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Abstract 23 

New knowledge about the responses of species to fire is needed to plan for 24 

biodiversity conservation in the face of changing fire regimes. However, the knowledge that 25 

is acquired may be influenced by the sampling method and the taxonomic resolution of a 26 

study. To investigate these potential sampling biases, we examined invertebrate responses 27 

to time since fire in mallee woodlands of southern Australia. Using a large-scale replicated 28 

study system we sampled over 60,000 invertebrates with large pitfall traps, wet pitfall traps, 29 

and sweep nets, and undertook analyses at morphospecies and order level. Large pitfalls 30 

and sweep nets detected several strong fire effects whereas wet pitfall traps detected few 31 

effects. Invertebrate abundance in sweep nets was highest shortly after fire due to 32 

grasshopper outbreaks. Several additional morphospecies showed strong preferences for 33 

different stages in the post-fire succession. In contrast with morphospecies effects, analyses 34 

at order level either failed to detect fire effects or were driven by the most abundant species. 35 

For fire research to produce credible results with the potential to guide management, it must 36 

use a range of sampling techniques and undertake analyses at (morpho) species level.  37 

Homogeneous fire management, such as fire suppression in fragmented landscapes or 38 

widespread frequent burning for asset-protection, is likely to cause declines in fire-affected 39 

invertebrates. 40 

 41 
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 43 

Introduction 44 

Fire plays an integral role in shaping and maintaining many ecosystems around the 45 

world (Bond & Keeley 2005). However, land-clearing, extreme management practices such 46 

as complete fire suppression and climate change are altering the way that fire affects 47 

ecosystems (Williams et al. 2001; Whitlock et al. 2003; Brennan et al. 2009). There is 48 
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currently debate about the best way to manage fire to balance built asset protection with 49 

conservation of native vegetation and wildlife (Morrison et al. 1996; Parr & Andersen 2006; 50 

Driscoll et al. 2010a). Fire suppression could threaten species reliant on recently burnt 51 

habitat (Wikars 2002; Woinarski et al. 2004) but burning too frequently can have a negative 52 

impact on species which rely on mature vegetation (Andersen et al. 2005; Moretti et al. 53 

2006). Understanding the response of a wide range of species to fire is therefore a 54 

prerequisite for planning effective fire management (Driscoll et al. 2010a, b).  55 

As a community recovers after fire the vegetation undergoes succession, changing in 56 

species composition and structure. This pattern of recovery means that the suitability of the 57 

habitat for animal species may also change over time (Fox 1982; Letnic et al. 2004). Such 58 

change is the basic premise of the habitat accommodation model of succession (Fox et al. 59 

2003). The model predicts that a species abundance will be highest at its optimum 60 

successional stage of vegetation recovery. In partial support of this model, preferences for a 61 

particular stage of regeneration have been shown in a number of taxa including reptiles 62 

(Singh et al. 2002; Fenner & Bull 2007; Driscoll & Henderson 2008), mammals (Fox 1982; 63 

Letnic et al. 2004), birds (Smucker et al. 2005) and invertebrates (Moretti et al. 2004; Paquin 64 

2008; Rodrigo et al. 2008; Driscoll et al. 2010c). These preferences mean that managing fire 65 

to maintain habitat at different successional stages (i.e. a fire mosaic) could enable the 66 

maintenance of biodiversity (Richards et al. 1999; Moretti et al. 2004). However, a better 67 

understanding of wildlife ecology in fire prone ecosystems is needed to define acceptable 68 

bounds for the spatial and temporal scales of fire mosaics (Bradstock et al. 2005; Parr & 69 

Andersen 2006; Clarke 2008). A first step towards understanding the potential importance of 70 

fire mosaics for conservation is to discover if species show a strong successional response 71 

and only occur at a particular time since fire (Driscoll & Henderson 2008). This will help 72 

determine the extent to which a fire mosaic may be important. 73 

Invertebrates are the largest component of global biodiversity, play a major role in 74 

herbivory, nutrient cycling and maintaining soil structure (Lavelle et al. 1997) and are an 75 
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important food source for many vertebrate species (Losey & Vaughan 2006). Incorporating 76 

information about invertebrates into fire management plans should therefore be a priority, 77 

but invertebrates are often ignored in fire ecology research (New et al. 2010). Most previous 78 

studies of invertebrate fire ecology have focused on coarse taxonomic groups or functional 79 

groups (Bailey & Whitham 2002; Moretti et al. 2006; Engle et al. 2008; Fattorini 2010; 80 

Radford & Andersen 2012). While functional groups provide a way to simplify responses to 81 

fire in an ecologically meaningful way (Langlands et al. 2011) understanding species level 82 

responses is essential in order to quantify extinction risk under changing fire regimes 83 

(Driscoll et al. 2010b). Many of the studies that do look at species level responses also only 84 

examine a small number of taxa (e.g. Formicidae, Andersen 1991; Coleoptera, Gandhi et al. 85 

2001, Driscoll & Weir 2005; Araneae, Langlands et al. 2006) limiting the scope of inference. 86 

It is also typical for such studies to use only one sampling method, usually pit-fall traps of 87 

one size. Different methods sample biased subsets of the fauna, so results based on a 88 

single approach will not represent the response of invertebrates across the community 89 

(Abensperg-Traun & Steven 1995). Management recommendations should be based on 90 

knowledge of fire responses for many species within a community rather than on a narrow 91 

subset (Clarke 2008; Driscoll et al. 2010b; Pyrke & Samways 2012). Using a range of 92 

methods and morphospecies classifications is an efficient way to achieve this (Oliver & 93 

Beattie 1996; Derraik et al. 2002; Pyrke & Samways 2012).  94 

To avoid the limitations of many previous invertebrate-fire studies we examined the 95 

fire response of a mallee woodland invertebrate community at the morphospecies level using 96 

multiple sampling methods. The aims of this study were to 1) determine which 97 

morphospecies had significant changes in abundance with time since fire, 2) determine the 98 

influence of sampling method and classification level on the ability to detect ecological 99 

effects of fire and 3) compare the time investment and outcome of different sampling 100 

methods. Addressing these issues is essential to manage fire in a way that conserves 101 

biodiversity. 102 
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Methods  103 

Study sites 104 

We sampled invertebrates at Hincks Wilderness Area (66,658 ha; 33° 46' 10" S, 136° 105 

03' 24" E) and Pinkawillinie Conservation Park (130,148 ha; 32° 54' 30" S, 135° 53' 23" E) 106 

on the Eyre Peninsula, South Australia (Fig. 1) during summer 2010. Both reserves contain 107 

large areas of mallee vegetation (multi-stemmed Eucalyptus spp. up to 6m tall in our study 108 

region) surrounded by land cleared for agriculture. The landscape consists of parabolic and 109 

longitudinal siliceous sand dunes over solid limestone, calcrete bedrock (Twidale et al. 110 

1985). The annual average rainfall is approximately 300 mm. Mallee typically experiences 111 

fire on a decadal (10-100 yr) time scale (Bradstock & Cohn 2002) but can remain unburnt for 112 

over 100 years (Clarke et al. 2010). Both of our study reserves have a documented history of 113 

planned and unplanned fires dating back to the 1950s. 114 

Survey Design 115 

We used a chronosequence survey design to examine the effect of time since fire on 116 

invertebrate abundance (Driscoll et al. 2010b). At each reserve, two 1 ha sites were sampled 117 

in each of three fire categories: burnt 4-5, 9-11, and over 40 years ago (Fig. 1). Replicate 118 

sites in each category were separated by approximately 1 km. To minimise edge effects, we 119 

placed all sites at least 200 m from the fire edge and/or the park boundary (Driscoll & 120 

Henderson 2008). 121 

All sampling sites straddled sand dunes and incorporated dune ridges, slopes, and 122 

dune bases which, at some sites descended to the hard, clayish swale. All sites were 123 

selected for their sandy soil, presence of Triodia irritans (an important habitat for many 124 

animal species) and for their similar topography and vegetation (dominated by Eucalyptus 125 

spp. and Melaleuca uncinata). The 4-5 yr sites were characterised by a low (< 1 m), sparse 126 

canopy with very little leaf litter and large areas of bare sand. The 9-11 yr sites had a 1-2 m 127 

canopy with moderate leaf litter and bare ground and the >40 yr sites had a high canopy (> 2 128 
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m), many shrubs, dense leaf litter and little bare ground (Smith et al. 2012). At each location 129 

we sampled two sites within each fire category meaning that conditions were similar for 130 

replicate sites within fire categories. This form of pseudoreplication is often unavoidable in 131 

fire ecology because of limited fire histories within landscapes (Whelan et al. 2002) but we 132 

accommodated this in our analysis using mixed-effects models (see Analysis). At each site 133 

we used three sampling methods to collect invertebrates: large pitfall traps, sweep netting 134 

and wet pitfall traps.  135 

Large pitfall traps 136 

The large pitfall traps were used concurrently for a related reptile study (Smith et al. 137 

2012) and consisted of 20 L plastic buckets (28.5cm diameter) buried flush with the ground 138 

and placed midway along a 10 m plastic drift fence (black plastic, 30cm high). Traps were 139 

arranged in 5 x 5 grids with 25 m between each bucket and the direction of the fences 140 

alternating at right angles. Samples were collected over a six day period in summer, January 141 

2010 (Hincks 7th-12th, Pinkawillinie 21st-26th). During this time daily minimum and maximum 142 

temperatures averaged 20°C and 38°C at Hincks and 17°C and 33°C at Pinkawillinie. A total 143 

of 300 large pitfall traps (100 in each treatment) were sampled during the survey. 144 

Invertebrates smaller than 3mm in length and ants were not collected from the large pitfall 145 

traps because of time constraints. This trapping method therefore had a collection filter in 146 

addition to the bucket size limiting the invertebrates sampled.  147 

Sweep netting 148 

At each site invertebrates were sampled along four 100 m transects (within the large 149 

pitfall trap grids) using butterfly nets approximately 40 cm in diameter and 1 m in length. To 150 

incorporate potential time of day effects associated with diel activity patterns in invertebrates 151 

we sampled each site twice, once before 10am or between 3pm and 7pm and once between 152 

10am and 3pm. Each transect was sampled by two people walking approximately 15 m 153 

apart at a steady pace for 10 min. All vegetation including tree canopies, shrubs, understory 154 
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and bare ground was swept with the nets. All invertebrates were collected from the nets at 155 

the end of each transect and preserved.  156 

Wet pitfall traps  157 

Wet pitfall traps consisted of plastic jars 10 cm deep and 4 cm in diameter containing 158 

approximately 60 mL of 9 % salt water and a drop of detergent to reduce surface tension. 159 

Twenty traps were set at each of the twelve sites giving a total of 240 traps with 80 in each 160 

treatment. Wet pitfalls were placed approximately five meters away from, and perpendicular 161 

to the fence of the large traps. The traps were open for seven days during January 2010 162 

(Hincks 6th – 13th, Pinkawillinie 20th – 27th), corresponding closely with the large pitfall trap 163 

collection dates.  164 

After collection, invertebrates from all three survey methods were stored in 70 % 165 

ethanol. Samples were identified using the entomology collections at CSIRO, Canberra and 166 

the South Australian Museum, Adelaide. Where accurate identification was not possible 167 

even after consultation with museum staff, individuals were assigned to a morphospecies.  168 

Data Analysis 169 

To determine whether the mean abundance of each morphospecies varied among 170 

fire categories we used Poisson generalised linear mixed models (GLMM) with log link 171 

functions. We fitted time since fire, location and their interactions as fixed effects. To account 172 

for our pseudoreplicated design we fitted fire (a factor delimited areas burnt in separate fire 173 

events) as a random effect. The two sites in each fire category within reserves were thus 174 

treated as subsamples rather than true replicates for statistical analysis (Bolker et al. 2008). 175 

To account for over-dispersion in residual variation we also fitted an observation level 176 

random effect that modelled extra-Poisson variation (Maindonald & Braun 2010). GLMMs 177 

were fitted using the glmer function in the lme4 package (Bates et al. 2011) for R (R 178 

Development Core Team, 2009). We obtained predicted values and standard errors using 179 

the predictSE.mer function in the AICcmodavg package (Mazerolle 2011).  180 
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We obtained P-values for multi-level terms (time since fire and its interaction with 181 

location) using Wald tests (Harrell 2001). P-values for location (a two-level term) were 182 

derived from z-scores (fixed effect/SE: Crawley 2002). Given the large number of statistical 183 

tests in our analysis we calculated Q-values using the R package qvalue (Storey 2002). Q-184 

values estimate the number of false positive results obtained, thus controlling the false-185 

discovery rate (Storey 2002). Q-values less than 0.05 were taken as significant meaning that 186 

5% of our significant results could be false positives. Only morphospecies found at both 187 

locations were analysed to incorporate the replication in our study design and ensure that 188 

our focus was on time since fire and not local abundance variation. We analysed data from 189 

morphospecies with an equal or greater number of captures than sample sites (12) following 190 

Didham et al. (1998) (large pitfall traps = 34 morphospecies out of a total of 184; sweep 191 

netting = 42/249; wet pitfall traps = 63/144). To determine how taxonomic resolution 192 

influenced our results, the analyses were repeated at the order level for each sampling 193 

method using all morphospecies within each order. Centipedes in the order 194 

Scolopendromorpha could not be assigned confidently to morphospecies as they had 195 

desiccated. These were analysed at the order level only.  196 

A Venn diagram was constructed to compare the number of morphospecies sampled 197 

with each method and to examine the degree of overlap among methods. A time investment 198 

and outcomes table was also compiled to compare the costs and benefits of each method. 199 

Results  200 

A total of 61150 invertebrates was captured during this study: 3343 in the large pitfall 201 

traps, 8034 by sweep netting and 49773 in the wet pitfall traps (mostly ants). We identified 202 

461 morphospecies. There was no significant difference in the number of morphospecies 203 

detected among the three fire categories by any sampling method. There was no significant 204 

difference in total invertebrate abundance among the fire categories using the large pitfall 205 

traps (P = 0.398) or the wet pitfall traps (P = 0.079). The total abundance of invertebrates 206 
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caught by sweep netting was significantly higher in the 4-5 yr sites than in the 9-11 yr or >40 207 

yr sites (P = 0.014). 208 

Large pitfall traps 209 

Of 34 morphospecies analysed from the large pitfall traps the abundance of five was 210 

significantly affected by time since fire (Table 1). Lycosidae sp. 1 (Araneae) was most 211 

abundant in the 4-5 yr sites while Endacusta sp. 1 (Orthoptera) had lowest abundance in 4-5 212 

yr sites (Fig. 2).  Zoridae sp. 1 (Araneae) was more abundant in 9-11 yr sites and Lycosidae 213 

sp. 2 (Araneae) and Platyzosteria sp. 1 (Blattodea) were more abundant in >40 yr sites (Fig. 214 

2).  215 

A total of 15 invertebrate orders were detected in the large pitfall trap sample. 216 

Fourteen of these had no significant response to time since fire. Blattodea was significantly 217 

more abundant in long unburnt vegetation (P = 0.004, Q = 0.029). This result was not 218 

significant when Platyzosteria sp. 1 was excluded from the data set (P = 0.107, Q = 0.438) 219 

indicating the result was driven by the strong response in this species. 220 

Sweep netting 221 

Of the 42 species analysed from the sweep net sample, nine showed a significant 222 

response to time since fire (Table 1). Warramunga sp. 1 (Orthoptera) was the most 223 

commonly captured species and was significantly more abundant in the 4-5 yr sites (Fig. 3). 224 

One morphospecies was more abundant in the 9-11 yr sites (Psyllidae sp. 1), one was more 225 

abundant in 9-11 and >40 yrs (Lepidoptera sp. 2), and three morphospecies were more 226 

abundant in the >40 yr sites (Fig. 3). Two morphospecies were more abundant in the 4-5 yr 227 

and 9-11 yr sites than in the >40 yr sites (Fig. 3). Cicadellidae sp. 1 (Hemiptera) showed 228 

different peaks in abundance at different locations (Fig 3). 229 

A total of 11 invertebrate orders were detected during the sweep net survey. 230 

Orthoptera had a significant response to time since fire with higher abundance in 4-5 yr sites 231 
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(P = 0.007, Q = 0.040). Diptera had a significant interaction between fire and location (P = 232 

0.008, Q = 0.040), being more abundant in the >40 yr sites at Pinkawillinie but having no fire 233 

response Hincks. These results were not significant when the most abundant species was 234 

excluded from the data set (Warramunga sp. 1 (Orthoptera) and Culicidae sp. 1 (Diptera)) 235 

indicating that the order-level results were driven by the most abundant species.  236 

Wet pitfall traps 237 

Of the 63 morphospecies analysed from the wet pitfall traps, three significantly varied 238 

in abundance among the three fire categories (Table 1). Formicidae sp. 1 (Hymenoptera) 239 

and Zoridae sp. 1 (Araneae) were more abundant in the 9-11 yr sites and Melophorus sp. 1 240 

(Hymenoptera) was more abundant in the 4-5 yr sites (Fig. 4). A total of 14 orders were 241 

detected in the wet pitfall trap survey and none varied significantly in abundance with time 242 

since fire. There were also no significant results when the most abundant species in each 243 

order was excluded from the analysis.  244 

Comparison of sampling methods 245 

We observed little overlap between the three survey methods in the morphospecies 246 

detected (Fig. 5). Of the three methods the wet pitfall traps required the least field effort and 247 

captured most invertebrates (Table 2). However, wet pitfall traps required the most time to 248 

sort the samples and detected the fewest fire responses (Table 2). Weighted by hours of 249 

effort, sweep netting was six times more efficient at detecting invertebrate responses to fire 250 

than wet pitfall traps (Table 2).  251 

Discussion  252 

Effect of fire on invertebrate abundance 253 

In our study 23 morphospecies showed a significant response to time since fire. Of 254 

these, five species were captured most often in the 4-5 yr or 4-5 yr and 9-11yr sites, four for 255 

the 9-11 yr sites only, and seven for the >40 yr or 9-11 yr and >40 yr sites. All of these 256 
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species had very low numbers in one or two of the fire categories. Our results demonstrate 257 

that several invertebrate species specialise on a post-fire successional stage. These species 258 

may be at risk of local extinction if fire is not managed at appropriate temporal or spatial 259 

scales (Fahrig 1997; York 1999; Driscoll et al. 2012; Pyrke & Samways 2012). This might not 260 

have substantial consequences in very large patches of mallee woodland where fires are 261 

unlikely to affect the whole patch. In such areas, re-colonisation would be possible from 262 

adjacent areas when the optimal time since fire returned (assuming dispersal is not limiting 263 

which is currently unknown). The consequences of local extinction may be more severe in 264 

fragmented landscapes because entire fragments can be burnt by a single fire and source 265 

populations for recolonisation may not be nearby. We do not know if the fire-affected species 266 

identified in our study also occur in the surrounding matrix of cleared agricultural land. 267 

However, in a previous study, only about a quarter of mallee beetle fauna were found in the 268 

agricultural matrix (Driscoll & Weir 2005). The role of the matrix in providing alternative 269 

habitat or in limiting dispersal in this system needs to be explored further. 270 

Our results revealed extreme opposite responses to time since fire in species pairs 271 

from the same family (Lycosidae, Fig. 2a,b). This finding could be driven by competitive 272 

exclusion or niche differentiation where closely related species specialise on different 273 

resources (Hardin 1960; Pfennig 2009), facilitating coexistence (Schluter 2000). This pattern 274 

is consistent with the habitat accommodation model where one species can competitively 275 

exclude another when their key habitat element becomes available (Fox 1982). It also 276 

means that predicting the response of animal species to fire based on simple morphological, 277 

or family-level traits may not be possible.  278 

Many vertebrates in this ecosystem rely on invertebrates as a source of prey. 279 

Insectivorous vertebrates often show abundance differences with time since fire (Fox 1982; 280 

Letnic et al. 2004; Fenner & Bull 2007; Driscoll & Henderson 2008; Smith et al. 2012; 281 

Driscoll et al. 2012) and these changes may be driven by variation in the fire response of 282 

their prey. Fire regimes have the potential to affect communities at a number of trophic 283 
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levels, but interactions between fire responses of animal species from different trophic levels 284 

have rarely been investigated. Using sweep netting, we found that invertebrates were more 285 

abundant in the 4-5 yr sites primarily due to outbreaks of the grasshopper Warramunga sp. 286 

1. Insectivorous vertebrates that are able to forage above the ground, such as arboreal 287 

reptiles, birds and mammals, may have increased abundance after fire in response to this 288 

increase in prey availability (Radford and Andersen 2012). Detailed information about 289 

preferred prey across a range of vertebrate species is now needed to examine this 290 

possibility. 291 

The mean abundance of most invertebrate morphospecies did not vary significantly 292 

with time since fire in this study. There are two potential reasons for this. First, many species 293 

may not be affected by time since fire (Herrando et al. 2002; Driscoll & Henderson 2008). 294 

The resources required for many ground-dwelling invertebrates including spiders, scorpions, 295 

centipedes and predatory beetles may be consistently available across post-fire succession 296 

stages. If species can survive fire (e.g. by sheltering underground) then the abundance of 297 

many species could remain unchanged. Second, many species may have had responses to 298 

time since fire that we did not detect. Statistical power of our study was likely to be low, with 299 

only two sites in each fire category within each reserve. Large-scale natural experiments 300 

have proximate factors such as local rainfall that can increase variation and reduce power 301 

(Hargrove & Pickering 1992; Driscoll et al. 2010b). Fire severity and frequency also have the 302 

potential to affect fauna abundance (Pardon et al. 2003; Smucker et al. 2005) but were not 303 

examined in this study. The invertebrate assemblage can also be highly seasonal and this 304 

study was a snapshot of a particular time of year. Sampling throughout the year may give a 305 

broader insight into the invertebrate community’s response to fire.   306 

Effect of taxonomic level on results 307 

We found few significant responses when we compared changes in invertebrate 308 

abundance with time since fire at the order level. Only Blattodea and Orthoptera showed 309 
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significant responses, but these results were driven by the dominant species in that group. It 310 

is not surprising that many studies investigate ecological processes at the invertebrate order 311 

level (e.g. Bailey & Whitham 2002; Moretti et al. 2006; Engle et al. 2008; Radford & 312 

Andersen 2012) given the complexity of invertebrate taxonomy. However, our results 313 

showed that important ecological responses may not be detected using coarser taxonomic 314 

groupings. Erroneous management conclusions are likely to be drawn from studies that 315 

undertake analyses using higher taxonomic levels. When used carefully, morphospecies can 316 

be a valuable tool in broad scale invertebrate studies (Oliver & Beattie 1996; Derraik et al. 317 

2002) and our study has demonstrated the benefit of this approach. However, as discussed 318 

previously, statistical power was low so small effects at the order level may not have been 319 

detected.  320 

Methods influence interpretation of time since fire impacts  321 

We found little overlap in the morphospecies detected using the three different 322 

sampling methods. This is not surprising as the sweep netting samples were collected 323 

predominantly from above-ground vegetation whereas the other two methods were sampling 324 

mainly ground-dwelling invertebrates. It is well established that different methods will sample 325 

different components of the habitat (e.g. dry vs. moist microhabitats: Prasifka et al. 2007) but 326 

our study demonstrates that different methods reveal different perspectives on the influence 327 

of fire within the same vegetation type. If we had only sampled using wet pitfall traps we 328 

would not have detected any species that prefer mallee unburnt for > 40 yrs. This could lead 329 

to management recommendations that increase the amount of fire in the landscape, with 330 

negative consequences for invertebrate species that were more common in long-unburnt 331 

mallee (5 out of 17 species with significant responses to fire). Although some studies have 332 

shown fire responses in invertebrates using small wet pitfall traps (e.g. Andersen 1991), our 333 

study highlights the importance of using a range of methods to gain a broad understanding 334 

of invertebrate fire ecology.  335 
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Each of our sampling methods included a range of "filters", and these are likely to 336 

apply in other studies that use these trapping techniques. For example, our large pitfall traps 337 

were dry, so probably captured fewer flying beetles than wet pitfall traps might. There was 338 

also some risk that invertebrates in large pitfall traps were predated upon by captured 339 

vertebrates, although the risk would have applied in all fire categories. Small (<3mm) 340 

invertebrates are very difficult to detect in large pitfall traps because these traps must have 341 

some soil in them to help protect captured vertebrates. Each method had different sized 342 

filters and sampled different subsets of the invertebrate population (excluding ants meant the 343 

large pitfall traps also had a collection filter). Our comparative research approach gave us 344 

different perspectives and showed that combining multiple methods can give a more 345 

complete representation of fire responses in the invertebrate community. 346 

The results from our study have important implications for fire ecology, field methods 347 

and fire management. The contrasting responses of individual species to fire imply that 348 

landscapes with a range of seral stages are needed to maintain biodiversity. In fragmented 349 

landscapes with small mallee remnants, such a range has not been achieved in the past and 350 

local extinctions are expected (Driscoll & Henderson 2008). To reliably determine when 351 

there is no response to fire, research must focus on analyses at the species level rather than 352 

the order level. Robust management decisions are only possible when based on results 353 

arising from a range of trapping methods with data analysed at the species level. Predators 354 

that can eat grasshoppers and forage in low shrubs may have a response to fire that is 355 

mediated by invertebrate prey. For most generalist predators of arthropods however, prey 356 

availability remains unchanged with time since fire. 357 

Current fire management protocols are based on the requirements of a very narrow 358 

range of taxa (Clarke 2008). Typically these are based on the fire interval requirements of 359 

vascular plants (Keith et al. 2002; Menges 2007). Our study has demonstrated that 360 

invertebrate species can have strong and contrasting responses to fire. To manage fire in a 361 
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way that conserves invertebrate biodiversity, a range of successional stages in a landscape 362 

are needed, and this may be broader than the range implied by models of plant succession.  363 

 364 

Acknowledgements 365 

This research was supported by funds from the Australian Research Council, Department of 366 

Environment and Natural Resources South Australia, Native Vegetation Council South 367 

Australia, Department for Environment and Climate Change New South Wales and the 368 

Australian National University. Thanks to Beth Mantle, Cate Lemann, Steve Shattuck, Rolf 369 

Oberprieler, Tom Weir and Matthew Colloff from CSIRO Entomology and to Peter Hudson 370 

and staff at the Terrestrial Invertebrate Collection, South Australian Museum for their help 371 

with identification. Thanks also to Kevin Mayes, Sally South, Steve Morley and Handoko 372 

Wahjudi without whose help much of these data could not have been collected. This 373 

research was conducted under permits from the South Australian Department for 374 

Environment and Heritage (S25589-2) and the Flinders University Animal Welfare 375 

Committee (E256).  376 

 377 

References  378 

Abensperg-Traun M. & Steven D. (1995) The effects of pitfall trap diameter on ant species 379 

richness (Hymenoptera: Formicidae) and species composition of the catch in a semi-arid 380 

eucalypt woodland. Aust. J. Ecol. 20, 282-287. 381 

Andersen A. N. (1991) Responses of ground-foraging ant communities to 3 experimental fire 382 

regimes in a savanna forest of tropical Australia. Biotropica. 23, 575-585. 383 

Andersen A. N., Cook G. D., Corbett L. K., Douglas M. M., Eager R. W., Russell-Smith J., 384 

Setterfield S. A., Williams R. J. & Woinarski J. C. Z. (2005) Fire frequency and biodiversity 385 



16 
 

 
 

conservation in Australian tropical savannas: implications from the Kapalga fire experiment. 386 

Austral Ecol. 30, 155-167. 387 

Bailey J. K. & Whitham T. G. (2002) Interactions among fire, aspen, and elk affect insect 388 

diversity: Reversal of a community response. Ecology. 83, 1701-1712. 389 

Bates D., Maechler M., Bolker B. (2011) lme4: linear mixed-effects models using S4 classes. 390 

R package, version 0.999375-40. http://lme4.r-forge.r-project.org/ (accessed September 391 

2011). 392 

Bolker B. M., Brooks M. E., Clark C. J., Geange S. W., Poulsen J. R., Stevens M. H. H. & 393 

White J. S. (2008) Generalized linear mixed models: a practical guide for ecology and 394 

evolution.  Trends Ecol. Evol. 24, 127-135. 395 

Bond W. J. & Keeley J. E. (2005) Fire as a global 'herbivore': the ecology and evolution of 396 

flammable ecosystems. Trends Ecol. Evol. 20, 387-394. 397 

Bradstock R. A. & Cohn J. S. (2002) Demographic characteristics of mallee pine (Callitris 398 

verrucosa) in fire-prone mallee communities of central New South Wales. Aust. J. Bot. 50, 399 

653-665. 400 

Bradstock R. A., Bedward M., Gill A. M. & Cohn J. S. (2005) Which mosaic? A landscape 401 

ecological approach for evaluating interactions between fire regimes, habitat and animals. 402 

Wildlife Res. 32, 409-423. 403 

Brennan K. E. C., Christie F. J. & York A. (2009) Global climate change and litter 404 

decomposition: more frequent fire slows decomposition and increases the functional 405 

importance of invertebrates. Glob. Change Biol. 15, 2958-2971. 406 

Clarke M. F. (2008) Catering for the needs of fauna in fire management: science or just 407 

wishful thinking? Wildlife Res. 35, 385-394. 408 



17 
 

 
 

Clarke M.F., Avitabile S.C., Brown L., Callister K.E., Haslem A., Holland G.J., Kelly L.T., 409 

Kenny S.A., Nimmo D.G., Spence-Bailey L.M., Taylor R.S., Watson S.J., Bennett A.F. 410 

(2010) Ageing mallee eucalypt vegetation after fire: insights for successional trajectories in 411 

semi-arid mallee ecosystems. Aust. J. Bot. 58, 363-372. 412 

Crawley M.J. (2002) Statistical Computing. An Introduction to Data Analysis using S-Plus. 413 

Wiley, West Sussex. 414 

Derraik J. G. B., Closs G. P., Dickinson K. J. M., Sirvid P., Barratt B. I. P. & Patrick B. H. 415 

(2002) Arthropod morphospecies versus taxonomic species: a case study with Araneae, 416 

Coleoptera, and Lepidoptera. Conserv. Biol. 16, 1015-1023. 417 

Didham R.K., Hammond P.M., Lawton J.H., Eggleton P. & Stork, N.E. (1998) Beetle species 418 

responses to tropical forest fragmentation. Ecol. Monogr. 68, 295-323. 419 

Driscoll D. A. & Weir T. (2005) Beetle responses to habitat fragmentation depend on 420 

ecological traits, habitat condition, and remnant size. Conserv. Biol. 19, 182-194. 421 

Driscoll D. A. & Henderson M. K. (2008) How many common reptile species are fire 422 

specialists? A replicated natural experiment highlights the predictive weakness of a fire 423 

succession model. Biol. Conserv. 141, 460-471. 424 

Driscoll D. A., Lindenmayer D. B., Bennett A. F., Bode M., Bradstock R. A., Cary G. J., 425 

Clarke M. F., Dexter N., Fensham R., Friend G., Gill M., James S., Kay G., Keith D. A., 426 

MacGregor C., Possingham H. P., Russell-Smith J., Salt D., Watson J. E. M., Williams R. J. 427 

& York A. (2010a) Resolving conflicts in fire management using decision theory: asset-428 

protection versus biodiversity conservation. Conserv. Lett. 3, 215-223. 429 

Driscoll D. A., Lindenmayer D. B., Bennett A. F., Bode M., Bradstock R. A., Cary G. J., 430 

Clarke M. F., Dexter N., Fensham R., Friend G., Gill M., James S., Kay G., Keith D. A., 431 

MacGregor C., Russell-Smith J., Salt D., Watson J. E. M., Williams R. J. & York A. (2010b) 432 



18 
 

 
 

Fire management for biodiversity conservation: Key research questions and our capacity to 433 

answer them. Biol. Conserv. 143, 1928-1939. 434 

Driscoll D. A., Kirkpatrick J. B., McQuillan P. B., Bonham K. (2010c) Classic metapopulations 435 

are rare among beetle species from a naturally fragmented landscape. J. Anim. Ecol. 79, 436 

294-303. 437 

Driscoll D. A., Smith A. L., Blight S. & Maindonald J. (2012) Reptile responses to fire and the 438 

risk of post-disturbance sampling bias. Biodivers. Conserv. 21, 1607-1625. 439 

Engle D. M., Fuhlendorf S. D., Roper A., Leslie D. M. (2008) Invertebrate community 440 

response to a shifting mosaic of habitat. Rangeland Ecol. Manag. 61, 55-62. 441 

Fattorini S. (2010) Effects of fire on tenebrionid communities of a Pinus pinea plantation: a 442 

case study in a Mediterranean site. Biodivers. Conserv. 19, 1237-1250. 443 

Fahrig L. (1997) Relative effects of habitat loss and fragmentation on population extinction. 444 

J. Wildl. Manage. 61, 603-610.  445 

Fenner A. L. & Bull C. M. (2007) Short-term impact of grassland fire on the endangered 446 

pygmy bluetongue lizard. J. Zool. 272, 444-450. 447 

Fox B. J. (1982) Fire and mammalian secondary succession in an Australian costal heath. 448 

Ecology. 63, 1332-1341. 449 

Fox B. J., Taylor J. E. & Thompson P. T. (2003) Experimental manipulation of habitat 450 

structure: a retrogression of the small mammal succession. J. Anim. Ecol. 72, 927-940. 451 

Gandhi K. J. K., Spence J. R., Langor D. W. & Morgantini L. E. (2001) Fire residuals as 452 

habitat reserves for epigaeic beetles (Coleoptera : Carabidae and Staphylinidae). Biol. 453 

Conserv. 102, 131-141. 454 

Hardin G. (1960) Competitive exclusion principle. Science. 131, 1292-1297. 455 



19 
 

 
 

Hargrove W. W. & Pickering J. (1992) Pseudoreplication: a sine qua non for regional 456 

ecology. Landscape Ecol. 6, 251-258. 457 

Harrell F.E. (2001) Regression modelling strategies. Springer, New York. 458 

Herrando S., Brotons L., Del Amo R. & Llacuna S. (2002) Bird community succession after 459 

fire in a dry Mediterranean shrubland. Ardea. 90, 303-310. 460 

Keith D. A., Williams J. E. & Woinarski J. C. W. (2002) Fire management and biodiversity 461 

conservation: key approaches and principles. In: Flammable Australia: the fire regimes and 462 

biodiversity of a continent (eds R. A. Bradstock, A. M. Gill & J. E. Williams) pp. 401-425. 463 

Cambridge University Press, Cambridge. 464 

Langlands P. R., Brennan K. E. C. & Pearson D. J. (2006) Spiders, spinifex, rainfall and fire: 465 

Long-term changes in an arid spider assemblage. J. Arid Environ. 67, 36-59. 466 

Langlands P. R., Brennan K. E. C., Framenau, V. W. & Main B. Y. (2011) Predicting the 467 

post-fire responses of animal assemblages: testing a trait-based approach using spiders. J. 468 

Anim. Ecol. 80, 558-568. 469 

Lavelle P., Bignell D., Lepage M., Wolters V., Roger P., Ineson P., Heal O. W. & Dhillion S. 470 

(1997) Soil function in a changing world: the role of invertebrate ecosystem engineers. Eur. 471 

J. Soil Biol. 33, 159-193. 472 

Letnic M., Dickman C. R., Tischler M. K., Tamayo B. & Beh C. L. (2004) The responses of 473 

small mammals and lizards to post-fire succession and rainfall in arid Australia. J. Arid 474 

Environ. 59, 85-114. 475 

Losey J. E. & Vaughan M. (2006) The economic value of ecological services provided by 476 

insects. Bioscience. 56, 311-323. 477 

Maindonald J.H., Braun W.J. (2010) Data analysis and graphics using R: an example-based 478 

approach, 3rd edn, Cambridge University Press. 479 



20 
 

 
 

Mazerolle M.J. (2011). AICcmodavg. R package, version 1.2. http://cran.r-480 

project.org/web/packages/AICcmodavg/index.html (accessed September 2011). 481 

Menges E. S. (2007) Integrating demography and fire management: an example from 482 

Florida scrub. Aust. J. Bot. 55, 261-272. 483 

Moretti M., Obrist M. K. & Duelli P. (2004) Arthropod biodiversity after forest fires: winners 484 

and losers in the winter fire regime of the southern Alps. Ecography. 27, 173-186. 485 

Moretti M., Duelli P. & Obrist M. K. (2006) Biodiversity and resilience of arthropod 486 

communities after fire disturbance in temperate forests. Oecologia. 149, 312-327. 487 

Morrison D. A., Buckney R. T., Bewick B. J. & Cary G. J. (1996) Conservation conflicts over 488 

burning bush in south-eastern Australia. Biol. Conserv. 76, 167-175. 489 

New T. R., Yen A. L., Sands D. P. A., Greenslade P., Neville P. J., York A. & Collett N. G. 490 

(2010) Planned fires and invertebrate conservation in south east Australian. J. Insect 491 

Conserv. 14, 567-574. 492 

Oliver I. & Beattie A. J. (1996) Invertebrate morphospecies as surrogates for species: A case 493 

study. Conserv. Biol. 10, 99-109. 494 

Paquin P. (2008) Carabid beetle (Coleoptera: Carabidae) diversity in the black spruce 495 

succession of eastern Canada. Biol. Conserv. 141, 261-275. 496 

Pardon L. G., Brook B. W., Griffiths A. D. & Braithwaite R. W. (2003) Determinants of 497 

survival for the northern brown bandicoot under a landscape-scale fire experiment. J. Anim. 498 

Ecol. 72, 106-115. 499 

Parr C. L. & Andersen A. N. (2006) Patch mosaic burning for biodiversity conservation: a 500 

critique of the pyrodiversity paradigm. Conserv. Biol. 20, 1610-1619. 501 

Pfennig D. W. (2009) Character displacement: Ecological and reproductive responses to a 502 

common evolutionary problem. Q. Rev. Biol. 84, 253-276. 503 



21 
 

 
 

Prasifka J. R., Lopez M. D., Hellmich R. L., Lewis L. C. & Dively G. P. (2007) Comparison of 504 

pitfall traps and litter bags for sampling ground-dwelling arthropods. J. Appl. Entomol. 131, 505 

115-120. 506 

Pryke J. S. & Samways M. J. (2012) Differential resilience of invertebrates to fire. Austral 507 

Ecol. 37, 460-469. 508 

R Development Core Team (2009) R: A language and environment for statistical computing. 509 

R Foundation for Statistical Computing, Vienna, Austria. 510 

Radford I.J., Andersen A.N. (2012) Effects of fire on grass-layer savanna macroinvertebrates 511 

as key food resources for insectivorous vertebrates in northern Australia. Austral Ecol. 37, 512 

733-742. 513 

Richards S. A., Possingham H. P., Tizard J. (1999) Optimal fire management for maintaining 514 

community diversity. Ecol. Appl. 9, 880-892. 515 

Rodrigo A., Sarda-Palomera F., Bosch J. & Retana J. (2008) Changes of dominant ground 516 

beetles in black pine forests with fire severity and successional age. Ecoscience. 15, 442-517 

452. 518 

Schluter D. (2000) Ecological character displacement in adaptive radiation. Amer. Nat. 156, 519 

S4-S16. 520 

Singh S., Smyth A. K. & Blomberg S. P. (2002) Effect of a control burn on lizards and their 521 

structural environment in a eucalypt open-forest. Wildlife Res. 29, 447-454. 522 

Smith A. L., Bull C. M. & Driscoll D. A. (2012) Post-fire succession affects abundance and 523 

survival but not detectability in a knob-tailed gecko. Biol. Conserv. 145, 139–147. 524 

Smucker K. M., Hutto R. L. & Steele B. M. (2005) Changes in bird abundance after wildfire: 525 

Importance of fire severity and time since fire. Ecol. Appl. 15, 1535-1549. 526 



22 
 

 
 

Storey J.D. (2002) A direct approach to false discovery rates. J. Roy. Stat. Soc. B. 64, 479-527 

498. 528 

Twidale C. R., Horwitz R. C. & Campbell E. M. (1985) Hamersley landscapes of the 529 

northwest of Western Australia. Rev. Geol. Dyn. Geogr. 26, 173-186. 530 

Whelan R.J., Rodgerson L., Dickman C.R., Sutherland E.F. (2002) Critical life cycles of 531 

plants and animals: developing a process-based understanding of population changes in 532 

fire-prone landscapes. In Flammable Australia: the fire regimes and biodiversity of a 533 

continent. eds R.A. Bradstock, J.E. Williams, A.M. Gill. Cambridge University Press, 534 

Cambridge. 535 

Whitlock C., Shafer S. L. & Marlon J. (2003) The role of climate and vegetation change in 536 

shaping past and future fire regimes in the northwestern US and the implications for 537 

ecosystem management. Forest Ecol. Manag. 178, 5-21. 538 

Wikars L. O. (2002) Dependence on fire in wood-living insects: An experiment with burned 539 

and unburned spruce and birch logs. J. Insect Conserv. 6, 1-12. 540 

Williams A. A. J., Karoly D. J. & Tapper N. (2001) The sensitivity of Australian fire danger to 541 

climate change. Climatic Change.  49, 171-191. 542 

Woinarski J. C. Z., Risler J. & Kean L. (2004) Response of vegetation and vertebrate fauna 543 

to 23 years of fire exclusion in a tropical Eucalyptus open forest, Northern Territory, 544 

Australia. Austral Ecol. 29, 156-176. 545 

York A. (1999) Long-term effects of frequent low-intensity burning on the abundance of litter-546 

dwelling invertebrates in coastal blackbutt forests of southeastern Australia. J. Insect 547 

Conserv. 3, 191-199. 548 

 549 

550 



23 
 

 
 

Figure legends 551 

 552 

Fig. 1. Invertebrate study locations at A) Hincks Wilderness Area and Pinkawillinie 553 

Conservation Park on the Eyre Peninsula South Australia. B & C) at each reserve two sites 554 

were sampled in three fire treatments. 555 

Fig. 2. The abundance of five invertebrate morphospecies from large pitfall traps had 556 

significant responses to time since fire: a) Lycosidae sp. 1 (Araneae) b) Lycosidae sp. 2 557 

(Araneae) c) Zoridae sp. 1 (Araneae) d) Platyzosteria sp. 1 (Blattodea) and e) Endacusta sp. 558 

1 (Orthoptera). Error bars are 95% confidence limits.  559 

Fig. 3. The abundance of nine species caught in sweep nets had significant responses to 560 

time since fire: a) Warramunga sp. 1 (Orthoptera) b) Cicadellidae sp. 1 (Hemiptera) c) 561 

Polyphrades marmoratus (Coleoptera) d) Cicadellidae sp .2 (Hemiptera) e) Psyllidae sp. 1 562 

(Hemiptera) f) Lepidoptera sp. 1 (Lepidoptera) g) Lepidoptera sp. 2 (Lepidoptera) h) 563 

Dicranolaius sp. 1 (Coleoptera) and i) Mantodea sp. 1 (Mantodea).  Error bars are 95% 564 

confidence limits. (H = Hincks Wilderness Area, P = Pinkawillinie Conservation Park). 565 

Fig. 4. The abundance of three species caught in wet pitfall trap samples had significant 566 

responses to time since fire: a) Formicidae sp. 1 (Hymenoptera) b) Melophorus sp. 1 567 

(Hymenoptera) and c) Zoridae sp. 1 (Araneae). Error bars are 95% confidence limits.  568 

Fig. 5. Number of morphospecies detected using large pitfall traps, wet pitfall traps and 569 

sweep netting, and the overlap between the three methods. Brackets refer to the number of 570 

morphospecies where only one or two individuals were detected.  571 

 572 

573 



24 
 

 
 

Table 1. The abundance of 17 invertebrate morphospecies varied significantly with time 574 

since fire in mallee vegetation of South Australia. 575 

Sampling method Species Order Fire category 
where most 
abundant 

P-value Q-value Figure 
reference 

Large pitfall traps Lycosidae sp. 1 Araneae 4-5yr <0.001 <0.001 2a 

 Lycosidae sp.2 Araneae >40yr <0.001 <0.001 2b 

 Zoridae sp. 1 Araneae 9-11yr <0.001 <0.001 2c 

 Platyzosteria sp. 

1 
Blattodea >40yr <0.001 <0.001 2d 

 Endacusta sp.1 Orthoptera  9-11yr and >40yr <0.001 0.012 2e 

Sweep netting Warramunga sp. 
1 

Orthoptera 4-5yr  <0.001 <0.001 3a 

 Cicadellidae sp. 
1 

Hemiptera Interaction <0.001 <0.001 3b 

 Polyphrades 
marmoratus 

Coleoptera >40yr <0.001 <0.001 3c 

 Cicadellidae sp. 
2 

Hemiptera 4-5yr and 9-11yr <0.001 <0.001 3d 

 Psyllidae sp. 1 Hemiptera 9-11yr <0.001 <0.001 3e 

 Lepidoptera sp. 
1 

Lepidoptera >40yr <0.001 <0.001 3f 

 Lepidoptera sp. 
2 

Lepidoptera 9-11yr and >40yr <0.001 <0.001 3g 

 Dicranolaius sp. 
1 

Coleoptera >40yr <0.001 <0.001 3h 

 Mantodea sp. 1 Mantodea 4-5yr and 9-11yr 0.002 0.012 3i 

Wet pitfall traps Formicidae sp. 1 Hymenoptera 9-11yr <0.001 <0.001 4a 

 Melophorus sp. 
1 

Hymenoptera 4-5yr 0.002 0.041 4b 

 Zoridae sp. 1 Araneae 9-11yr 0.001 0.023 4c 

 576 
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Table 2. Time investment and outcomes of three sampling methods used to detect 579 

invertebrate responses to time since fire. 580 

Method Field 

effort 

(hrs) 

Sorting 

effort 

(hrs) 

No. 

indiv.s 

No. species / No. 

of species 

analysed 

No. 

morphospecies 

with a fire 

response 

No. responses / 

hr of effort 

Large pitfall traps 60 24 3343 177/34 5 0.059 

Sweep netting 32 24 8034 240/42 9 0.161 

Wet pitfall traps 28 85 49773 150/63 3 0.027 
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Figure 2 591 
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Figure 3 596 
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Figure 4 601 
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