moisture was measured with a meter CT-250
Cool Tech (Testequipment, Australia) inserted within the litterbag and relative humidity was recorded by
placing Kestrel 4500 Pocket Weather Tracker (Nielsen-Kellerman, U.S.A.) on the soil beneath each litter
bag immediately after collection.

2.2.6 Statistical analysis
A principal component analysis on correlations was carried out on the nine microhabitat predictor
variables, and a biplot produced using packages MASS and Calibrate in R (R Development Core Team
2012 (Venables and Ripley 2002, R Development Core Team 2013)). The purpose of this analysis was to
create a multidimensional presentation of the variability of microhabitat conditions in relation to sites,
and to form the basis of a principal component regression (PCR) for leaf litter decomposition and
macroinvertebrate measures (abundance, size and biomass). Axes that best described the data set were
originally to be selected for the PCR because microhabitat variables were likely to covary (Mevik and
Wehrens 2007). However, after examining the eigen values against the broken stick model (i.e.
components that explain the vast proportion of the variability), the number of principal components
equalled the majority of the original microhabitat variables, so PCR was not used.

We used ordinary least squares (OLS) regression to test the effect of fire severity, the experimental
treatment and their interaction, and nine microhabitat variables on the mean and variance per site of
mass loss from the litter bag experiment and the leaf area lost per site from the leaves on string
experiment after 12 months. Variance of mass lost is indicative of heterogeneity of decomposition
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within sites. OLS regression was used to test the effect of fire severity, the experimental treatment and
their interaction on the mean mass at six months to determine if there were differences in
decomposition halfway through the experiment. Results were similar at 6 and 12 months with 1 year
showing the full effects of the experiment therefore we used 12 month data to test against predictor
variables. OLS regression was used to test the effect of fire severity and nine microhabitat variables on
the abundance, size and biomass of macroinvertebrate detritivores per site at six months (the midpoint
in the experiment). OLS is used to minimise the distances in the observed responses with those
predicted in the linear approximation. An AIC model-stepwise regression was used to determine the
best predictor variables automatically in all six tests. To confirm whether the control for mass loss was
measuring an approximation of the real function of macroinvertebrate detritivores; we used an OLS
regression to test for a positive relationship between mass loss (control) and leaf area loss at 12 months.
To compare microhabitat variables between three fire severities, we used ANOVA (Analysis of Variance)
tests. We used a generalised linear model (GLM) with a negative binomial function (using package MASS
in R) to test the effects of fire severity on moss cover because this best fitted the response distribution
i.e. the high proportion of zero values did not fit the assumptions of ANOVA in this case. Post-hoc
Tukey's tests were conducted when the effect of fire severity was significant.

2.3 Results

2.3.1 Microhabitat
Principal components analysis of microhabitat revealed distinct patterns with respect to microhabitat
variables and fire severity even three years after fire (Fig. 2.1). Principal component one (PC1) and
principal component two (PC2) represent 30 and 22 % of microhabitat variability. PC1 was positively
correlated with moss cover and negatively correlated with foliage cover, moisture, relative humidity,
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litter cover and soil disturbance (Fig. 2.1; Table 2.1). Crown burnt sites were high on PC1, while unburnt
sites were low on this axis. PC2 was positively correlated with bare soil and moisture and negatively
correlated with litter cover and litter depth. There was no clear trend for sites along the PC2 axis. Moss
cover was greatest in crown burnt sites (F(2,18) = 7.96, P<0.001), while soil disturbance was greatest in
unburnt sites (F(2,18) = 8.83, P<0.01). Litter depth, an important measure of fuel availability, did not
respond to fire severity (F(2,18) = 1.56, P=0.24), (Fig. 2.2).

2.3.2 Litter decomposition
The regression testing the relationship between mean leaf area loss of senescent leaves and mass loss
from green leaf litterbags was significant, (R2=0.18, F(1,19) = 5.36, P<0.032), confirming that these
measures showed similar response patterns. For the litter bag experiment, mass loss was greater for
the control than for the insecticide treatment, in agreement with predictions. Litterbags treated with
insecticide lost 29.5% and 34.7% less mass than control litterbags at 6 months (autumn) and 12 months
(spring) respectively, (Fig. 2.3). Macroinvertebrate detritivore presence was the single most important
determinant of mass lost and was highly significant (Table 2.2). We expected that high severity fires
would inhibit the functional role of macroinvertebrate detritivore in leaf litter loss. However, the effect
of fire severity on mean mass loss (control) was not significant; instead, there was a positive trend with
fire severity for leaf mass loss (control) in both whole and best fit models (Table 2.2, Fig. 2.3b). The
whole and best fit models testing the effect of fire severity and microhabitat on mean leaf area loss
were not significant (Table 2.2). There was no significant interaction between insecticide treatment and
fire severity, suggesting that macroinvertebrates were responsible for a similar proportion of
decomposition, independent of fire severity (Table 2.2). Moisture and relative humidity (a covariate
measure) were the only predictors with strong and consistent positive effect on mean decomposition
rates when macroinvertebrates were present, and only moisture had a significant positive effect. Mass
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loss variance (i.e., heterogeneity in decomposition within sites) did not respond significantly to fire
severity (Table 2.2), but was significantly affected by litter depth in the whole model and litter depth and
soil disturbance in the best model.

For the leaves on string experiment, the whole model test of leaf area loss also showed a significant
positive response to moisture and relative humidity and distance to log. The best fit model also
indicated significant negative responses for foliage cover, bare soil and moss cover (Table 2.2).

2.3.3 Macroinvertebrate detritivores
Macroinvertebrate detritivore size and abundance differed, depending on fire severity. The abundance
of macroinvertebrate detritivores differed between fire severity classes, with fewer collected from
crown burnt sites (Table 2.3, Fig. 2.4). In contrast, macroinvertebrate detritivore size (measured as site
means of individuals) was greatest in crown burnt sites, however, interestingly macroinvertebrate
detritivore biomass did not differ significantly between fire severities.

In terms of microhabitat variables, the size and biomass of macroinvertebrate detritivores had a highly
significant negative relationship with moisture and was significantly positively related to percentage of
bare soil. Neither moisture, nor bare soil affected detritivore abundance. Macroinvertebrate
detritivores were more abundant at increasing distances from logs. Despite, strong effects of fire
severity on macroinvertebrate traits, there were no other microhabitat measures that served as
significant predictors of abundance, size or biomass (Table 2.3).

2.4 Discussion
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We addressed the poorly studied question of how fire severity affects macroinvertebrate detritivore
assemblage characteristics and function, to gain insights into the potential impact of fire severity on
litter build-up. Litter accumulation enhances the likelihood of fires, so it is important to understand its
relationship with fire severity if we are to manage fires. Our study showed that macroinvertebrate
detritivore assemblages were changed by fire severity, with larger but less abundant macroinvertebrates
under high fire severity. Exclusion of macroinvertebrate detritivores from litter demonstrated their
substantial functional importance within this system. However, we detected little differentiation in the
function of macroinvertebrate detritivores among fire severity classes, despite significant changes in
microhabitat conditions after severe wildfire, suggesting that the functional effects of fire severity may
have been short-lived. We suggest that this resulted from functional redundancy in the
macroinvertebrate detritivore assemblage, whereby a low abundance of large detritivores in crown
burnt sites resulted in equivalent decomposition rates to those in less severely burnt sites, where
detritivores were smaller, but more abundant.

2.4.1 The effects of fire severity on macroinvertebrate detritivore size
Although macroinvertebrate assemblages differed among fire severity classes, with higher abundance
and smaller individuals in low severity classes, macroinvertebrate biomass and function were similar.
We propose two possible explanations for differences in body size in response to fire severity: 1) body
size affects the ability to recolonise; and 2) post-fire microhabitats favour large body size.
Firstly, larger insect species are better active dispersers (e.g., Lepidoptera, (Steffan-Dewenter and
Tscharntke 1997, Verdasca, Leitão et al. 2012), Coleoptera, (den Boer 1990)). Large body size improves
dispersal ability because it reduces the mass-specific cost of flight (Roff 1991, Berwaerts, Van Dyck et al.
2002). It is also thought to improve dispersal ability by enhancing resistance to starvation (Dingle,
Blakley et al. 1980). Among flightless species, large body size might also enhance dispersal if allometric
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scaling results in relatively longer legs and because desiccation tolerance (and therefore the variety of
microhabitats through which a species can pass) increases with body size. However, previous studies
have failed to find a link between the body size of beetles and their response to large-scale disturbances
such as habitat fragmentation (Didham, Hammond et al. 1998, Davies, Margules et al. 2000, Driscoll and
Weir 2005).

Alternatively, differences in size may result from macroinvertebrate detritivore assemblage responses to
microhabitat changes following fires, including soil disturbance and moss cover. Changes in
microhabitats bring challenges related to desiccation, food resource availability and physical mobility.
Moisture was a strong predictor of size: sites with lower moisture levels supported larger individuals.
High severity fires remove foliage cover, leaf litter and humus in surface soil, ultimately leading to
greater temperature and moisture fluctuation (Swift, Heal et al. 1979, Raison, Woods et al. 1986). In
simplified habitats, larger body size will reduce moisture loss as a result of lower surface area to volume
ratios (Dias, Krab et al. 2013). Additionally, larger species have been shown to better utilize bulky food
items of low resource quality (Ritchie and Olff 1999, Woodward, Ebenman et al. 2005) including
Eucalyptus leaves (Canhoto and Graca 1999). Macroinvertebrate detritivores of smaller body size are
better able to access the resulting finer scale resources (Swift, Heal et al. 1979), common in unburnt
sites. The loss of fragmented and partially decomposed leaf litter at crown burnt sites should favour
macroinvertebrate detritivores of large body size able to maintain function by exploiting whole recently
fallen leaves. Previous studies also suggest that structurally simplified habitats support larger species
(e.g. (Yanoviak and Kaspari 2000, Farji-Brener, Barrantes et al. 2004, Gibb and Parr 2010)) because
complex habitats may act as an impediment to movement. Greater dominance of larger species
following fire may even result in an acceleration of functions due to their greater mobility (Parr,
Andersen et al. 2007).
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2.4.2 The effects of fire severity on the function of macroinvertebrate detritivores
Macroinvertebrate exclusion reduced litter mass loss rates by 34.7%. This is in agreement with a global
average of 35% (Garcia-Palacios, Maestre et al. 2013), but is higher than the 21% average recorded for
deciduous forest, which is closest in latitude to the study area. Mass loss for the insecticide treatment is
attributed to chemical leaching and activity of microbes (Lavelle, Blanchart et al. 1993, Couteaux,
Bottner et al. 1995). However, microinvertebrates were present at all sites for the insecticide treatment,
(approximately 80% reduction). Microinvertebrates include fungivores (collembolans and mites) that
graze on fungal hyphae that may alter the function and identity of microbes (Wardle 2002). There was
no mass loss difference between fire severities (insecticide treatments). However, due the substantial
reduction of microinvertebrate fungivores, we cannot rule out the possibility of potential indirect effects
on decomposition.

A key finding of this study was that macroinvertebrate detritivore function was not inhibited by high fire
severity, either in terms of loss of leaf litter or variation in litter loss. This is despite distinct differences
in the body size and abundance of macroinvertebrates between fire severity classes. A trade-off in body
size and abundance resulted in similar macroinvertebrate biomass across fire severity classes, which was
directly reflected in similarities in the rate of litter breakdown. Disturbance can affect ecosystem
function (Bengtsson, Nilsson et al. 2000). However, in this study, disturbance caused by high severity fire
resulted in an assemblage with species that differed in an important trait (body size), but had similar
functional effects. Leaf litter breakdown is a major component of annual energy flow and nutrient
cycling within forest ecosystems (Gessner, Swan et al. 2010) and functional redundancy in
macroinvertebrate detritivores (and therefore species diversity) is likely to have played an important
role in maintaining this process under changed conditions. Our study shows that macroinvertebrate
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detritivore function can be maintained independent of fire severity and may thus prevent positive
feedback driving increased fire disturbance.

2.4.3 Management implications
Leaf litter contributes to the spread of wildfire and forest managers aim to monitor and reduce this
component of the fuel load through planned fuel reduction burns (Raison, Woods et al. 1983). We
showed that litter depth and decomposition rate three years after fire is similar in sites experiencing
different fire severities. We thus suggest that, within three years after fire, low severity burns, such as
those performed for fuel reduction, neither promote nor decrease litter decomposition and therefore
the likelihood of future fires in this forest type. Litter decomposition remains similar even following
severe fires, suggesting that there is no feedback promoting future severe fires through changes to litter
decomposition. No studies have investigated the effects of fire severity on litter decomposition in other
forest types, so further work is required to determine the generality of these findings. In this system,
macroinvertebrate detritivore assemblages responsible for decomposition appear to have a high level of
functional resilience to fire severity, which we attribute to rapid recovery of a decomposer assemblage
of large body size. This resilience is likely to be a result of the fire prone nature of the system, with
species adapted to a periodic occurrence of severe fires. Prescribed fuel reduction burns based on fuel
loads has meant a three year fire interval has been considered possible in southern Australian forests
where reducing fire risk around property is a high priority (Gould, McCaw et al. 2011, Price and
Bradstock 2012). Although we have shown functional resilience to fire severity, repeated fires may slow
decomposition rates substantially (Brennan, Christie et al. 2009) and their effectiveness in diminishing
fuel loads will be marginal unless fires are very frequent (Raison, Woods et al. 1983).
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Table 2.1. Principal component analysis (PCA) of microhabitat variables. Eigenvalues were 2.7 and 2.0 for PC1 and
PC2 respectively, explaining 30 and 22 % of the variance in microhabitat characteristics, respectively. Variables
with values greater than 0.3 are considered to contribute strongly to the axes and are represented in bold.
Microhabitat Variable

PC1

PC2

Foliage Cover

0.44

0.15

Moss Cover

0.43

0.14

Moisture

0.41

0.36

Relative Humidity

0.39

0.27

Litter Cover

0.35

0.51

Soil Disturbance

0.33

0.20

Litter Depth

0.21

0.32

Bare Soil

0.15

0.57

Log Distance

0.05

0.16
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Table 2.2. OLS regression testing on the effect of fire severity, insecticide treatment and nine microhabitat variables on the mean and variance of leaf mass lost
(litter bag experiment) and the mean of leaf area lost (leaves on string experiment) at 12 months.
Leaf mass loss (mean)

Leaf area loss (mean)

Leaf mass loss (variance)

Whole model d.f.=11,27

Best fit modeld.f.=5,36

Whole model d.f.=11,9

Best fit modeld.f.=7,13

Whole modeld.f.=14,27

Best fit modeld.f.=9,32

F-value

P

F-value

P

F-value

P

F-value

P

F-value

P

F-value

P

Fire Severity

2.45

(+)

2.53

(+)

1.71

(+)

2.14

(+)

0.03

(+)

0.03

(+)

Treatment

236.42

(-)***

243.02

(-)***

0.43

(-)

0.45

Foliage Cover

0.53

(-)

0.55

(-)

4.73

(-)

5.95

(-)*

0.59

(+)

0.63

(+)

Bare Soil

0.12

(-)

0.12

(-)

4.00

(-)

4.98

(-)*

0.09

(-)

Moss Cover

1.51

(-)

4.59

(-)

5.77

(-)*

0.07

(-)

Litter Cover

0.31

(-)

0.33

(-)

1.31

(-)

0.36

(-)

Litter Depth

0.61

(-)

0.87

(-)

7.13

(+)*

6.40

(+)*

Soil disturbance

0.10

(-)

1.43

(-)

3.61

(+)*

4.42

(+)*

Moisture

7.67

(+)*

6.03

(+)*

0.87

(-)

Relative Humidity

0.96

(+)

7.70

(+)*

19.16

(+)***

0.19

(+)

Distance to Log

1.38

(+)

8.57

(+)*

10.48

(+)**

0.62

(-)

Fire Severity:Treatment

0.28

(+)

0.23

(+)

0.24

(+)

0.39

7.89

1.38

(-)

(+)**

(+)
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Table 2.3. OLS regression testing the effect fire severity and nine microhabitat variables on three macroinvertebrate detritivore traits (abundance, size and
biomass) from the litter bag experiment.
Abundance

Size

Biomass

Whole modeld.f.=11,9

Best fit modeld.f.=7,13

Whole modeld.f.=11,9

Best fit modeld.f.=8,14

Whole modeld.f.=11,9

Best fit modeld.f.=8,14

F-value

P

F-value

P

F-value

P

F-value

P

F-value

P

F-value

P

Fire Severity

16.41
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Fig.2.1. Principal components analysis of microhabitat variables at 21 sites from three different fire regimes
(Unburnt, open; Ground Burnt, grey; Crown Burnt, black). Vectors show the strength and direction of the
relationship between the microhabitat variables and axes. PC1 and PC2 explained 30 and 22 % of the variance in
microhabitat characteristics. The values for the microhabitat variables in relation to the two axes, principal
component one (PC1) and principal component two (PC2), are listed in Table 2.1.
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Fig.2.2. Mean ± SE of: a) moss cover; b) litter depth; and c) soil disturbance percentage for three fire severities.
Different letters indicate values were significantly different in post-hoc tests.
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Chapter 3
The effects of fire severity on composition and functional
traits of litter-dwelling macroinvertebrates.
Abstract
High severity fires are likely to become more prevalent with global climate change in temperate and
tropical latitudes, resulting in habitat loss and local extinctions. Leaf litter dependent fauna are
particularly vulnerable to habitat loss as a result of fire. We hypothesised that, as fire severity increased:
1) richness and abundance of macroinvertebrate litter fauna would decline; 2) species composition
would change; and 3) the effects of fire severity on species would depend on species traits. The
proportion of large and winged species was expected to increase with fire severity as these traits are
linked with superior dispersal ability and physiological tolerance of the post-fire environment; the
proportion of non-predators was expected to decrease because they are dependent on the presence of
leaf litter. We collected macroinvertebrates using litterbags and standardised hand searches of logs at
unburnt, low severity (ground burnt) and high severity (crown burnt) eucalyptus forests (n=7) in southeastern Australia, three years after fire. Litter-dwelling macroinvertebrates were larger, less abundant
and less species-rich at crown burnt than unburnt sites and differed in species composition. Fire severity
did not affect the proportion of winged species or non-predators. However, an inability to detect two
wingless families at crown burnt sites suggests poor dispersal ability may restrict recolonisation of some
species. The presence of large bodied macroinvertebrates at crown burnt sites indicates either small
bodied species have a poor tolerance to desiccation and limited terrestrial mobility under simplified
habitat conditions or their limited active wing dispersal prevents recolonisation and persistence when
suitable habitat remains patchy and/or climatically unstable, post-fire. Thus, we propose that different
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community traits may recover at different rates. We suggest that increases in large scale, high severity
fires will result in assemblages dominated by larger macroinvertebrate species, but will also be
associated with lower species richness.

Keywords: detritivores, dispersal, body size, predator, extinction, recolonisation, litter, log, Eucalyptus.

3.1 Introduction
Fire transforms ecosystems by removing biomass and altering physical and biological conditions
(Bowman, Balch et al. 2009, Chapin, Matson et al. 2012). Fire varies in frequency, extent and severity
(Gill and McCarthy 1998). The effects of fire frequency and time since fire on species composition are
well studied (Turner, Romme et al. 1997, Saint-Germain, Larrivée et al. 2005, Moretti, Duelli et al. 2006,
Pryke and Samways 2012, Kwok and Eldridge 2015), but the effects of fire severity and extent are less
well known (Wikars and Schimmel 2001, Smucker, Hutto et al. 2005, Rodrigo, Sardà-Palomera et al.
2008, Malmström 2010). Here, we focus on the effects of fire severity. Fire severity is expressed as the
amount of fuel burnt in a fire (Keeley 2009). High severity wildfires often result in complete incineration
of habitat (Certini 2005) and typically occur over large spatial extents (Macias Fauria and Johnson 2008).
High severity forest fires are likely to become more common globally in both temperate and tropical
climates, as extended hot and dry weather events become more frequent, facilitating uncontrolled
wildfires (Johnson, Miyanishi et al. 2001).
High severity fires have the potential to cause species extinctions (Wikars and Schimmel 2001, Rodrigo,
Sardà-Palomera et al. 2008). If sufficient refuges remain during fire then local populations will survive
(Robinson, Leonard et al. 2014). However if refuges are lost, as is likely during severe fires, then local
populations may become extinct and successful recolonisation would then be required to ensure
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persistence in the landscape (Rodrigo, Sardà-Palomera et al. 2008, Fattorini 2010). Populations must
also survive post-fire changes in food resources, shelter availability and species interactions (e.g.
predation and competition) following severe fire (Whelan 1995). Knowledge of the effects of fire
severity on vertebrate fauna and habitat is scant (Bassett, Chia et al. 2015), but even less is known about
responses of leaf litter invertebrates (Wikars and Schimmel 2001, Rodrigo, Sardà-Palomera et al. 2008).
Low severity fires are likely to be more heterogeneous and provide more refuges in leaf litter than high
severity fires (York 1999, Malmström 2010, Gongalsky, Malmström et al. 2012, Zaitsev, Gongalsky et al.
2014). In contrast, severe fires not only incinerate leaves in the tree canopy and fine fuels on the forest
floor, but also lead to biological legacies that may have long-term impacts on litter dwelling
invertebrates (Franklin 2000). For example, following a severe fire there is a large reduction in rotten
logs, fragmented leaves and finer detritus that persists long after the fire (Gandhi, Spence et al. 2001,
Banks, Dujardin et al. 2011), presenting challenges to fauna dependent on these resources.
Globally, more than 50 % of all energy in forests flows through foodwebs based on leaf litter detritus
(Wardle 2002). Litter-dwelling macroinvertebrates are responsible for between 13 % (coniferous forest)
and 47 % (humid grasslands) of litter decomposition in biomes worldwide (Garcia-Palacios, Maestre et
al. 2013, Buckingham, Murphy et al. 2015). A loss of detritivore species and changed biophysical
environment caused by fire can reduce rates of leaf litter decomposition (Brennan, Christie et al. 2009).
Macroinvertebrate detritivores, such as millipedes (Diplopoda), woodlice (Isopoda) and nematoceran fly
larvae (Diptera) (Canhoto and Graca 1999, Zimmer 2002, Heemsbergen, Berg et al. 2004, Kitz,
Steinwandter et al. 2015), break down leaf litter by fragmenting fresh intact leaves or consuming
microbially conditioned leaves and re-ingesting leaf material. However, not all litter-dwelling
macroinvertebrates are detritivores, with assemblages including true fungivores, such as fungus gnats
(Diptera: Sciaridae) (Kitz, Steinwandter et al. 2015), and predators, such as spiders (Araneae), centipedes
(Chilopoda) and ground beetles (Coleoptera: Carabidae).
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Here, we aimed to determine the impact of fire severity on assemblages of leaf litter invertebrates.
While previous studies have emphasised effects of fire on taxa, recent work suggests a focus on
functional traits may provide greater insights into the mechanisms driving ecosystem change and
recovery (McGill, Enquist et al. 2006, Langlands, Brennan et al. 2011, Podgaiski, Joner et al. 2013,
Buckingham, Murphy et al. 2015). In particular, functional traits related to post-fire persistence are likely
to be critical in determining species composition following a severe fire. For example, species with large
body size are more common following high severity burns because they are better able to move and
resist desiccation (Buckingham, Murphy et al. 2015); winged species are more prevalent in ephemeral
habitats (Mclachlan 1985, Williams 1996), such as those resulting from fire; and large-scale disturbances
have been shown to alter trophic structure (Thompson, Brose et al. 2012).

We tested the effects of fire severity on litter macroinvertebrate assemblages in eucalyptus forests,
three years after severe fires. We hypothesized that: 1) richness and abundance of macroinvertebrate
litter fauna would decline with increasing fire severity; 2) species composition would change with fire
severity; and 3) that the effects of fire severity on species would depend on species traits. If active
dispersal following local extinction best explains the change in species composition, then post-fire
assemblages should include increasing numbers of large and winged species as fire severity increases. If
greater desiccation and temperature tolerance best explains species composition, then only body size
will increase with increasing fire severity. However, if food resources are the primary determinant of
species composition, we would expect increasing fire severity to be associated with an increasing
proportion of predators, which do not depend directly on litter (den Boer 1990, Dias, Krab et al. 2013,
Polis and Strong 1996).

3.2 Methods
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3.2.1 Study sites
We tested the effects of fire severity on macroinvertebrate assemblages in forests located within the
2009 Kilmore East-Murrindindi fire complex, in the foothills of the Great Dividing Range, Victoria,
southeast Australia (37° 34'S, 145° 30'E) (Supporting Information S1). The climate is temperate with a
mean annual rainfall of 1373 mm recorded at 595 m a.s.l. The mean daily maximum summer
temperature was 23.2oC, while the mean daily minimum winter temperature was 3.8oC. Sites selected
were located in damp sclerophyll forest in gullies dominated by messmate stringybark (Eucalyptus
obliqua), around 25 m tall with a dense midstorey of tree fern (Dicksonia antarctica) and hazel
pomaderris (Pomaderris aspera). These damp gullies are typically surrounded by dry sclerophyll forest
with an open midstorey.

The 2009 Kilmore East-Murrindindi fire was ignited on February 9th, 2009. Initially severe weather
conditions supported high severity crown fires, but wind speed and fire flame height later declined,
resulting in a burn area of over 228,000 ha (Teague, McLeod et al. 2010). Fire severities were classified
as follows: 1) Crown burnt (highest severity), referring to the incineration of all leaves in the tree crown
and midstorey, leaf litter, humus, and logs; 2) Ground burnt (lower severity), litter layer and underlying
humus layer incinerated and/or charred; logs typically charred where exposed but sometimes wholly
burnt; the shrub and ground layer vegetation, but not the tree crown, is typically burnt; and 3) Unburnt,
referring to sites not burnt or directly affected by fire in 2009. All sites were unburnt and unaffected by
logging for at least 20 years prior to 2009.
Sites were selected in the three severity classes with seven replicates making a total of 21 sites
interspersed over a 30 by 50 km area (SI 1 Fig.). Sites were separated by a minimum distance of 150 m
and sites of the same fire severity were separated by a minimum distance of 1.15 km (SI 2 Table). Due to
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the impractical nature of conducting high severity fire treatments, this study relies on a space-for-time
approach.

3.2.2 Macroinvertebrates
We collected macroinvertebrates in autumn (March) 2012 to avoid both extreme hot dry summer
conditions and cold wet winter conditions and thereby be better representative of fauna present
(Ashton 1975). To test the effects of fire severity on litter-dwelling macroinvertebrates, we sampled
using litterbags and log sampling. Litter was sourced from a single unburnt site and we placed litterbags
directly on the soil and covered them with leaf litter at each site for the first experiment. Litter bags
were 180 mm x 180 mm and contained 10 g of dried E. obliqua leaves (collected green). Green leaves
make up around 10% of total leaf fall in E. obliqua forest (Attiwill 1979), so are a representative
substrate. Ten litter bags were placed at 3 m intervals along a 30 m transect at each site in spring 2011.
Litter bags were collected 6 months later and litter was placed in Tullgren funnels for 48 hrs to extract
living animals. Because some litter-dwelling macroinvertebrates are known to temporarily utilize habitat
under bark and rotten woody debris, ten log subsamples were located as close as possible to the 10
corresponding litterbags. Each subsample was a 20 cm X 100 cm area of log. Here, the collection was
restricted to wingless detritivores that were known to be poor dispersers or vulnerable to desiccation,
i.e. millipedes and crustacea, because they were presumed to be the most responsive to fire severity
(due to their reliance on leaf litter as a food source and their poor dispersal ability).
To test the effects of fire severity on the composition of macroinvertebrates, we identified all specimens
to family, where possible, determined their trophic status (Holloway, Bradley et al. 1987, CSIRO 1991,
Coleman, Crossley et al. 2004, Booth, Cox et al. 1990) and whether species were apterous,
brachypterous or macropterous as adults. A limited number of families could not be confidently
identified due to a lack of specialised knowledge and were given a higher taxonomic level designation:
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moths (Lepidoptera), harvestmen (Opiliones), spiders (Araneae), predaceous/scavenging flies
(Brachycera), true bugs (Hemiptera); and earthworms (Annelida). Morphospecies identification could
not be achieved for the vast proportion of the assemblage responsible for the consumption of leaf-litter.
These detritivores include: moth (Lepidoptera) and fly (Diptera) larvae that have few distinct
morphological features. While adult millipedes (Diplopoda) and crustaceans: woodlice (Isopoda);
landhoppers (Amphipoda) require molecular techniques for identification. Genetic analyses revealed
that two common taxa of Woodlice (Isopoda: Philosciidae; Isopoda: Styloniscidae) each included only
one species (Chapter 5).) This contrasted with landhoppers (Amphipoda:Talitridae) in a separate study
included 16 morphologically similar species (Menz, Gibb et al. 2016) and moths (Lepidoptera) larvae; 20
species (Chapter 4). The body lengths of all individuals greater than 2 mm were measured (including all
larvae and adults) but microinvertebrate taxa i.e. springtails (Collembola) and mites (Acarina) were
excluded. Ground beetles (Carabidae) larvae and spiders (Araneae) were excluded from analyses of
dispersal ability because carabid adults collected exhibited both winged and wingless characters, whilst
some species of spider disperse aerially by 'ballooning' (den Boer 1990). Beetles (Coleoptera) were
identified to morphospecies and used to test species-level compositional responses to fire severity and
associated microhabitat variables. Unlike Lepidoptera and Diptera, adult and larval Coleoptera
presented sufficient morphological features to determine composition at a species level. This group is
also species-rich, but is known to have variable trophic roles and dispersal ability (Didham, Hammond et
al. 1998, Driscoll and Weir 2005) and therefore provided an opportunity to examine species and trait
responses on a finer taxonomic level.

3.2.3 Microhabitat
Nine microhabitat measurements were made twice for each litterbag, making a total of (9 x 20) or 180
measurements per site during the single collection period in autumn (March) 2012. We measured the
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percentage cover of ground, midstorey and canopy foliage. Midstorey and canopy foliage cover were
estimated visually within a 2 m x 2 m quadrat. Percentage cover of ground foliage, leaf litter, bare
ground and moss was estimated visually within a 30 cm x 30 cm quadrat directly adjacent to litterbags.
Litter depth was measured at three points within each 30 cm x 30 cm quadrat. We also measured the
distance of each litterbag to the nearest log of diameter greater than 10 cm. Disturbance was recorded
as the percentage of soil covering each litterbag: soil cover was principally caused by digging
vertebrates, including the superb lyrebird (Menura novaehollandiae) and long-nosed bandicoot
(Perameles nasuta). Moisture was measured with a meter CT-250 Cool Tech (Testequipment, Australia)
inserted within the litterbag and relative humidity was recorded by placing a Kestrel 4500 Pocket
Weather Tracker (Nielsen-Kellerman, U.S.A.) on the soil beneath each litter bag immediately after
collection.

3.2.4 Statistical analysis
Our initial nine microhabitat variables were reduced to seven for analysis because moisture covaried
with humidity (R2 = 0.52, F(1,19) = 22.3, P=0.00015) and litter cover had a negative covariance with bare
soil (R2 = 0.44 , F(1,19) = 16.45, P=0.000675). We used ordinary least squares (OLS) regression in the
package MASS in R (R Development Core Team 2013) to test the effect of fire severity and seven
microhabitat variables on litter-dwelling macroinvertebrates, focussing on the following response
variables: taxon richness, predator and non-predator abundance and size, and Coleoptera species
richness and abundance. Non-predators included both macroinvertebrate detritivores and fungivores
i.e. fungus gnats (Sciaridae). We used the Bernoulli multiple trial method (Crawley 2011) to test the
effect of fire severity and seven microhabitat variables on the percentage of taxa with wings, predator
taxon richness, predator taxon abundance and predator taxon biomass. The Bernoulli multiple trial
method provides a better estimation of error when using percentages and specifies a binomial
39

Generalised Linear Model (GLM) R Development Core Team (R Development Core Team 2013). An AIC
model-stepwise regression was used to decide on the best model. When we detected overdispersion by
examining residual plots, we corrected the standard errors using a quasi-GLM model, which precluded
model selection (Venables and Ripley 2002). Post-hoc Tukey's tests were conducted when the effect of
fire severity was significant.
We used Many Generalised Linear Model (ManyGLM) regressions to determine the effect of fire severity
and seven microhabitat variables on the composition of litter-dwelling macroinvertebrates for both taxa
(in litter bags and logs) and Coleoptera species (in litter bags only). ManyGLM is a model-based
multivariate approach available in the package mvabund in R (Warton 2011, Wang, Naumann et al.
2012, R Development Core Team 2013). For ManyGLM, rare species do not contribute meaningfully to
compositional examination therefore we excluded taxa and morphospecies from analyses when they
appeared at less than four sites. We also conducted post-hoc tests using ManyGLM to determine which
taxon or species responded most strongly to our predictors. We then ran pairwise comparisons in
ManyGLM to determine which fire severities differed from each other. For ManyGLM tests, we report
responses of species with unadjusted P-values < 0.05. We show unadjusted P-values for post hoc tests
because there were a large number of comparisons and we considered that adjusted tests would have
been overly conservative (increased Type II error). However, this approach does increase the likelihood
of Type I error (Garcia 2004). We visualised the effects of fire severity on taxa and morphospecies for
Coleoptera composition in litter bags using Non-metric multidimensional scaling (NMDS) plots based on
Bray-Curtis similarity (Primer software, version 6) (Clarke and Gorley 2006).

3.3 Results
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We detected 23 taxa and 1,766 individuals overall. We recorded six taxa and 222 individuals associated
with logs and 23 taxa and 1,544 individuals from litter bags. We collected 21 beetle (Coleoptera)
morphospecies and 258 individuals.

3.3.1 Richness
Taxon and beetle species richness were significantly lower at crown burnt than unburnt sites, (R2 = 0.46,
F(2,18) = 9.528, P=0.00114) and (R2 = 0.2083, F(2,17) = 22.3, P=0.0428) respectively (Figs. 3.2a and 3.2b),
confirming that high fire severity reduces richness of litter-dwelling macroinvertebrates three years
after fire. Ground burnt sites supported intermediate richness.

3.3.2 Abundance
Both predator and non-predator abundance declined with increasing fire severity as predicted. Although
the proportion of predators increased with increasing fire severity, this relationship was not significant
(Table 3.2, Fig. 3.2c).

3.3.3 Composition
Fire severity significantly affected the composition of litter-dwelling taxa for invertebrates collected with
litterbags, consistent with predictions. Composition at high severity sites differed from those at low
severity and control sites (unburnt vs crown burnt: Dev=78.23, P=0.004; and ground burnt vs crown
burnt (Dev =46.77, P=0.033)). Unburnt and ground burnt sites were not different from litterbags (Dev
=44.02, P=0.084), however, we did not detect any differences for invertebrates collected from logs
(Table 3.1), possibly because fewer individuals were collected from this substrate. ManyGLM post-hoc
tests showed that seven taxa responded negatively to fire severity: non-biting midges (Diptera:
Chironomidae, 44% of individuals); crane flies (Diptera: Tipulidae) and bibionid flies (Diptera:
Bibionidae); flat-backed millipedes (Polydesmida: Dalodesmidae); native rolling woodlice (Isopoda:
Armadillidae); bugs (Hemiptera); and earthworms (Annelida) (Table 3.2). ManyGLM post-hoc tests
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showed that six of 23 taxa in litterbags were significantly more abundant at unburnt sites than crown
burnt sites. Taxa that declined in response to high severity fires were predominantly non-predators:
Chironomidae; Bibionidae; Armadillidae; Dalodesmidae, Hemiptera; and Annelida. Terrestrial
crustaceans; ie the landhoppers (Amphipoda:Talitridae) and native woodlice (Isopoda:Styloniscidae;
Isopoda:Philosciidae), were unaffected by fire whether collected in litterbags or logs. Beetle species
composition in litterbags did not differ significantly among fire severities (Table 3.2). There was no
indication that increasing fire severity was associated with an increase in abundance for any taxon or
beetle species.

Some taxa responded strongly to microhabitat variables. Leaf-consuming moths (Lepidoptera), the
second most abundant group (27% of total assemblage) did not respond to fire severity, but had a
strong negative response to higher moisture conditions, while dalodesmid millipedes responded
negatively to high fire severity and positively to higher moisture conditions (Table 3.2).

High abundances of

talitrid and styloniscid crustacea and low abundances of chironomid and brachyceran larvae were
associated with greater cover of bare soil.

3.3.4 Species traits
Predictions that the percentage of taxa that were winged (i.e., with good dispersal ability) would
increase with fire severity were not supported for predators or other taxa (Table 3.3 and Fig. 3.3a, 3.3c
and 3d). Our hypothesis that there would be a higher percentage of predators at crown burnt than
unburnt sites was also not supported, although the trend was consistent with predictions (Table 3.3 and
Fig. 3.3b). As expected, non-predator size was greatest at crown burnt sites (F(4,16) =14.47, P=0.0002)
and declined with increasing levels of moisture (F(4,16) =12.40, P=0.0028) in the best model (Table 3.1).
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Predator body size was greater with increasing fire severity (F(5,15) = 3.39, P=0.061; marginally nonsignificant)and moss cover (F(5,15) = 8.41, P=0.011) and declined with increasing soil disturbance (F(5,15) =
6.30, P=0.024) and moisture (F(5,15) = 3.58, P=0.078; marginally non-significant) in the best model (Table
3.1).

3.4 Discussion
We asked if assemblages of macroinvertebrate litter fauna change in response to increasing fire severity
and whether the effects of fire severity on species depend on species traits. We found clear declines in
beetle species and overall taxon abundance and richness linked to increasing fire severity and associated
increasing moss cover and decreasing soil disturbance. We also found changes in taxon, but not beetle
species composition. We found little evidence that these changes were driven by dispersal (wing
presence) or trophic traits of species. However, body size, a key trait with many known functions
(Ritchie and Olff 1999, Woodward, Ebenman et al. 2005, Williams, Crone et al. 2010), increased with fire
severity. We discuss these findings in the context of survival in situ, the post-fire environment and
recolonisation, and propose a model of recovery over time since fire (Fig. 3.4), where different
community traits may recover at different rates.
Fires had lasting effects on macroinvertebrates: three years after fire, we detected clear differences in
the richness and abundance of coarsely and finely defined taxa among fire severity classes. We found
clear evidence of low abundance three years after severe fires among dalodesmid millipedes; armadillid
woodlice; detritivous nematoceran flies (tipulids, chironomids, bibionids); Hemiptera and Annelida. The
post-fire environment differs distinctly among fire severity classes (Buckingham, Murphy et al. 2015). In
particular, the loss of habitat complexity can inhibit recolonisation or persistence following fire
(Smucker, Hutto et al. 2005). Previous studies show that macroinvertebrate diversity declines with
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reduced complexity of leaf litter (Anderson and Swift 1983) and extreme abiotic environments (Chase,
Abrams et al. 2012). However, three years following fire, litter loads were similar across severity classes
(Chapter 2), suggesting that current litter availability was not the major driver of these differences. We
suggest that the negative relationship between abundance and fire severity may reflect the legacy of
simplified, resource-poor habitats and drier microclimates following severe fires and the failure of some
species to recolonise high severity burn sites within this timeframe.
It is likely that the vast majority of species survive in situ during low severity fires as the change in
composition was distinct only for high severity burnt sites. In situ survival has been recorded during low
severity fires for species sheltering in microrefuges, such as tree hollows, under stones or in soil (Kiss
and Magnin 2006, Robinson, Leonard et al. 2014). However, little is known of the availability of
microrefuges in high severity fires: logs are incinerated but trees typically survive, sometimes with
rotten hollows located close to the forest floor that may provide sufficient protection to those species
that also utilise coarse woody debris. High temperatures do not extend more than a few centimetres
into the soil (Certini 2005), allowing species able to exploit pre-existing burrows to escape the impacts of
severe fires. A number of taxa, including talitrid amphipods, did not differ in abundance or richness
among fire severity classes. Amphipods are wingless and likely to have poor dispersal capabilities (Menz,
Gibb et al. 2016), but are known to burrow into the soil to avoid the heat of summer (Friend and
Richardson 1986), which may protect them from fire. However, no studies have examined the behaviour
of litter arthropods during fire, so this represents a distinct gap in our knowledge of the potential for insitu survival in this group.
Amongst the traits examined, body size is the most likely to affect in situ survival as increasing body size
is correlated with greater desiccation tolerance (Edney 1977, Renault and Coray 2004, Dias, Krab et al.
2013), and improved mobility (With 1994, Farji-Brener, Barrantes et al. 2004), which enhance the
probability of survival during fire, but might also limit access to temporary refuges. Average body size
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was greater following high severity fires. However, we are unable to distinguish the temporal stage at
which large body size benefited species, for instance, desiccation tolerance and mobility would also be
expected to favour recolonisation and species survival in the post-fire environment. Immediate post-fire
sampling is therefore required to determine if the effects of high severity fires on body size result from
differential mortality during or after the fire.
We expected predator species to be more successful at surviving at burnt sites in the early stages of
succession because open habitats improve hunting efficiency (Crawford, Sugg et al. 1995, Polis and
Strong 1996). Litter-feeding species have few food resources available to them following severe fires, so
may be less likely to persist in the post-fire environment. However, by the time of our study, three years
following fire, litter depths were similar across fire severity classes. This might explain why predators
and non-predators showed similar responses to fire severity.
Species that are unable to survive the fire or the early stages of the post-fire environment must disperse
if they are to recolonise. Our prediction that there would be a greater proportion of species with wings
(good dispersers) in sites that had experienced higher fire severity was not supported for predators or
other taxa. However, the species composition of cockroaches in severely burnt sites in this landscape
depends on distance from unburnt source (Arnold, Murphy et al. 2016), suggesting that dispersal is
important for some species. On average crown burnt sites were further from unburnt sites than ground
burnt sites and this relates to the natural distribution of fire severity in large scale wildfire. This greater
distance to unburnt sites may have been particularly important for species reliant on recolonisation
after extinction and may have influenced other traits i.e. body size. Body size can indicate superior
dispersal ability: body size and wing-powered dispersal distance have a positive or unimodal relationship
(den Boer 1990, Gathmann, Greiler et al. 1994, Steffan-Dewenter and Tscharntke 1997, Jennings and
Tallamy 2006, Jenkins, Brescacin et al. 2007, Soininen, Lennon et al. 2007, Sekar 2012, Stevens, Whitmee
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et al. 2014) and, for flightless species, larger individuals can cover greater distances than smaller
individuals (With 1994).
Although the proportion of winged species present three years after fire was not altered by fire severity,
most groups affected strongly by fire were flightless or weak fliers. If species are highly vagile, then
microhabitat is likely to drive their distributions (Tscharntke, Steffan-Dewenter et al. 2002). For less
mobile species, the speed and distance of recolonisation is important when suitable habitat is patchy
and/or climatically unstable, post-fire. For example, nematoceran flies, the most abundant order of nonpredators in this study, are characteristically limited by both their low desiccation tolerance and poor
flying ability (Pritchard 1983, Ellington 1984, Frouz and Kindlmann 2001, Frouz and Šimek 2009, Nation
2015). This should limit opportunities to recolonise from unburnt sites with more climatically stable
local environments (Raison, Woods et al. 1986, Balch, Nepstad et al. 2008), which is a common strategy
allowing species to avoid desiccation during summer (Frouz and Kindlmann 2001, Frouz, Matena et al.
2003) in post-fire environments (Delletre 1994). A poor capacity to avoid desiccation (i.e. burrow in soil
or utilize logs) and an absence of local sources of recruitment may explain the negative response of
winged nematoceran flies to high fire severity. In contrast, some taxa appear not to be limited by
microhabitat conditions or dispersal following fire: Lepidoptera, a dominant group of non-predators,
were more abundant in low moisture conditions, and are known to build shelters (Dugdale 1996, Fukui
2001) and enter diapause during periods of stress (Bauce and Han 2007) that may allow them to survive
and reproduce more effectively in harsh climatic conditions, three years after a large-scale high severity
fire.

For wingless species with particularly poor locomotive ability, the capacity to recover at crown burnt
sites is likely to be dependent on highly localised recruitment from microrefuges. Suitable microrefuges
will be dependent on the fire avoidance behaviour, physiological tolerance and flexibility in resource use
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of a species during and immediately after fire. Terrestrial crustacea commonly recover rapidly after
disturbance in litter-rich environments (Lawes, Kotze et al. 2005, Kotze and Lawes 2008, Magrini, Freitas
et al. 2011, Goncalves, Anastacio et al. 2013) and exhibit genetic population structure consistent with
poor dispersal and highly localised recruitment (Buckingham, Murphy et al. 2015, Menz, Gibb et al.
2016). Polydesmid millipedes including Dalodesmidae, commonly exhibit fine-scale parapatry that again
suggests movement is limited (Shelley 1990, Mesibov 2003, Mesibov 2011). However the inability to
detect this taxon and less common armadillid woodlice at crown burnt sites suggests that they have
even lower rates of movement than other wingless species and/or they have more exacting
requirements for microrefuges (Chapter 5). A lower density of microrefuges available for wingless
species with particularly poor dispersal would equate with much lower resilience to the effects of severe
fires.

The build-up of leaf litter as a fuel is recognised by forest managers as an important contributor to the
spread of wildfire. The use of frequent fire (i.e. every three years) to control fuel loads and thereby
reduce fire risk to livestock and property is widespread, globally, (Hoffmann, Orthen et al. 2003, Uys,
Bond et al. 2004, Bond and Keeley 2005, Gould, McCaw et al. 2011). However, little consideration has
been given to the impact on the macroinvertebrates that are dependent on leaf litter and regulate its
accumulation and therefore future litter loads. Three years after fire, litter depth and decomposition
are similar in foothill forests experiencing different fire severities (Buckingham et al. 2015), suggesting
that low severity burns typical of controlled fuel reduction burns are unlikely to substantially alter the
build-up of leaf litter. However, previous studies in suggest that litter accumulation depends on fire
frequency (Brennan et al. 2009), so caution should be taken in extrapolating these findings, especially
given our study sites were all previously unburnt for at least 20 years prior to experiencing the 2009 fire.
Further, we showed that fire altered species composition and traits and, while this may not immediately
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translate to effects on function in this ecosystem, increased species diversity enhances ecosystem
resilience (Elmqvist, Folke et al. 2003) and may be particularly important in maintaining decomposition
function under rapid anthropogenic global change. In a forest system prone to occasional low or high
severity fires (20 or more years), such as in this study, we might expect species to have a rapid capacity
for recovery after wildfire, but indications here show this is not the case (also see for birds, (Robinson,
Leonard et al. 2014); mammals, (Chia, Bassett et al. 2015)). Future studies need to focus on the tradeoffs for biodiversity and function between frequent low severity burns and less frequent high severity
burns. Given predictions of human induced temperature increase and consequent higher frequency of
wild fires (Johnson, Miyanishi et al. 2001), we must also now consider what effect an increased
frequency of high severity fire could have on the persistence of biodiversity. Only in this way, can we
better inform future management decisions under these potential scenarios.

3.5 Conclusions
Fire frequency and severity are expected to increase in future (Johnson, Miyanishi et al. 2001, Macias
Fauria and Johnson 2008, Cruz, Sullivan et al. 2012). High fire severity was associated with a marked
reduction in abundance and taxon richness, a change in assemblage composition and an increase in the
body size of litter-dwelling macroinvertebrates three years after fire. We therefore predict that climatechange associated changes in fire severity will result in declines in species richness, with smaller species
negatively affected. This contrasts with predictions that shrinking body size will be a consequence of
global change i.e. higher averages and perturbations of temperature and desiccation will increase
metabolic rate but reduce growth periods (Easterling, Meehl et al. 2000, Gardner, Peters et al. 2011,
Sheridan and Bickford 2011). In fire-prone areas, species with smaller body size may in fact be more
vulnerable. Although we identified body size as a key trait determining species responses to fire severity,
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neither trophic status, nor the presence of wings, were important in determining species responses and
the mechanisms driving the body size response were unclear. We suggest that a more predictive
understanding of species responses to high severity fires might be obtained by improving our
understanding of the mechanisms through which larger body size promotes species persistence
(Chapter 4). In addition, monitoring of sites immediately following fire, over longer periods of time since
fire and during periods of drought that are likely to intensify changed microclimatic conditions will
provide greater insights into the temporal scale of the challenges that species face in recolonising and
persisting in the post-fire environment.
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Table 3.1. ManyGLM regression testing the effect of fire severity and seven microhabitat variables on the composition of litter-dwelling macroinvertebrate
taxa collected using litterbags. Asterisks next to name indicate significant effects in post-hoc tests. * p < 0.05, ** p < 0.01, *** p < 0.001. Summary is the overall
effect of variable on composition. Decreasers and Increasers refers to negative and positive responses by taxa in post-hoc tests, respectively.
Taxon (Litter)
Summary

Decreasers

Taxon (Logs)
Increasers

Dev
Fire Severity

109.61 **

Dalodesmidae**,

Summary

Decreasers

Increasers

Coleoptera Species (Litter)
Summary

Dev

Dev

12.97

28.94

5.32

5.63

1.07

2.94

10.04

20.44

2.62

23.53

10.53 .

14.95

Armadillidae**, Bibionidae*,
Chironomidae*, Tipulidae*,
Hemiptera*, Annelida*
Foliage Cover

13.32

Bare Soil

47.13 *

Chironomidae*, Brachycera*

Talitridae**,
Styloniscidae**,
Curculionidae*

Moss Cover

31.03

Litter Depth

23.27

Opiliones**
Opiliones**,
Curculionidae* ,
Hemiptera*

Soil Disturbance 58.06 .
Moisture

90.08 **

Distance to Log 49.32 .

Lepidoptera**, Formicidae*

Dalodesmidae**, 26.66 **

Dalodesmidae**

Sciaridae*,

Philosciidae**

Opiliones*

Talitridae*
1.31

13.16

8.36

50

Table 3.2. OLS regression testing the effect of fire severity and seven microhabitat variables on: a) total
abundance; b) predator abundance percentage; c) Predator size; and d) Non-predator size. GLM regression
testing was used for percentage response variables. For direction (D) a (-) sign indicates a negative effect and
(+) sign indicates a positive effect; * p < 0.05, ** p < 0.01, *** p < 0.001. Predator abundance percentage for
the whole model produced a quasivariance value (or an approximation of real value) to correct for
overdispersion and therefore an AIC model-stepwise regression for the best fit model could not be made.

Whole model

Best fit model

Predator
abundance (%)
Whole
model

d.f.= 9,11

d.f.=7,13

d.f.= 9,11

Total abundance

F
Fire Severity
Foliage Cover

D
24.94

(-)***

F
29.65

Predator Size

Non-predator Size

Whole model

Best fit
model

Whole model

Best fit model

d.f.= 9,11

d.f.=5,15

d.f.= 9,11

d.f.=4,16

D

F

D

F

D

F

D

F

D

F

D

(-)***

3.02

(+).

3.05

(+).

3.39

(+).

10.88

(+)***

14.47

(+)***

2.41

(+)

2.99

(+)

0.00

(+)

0.01

(-)

1.02

(+)

5.57

(+)*

5.52

(+)*

0.28

(+)

5.24

(+)*

0.02

(-)

0.30

(-)

1.19

(+)

0.07

(+)

12.40

(-)**

0

(-)

Bare Soil

4.41

(-).

Moss Cover

0.48

(-)

Litter Depth

4.03

(-).

Soil
Disturbance

0.39

(+)

6.04

(+)*

6.10

(-)*

6.30

(-)*

0.97

(+)

Moisture

0.03

(+)

2.33

(+)

1.66

(-)

3.58

(-).

9.29

(-)*

Distance to
Log

3.89

(+).

3.51

(-).

0.77

(+)

0.99

(+)

5.25

(-)*

4.45

(-).

4.11

(-).

8.41

(+)*
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Table 3.3. GLM regression testing the effect of fire severity and seven microhabitat variables on the
percentage of: a) taxa with wings; b) predator taxa; c) winged predator taxa; and d) winged non-predator taxa.
For direction (D) a (-) sign indicates a negative effect and (+) sign indicates a positive effect; * p < 0.05, ** p <
0.01, *** p < 0.001.
Taxa with wings
Whole
Best fit
model
model

Predator taxa
Whole
Best fit
model
model

Winged predator taxa
Whole
Best fit
model
model

Winged non-predator
taxa
Whole
Best fit
model
model

d.f.= 9,11

d.f.=2,18

d.f.= 9,11

d.f.=

d.f.= 9,11

d.f.=

d.f.= 9,11

d.f.=2,18

F

F

F

D

F

D

F

D

F

D

F

(+)

0.58

(-)

(-)

0.73

(+)

F

D

Fire
Severity

0.53

(+)

Foliage
Cover

0.05

Bare Soil

0.53

D
(+)

D

0.43

(+)

0.43

0.58

(-)

0.04

(-)

0.06

(-)

0.02

(-)

1.42

(-)

0.00

(+)

0.15

(+)

1.53

(-)

Moss Cover
Litter
Depth
Soil
Disturbanc
e

0.50

(-)

0.35

(-)

2.02

(-)

0.00

(-)

0.02

(+)

0.04

(+)

0.08

(+)

0.00

(-)

0.10

(-)

0.03

(-)

0.65

(-)

0.00

(-)

Moisture

0.02

(-)

0.05

(-)

0.72

(-)

0.22

(-)

Distance to
Log

0.01

(+)

0.36

(+)

1.24

(+)

0.52

(+)

1.11

(-)

0.73

D
(+)
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Fig. 3.1. Nonmetric multidimensional scaling plots of litter-dwelling macroinvertebrate assemblage
composition at: a) taxon; and b) species level (Coleoptera only), at 21 sites for three different fire regimes
(Unburnt, open; Ground Burnt, grey; Crown Burnt, black).
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Fig. 3.2. Mean ± SE richness of litter-dwelling macroinvertebrates per site by a) Taxon richness, b)
Morphospecies richness, and mean ± SE of: c) predator (light grey) and non-predator abundance (dark grey); d)
predator (light grey) and non-predator (dark grey) body length under three different fire severities. Columns
with different letters above were significantly different in post-hoc tests.

54

b)

a)

a
a

a
a

a

a

c)

d)

a

a
a

a
a
a

Fig. 3.3. Mean percentage ± SE of: a) winged taxa, b) predator taxa, c) winged predator taxa and d) winged
non-predator taxa under different fire severities. Columns with different letters above were significantly
different in post-hoc tests.
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b)

a)

Fire

Fire

d)

c)

Fire

Fire

Fig. 3.4 Proposed model for microhabitat and species diversity responses to time since fire for different fire
severity classes. Green lines represent unburnt habitats; orange lines are low severity burns and red lines are
high severity burns. Predicted changes over time are shown for: a) litter depth, b) diversity of large and small
species, c) diversity of winged and wingless species and d) predator and non-predator diversity. In a), litter
habitat is entirely burnt at crown burn sites and partially eliminated at ground burn sites and recovery is
slower at crown burn sites due to lower loads immediately following the fire. In b) large bodied invertebrates
have greater desiccation resistance and are therefore more tolerant of post-fire conditions than small-bodied
species. They are also superior dispersers, so are able to recolonise faster. In c), more winged than wingless
species will recolonise after local extinction due to fire because of greater dispersal ability. In d), non-predators
are directly dependent on leaf litter for food, so are more strongly affected by an absence of leaf litter postfire than predators. Over time, all burn severities are expected to reach an equilibrium litter load and species
diversity comparable to that seen in unburnt control sites.
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Chapter 4
Testing the effects of fire severity on larval composition
and adult dispersal traits of Lepidoptera: comparing
morphospecies and DNA barcoding approaches.
Abstract
Invertebrates are species rich and functionally important and are therefore commonly used to
monitor and study ecological and environmental change in both terrestrial and aquatic systems.
However, the immense diversity and prevalence of cryptic and undescribed invertebrate species
presents a significant challenge for traditional morphological identification, therefore molecular
methods are often critical to achieving accurate species resolution. Disturbances such as fire cause
local extinctions and habitat loss for invertebrate detritivores and genetic methods have the
potential to greatly increase our understanding of subsequent community turnover, particularly for
species or life stages that are morphologically challenging. Here, we ask: 1) do morphospecies and
molecular species identification methods differ in their ability to detect the effects of fire severity on
the species composition of larval Lepidoptera? and 2) can the DNA barcode reference library provide
sufficient information to test the effects of fire severity on adult dispersal traits and thereby explain
compositional change in larvae? We collected moth larvae using litterbags at unburnt, low severity
(ground burnt) and high severity (crown burnt) sites (n=7), three years after fire. We used
morphology and Cytochrome oxidase subunit 1 (CO1) mitochondrial sequences to differentiate
species. We found that the widely accepted morphospecies approach underestimated species
diversity. In contrast, species were detected with high confidence using the molecular approach. Our
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results indicate that the morphospecies approach is not appropriate for larvae and taxa that have
few diagnostic features. By linking adult dispersal traits to larval responses using DNA barcoding, we
found a positive association between wing aspect ratio and fire severity that indicates greater
dispersal ability is favoured after a large-scale high severity fire. Our research shows that a molecular
approach is vital for understanding the impacts of disturbances on morphologically difficult taxa.
Keywords: macroinvertebrate detritivores, local extinction, Eucalyptus, hyperdiverse, in situ survival,
local extinction, dispersal

4.1 Introduction
Invertebrates are species-rich, numerous, easily sampled and can provide important information on
the biological impacts of environmental change (Woodward, Perkins et al. 2010). Aquatic and
terrestrial invertebrates provide important ecosystem services (Alexander 1997, Goverde, Schweizer
et al. 2002, Klein, Vaissiere et al. 2007) and are commonly used to monitor environmental health
(Poteat and Buchwalter 2014, Wesner, Kraus et al. 2014). Compositional change of functionally
important invertebrates can also moderate nutrient and energy flow within living and detritus based
ecosystems (Swift, Heal et al. 1979, Wardle 2002, Garcia-Palacios, Maestre et al. 2013).
Holometabolous insects comprise 80 per cent of all insects (Whiting 2001) and their larval stages are
central to the breakdown of vegetable and animal biomass (Hendrix 1980, Nadkarni and Longino
1990). However the utility of invertebrate studies is often compromised by limitations in species
identification skills. A lack of taxonomic knowledge has been a particular impediment for ecologists
aiming to determine species-level change for larval invertebrates, taxa that vary little
morphologically (Muller 2000, Novo, Almodovar et al. 2012), or that require specialized knowledge
for identification. This deficiency has been compounded by the gradual thinning in the ranks of
expert taxonomists, resulting from reduced public spending on these roles (Blaxter 2004, Wheeler
2004, Guerra-Garcia J.M., Espinosa Torre F. et al. 2008, Cardoso, Erwin et al. 2011, Brewer, Sierwald
et al. 2012).
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Difficulties in species identification are commonly addressed through the use of morphospecies
(individuals that closely resemble each other morphologically are considered to belong to the same
species). Morphospecies allocated by non-experts provide similar results in environmental
assessments to those obtained using taxonomic specialists for pitfall-trapped adult beetles, ants and
spiders (Oliver and Beattie 1996). As a result, the use of morphospecies has become common
practice in invertebrate community ecology (Melo 2005, Butakka, Ragonha et al. 2016). Despite its
success in community ecology, there are many cases where the morphospecies approach is
problematic, due to unreliable identification and poor taxonomic resolution (Hillman and Craston
1999, Brodin, Ejdung et al. 2013). This limits the capacity to detect and explain ecological change,
including disturbances that potentially affect invertebrate species and the ecosystem services they
provide.

High severity fire is one such example and is predicted to become more frequent globally due to
anthropogenic activity (Flanningan, Krawchuk et al. 2009). Leaf litter dependent fauna are
particularly vulnerable to this disturbance due to the likely destruction of habitat and extirpation of
local populations. In cases where insufficient refuges remain during a large scale high severity fire,
populations will become locally extinct (Robinson, Leonard et al. 2014) and would require successful
recolonisation to ensure persistence in the landscape (Rodrigo, Sardà-Palomera et al. 2008, Fattorini
2010). Species with good dispersal ability i.e. wings adapted to efficient long distance flight would be
expected to be more successful in recolonisation, post fire. Determining how and if populations are
able to recover from such disturbance is particularly relevant because many of these species have a
critical functional role in the breakdown of leaf litter (Garcia-Palacios, Maestre et al. 2013,
Buckingham, Murphy et al. 2015).
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Lepidoptera larvae is one such important species-rich group found in many Australian ecosystems.
For example the Oecophoridae, one of several leaf litter consuming families of moths (Common
1990, Dugdale 1996) consists of over 6,000 species. Lepidoteran larvae, including Oecophoridae and
Tortricidae, can be particularly difficult to differentiate morphologically, with reliable identification
only possible to order level. DNA barcoding does not rely on the use of morphology (and instead is
based on matching a genetic sequence or barcode of a specimen with the DNA barcode of a known
species) and therefore represents a fantastic tool for these groups. Additionally, Lepidoptera
represent an ideal target for DNA barcoding as it is believed that half of the world’s Lepidoptera
species have been described and 51% of those species are now barcoded with a unique molecular
sequence (Hajibabaei, Janzen et al. 2006, Hajibabaei, Singer et al. 2007, Hebert, Dewaard et al.
2013).

DNA barcoding of hyperdiverse assemblages, such as Lepidoptera, presents new opportunities in the
ecological studies of invertebrates (Hajibabaei, Janzen et al. 2006, Hajibabaei, Singer et al. 2007,
Young, Behan-Pelletier et al. 2012). In the case of Australia, a well resourced reference DNA
database linked with images allow measurement of adult dispersal traits and are available from the
Australian National Insect collection (ANIC) and the Barcode of Life (BOL) (Ratnasingham and Hebert
2007). This study provides a novel test case for utilizing molecular techniques to answer questions in
environmental change and disturbance ecology. Here, we compared the effectiveness of molecular
and morphospecies identification in determining the effects of fire severity on assemblages of
Lepidopteran larvae in a fire-prone Eucalyptus forest following a large scale high severity wildfire.
We predicted that the effect of fire severity and changed microhabitat conditions would be detected
using both morphological and molecular data. We then used the image library associated with the
barcode reference library to test for differences in species dispersal traits (wing aspect ratio, wing
loading and body size) among fire severity classes.
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4.2 Methods
4.2.1 Study area
We tested the effects of fire severity on Lepidoptera assemblages in forests located within the 2009
Kilmore East-Murrindindi fire complex, in the foothills of the Great Dividing Range, Victoria,
southeast Australia (37° 34'S, 145° 30'E). Initially severe weather conditions supported high severity
crown fires that later reduced in wind speed and fire flame height to cover an area of over 228,000
ha (Teague, McLeod et al. 2010). Fire severities were classified as follows: 1) Crown burnt (highest
severity), referring to the incineration of all leaves in the tree crown and midstorey, leaf litter,
humus, and logs; 2) Ground burnt (lower severity), litter layer and underlying humus layer
incinerated and/or charred; logs typically charred where exposed but sometimes wholly burnt; the
shrub and groundlayer vegetation, but not the tree crown, is typically burnt; and 3) Unburnt,
referring to sites not burnt or directly affected by fire in 2009. All sites were unburnt and unaffected
by logging for at least 20 years prior to 2009. Seven sites were selected in each of the three severity
classes for a total of 21 sites.

4.2.2 Lepidoptera sampling
We collected Lepidoptera in autumn (March) 2012 because cooler, moister conditions were likely to
maximise the number of species detected (Ashton 1975). To test the effects of fire severity on litterdwelling Lepidoptera, we sampled using litterbag sampling. Litterbags were 180 mm x 180 mm and
contained 10 g of dried E. obliqua leaves (collected green). Green leaves make up around 10% of
total leaf fall in E. obliqua forest (Attiwill 1979), so are a representative substrate. Ten litter bags
were placed at 3 m intervals along a 30 m transect at each site in spring 2011. Litter was sourced
from a single unburnt site and we placed litterbags directly on the soil and covered them with leaf
litter at each site for the first experiment. Litterbags were collected 6 months later and litter was
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placed in Tullgren funnels for 48 hrs to extract living animals. All Lepidoptera were collected,
counted and stored individually in 5 ml vials with 70 % ethanol.

4.2.3 Field measurements
Three microhabitat measurements were made for each of the 20 litterbags at each site in March
2012. Moss was estimated visually within a 30 cm x 30 cm quadrat directly adjacent to litterbags.
Disturbance was recorded as the percentage of soil covering each litterbag: soil cover was typically
caused by digging vertebrates, including the superb lyrebird (Menura novaehollandiae) and longnosed bandicoot (Perameles nasuta). Moisture was measured with a meter CT-250 Cool Tech
(Testequipment, Australia) inserted within the litterbag.

4.2.4 Molecular and morphological datasets
The same 308 specimens were used for morphological and molecular identification of Lepidoptera
from litterbag sampling in order to test the effects of fire severity and microhabitat variables on
assemblage composition. Species level identification for Lepidoptera larvae cannot be achieved
without expert knowledge of both larvae and adult morphology, therefore morphospecies
identification was completed by two independent non-experts to create the datasets referred to as
Morphological 1 and Morphological 2. Family level identification proved problematic in a few cases
when distinguishing larvae from the two principal litter-dwelling families (Oecophoridae and
Tortricidae) required knowledge of the arrangement of setae, a skill not easily acquired by nonexperts (Gerasimov 1962, Mackay 1962, Mackay 1972, Common 1990). The molecular dataset
(Molecular 1) was generated to confirm whether the morphospecies approach (using Mophological
1 and 2 datasets) would allow us to adequately test the effects of fire severity on lepidopteran larvae
composition.

4.2.5 Molecular identification
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DNA was extracted using a Chelex solution (Walsh, Metzger et al. 1991). The mitochondrial
cytochrome c oxidase subunit I (COI) gene was amplified via PCR (with standard conditions) using
primers LepF1 ATTCAACCAATCATAAAGATATTGG and LepR1 TAAACTTCTGGATGTCCAAAAAATCA and
MLepF1 GCTTTCCCACGAATAAATAATA (use with LepR1) and MLepR1 CCTGTTCCAGCTCCATTTTC (use
with LepF1) (Hebert, Penton et al. 2004, Hajibabaei, Singer et al. 2007, Hebert, Dewaard et al. 2013).
The amplified DNA products were sent to the Australian Genome Research Facility Ltd, Melbourne,
and Macrogen, Korea, for sequencing. Sequences were edited and aligned using GENEIOUS 5.6
(http://www.geneious.com/).We determined taxonomic units from (mtDNA) sequences using
Automatic Barcode Gap Discovery (ABGD) software with a maximum intraspecific divergence of 1
per cent (Puillandre, Lambert et al. 2012). We attributed species names to taxonomic units using the
Barcode of Life database. We created a phylogenetic tree of OTUs (Operational Taxonomic Units),
i.e. species equivalents, collected at more than one site. Sequences were matched to the barcode
library of ANIC (Australian Nation Insect Collection) to determine the binomial name when a match
was 99 per cent or greater (Hebert, Dewaard et al. 2013).

4.2.6 Morphospecies identification
For allocation of Lepidoptera to morphospecies, we used only specimens 6 mm or larger because
smaller larval instars lacked diagnostic features required for family level identification (Fracker 1915,
Gerasimov 1962, Mackay 1962, Matuura 1980, Holloway, Bradley et al. 1987, Common 1990).
Therefore only 114 specimens (out of the original 308) were available for morphospecies
identification for both datasets i.e. Morphological 1 and 2. Only families known to inhabit leaf litter
were included in analyses (Common 1990, Dugdale 1996).

4.2.7 Morphological measurements
To test the effects fire severity had on dispersal traits of adult Lepidoptera, measurements were
taken from specimens from the ANIC barcode reference library that matched to DNA sequences
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generated in this study. Thorax width was measured to indicate body mass, which has previously
been shown to have a strong regression with body mass for Lepidoptera (R2= 0.957) (García-Barros
2015). We also measured forewing length and width (García-Barros 2015), to allow us to calculate
measures of dispersal ability including wing aspect ratio and wing loading. Wing aspect ratio is
calculated as the wing length squared divided by the wing area (Dudley 2002). Low wing aspect
ratios indicate fast flapping flight, while high wing aspect ratios indicate gliding flight and longer
distance dispersal. Wing loading was calculated as the mass divided by the wing area (Dudley 2002);
wing loading values are expected to be negatively associated with dispersal ability, i.e. small body
size relative to wing area will allow for greater lift and therefore greater dispersal distance (Barton,
Cunningham et al. 2013).

4.2.8 Statistical analysis
We tested whether morphological and molecular species assemblages were correlated using a
Mantel test (Relate Function, Primer software, version 6) (Clarke and Gorley 2006). We then used all
three datasets (Morphological 1 and 2 and Molecular 1) to test whether Lepidoptera assemblages
differed among sites that had experienced different burn severities. For this analysis, we used
Mvabund in R (Venables and Ripley 2002, Eddelbuettel and Francois 2011, Warton 2011) to test the
effect of fire severity and three microhabitat variables on Lepidoptera species composition. For
ManyGLM tests, we report responses of species with unadjusted P-values < 0.05. We excluded
species from analyses when they appeared at less than four sites to decrease the chances of false
positive (Type I) species associations. We show unadjusted P-values for post hoc tests because there
were a large number of comparisons and adjusted tests would have been overly conservative or
false negative (Type II error). However, results should be carefully considered with respect to Type I
error (Garcia 2004). We visualised the effects of fire severity on three datasets using Non-metric
multidimensional scaling (NMDS) plots based on Bray-Curtis similarities (Primer software, version 6).
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We conducted linear regression using the lm function in the MASS package (Venables and Ripley
2002) in R to test the effect of fire severity and three microhabitat variables on body size, wing
aspect and loading. An AIC (Akaike Information Criterion) model-stepwise regression was used to
decide on the best model. Post-hoc Tukey's tests were conducted using the glht function in the
MASS package when the effect of fire severity was significant.

4.3 Results
4.3.1 Molecular
Only 110 mitochondrial COI DNA sequences were recovered from the 308 specimens. Sequencing
was not affected by size of the specimens used i.e. tissue samples were approximately equal
quantity irrespectively of larval body size. The ADGB analysis recognised 20 OTUs (or species
equivalent). Matching these sequences against the Lepidoptera COI Barcode Library confirmed the
binomial name of 13 species within four families: Oecophoridae, Tortricidae, Pyralidae and
Geometridae. All common species (i.e. those present at more than one site) were given a binomial
name, the remainder are referred to as OTU with a unique number only (SI 3 Table).

4.3.2 Morphospecies
Six families were identified from both morphological datasets: Oecophoridae, Tortricidae, Pyralidae,
Geometridae, Hepialidae and Noctuidae. Importantly, although morphospecies identification of
families was successful for 83% of specimens in Morphological dataset 1 and 89% of specimens in
the Morphological dataset 2 when compared to Molecular 1 dataset, lumping of multiple species
into one morphospecies was common. For example, for Morphological 1 data set, Oecophorid
morphospecies, Oecophoridae 1; included OTU 1, 2, 3 & 5; while Tortricidae 1; included OTU 6, 7, 8
& 10. For the Morphological 2 data set, Oecophoridae B included OTU 2, 3 & 5 and Tortricidae A
included OTU 6, 7, 8 & 10.
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4.3.3 Composition
Lepidoptera assemblage composition did not differ among fire severities for any of the three
assemblage datasets (ManyGLM, Table 4.1). For the Molecular dataset 1, oecophorid OTU3
responded negatively to soil disturbances, while OTU2 had a negative response to moisture. For
Morphological dataset 2, Oecophoridae A (unsequenced) declined with increasing soil disturbance
while Oecophoridae C, (OTU 1) declined with increasing moss cover.
The Mantel test revealed little similarity between molecular and morphological datasets: Molecular
and Morphological 1 dataset (Rho): 0.1, p=19.8 %; Molecular and Morphological 2 dataset (Rho):
0.068, p=28.3 %; Morphological 1 and Morphological 2 dataset (Rho): 0.525, p=0.1 % (Fig.4.1).

4.3.4 Fire severity effects on adult dispersal traits
Wing aspect ratio was greatest at crown burnt sites and increased with moss cover (Table 4.2). In
contrast, wing loading did not respond to fire severity or other microhabitat variables. Body size
responded positively to moss cover (Table 4.2).

4.4 Discussion
There is strong demand in ecology for accurate species identification, but the availability of
taxonomic specialists continues to decline (Blaxter 2004). The morphospecies approach has become
a standard means to overcome this impasse. However, as recognised by early proponents, accuracy
is dependent on taxonomic groups and application (Oliver and Beattie 1996). For Lepidopteran
larvae, the widely accepted morphospecies approach resulted in a high level of species lumping by
both observers. In contrast, we could confidently detect species using the molecular approach,
although seven out of twenty OTUs detected using sequencing could not be matched to a barcoded
specimen (although these were rare) and could potentially represent undescribed species. However,
data was lost using both methods, reducing the power to detect responses to fire. Importantly, the
barcode reference library (ANIC/BOL) allowed us to link relatively sedentary larvae with mobile adult
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forms to infer dispersal abilities, an approach that was impossible using the morphospecies
approach.

4.4.1 Comparing molecular and morphological measures
Molecular and morphospecies approaches cost a comparable amount in terms of time and money,
although the relative costs of these approaches may differ among countries, making one or the
other more favourable. In Australia, the molecular cost was US$2310 (110 sequences x US$7 = $770
amplifications; material and equipment (300 specimens x $0.6 amplification/DNA Extraction =
US$240), labour cost US$30 x 40 hours = US$1200). Morphospecies cost was US$1900 (identification
material and equipment $100 and labour cost US$30 x 60 = US$1800 hours).
For the Morphological datasets, family level identification between the two principal families
(Oecophoridae and Tortricidae) relied on skills not easily acquired by non-experts (Mackay 1962,
Mackay 1972) but this may be typical for the identification of holometabolous larvae. Species
lumping was common to both morphological datasets, irrespective of family, and represents the
central problem for the morphospecies approach for specimens with few or cryptic features for
identification (Hillman and Craston 1999, Brodin, Ejdung et al. 2013). This is despite species level
differences potentially having critical ecological function i.e. greater pollution resistance (McGill,
Enquist et al. 2006, Poteat and Buchwalter 2014) or dispersal ability as adults (Barton, Cunningham
et al. 2013). The lack of similarity between assemblages from three datasets can be largely
attributed to lumping of species in the morphological datasets. Rearing of larvae to adult stage
presents a possible alternative identification method to avoid this problem, however, this would
significantly increase costs (Janzen, Hajibabaei et al. 2005) and rearing success rates are likely to be
low for poorly known species. In addition, the accuracy of adult stage morphological identification by
non-experts is also likely to be low (Common 1990) and may not allow positive species identification.
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Molecular identification provided a rapid, relatively cost effective way to achieve the species level
resolution generally required in ecological studies. The major limitation with the molecular analysis
was that most specimens were not successfully sequenced, reducing the power to detect fire
severity effects on species. It is most likely this loss is attributed to poor quality DNA and was caused
by initial inadequate storage. Therefore, the loss of samples due to the molecular analyses is more
tractable than loss cause by lack of morphological characters. Earlier recognition for the need of a
molecular approach and therefore better preservation of DNA would solve this problem. A
particularly valuable benefit of the molecular approach was that we were able to link the molecular
data with images of adults, allowing us to detect effects of fire severity on dispersal traits (Table 4.2).
However, this would not have been possible for other, less well documented groups that were also
prevalent in the larval stages, such as the chironomids (non-biting midges). Therefore a wellresourced DNA barcoding reference library is required to test the effects of fire severity on adult
dispersal traits.

For both techniques: around 70 per cent of individuals could not be used, however these problems
could be easily overcome through prior planning. The reasons for this differed among approaches:
for the morphological approach, early instar larvae could not be allocated to morphospecies due to a
lack of distinguishing features but this could be addressed by additional sampling; for the molecular
approach, Lepidoptera samples were originally stored at room temperature for a year prior to
sequencing , however we should expect to achieve a 70 to 90 % success with better storage of
samples to retain quality of DNA (Hebert, Dewaard et al. 2013).

Seven of the 20 molecular identified larvae were not matched to adult specimens, however these
were uncommon in the study area and potentially represent as yet undescribed species. Detecting
new species has important implications for conservation in cases where rare undescribed species are
also threatened by pollution and disturbance events.
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4.4.2 Fire severity effects on adult dispersal traits
Linking molecular data with pre-existing images of adult specimens allowed us to infer that dispersal
ability is of central importance in success of Lepidoptera species after a large scale high severity fire.
Importantly, adult dispersal traits were acquired from the molecular dataset linked to a publically
accessible barcode library (ANIC/BOL), so no additional fieldwork or painstaking rearing of larvae in
the laboratory was required. The significant positive association between wing aspect ratio to both
fire severity and moss cover points towards a more efficient prolonged (Wootton 1992) gliding flight
(Marden 1987) to explain Lepidoptera composition. However, wing loading, which is positively
associated with flight distance (Dudley 2002), was not associated with fire severity. Again, the
positive response of body size to moss cover agrees with expectations that larger body size in
winged adults favours greater dispersal ability (Chapter 3). However, larger body size also confers
increased physiological tolerance to the higher fluctuations in temperature and humidity
characteristic of the post-fire environment (Raison, Woods et al. 1986, Nylin and Svard 1991, Barlow
1994). These barcode-derived results demonstrate that wing aspect ratio, and potentially body size,
are linked with long distance recolonisation in more open conditions (Taylor and Merriam 1995,
Nation 2015) and/ or persistence of Lepidoptera after a high severity fire. This low cost approach
provides further opportunities to test adult traits in holometabolous insects when barcode coverage
is adequate (Hajibabaei, Janzen et al. 2006, Ekrem, Willassen et al. 2007, Hajibabaei, Singer et al.
2007, Smith, Fernandez-Triana et al. 2009, Poteat and Buchwalter 2014).
An additional advantage of collecting DNA data is that it can allow for the assessment of population
genetic statistics. This, in turn allows the inclusion of additional dispersal traits (migration and gene
flow) and demographic response (e.g. population bottlenecks or founder events) in studies of
disturbance. Although we had insufficient molecular samples (or sequences) to test population
statistics of the Lepidopteran species, Chapter 5 provides an example of how this combined
approach can be achieved.
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4.5 Conclusion
The molecular dataset provided an accurate means to identify species and to test the effects of fire
severity on the composition of Lepidopteran larvae. This is in contrast to the widely accepted
morphospecies approach, which resulted in lumping of species. This artificial grouping of species is
in agreement with earlier studies that utilised invertebrates with few diagnostic features e.g.
juveniles (Hillman and Craston 1999). The morphospecies approach revealed compositional
responses in one of two datasets and points towards the validity of this method but also to an
unacceptable risk of error, if species resolution is poor. Poor morphological species resolution
resulted from the limited number of diagnostic features. Molecular identification methods, on the
other hand, will give a species equivalent designation with no exposure to error inherent with the
taxa being studied. Matching the molecular dataset to a DNA barcode library (ANIC/BOL) also had
the benefit of allowing us to link adult traits with larval samples.

Molecular identification was comparable to the morphospecies approach in terms of cost, time and
level of specialised knowledge required (Meier R., Wong W. et al. 2015) but provided more reliable
identification and access to data on adult traits. However, the widespread adoption of next
generation sequencing will greatly reduce costs of a molecular approach much further while
remaining accessible (Arribas 2016). The database for Lepidoptera was sufficiently comprehensive
for us to obtain species names for most of the taxa and all species found at more than one site. The
greater success of molecular methods resulted primarily from our use of larval stage individuals,
which are difficult to identify morphologically (Janzen, Hajibabaei et al. 2005). As 80% of insect
species are holometabolous (Whiting 2001) and larvae dominate many environments (Frouz,
Matena et al. 2003, Butakka, Ragonha et al. 2016), there is likely to be a broad applicability of this
method. MtDNA is also be particularly useful for taxa with many cryptic species (Smith, FernandezTriana et al. 2009). Globally, the BOL database has barcoded over half of the approximately 165,000
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known Lepidoptera species over a six year period (Hebert, Dewaard et al. 2013, Lepidoptera Barcode
of Life 2016). This level of coverage was sufficient to test species traits of hyperdiverse families
recorded in this study that would otherwise remain unknown. It is likely that improved taxonomic
coverage with barcoding will broaden the application of this approach for the identification of larval
insects generally and improve the effectiveness of using a molecular approach to test questions
concerning composition and functional traits in environmental monitoring. With the development of
new applications, including metabarcoding (Arribas, Andújar et al. 2016, Beng, Tomlinson et al.
2016) and due to reliability, it is likely this will the preferred method in many situations.
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Table 4.1. ManyGLM regression testing the effect of fire severity and three microhabitat covariates on the
composition of litter-dwelling moth (Lepidoptera) species from the Molecular, Morphological 1 and
Morphological 2 datasets, located in litterbags at four or more sites. All significant responses were negative.

Source

Molecular

Morphological 1

Morphological 2

Dev

Dev

Dev

P

P

P

Fire Severity

7.83

0.439

2.77

0.726

13.71

0.226

Moss Cover

6.78

0.211

5.28

0.181

9.83

0.094

Oecophoridae sp

Soil Disturbance

5.99

0.189

Pellopsis aerodes**

0.67

0.763

11.74

0.042

Oecophoridae sp

22.82

0.002

Eulechria tanysticha**

6.45

0.123

7.82

0.166

Moisture
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Table 4.2. OLS regression testing the effect of fire severity and three microhabitat variables on three adult
dispersal traits (wing aspect ratio, wing loading and body size) for moth species. Measurements were taken
from barcoded specimens with matches to the molecular dataset. A (-) sign indicates a negative effect and (+)
sign indicates a positive effect.
Wing Aspect

Wing Loading

Body Size

Whole model

Best fit model

Whole model

Best fit model

Whole model

Best fit model

d.f.=9,11

d.f.=4,16

d.f.= 9,11

d.f.=4,16

d.f.=9,11

d.f.=5,15

Fvalue

P

F- value

P

Fvalue

P

Fire Severity

5.29

(+)0.03

5.85

(+)0.02

0.10

(+)0.91

Moss Cover

5.00

(+)0.05

5.53

(+)0.04

2.40

(-)0.16

Soil
Disturbance

0.20

(+)0.67

1.77

Moisture

0.94

(-)0.36

0.08

1.20

(-)0.30

Fvalue

P

Fvalue

P

0.77

(-)0.49

3.00

(+)0.12

(+)0.22

0.01

(+)0.93

(+)0.78

0.74

(-)0.41

2.28

(-)0.15

F-

P

value

5.74

(+)0.03
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a)

b)

c)

Fig 4.1. Nonmetric multidimensional scaling plots of the Bray-Curtis similarity of litter-dwelling Lepidoptera
assemblages following fires of different severity (white represents unburnt, grey are ground burnt and black
are crown burnt). Species datasets used were: a) Molecular b) Morphological 1 c) Morphological 2. Site
replicates: unburnt (n = 7), ground-burnt (n = 7) and crown burnt (n = 7), but some sites were lost from
analyses because specimens were early instar (Morphological datasets) or because molecular identification
failed (Molecular dataset).
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Chapter 5
Population structure of two species of Woodlice (Isopoda:
Oniscidea), following high severity fire.
Abstract
The recovery of species following fire is determined by either the ability to disperse and recolonise
after local extinction, or survive in situ during and after fire. Alongside ecological studies, genetic
studies can help to understand the process of recovery. We compared the population genetic
structure in post-fire environments of two common woodlice (Styloniscidae sp.1 and Philosciidae
sp.1) that differed in ecological traits such as desiccation tolerance and body form. Population
genetic structure and genetic diversity loss was expected to reflect differences in their abilities to
survive in situ and disperse. We collected isopods using litterbags and hand searches of litter and
logs at replicate unburnt, low severity (ground burnt) and high severity (crown burnt) sites (n=7),
three years after fire. Mitochondrial cytochrome c oxidase subunit 1 (CO1) was sequenced and
spatial genetic structure within species compared to infer relative dispersal potential. Styloniscidae
sp.1 exhibited highly significant local population structure, suggestive of extreme poor dispersal and
a reliance on in situ survival during high severity fire. We rejected the hypothesis that limited
recolonisation would lead to a significant change of within population genetic diversity in the
Styloniscidae sp.1. However, persistence following fires for the Styloniscidae sp.1 will be dependent
on the continued presence of effective fire refuges in situ. In contrast, Philosciidae sp.1
demonstrated greater gene flow at the 5 to 25 km range, indicating this species is more capable of
dispersal and recolonisation and potentially less dependent on in situ survival. Therefore we predict
that more frequent high severity fire is less likely to impact Philosciidae sp.1 than Styloniscidae sp.1.
These results and others indicate we may have greatly overestimated the dispersal potential of
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wingless detritivores. In addition resilience to future disturbance and climatic perturbations is likely
to be highly dependent on the continued presence of refuges and understanding the constraints on
dispersal will help determine whether managing for in situ survival or enhanced connectivity will
provide better protection from extinction for wingless detritivores.

Keywords: macroinvertebrate detritivores, poor dispersal, local extinction, Eucalyptus, resilience

5.1 Introduction
Fire has the potential to rapidly affect organisms directly, by killing individuals, or indirectly,
via mortality due to changed habitat conditions. The persistence of populations following
fire depends either on refuges for immediate in situ survival and subsequent post-fire
recovery, or the ability to recolonise after local extinction when conditions become suitable
(Robinson, Leonard et al. 2013). For species with poor in-situ survival, post-fire recovery is
therefore dependent on the ability of a species to disperse from sites of survival after a fire
event; this may be from fire refuges, e.g. logs or burrows within the fire affected area (Kiss
and Magnin 2006) in the short-term, or from more distant unburnt sites in the longer term.
Knowledge about the process of recolonisation is of central importance in understanding
how populations are maintained after large-scale wildfire events (Banks, Cary et al. 2013,
Pereoglou, Lindenmayer et al. 2013, Pierson, Allendorf et al. 2013, Smith, Bull et al. 2014,
Bradbury, Tapper et al. 2016), but can be difficult to obtain using standard ecological
measures.
Large-scale disturbance can result in local extinction for species with poor dispersal abilities
that cannot survive the disturbance in-situ (Whelan 1995). The genetic population structure
of species provides a basis for understanding how a species disperses in the landscape and
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therefore the potential for a species to recolonise following local extinction. Population
structure or genetic spatial structure describes the extent to which individuals in close
spatial proximity are more closely related when compared with the total population and is
explained by the degree of dispersal limitation (Bohonak 1999). Low spatial genetic
structure and high gene flow is indicative of greater dispersal, and species that demonstrate
this are expected to recolonise rapidly following local extinction. In contrast, species with
greater spatial genetic structure and limited gene flow are more limited in their
recolonisation potential. Molecular studies of population structure are therefore extremely
useful for determining the recolonisation potential of species negatively affected by large
scale disturbance.
Alongside the analysis of population structure to determine the likelihood of dispersal,
molecular studies can be used to examine genetic signatures of population recovery. For
example, a sudden loss of genetic diversity in an impacted population is suggestive of either
a large population reduction (i.e. a bottleneck), or a small number of individuals establishing
a new population (i.e. a founder event). In contrast, a disturbance event could lead to
increased genetic diversity in a new population if a large number of founders from diverse
populations establish. By using knowledge of population structure to infer potential for
dispersal and testing the effects of fire severity on genetic diversity and population size of a
species, we can determine whether localised extinction and/or a loss of genetic diversity is
likely to be due to disturbance events (Schmuki, Vorburger et al. 2006), including fire
(Pierson, Allendorf et al. 2013).
Terrestrial isopods (Isopoda: Oniscidea) are ideal for examining the potential impact of fire
disturbance. They are species rich, (Green 1974, Schmalfuss 2003) living in semi-aquatic to
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arid conditions (Hornung 2011) and are often dependent on habitats, such as logs and/or
leaf litter (Heemsbergen, Berg et al. 2004), that are typically incinerated in a high severity
fire. They are likely to be vulnerable to fire because their relatively poor dispersal capacity
(i.e. wingless) and desiccation tolerance (Dias, Krab et al. 2013) should limit their potential
for dispersal and therefore recolonisation after local extirpation. This study focuses on two
terrestrial isopod species belonging to families that differ in desiccation tolerance (Hornung
2011, Schmidt 2015), the Styloniscidae (Synocheta) and Philosciidae (Crinocheta). Although
few molecular studies of isopod population structure have been undertaken, differences in
life history between these two groups suggest that dispersal should be more limited in
styloniscids and therefore population structure would be more pronounced. Synocheta lack
a number of physiological adaptations to terrestrial life present in Crinocheta (Sfenthourakis
and Taiti 2015) that can limit their ability to regulate water (Wright and Machin 1993,
Schmalfuss 2003, Schmidt 2015) and disperse (Hornung 2011, Schmidt 2015). Described
styloniscids of SE Australia are known to be largely restricted to wet eucalyptus forest and
southern beech rainforest, unlike Philosciidae which have a broader climatic range (Green
1974, Schmalfuss 1998). Poor desiccation tolerance could contribute to poorer dispersal
ability in styloniscids when compared with philosciids.
Despite the apparent differences between these two isopod families, recent results
(Chapter 3) indicate similar responses to fire, pointing towards recovery within 3 years
following high severity fire. These results suggest that either these isopod species have good
dispersal ability and are capable of recolonising sites quickly or, alternatively, they are
capable of surviving the fire in situ. Firstly we asked, does population structure differ
between two species of isopod that are physiologically distinct? We hypothesised that a
species with low tolerance to desiccation (i.e. a styloniscid) would have finer scaled genetic
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population structure than a species with greater dispersal ability (i.e., a philosciid) (Table 1).
Second, we asked: does intraspecific genetic diversity differ among isopods from sites
differing in fire severity? If local extinction had followed high severity fire in species with
poor dispersal (i.e. a styloniscid), we would expect evidence of differences in genetic
diversity relative to sites with unburnt sites.

5.2 Methods
5.2.1 Study sites
We tested the effects of fire severity on macroinvertebrate assemblages in forests located
within the 2009 Kilmore East-Murrindindi fire complex, in the foothills of the Great Dividing
Range, Victoria, southeast Australia (37° 34'S, 145° 30'E). The climate was temperate, with a
mean annual rainfall of 1373 mm recorded at 595 m a.s.l. The mean daily maximum summer
temperature was 23.2oC, while the mean daily minimum winter temperature was 3.8oC.
Sites selected were located in damp sclerophyll forest in gullies dominated by messmate
stringybark (Eucalyptus obliqua), around 25 m tall with a dense midstorey of tree fern
(Dicksonia antarctica) and hazel pomaderris (Pomaderris aspera). These damp gullies are
typically surrounded by dry sclerophyll forest with an open midstorey.

The 2009 Kilmore East-Murrindindi fire was ignited on February 9th, 2009. Initially severe
weather conditions supported high severity crown fires, but wind speed and fire flame
height later declined, resulting in a burn area of over 228,000 ha (Teague, McLeod et al.
2010). Fire severities were classified as follows: 1) Crown burnt (highest severity), referring
to the incineration of all leaves in the tree crown and midstorey, leaf litter, humus, and logs;
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2) Ground burnt (lower severity), litter layer and underlying humus layer incinerated and/or
charred; logs typically charred where exposed but sometimes wholly burnt; the shrub and
ground layer vegetation, but not the tree crown, is typically burnt; and 3) Unburnt, referring
to sites not burnt or directly affected by fire in 2009. All sites were unburnt and unaffected
by logging for at least 20 years prior to 2009.

Sites were selected in the three severity classes with seven replicates making a total of 21
sites interspersed over a 30 by 50 km area. Sites were separated by a minimum distance of
150 m and sites of the same fire severity were separated by a minimum distance of 1.15 km.

5.2.2 Isopod sampling
Two terrestrial isopod (Isopoda:Oniscidea) families were sampled: Styloniscidae and
Philosciidae. Samples were taken from the quantitative study of the effects of fire severity
on litter and log dwelling macroinvertebrates in autumn 2012, (Chapter 3) and, where
sample sizes were low, additional targeted sampling was undertaken.
Samples were transported to La Trobe University and stored in a cool room at -5ºC for up to
12 weeks. All isopods were collected, counted and stored individually in 5 ml vials with 70 %
ethanol. The taxonomy and species identification of isopods in this study region is still
unclear. Isopods were assigned families using (Green 1961, Green 1974).

5.2.3 Molecular analysis
DNA was extracted using a Chelex solution (Walsh, Metzger et al. 1991). The mitochondrial
cytochrome c oxidase subunit I (CO1) gene was amplified via PCR (with standard conditions)
using primers LCO1490 and HCO2198 (Folmer, Black et al. 1994) and, for Philosciidae, we
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used designed primers SEB_PHIL_F = GGGCACCCCGGAAGATTAATTGGG; SEB_PHIL_Rlong =
CCTCCTCCTCTAGGGTCAAA; SEB_PHIL_Rshort = CATTGTAATAGCCCCTGCTAGTA. The
amplified DNA products were sent to the Australian Genome Research Facility Ltd,
Melbourne, and Macrogen, Korea, for sequencing. Sequences were edited and aligned using
GENEIOUS 5.6 (http://www.geneious.com/).
Bayesian phylogenetic trees were constructed using MrBayes V3.2 (Ronquist and
Huelsenbeck 2003). Three isopod species for each family were used as outgroup sequences.
For Styloniscids, we used: Androniscus dentiger, Haplophthalmus danicus and Trichoniscus
pusillus (GenBank Accession numbers: JN232939, AJ287066 and U08902); and for
Philosciids: Laevophiloscia yalgooensis; Littorophiloscia bifasciata; and Burmoniscus
dasystylus (GenBank Accession numbers: EU364629, AF191118 and AB626378). The general
time-reversible (GTR) model was found to be the optimal model based on the Akaike
criterion using MrModeltest (Nylander 2004). MrBayes analyses were run across four chains
for five million generations sampling every 500 generations, with stationarity determined
from an examination of log likelihoods and model parameters. Trees recovered prior to
stationarity were discarded and Bayesian posterior probabilities of each bipartition,
representing the percentage of times each node was recovered, were calculated from the
remaining trees. Multiple runs were performed to ensure that all parameters were not
considerably different at stationarity, based on alternate prior probabilities.
To test for the presence of cryptic (Menz, Gibb et al. 2016) or unidentifiable (Chapter 4)
species, a simple species delimitation was undertaken on both data sets using the general
mixed Yule-coalescent (GMYC) model, which examines changes from interspecific to
intraspecific in branching rates (Pons, Barraclough et al. 2006). Ultrametric trees were
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estimated for using BEAST version 1.5.2 (Drummond and Rambaut 2007), with a relaxed
uncorrelated log-normal clock and branch lengths estimated using a Coalescent (Constant
Size) prior. Analyses were run for 50 million generations. The Maximum Clade Credibility
ultrametric trees were analysed using a log-likelihood ratio test to assess the significance of
the estimated shift in branching rates (i.e. how well they fit the GMYC model). Distinct
entities (or species) were delineated based on the lineages that are split by interspecific
branching rates. These tests were implemented in the SPLITS package (available from
http://r-forge.r-project.org/projects/splits) in the R statistical environment) (R Development
Core Team 2013).
Population structure and diversity analyses were undertaken on the GMYC-delimited
lineages (hereafter referred to as species) which were sampled sufficiently in number and
geographic spread. A single widespread “species” was identified from each family, referred
to as Styloniscidae sp.1 and Philosciidae sp.1. Five distinct regions were defined based on
geographic location a priori within the area of the fire (Fig.1), and analyses undertaken at
the site and region level to determine population structure, gene flow and genetic diversity.
To determine within-species relationships and population structure, median joining
networks of haplotypes were created using NETWORK 4.6.1 (http://www.fluxusengineering.com). Using Arlequin (ver. 3.5)(Excoffier L., Laval G. et al. 2005), evidence of
gene flow and spatial genetic distance between sites and within and between regions was
calculated using Fst and AMOVA.
We used a Mantel test of genetic distance (Fst) against spatial distance (i.e. metres between
sites) for both species to determine how relatedness varied with site proximity (PRIMER ver
6, using RELATE function). Data were represented visually as a scatter plot.
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Genetic diversity estimation can be used to infer recent recolonisation and population
recovery (i.e. a change in genetic diversity) at high fire severity sites. We calculated genetic
diversity i.e. haplotype (h) and nucleotide (π)) measures for each population and tested for
neutrality and population expansion or bottlenecks, using Tajima’s D and Fu’s metrics,
(Tajima 1989, Fu 1997). We used ANOVA tests to determine differences between unburnt
and crown burnt fire severities for haplotype and nucleotide diversity; and Tajima D and Fu’
F values in both Styloniscidae sp.1 and Philosciidae sp.1.

5.3 Results
5.3.1 DNA-based species delineation
DNA sequences were obtained from 146 individual Styloniscidae with 85 haplotypes; and 81
Philosciidae individuals with 36 haplotypes. Phylogenetic trees indicate deep divergences
among some Styloniscid haplotypes but not Philosciid haplotypes (SI Fig 3). For both
families, a common lineage with multiple haplotypes across the sampled region was
evident. Styloniscidae samples morphologically keyed out to the genus Styloniscus, but
further identification could not be achieved for Philosciidae (Green 1961, Green 1974). None
of these lineages group with any publically available sequences.
Population genetic analysis was conducted on the two widespread lineages (Styloniscidae
sp.1 and Philosciidae sp.1). In agreement with predictions for the Styloniscidae, there was
support for very strong population structure in Styloniscidae sp.1 across the study area, with
distinct differences both between and within the regions. The haplotype network (Fig 1) for
Styloniscidae sp.1 shows a complex network with three or four distinct clusters centred
around, but not reciprocally monophyletic for the different regions. This population
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structure is reflected by the Fst tests which show highly significant differences (P<0.001)
between not only the sites from different regions, but also for many sites within regions
(Table 2). This population structure was confirmed with AMOVA tests of genetic differences
with Fst (21%) of variation occurring between regions, Fsc (11%) of variation existing among
populations within regions and Fct (68%) of variation present within populations (SI 4
Table).
In contrast, whilst significant population structure is evident in Philosciidae sp.1, genetic
populations have a great geographic spread, with one cluster present in all regions and
another centred on Region 5 (Fig 2). This arrangement of population structure for
Philosciidae sp.1 was confirmed using Fst tests, which show highly significant differences
(P<0.001) for comparisons between Region 5 and the remaining regions (Table 3). AMOVA
test confirmed a lack of regional scale difference with Fst (0%) of variation among
populations between regions, unlike Styloniscidae sp.1. Most variation occurred among
populations within regions Fsc (50%) and variation within populations Fct (50%) (SI 4 Table).
There were no significant differences in haplotype and nucleotide diversity; and Tajima D
and Fu’ F values amongst the different fire severities tested for either Styloniscidae sp.1
(Fig.5, SI 1 Table) or Philosciidae sp.1 (Fig.6, SI 2 Table). These results suggest demographic
values did not vary greatly between unburnt and crown burnt severities at three years.
Spearmans rank correlation for genetic and spatial distance was significant for Styloniscidae
sp.1 (Rho): 0.325, p<0.05; and Philosciidae sp.1 (Rho): 0.778, p<0.01. For the visual plot (Fig.
3), the relative genetic distance is small (0.2) for the Styloniscidae sp.1 at sites that are close
together (< 5 km) only, but then consistently large, pointing towards low rates of genetic
exchange past this distance. The relative genetic distance of Philosciidae sp.1 remains low
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(0.2) to approximately 25 km but then increases sharply, indicating much greater gene flow
at the 5 to 25 km range when compared with Styloniscidae sp.1 (Fig.3).

5.4 Discussion
This study compared the dispersal potential and genetic diversity of two species of isopod
that are physiologically and morphologically distinct in the context of a large scale high
severity fire. As expected, we found that population structure was different between two
main species, with the Styloniscidae species showing genetic differentiation at both a local
and regional scale, consistent with very poor dispersal, in contrast to the Philosciidae
species which demonstrated less differentiation at a local scale. However, we found no
evidence that levels of genetic diversity in either species were lower at sites that had
experienced high severity fire, suggesting that at least one but potentially both species
survived the fire in situ. This indicates in situ survival may have a much more important role
in short term recovery of wingless detritivores after high severity fires as a general rule than
originally expected. Philosciidae sp.1 exhibited differences in traits (linked to desiccation
resistance) and population connectivity including much greater gene flow at the 5 to 25 km
range suggesting dispersal has the potential to play a role in the recovery of this species
when refuges are absent, unlike Styloniscidae sp.1.
Styloniscids were expected to have higher localised population structure than philosciids as
a result of poorer desiccation tolerance. This was idea was supported by lower gene flow
evident in Styloniscidae sp.1 at distances less than five kilometres (Table 1) with no clear
barriers to dispersal at this fine scale. For example there are significantly different
populations evident between sites located within the same headwaters. This fine scale
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pattern has also been observed in parapatric polydesmid species which lacked apparent
environmental barriers to dispersal (Mesibov 2003, Mesibov 2011). It is important to note
that mitochondrial DNA used in this study is conservative in detecting levels of dispersal and
we might expect to see evidence of even lower levels of gene flow and finer scale patterns
in both species, if we used sequences with higher rates of mutation and therefore more
sensitive in detecting differences in populations i.e. microsatellites (Taylor, Chivers et al.
2000).
We also found that Styloniscidae sp.1 displayed variation among populations between
regions, not exhibited in Philosciidae sp.1. This result again supported the hypothesis that
Styloniscidae sp.1 is a poorer disperser but at larger spatial scales. Although we observed no
clear barriers to dispersal between regions that would explain differentiation between
population structures of the two species, climatic barriers for one or both species in the past
(Garrick, Sands et al. 2004, Garrick, Sands et al. 2007, Costa, Timmermans et al. 2013) and
poorer gene flow in Styloniscidae sp.1 could explain the current differentiated pattern
between the two species. While both Styloniscidae sp.1 and Philosciidae sp.1 exhibit
variation among populations within regions consistent with inherently poor dispersal, the
extremely low rates of gene flow in Styloniscidae sp.1 indicate extirpations are more likely
to maintain lasting effects on species populations at both a local and regional scales.
Although high severity fire did not result in lower levels of genetic diversity in either
Philosciidae sp.1 or Styloniscidae sp.1, it is likely there are differences in how the two
species can potentially recover and this has important implications in future management
scenarios where fire refuges are lost through anthropogenic activity (Lindenmayer, Hobbs et
al. 2011). The extremely low rates of gene flow in Styloniscidae sp.1 points towards the
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presence of sufficient in situ fire refuges to maintain viable populations and genetic diversity
for this species. Philosciidae sp.1 recovery, however, is potentially less dependent on in situ
recovery given gene flow occurs at a much greater scale. We currently do not know how
either species avoid fire in the case of in situ survival. However, coarse woody debris may be
important for persistence of isopod populations in a severe fire. Apart from leaf litter, both
species were found in rotten logs or standing decayed trees to 50 cm depth at both unburnt
and high severity sites. Coarse woody debris is used by isopods to avoid moisture
perturbations experienced in leaf litter (Brereton 1957, den Boer 1969, Sutton 1984, Dias,
Hassall et al. 2012) that could potentially be used as refuges in the case of high severity
fires, if not incinerated. During high severity fire, large rotten trees though uncommon often
remained intact, unlike logs (Bassett, Chia et al. 2015) and it is this habitat that may have
helped provide sufficient refuge during fire in both species. If anthropogenic activity i.e.
timber harvesting and/or through increased frequency of high severity fires through climate
change (Macias Fauria & Johnson, 2008) removes large rotten trees and other coarse woody
debris (Certini, 2005), it is likely to have particularly poor outcomes for species with very
limited dispersal i.e. Styloniscidae sp.1, if they are also dependent on these habitat
components as refuges in high severity fires. In other words, a lower density of refuges
available for wingless species with particularly poor dispersal would equate with much
lower resilience to the effects of severe fires.

5.5 Conclusion
Although our data was consistent with the hypothesis that Styloniscidae sp.1 was a poorer
disperser than Philosciidae sp.1, we rejected the hypothesis that genetic diversity will
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change in response to high severity fire. This was despite both species exhibiting much
higher population structure and therefore a lower capacity to recolonise after local
extinction than expected. Given the very poor gene flow exhibited by Styloniscidae sp.1 and
lesser extent Philosciidae sp.1; we conclude refuges must be highly localised for effective
maintenance of genetic diversity for these functionally important species. A small but
growing number of molecular studies (Sullivan, Dreyer et al. 2009, Novo, Almodovar et al.
2012, Torres-Leguizamon, Mathieu et al. 2014, Dupont, Gresille et al. 2015, Prantoni, De Wit
et al. 2016) indicate that we have greatly overestimated the dispersal potential of wingless
detritivores. However, we do not fully understand whether this is due to inherently low
rates of movement or if dispersal is limited by species-specific environmental barriers
(Dupont, Gresille et al. 2015, Criscione and Kohler 2016). Resilience to future anthropogenic
and wildfire disturbance is likely to be highly dependent on the continued presence of
refuges, determining and managing refuges for survival in situ will provide better protection
from extinction for many wingless detritivore species.
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Table 5.1. A priori knowledge of traits affecting recolonisation (a) and predictions on population structure and
the effects of fire severity on genetic diversity (1, 2 &3).
Styloniscidae

Philosciidae

a. Desiccation tolerance (a priori)

Low

Moderate

1. Population structure (high level infers poor capacity for

High

Moderate

High

Moderate

High

Moderate

recolonisation) (Prediction)
2. Haplotype and genetic diversity loss after high severity fire
(Prediction)
3. Reliance on the presence of fire refuges in situ for the maintenance
of local populations and genetic diversity with more frequent severe
fires under climate change (Prediction)
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Table 5.2. Pairwise FST calculation of gene flow and population structure amongst sites of Styloniscidae sp.1.
Asterix(es) indicates significant population genetic differences between sites (* p < 0.05, ** p < 0.01, *** p <
0.001 after Bonferroni corrections). Shaded areas indicate pairwise comparisons within regions (see inset Fig.

CB2
Region 1

UB1

CB3

CB4

UB3

UB4

GB5

CB5

UB1

0.051*

CB3

0.347***

0.200**

CB4

0.387***

0.280***

0.002

UB3

0.360***

0.288***

0.146**

0.167***

UB4

0.584***

0.415***

0.09

0.075**

0.093*

Region 3

GB5

0.514***

0.312**

-0.049

-0.047

0.162**

0.021

Region 4

CB5

0.490***

0.132*

0.362*

0.346***

0.357***

0.576***

0.512*

CB6

0.396***

0.138***

0.394***

0.380***

0.420***

0.581***

0.482***

0.11

UB6

0.383***

0.129*

0.05

0.097*

0.212***

0.262*

0.144

0.07

Region 2

CB6

CB2

0.220*

1), white sections indicate pairwise comparisons among regions.

Table 5.3. Pairwise FST calculation of gene flow and population structure amongst sites of Philosciidae sp.1.
Asterix(es) indicates significant population genetic differences between sites (* p < 0.05, ** p < 0.01, *** p <
0.001 after Bonferroni corrections). Shaded areas indicate pairwise comparisons within regions (see inset Fig.
2), white sections indicate pairwise comparisons among regions.
Philosciidae sp.1
Region 2

CB3

CB4

UB5

CB6

CB4

0.206

Region 3

UB5

0.100

0.0430

Region 4

CB6

0.279

0.500**

0.179

UB6

0.285**

0.580**

0.173*

-0.027

UB7

0.591***

0.702***

0.511***

0.440***

Region 5

UB6

CB3

0.298
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Fig. 5.1. Median joining network of Styloniscidae sp.1 haplotypes. Median joining networks are a visual
representation of genetic difference between haplotypes, indicated by length of chains between nodes; the
location of haplotypes, colour of nodes; and their abundance, size of nodes. Each black node represents one
base pair difference, and in the case of chains with kinks genetic or base pair differences are replaced by a
number. Haplotypes are coloured based on the region they are found (see inset map), colours indicate regions:
Blue, Region 1 (n = 4); green, Region 2 (n = 6); yellow, Region 3 (n = 4); orange, Region 4 (n = 4); red, Region 5
(n = 3).
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Fig. 5.2. Median joining network of Philosciidae sp.1 haplotypes. Median joining networks are a visual
representation of genetic difference between haplotypes, indicated by length of chains between nodes; the
location of haplotypes, colour of nodes; and their abundance, size of nodes. Each black node represents one
base pair difference. Haplotypes are coloured based on the region they are found (see inset map): colours
indicate regions: Blue, Region 1 (n = 4); green, Region 2 (n = 6); yellow, Region 3 (n = 4); orange, Region 4 (n =
4); red, Region 5 (n = 3).
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Fig. 5.3. A scatter plot of sites representing spatial distance (metres) against intraspecific genetic distance (Fst)
for two species of Isopod: Styloniscidae sp.1 (Blue) and Philosciidae sp.1 (Red). Closed symbols indicate
significant genetic distance.
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Chapter 6
General Discussion
Our understanding of the processes of local extinction and recolonisation, or survival in situ and the
function of macroinvertebrate detritivores is greatly enhanced by the use of mensurative field
experiments combined with both trait and molecular-based approaches. Findings from this study
highlight how explanations for compositional responses to fire severity disturbance require a
combination of approaches to determine the mechanisms responsible for change. I show that,
without information about the effects of fire severity on traits (i.e. physiological tolerance and
dispersal adaptions) or genetics (i.e. knowledge of gene flow and genetic diversity), there is little
capacity to understand why compositional and functional differences may occur in
macroinvertebrate detritivores in response to fire disturbance.

High severity fire had marked effects on the composition and traits of macroinvertebrate
detritivores after three years and indicates that substantial ecological change has occurred since the
destruction and subsequent recovery of leaf litter habitat. Despite this change, the rate of
decomposition in severely burnt sites has recovered, and this indicates that functional
differentiation in the detritivores community has not occurred, and points towards a high level of
ecological resilience (Holling 1973) within this detritivore system. This resilience can be
demonstrated by the fact that, while trait and compositional change in macroinvertebrate
detritivores occurred following severe fire (i.e. larger body size, lower richness and abundance), the
rate of leaf litter breakdown did not differ amongst fire severities. Resilience was principally
attributed to greater desiccation tolerance in individuals with larger body size experiencing
microclimatic perturbations in leaf litter, post-fire.
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The functional resilience exhibited in this investigation contrasts with the only comparable study
where the rate of litter breakdown by fauna was reported to be reduced under changed conditions
and composition, post- fire (Brennan, Christie et al. 2009). Decomposition rate is known to be driven
by both detritivore composition and microclimatic conditions (Swift, Heal et al. 1979, Wardle 2002)
and climate is known to strongly alter the function of macroinvertebrate detritivores (GarciaPalacios, Maestre et al. 2013). In the light of this and the findings from this study, a re-examination is
required of key interactions between microclimate, fire disturbance, species composition and traits,
and the functional resilience of detritivores under different conditions.

This investigation highlighted the limits in generalising the direct effects of microclimate on the
function and body size of fauna because these changes are known to operate differently in
contrasting systems (Nylin and Svard 1991, Barlow 1994, Garcia-Palacios, Maestre et al. 2013), and
our lack of knowledge about how and when this occurs is of major importance, especially given
these changes to microclimate have been linked to anthropogenic disturbance and activity (Malhi,
Gardner et al. 2014, Ewers, Boyle et al. 2015, Ossola, Hahs et al. 2016). I found macroinvertebrate
detritivores maintained rates of decomposition through larger but fewer number of individuals
under changed climatic conditions (Chapter 2). A number of studies that have recognised that
climate change has the potential to drive processes that alter fauna function and traits linked to
metabolic regulation and energy flow, notably body size. However unlike here, higher averages and
perturbations of temperature and desiccation are thought generally to reduce function and body
size of species as this results in increased metabolic rate but reduced growth periods as a result of
increased physiological stress (Easterling, Meehl et al. 2000). If we accept the hypothesis that there
is a dynamic relationship between species composition and traits (i.e. body size), microclimate and
leaf litter breakdown in different systems, the next logical next step would be to investigate the
relationship between body size and microclimatic requirements of macroinvertebrate detritivores
and when functional (and composition) resilience is lost in contrasting systems.
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A further consideration is how macoinvertebrate detritivore function relates to body size and
dispersal ability after fire. I have shown that there is a clear relationship between post fire recovery
and body size, but there is a gap in the knowledge concerning mechanisms behind this trait response
and its role in maintaining functional resilience in macroinvertebrate detritivores. Body size has been
linked to both desiccation tolerance and active dispersal/mobility within sites, and therefore it is
important to determine whether this trait is strictly a response to changed climatic conditions in
severely burnt sites or if it also relates to active dispersal that permits recolonisation after local
extinction. The role of active dispersal and body size was given less emphasis as a driving mechanism
partially because I did not detect a positive wing presence response to fire severity. However, the
responses of the two dominant groups of holometabolous detritivores (i.e. Diptera and Lepidoptera)
also point strongly towards dispersal being important, i.e. superior wing traits of moths were
associated with high severity sites (Chapter 4) and there was a lower abundance of nematoceran
flies, known to be weak fliers, at high severity sites (Chapter 3). Body size and active flight dispersal
is also likely to be important for function, if we consider many wing-dispersing species exist
principally as larvae and are confined to leaf litter with potentially unfavourable conditions, unlike
wingless species (i.e. terrestrial crustacea) that typically utilise habitat to avoid drying hot conditions
(i.e. soil, logs and decayed trees) (Sutton 1984) and fire (Certini 2005, Kiss and Magnin 2006, Bassett,
Chia et al. 2015). Dispersal is particularly important in holometabolous detritivore recolonisation and
survival when suitable conditions become patchy and/or climatically unstable (Frouz and Kindlmann
2001, Frouz, Matena et al. 2003, Frouz and Šimek 2009). Further exploration is needed to determine
the relationship between body size and the ability of macoinvertebrate detritivores to disperse,
survive and breakdown leaf litter in the context of more frequent high severity fire and changed
microclimate conditions.
This study has shown like in others that fire refuges are likely to be important for maintaining
species and their genetic diversity (Chapter 5)(Banks, Dujardin et al. 2011, Banks, Cary et al. 2013,
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Brown, Harrisson et al. 2013). Fire refuges allow for survival of species population during fire but can
also be important as habitat under post-fire conditions (Robinson, Leonard et al. 2013) and in the
case of coarse woody debris (CWD) includes the capacity of species to regulate water in
macroinvertebrate detritivores (Sutton 1984). However, like many studies our knowledge about
these refuges for particular species (Mackey, Lindenmayer et al. 2002, Robinson, Leonard et al.
2013) and their potential to be degraded or destroyed by human activity is lacking (Lindenmayer,
Hobbs et al. 2011). Nevertheless, there are examples of fire refuges of poor dispersing detritivore
species (i.e. CWD) being destroyed by wildfire (Gandhi, Spence et al. 2001) or similar anthropogenic
disturbances (Grove 2010). Although in this study, I suggest the inability to detect two wingless
families (i.e. polydesmid millipedes and armadillid woodlice) in logs and litter at crown burnt sites
was principally attributed to poor dispersal ability (Chapter 2), it is also possible that there was an
interaction with fire refuge availability i.e. these poor dispersing species may also have more specific
fire refuge requirements (Gandhi, Spence et al. 2001). This would provide a critically important
explanation for the differentiation between other species with poor dispersal (i.e. philoscid
woodlice, talitrid amphipods) (Menz, Gibb et al. 2016) or extreme poor dispersal (i.e. styloniscid
woodlice) that were unresponsive to fire severity (Chapter 5). Further investigation would help
identify species that lack resilience to increased frequency of high severity fire when habitat
(including fire refuge availability) is degraded. The importance of fire refuges for compositional
resilience to high severity fire could also be extended to functional resilience, given that poor
dispersers make up an important component of detritivore composition. An important avenue of
inquiry will be to determine whether poor dispersing detritivores found in leaf litter are critically
dependent on coarse woody debris (including state of decay and size) (Grove 2010, Grove and
Forster 2011) or are dependent on fire refuges less affected by anthropogenic activity and fire
disturbance (i.e. soil, rocks)(Certini 2005, Bassett, Chia et al. 2015).
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Greater inquiry is needed in the future to determine why compositional and functional resilience is
maintained by detritivores in some forest ecosystems but not others when subjected to fire
disturbance (Gandhi, Spence et al. 2001, Brennan, Christie et al. 2009). We need to understand how
poor but functionally important dispersers survive this type of disturbance and types of refuges they
require. The predicted likelihood in increased frequency of high severity fire and drought does have
important implications on how we manage forests for fauna refuges (Robinson, Leonard et al. 2013).
However, it is presently unknown whether future increases in the frequency of high severity fire,
drought and habitat degradation will push the detritivore community beyond its capacity to recover.
A combined examination of species responses since time of fire in conjunction with molecular, and
behavioural and physiological studies in the laboratory, for example by extending Chapter 5 into a
multispecies comparison will help answer questions concerning compositional resilience more
generally. In addition by running a manipulative year-long field experiment with and without fire (i.e.
Chapter 2) under normal and drought conditions, we can better understand functional resilience of
macroinvertebrate detritivores under conditions predicted to become more widespread due to
anthropogenic activity. If this was carried out with regular monitoring of microclimatic conditions
and species composition and functional traits in leaf litter, it would help confirm firstly whether loss
in decomposition rates after fire by fauna (Brennan, Christie et al. 2009) is driven by changes in
microclimate and if there is an interaction with drought conditions; and secondly under what
moisture/temperature levels are species no longer able to survive and function. Questions
concerning habitat degradation, refuges and species and functional resilience in the future could be
better answered by also manipulating presence of coarse woody debris under fire and drought
treatments in the field, and thereby determine whether this habitat component is important for
maintaining rates of litter breakdown by macroinvertebrate detritivores and in particular, the
persistence of poor dispersing species.
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Supporting Information

SI 1 Fig. Map of the 2009 Kilmore-Murrindindi fire complex study area with 21 sites (three fire
severities: Crown Burnt, Ground Burnt and Unburnt).
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SI 2 Table. Site co-ordinates (UTM, WGS84), aspect and slope.

Site

Eastings

Northings

Aspect

Slope (°)

Crown Burnt 1

342037

5866880

E

30

Crown Burnt 2

342816

5865424

NW

15

Crown Burnt 3

348749

5858612

S

5

Crown Burnt 4

350689

5857889

E

10

Crown Burnt 5

372403

5859016

NE

30

Crown Burnt 6

377714

5861297

W

20

Crown Burnt 7

385105

5840875

NW

5

Ground Burnt 1

343781

5865426

NE

20

Ground Burnt 2

352401

5853577

SE

15

Ground Burnt 3

359436

5848169

SW

25

Ground Burnt 4

365045

5853697

E

25

Ground Burnt 5

366339

5855490

E

10

Ground Burnt 6

374025

5868570

N

25

Ground Burnt 7

385539

5839958

W

15

Unburnt 1

343906

5865570

SE

30

Unburnt 2

350505

5855299

E

20

Unburnt 3

351410

5859986

E

15

Unburnt 4

352560

5860054

NW

5

Unburnt 5

359255

5848285

SE

20

Unburnt 6

373770

5868391

W

5

Unburnt 7

385034

5838705

N

20
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SI 3 Table. Binomial names and families from barcoded specimens with matches to sequences from
the molecular dataset. Operational Taxonomic Unit (OTU).

OTU 1
OTU 2
OTU 3
OTU 4
OTU 5
OTU 6
OTU 7
OTU 8
OTU 9
OTU 10
OTU 11
OTU 12
OTU 13
OTU 14
OTU 15
OTU 16
OTU 17
OTU 18
OTU 19
OTU 20

Binomial Name
Dichelia clarana
Eulechria tanysticha
Pellopsis aerodes

Family
Tortricidae
Oecophoridae
Oecophoridae

Isochorista chaodes
Teras mersana
Capua scaphosema

Tortricidae
Tortricidae
Tortricidae

Isochorista encotodes

Tortricidae

Meritastis sp.ANIC
Persicoptera aglaopa
Syncometes vilis
Epitymbia cosmata
Idaea halmaea

Tortricidae
Pyralidae
Oecophoridae
Tortricidae
Geometridae

Echinocosma catachrysa

Oecophoridae
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SI 4 Table. Polymorphism data for individuals from different sites of Styloniscidae sp.1. Statistical
data shown: N, number of sequences analysed; S, number of variable sites; h, number of haplotypes;
hd, haplotype diversity; π, nucleotide diversity. Sites and regions in bold are significant, (* p < 0.05,
** p < 0.01, *** p < 0.001).
Category

Site

N

Crown Burnt

CB2

Unburnt

S

h

hd

π

Tajima’s D

P Fu's F

17

7

0.66

0.01

-1.21

0.05

CB3

9

7

0.94

0.02

0.30

-0.59

CB4

21

13

0.93

0.02

-1.44

-1.55

CB5

8

4

0.64

0.01

-0.16

2.13

CB6

13

7

0.85

0.02

1.04

2.24

UB1

16

10

0.93

0.02

-1.54

-0.17

UB3

31

16

0.89

0.02

-1.46

UB4

11

7

0.87

0.01

-0.35

-0.56

UB6

8

5

0.86

0.02

1.32

2.05

*

P

-1.22
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SI 5 Table. Polymorphism data for individuals from different sites of Philosciidae sp.1. Statistical data
shown: N, number of sequences analysed; S, number of variable sites; h, number of haplotypes; hd,
haplotype diversity; π, nucleotide diversity. Sites and regions in bold are significant, (* p < 0.05, ** p
< 0.01, *** p < 0.001).

Category

Site

N

Crown Burnt

CB2

2

1

CB3

6

2

0.53

CB4

27

5

CB5

3

CB6
Unburnt

S

h

hd

π

Tajima’s D

P

Fu's F

0.00

0.00

0.00

0.85

0.63

0.28

0.00

-1.52

2

0.67

0.00

0.00

0.00

8

4

0.79

0.01

-0.29

3.33

CB7

4

4

1.00

0.02

0.19

0.33

UB2

3

2

0.67

0.00

0.00

1.06

UB5

5

4

0.90

0.00

-0.97

1.04

UB6

5

5

1.00

0.01

-0.72

-0.68

UB7

16

5

0.53

0.00

-1.13

-0.16

*

P

-1.02
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SI 6 Fig. Phylogenetic Trees for Styloniscidae and Philosciidae.
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SI 7 Table. Percentage of the total genetic variation accounted for by each level of the sampling
hierarchy for Styloniscidae sp.1 and Philosciidae sp.1 Each site sampled represents a population.

Sum of
squares
Styloniscidae sp.1
Regions: (K=4)
Among regions
Among populations within
region
Within populations
Philosciidae sp.1 Regions:
(K=4)
Among regions
Among populations within
region
Within populations

Percentage of
variation

Fixation
indices

Significance
tests

136.169

21.15

Fst 0.14341

P = 0.000

82.127
468.516

11.31
67.55

Fsc 0.32454
Fct 0.21145

P = 0.000
P = 0.003

31.04

-4.34

Fst 0.50188

P = 0.000

38.224
67.082

52.37
51.97

Fsc 0.48027
Fct -0.04338

P = 0.000
P = 0.447
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SI 8 Fig. Genetic diversity and demographic analyses of Styloniscidae sp.1 across the treatments: a)
nucleotide diversity; b) haplotype diversity; c) Tajimas’s D; d) Fu’s F. Differences were all nonsignificant in ANOVA tests.
0.025
Nucleotide Diversity

Haplotype Diversity

1.0
0.8
0.6
0.4
0.2
0.0

0.015
0.010
0.005
0.000

Crown Burnt

Unburnt

Crown Burnt

2
1
Fu' F

Tajima's D

0.020

0
-1
-2
Crown Burnt

Unburnt

Unburnt

12.0
10.0
8.0
6.0
4.0
2.0
0.0
-2.0
Crown Burnt

Unburnt
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SI 9 Fig. Genetic diversity and demographic analyses of Philosciidae sp.1 across the treatments: a)
nucleotide diversity; b) haplotype diversity; c) Tajimas’s D; d) Fu’s F. Differences were all nonsignificant in ANOVA tests.
0.008
Nucleotide Diversity

Haplotype Diversity

1.2
1.0
0.8
0.6
0.4
0.2

0.004
0.002
0.000

0.0
Crown Burnt

Crown Burnt

Unburnt

2

Unburnt

1.5
1.0

1

0.5
Fu' F

Tajima's D

0.006

0

0.0
-0.5

-1

-1.0

-2

-1.5
Crown Burnt

Unburnt

Crown Burnt

Unburnt
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