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Abstract 24 

 25 

The generation of heterogeneous fire mosaics is commonly advocated as a strategy for 26 

biodiversity conservation in flammable ecosystems, but it is usually unclear how mosaic 27 

properties link to biodiversity outcomes.  Here we define a formal relationship between these 28 

elements and outline a method for determining the composition of fire mosaics defined by 29 

vegetation age classes that maximise species diversity.  The method involves 1. quantifying 30 

species abundance in each of several previously defined vegetation age classes, and 2. using 31 

optimisation to determine the age class distribution that maximises species diversity.  We 32 

applied the method to 135 species from four taxa in a southeastern Australian heathy 33 

woodland.  In addition, we quantified the degree to which each taxa could act as a surrogate 34 

for others, and assessed how our chosen diversity metric changed with departures from the 35 

optimal distribution.  Optimal age class distributions differed among taxa, and surrogacy 36 

relationships between most groups were poor. Departure from the optimal distribution 37 

resulted in an estimated decline in species diversity, a measure that may be used to quantify 38 

the biodiversity cost of alternative management strategies.  Our measure of departure, relative 39 

entropy, was a strong predictor of diversity decline for some taxa but not for others.  In cases 40 

where predictive capacity was strong, the rate of decline differed among groups.  In 41 

flammable ecosystems our method can help determine fire management strategies empirically 42 

linked to a landscape-scale conservation objective.    43 

 44 

 45 

Key-words: Biodiversity conservation, Fire, Fire mosaics, Management objective, Species 46 

diversity 47 

  48 
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1. Introduction  49 

 50 

In flammable ecosystems there is potential to use fire as a broad-scale tool for ecosystem 51 

management, including biodiversity conservation (Penman et al., 2011; van Wilgen et al., 52 

2011; Spies et al., 2012).  Existing methods for defining ecologically appropriate fire regimes 53 

generally involve using plant functional traits to determine minimum and maximum tolerable 54 

fire intervals beyond which species declines are expected (Richardson et al., 1994; Bradstock 55 

and Kenny 2003; Pausas et al., 2004; van Wilgen et al., 2011).  Although being used by fire 56 

management agencies in several jurisdictions (Burrows 2008; van Wilgen et al., 2011), this 57 

general approach suffers from a narrow focus on fire sensitive vascular plants (known as key 58 

fire response species) which may result in management outcomes unsuitable for other plants 59 

or species from different taxa (Clarke 2008).  For example, some fauna depend on habitat 60 

attributes such as decaying logs or tree hollows, and the time taken for these attributes to 61 

develop may not correspond with the timing of critical life history stages for vascular plants 62 

(Driscoll et al., 2010b).  Consequently, data from a broader suite of species are needed to 63 

inform fire management strategies where multispecies conservation is the goal.  64 

 65 

The strategic manipulation of fire regimes to create heterogeneous landscapes is a more 66 

general approach to biodiversity conservation.  Because different species have different 67 

resource requirements, heterogeneous areas should support a more diverse biota than 68 

homogeneous ones, leading to a predicted and often empirically supported positive 69 

relationship between environmental heterogeneity and species diversity (e.g. Lack 1969; 70 

Bazzaz 1975; Tews et al., 2004; Bennett et al., 2006).  As a consequence, using fire to 71 

generate heterogeneous environments (often referred to as fire mosaics) is a commonly 72 

advocated strategy for biodiversity conservation (Fox 1982; Williams et al., 1994; Parr and 73 
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Brockett 1999; Burrows 2008), and fire managers increasingly aim to achieve this state 74 

(Spies et al., 2012).  However, the spatial and temporal characteristics of the fire mosaic 75 

needed to facilitate biodiversity conservation in a given region are poorly understood 76 

(Driscoll et al., 2010b), making application of this principle problematic.  In some cases the 77 

properties of the mosaic itself become a management objective (van Wilgen et al., 2011), 78 

with the association between these properties and true conservation outcomes largely 79 

unknown.   80 

 81 

At landscape scales, an ecologically important aspect of fire-mediated heterogeneity is the 82 

relative abundance of different vegetation age classes.  Vegetation age classes are a 83 

categorical representation of time since last fire, with different classes expected to contain 84 

different suites of resources such as light, nutrients, shelter, forage and nest sites.  Although 85 

not the only ecologically important aspect of the fire regime (e.g. Bradstock et al., 2005; 86 

Keeley et al., 2005), post-fire vegetation age influences the abundance of many species from 87 

a range of taxa and from different ecosystems (Fox 1982; van der Ree and Loyn 2002; 88 

Smucker et al., 2005; Pons and Clavero 2010; Nimmo et al., 2012; Watson et al., 2012; Duff 89 

et al., 2013).  In combination, species-level effects often translate into community-level 90 

effects, with marked differences in community composition frequently found between the 91 

younger and older ends of the age class spectrum (Fox 1990; Parr et al., 2002; Mitchell et al., 92 

2009; Pons and Clavero 2010).  Although the response of biological communities to time 93 

since fire is not universal (e.g. Lindenmayer et al., 2008c), altering the relative abundance of 94 

vegetation age classes will likely influence the diversity of at least some taxonomic groups.  95 

Consequently, manipulating the vegetation age class distribution remains a management 96 

action that can be used to influence conservation outcomes in fire-prone landscapes. 97 

 98 
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Here we outline a new method for multispecies conservation that can be applied by altering 99 

the relative proportions of vegetation age classes.  We show how to determine the age class 100 

distribution that maximise species diversity, quantified using an emerging index based on the 101 

geometric mean of species abundances (Buckland et al., 2005; Buckland et al., 2011; 102 

Buckland et al., 2012; van Strien et al., 2012).  As such, our method formally links a 103 

landscape-scale conservation objective to an easily defined management goal specifying the 104 

relative abundance of vegetation age classes.  Although we focus our analysis and discussion 105 

on the manipulation of vegetation age classes using fire, the method is relevant in any context 106 

where different land classes can be defined and their relative proportions manipulated. 107 

 108 

2. Methods 109 

 110 

There are three elements to our method: (a) defining a suite of vegetation age classes within a 111 

focal landscape, (b) quantifying species abundance in the specified age classes and (c) 112 

determining the age class distribution that maximises species diversity across the landscape.  113 

 114 

2.1. Study area and definition of vegetation age classes 115 

 116 

We chose a 14 300 ha patch of unfragmented Eucalyptus woodland in south-western 117 

Victoria, Australia (37°35′S, 141°12′E) to illustrate our method (see Di Stefano et al. (2011) 118 

for a detailed description).  Approximately 60% of the area was defined as heathy stringybark 119 

woodland with the remainder classified as either grassy woodland, wet heath or wetland.  120 

Biodiversity surveys focused on several taxa were conducted in the stringybark woodland, so 121 

we used data from this part of the system for the current analysis.  Based on available 122 

vegetation ages in the study area we defined four age classes: 2-3 year old vegetation, 9yo, 123 
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17-23yo and 55yo.  These classes are congruent with major stages in post-fire growth and 124 

development in stringybark woodlands (Cheal 2010), and defined the strata within which 125 

biodiversity surveys were subsequently conducted.   126 

 127 

2.2. Quantifying species abundance and diversity 128 

 129 

Relative abundances of small mammals, diurnal birds, surface-active invertebrates and 130 

vascular plants were collected using standard field methods at 20 sites, five within each of the 131 

four pre-defined age classes (Slingo 2008; Di Stefano et al., 2011; Duff et al., 2011).  132 

Relative abundance data and associated fire responses are presented in Online Appendix 1.  133 

Small mammals were trapped in 50 small (33 cm × 10 cm × 10 cm) Elliott traps per site for 134 

five consecutive nights during both winter (June) and spring (October) 2007.  Traps were 135 

placed 25 m apart in four lines of 12 or 13 to form a 75 m by 300 m (2.25 ha) trapping grid.   136 

 137 

Birds were detected aurally or visually using seven minute 50 m radius point counts at seven 138 

locations spaced evenly along a 300 m transect running the length of each site.  Surveys were 139 

conducted at dawn and repeated four times between spring (September) and early summer 140 

(December) 2007.   141 

 142 

Surface-active invertebrates were sampled using 10 small (8 cm diameter by 12 cm deep) 143 

plastic pitfall traps systematically established along the 300 m centre-line of each site.  Traps 144 

were half filled with a 50:50 alcohol/ethylene glycol mix and left open for a period of two 145 

weeks. All sites were trapped concurrently in both winter and spring 2007.  Samples were 146 

returned to the laboratory, stored in 70% alcohol, and examined using a binocular 147 

microscope.  Material was identified to the taxonomic level of order (or nearest equivalent) 148 



7 

 

with ‘ants’ and ‘non-ants’ within the Hymenoptera considered separately.  Given the 149 

extraordinary diversity of many invertebrate groups and the taxonomic challenges associated 150 

with identifying them to species, data at a coarser level of taxonomic resolution are 151 

frequently used for environmental monitoring and landscape-scale disturbance studies 152 

(Abensperg-Traun et al., 1996; York and Tarnawski 2004; Schipper et al., 2010).  153 

Consequently, we used order rather than species as the taxonomic unit for analysis.   154 

 155 

Vascular plant cover was estimated during spring 2007 (September to November inclusive) in 156 

a single 20 m by 20 m plot randomly located within each 2.25 ha site.  A metal pin was 157 

dropped vertically at 1 m intervals (420 sampling points per plot) and on each occasion the 158 

primary species intersected was recorded.  Species that were present but not intersected were 159 

given a score of 1.   160 

 161 

Prior to analysis we removed (a) annual plants that might have been missed during the 3-162 

month spring sampling period due to their transient aboveground presence (b) exotic species 163 

(c) groups expected to be ineffectively sampled by our ground-based techniques, such as 164 

arboreal marsupials and active-flying invertebrates, and (d) rarely sampled species not 165 

expected to maintain viable populations in the heathy woodland system.  We used the data 166 

from the remaining species to calculate the geometric mean of species abundance.  The 167 

geometric mean is an index of species diversity that has several mathematical and statistical 168 

properties that make it superior to more frequently used indices such as Shannon’s and 169 

Simpson’s (Buckland et al., 2005; Buckland et al., 2011; Buckland et al., 2012; van Strien et 170 

al., 2012).  For example, the geometric mean will change to reflect changes in the actual 171 

abundance of species (positive or negative), even if their relative abundances are held 172 

constant.  In contrast, the value of Shannon’s and Simpson’s indices remain unchanged under 173 
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this scenario (Buckland et al., 2005).  As a consequence the geometric mean forms the basis 174 

of several large-scale biodiversity measures, including the Living Planet Index (Loh et al., 175 

2005).   176 

 177 

The geometric mean is given by 178 

 179 

M0 = (∏xi)
1/n

                (eqn. 1) 180 

 181 

where x is the abundance of the ith species and n is the number of species in the sample.  182 

Further, a weighted geometric mean may also be calculated (Buckland et al., 2012), 183 

providing a mechanism for placing a greater emphasis on some species than others.   184 

 185 

2.3. Age class optimisation 186 

 187 

If yij is the abundance of species i in age class j, and if pj is the proportion of the landscape 188 

that consists of age class j, then the abundance of species i in the landscape is simply 189 

 190 

xi = ∑yij pj               (eqn. 2) 191 

 192 

Using data on the relative abundance of each species in each vegetation age class (yij), the age 193 

class distribution that maximises the geometric mean of species abundances can be 194 

determined by optimisation.  That is, we find the values of pj that maximize equation 1 given 195 

the relationship between xi and pj from equation 2. 196 

 197 
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Several constraints were imposed on the values of pj.  Given that they are proportions, pj ≥ 0, 198 

and pj ≤ 1 for all j, and pj = 1. Further, the abundance of older age classes will be somewhat 199 

constrained by the abundance of younger age classes if the vegetation is maintained in a 200 

progression of successional stages.  Thus, we also used the constraint pi ≥ pi+1×(si / si+1) where 201 

si is the range of ages encompassed by age class i, and i+1 is the next oldest age class.  This 202 

constraint resulted in operationally sustainable solutions, that is, vegetation age class 203 

distributions that can be maintained in perpetuity in the absence of unplanned fire.  We 204 

performed optimisation analysis using the Solver package in Microsoft Excel 2007.  205 

 206 

Subject to these constraints, we found the optimal age class distribution for each taxa (small 207 

mammals, n = 3 species; diurnal birds, n = 45 species; surface-active invertebrates, n = 18 208 

orders; vascular plants, n = 87 species) separately, and then for all taxa combined.  The 209 

combined solution was influenced by the number of species/orders in each taxonomic group 210 

such that the groups with a larger number had a greater influence on the final result.  This is 211 

consistent with an approach to multispecies conservation that considers each species to have 212 

equal value, and disregards any higher-level taxonomic grouping.  However, we think a better 213 

conservation outcome will be achieved if different taxa (or potentially another higher-level 214 

taxonomic classification such as functional group) are given equal weight in the optimisation 215 

process, regardless of how many species they contain.  To achieve this we ran the 216 

optimisation on a weighted geometric mean.  The weight given to each species was n/nmax 217 

where n was the number of species in the taxa to which it belonged and nmax was the number 218 

of species in the richest taxa, vascular plants.   219 

 220 

2.4. Surrogacy and sensitivity analysis 221 

 222 



10 

 

To assess the degree of surrogacy afforded by each taxa we used the optimal age class 223 

distribution for small mammals, birds, invertebrates and vascular plants in turn to calculate 224 

the proportional change in the geometric mean of species abundances for every other group.  225 

This resulted in a surrogacy matrix showing the proportional change in the geometric mean 226 

for each taxa when the optimal age class distribution for each of the other taxa was applied.   227 

 228 

To assess the degree to which sub-optimal age class distributions affected the conservation 229 

outcome we compared the optimal age class distribution from each of the five analyses to 10 230 

000 alternative distributions generated iteratively using the Monte Carlo routine in Pop Tools 231 

3.2 (Hood 2011).  The affect of sub-optimal distributions on the conservation outcome was 232 

quantified as the proportional change (reduction) in the geometric mean of species 233 

abundances relative to the optimal value.  The departure between the optimal and alternative 234 

distributions was quantified using a measure of relative entropy (Kullback and Leibler 1951) 235 

 236 

D = ∑ai ln(ai/oi)              (eqn. 3) 237 

 238 

where a and o are the proportions of age class i from alternative and optimal distributions 239 

respectively.  The value of the index represents the loss of information associated with an 240 

approximating model relative to a true model, and for our purposes reflects the net difference 241 

between alternative and optimal distributions.  We used simple linear regression in GenStat 242 

14 to quantify the strength of relationship between the proportional change in the geometric 243 

mean and relative entropy.   244 

 245 

3. Results 246 

 247 
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The age class distributions that maximised the geometric mean of species abundances varied 248 

substantially between taxa (Fig. 1).  For example, the optimal distribution resulting from the 249 

bird data contained a relatively large proportion of 55 year old vegetation while the optimal 250 

distributions derived from invertebrates and vascular plants contained more of the 2-3 year 251 

old age class.  In contrast to the result for birds and plants, the optimal solution for small 252 

mammals and invertebrates (Fig. 1a, c) contained no 55 year old vegetation.  However, this 253 

result was consistent with the underlying data, as none of the species/orders within these taxa 254 

were age class specialists and only three (all invertebrates) were most abundant in the old age 255 

class.  The optimal distribution for the all taxa solution (Fig. 1e) indicated that around 45% of 256 

the landscape should be composed of 17-23 year old vegetation, highlighting the importance 257 

of this age class for the persistence of all taxa considered.  The youngest and oldest age 258 

classes were similarly valuable, constituting 18% and 22% of the optimal landscape 259 

respectively. 260 

 261 

Although some taxa were good surrogates for others (e.g. plants for invertebrates), the degree 262 

of surrogacy was generally poor (Table 1).  In some cases the geometric mean of the 263 

represented group was reduced by 100% (values of -1 in Table 1) reflecting the fact that the 264 

optimal distribution of the surrogate group contained none of an age class which provided the 265 

only habitat for at least one species in the represented group.  As a result, some pairs of 266 

surrogacy relationships were highly asymmetrical; for example, although plants were a good 267 

surrogate for invertebrates, invertebrates were a poor surrogate for plants.  Birds were the 268 

best surrogate for all other groups, with their optimal distribution resulting in a 7% reduction 269 

in the value of the geometric mean associated with the optimal all-species distribution (Table 270 

1). 271 

 272 
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For the all taxa, bird and vascular plant data sets there was a relatively uniform and 273 

predictable decline in the value of the geometric mean with increased departure from the 274 

optimal age class distribution. However, the rate of decline (slope ± SE) was more rapid for 275 

some groups than others (all taxa -0.35 ± 0.001, r
2
 = 0.92; birds -0.43 ± 0.002, r

2
 = 0.88; 276 

vascular plants -0.57 ± 0.002, r
2
 =0.84).  In the case of the small mammal and invertebrate 277 

analyses, departure from the optimal age class distribution was a poor predictor of change in 278 

the geometric mean (r
2
 = 0.15 and 0.05 respectively).  For illustrative purposes the all taxa 279 

and small mammal results are shown in Fig. 2.   280 

 281 

4. Discussion 282 

 283 

Using fire to create complex mosaics for biodiversity conservation is intuitively appealing, 284 

but the link between mosaic characteristics and biodiversity outcomes are largely unknown 285 

(Driscoll et al., 2010b).  In this paper we show how the relationship between an ecologically 286 

important characteristic of the fire mosaic (the relative abundance of vegetation age classes) 287 

and an index of species diversity can be estimated using data from biodiversity surveys.  This 288 

relationship between pattern and process enables the age class distribution that maximises 289 

species diversity to be defined, resulting in a land management goal empirically linked to a 290 

desirable conservation outcome.   291 

 292 

Our method relates to a landscape-scale multispecies conservation objective.  However, 293 

biodiversity can be conceptualised and quantified at multiple scales (Noss 1990), and it is 294 

generally accepted that conservation actions should include a mix of smaller and larger scale 295 

approaches (Poiani et al., 2000; Lindenmayer et al., 2008a).  For example, in addition to 296 

modifying landscapes to promote species diversity land managers should, concurrently, 297 
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protect critical habitat for threatened species, and monitor temporal change in both species 298 

diversity and species of special concern.  We advocate management at multiples scales, and 299 

would expect our method to be used as one of a suite of strategies aimed at meeting both 300 

multispecies and single species objectives.  301 

 302 

Our approach differs from current practice in that it specifies an optimal age class distribution 303 

(an objective), but not the fire regime needed to achieve it.  However, the optimal fire regime 304 

for achieving an age class distribution goal can be determined using existing methods.  For 305 

example, Richards et al., (1999) used stochastic dynamic programming (Mangel and Clark 306 

1988) to determine whether bushfire suppression or planned burning should be implemented 307 

in a given year to maximise the time that a conservation reserve contained at least 20% 308 

young, 20% mid-aged and 20% old vegetation.  Having at least 20% of each age class in the 309 

landscape was considered likely to provide suitable habitat for several rare birds (Richards et 310 

al., 1999), and defined the management objective in this context.  Our method, however, 311 

provides a more comprehensive means of determining a management objective linked to 312 

multispecies conservation.  Biodiversity conservation across landscapes may benefit from 313 

combining the two methods, resulting in both an age class distribution that maximises the 314 

geometric mean of species abundance and the optimal management strategy to achieve it. 315 

 316 

Recent criticism of the plant functional trait approach to fire management (Clarke 2008; 317 

Driscoll et al., 2010b) highlights the fact that plants may be poor surrogates for other taxa.  318 

Consistent with this criticism, we found the optimal age class distribution for vascular plants 319 

differed substantially from the optimal solution for both mammals and birds - for example, 320 

plants required a large proportion of the landscape to be in the youngest age class while birds 321 

required a larger area of the oldest vegetation.  The difference between these two solutions 322 
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was principally driven by the relative number of specialists in each age class; for plants, 8 of 323 

15 specialist species were found only in 2-3 year old vegetation while for birds, 4 of 7 were 324 

found only in 55 year old vegetation.  Neither taxa provided a good surrogate for the other, 325 

and the requirements of both taxa were best represented by the combined data set.  Further, 326 

the optimal age class distribution for plants reduced the geometric mean by 9% relative to the 327 

all taxa solution.  This reinforces the need for species from multiple taxa to inform landscape 328 

management actions aimed at multispecies conservation.   329 

 330 

A critical question for land managers is the degree to which departures from the optimal age 331 

class distribution affect the conservation outcome.  We attempted to answer this question by 332 

quantifying how a range of alternative sub-optimal distributions influenced the geometric 333 

mean of species abundance.  Our measure of sub-optimality, relative entropy, was a strong 334 

predictor of the proportional change in the geometric mean for some species groupings but 335 

not for others.  In cases where predictive capacity was strong, the rate of change differed 336 

among groups.  Our findings suggest that the effect of sub-optimal age class distributions on 337 

species conservation will depend on the characteristics of the underlying data set.  As a 338 

consequence, land managers should assess the implications of sub-optimal age class 339 

distributions on a case by case basis.   340 

 341 

Despite the benefits gained by using many species from multiple taxa to inform landscape-342 

scale conservation outcomes, all forms of multispecies conservation will require some degree 343 

of surrogacy (Rodrigues and Brooks 2007), and we see this as one of several limitations of 344 

our method.  For example, our data from south-western Victoria did not include fungi, and 345 

we have no information about the extent to which the sampled species represented the needs 346 

of this group.  Further, vascular plant surveys that do not include a belowground component 347 
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assume that aboveground patterns are an effective surrogate for total plant diversity.  348 

However, a substantial number of species present in the soil may be absent from 349 

aboveground vegetation (Wills and Read 2007).  In addition, soil stored and aboveground 350 

components of the vegetation sometimes respond differently to fire (Lewis et al., 2012), 351 

indicating belowground data may be important for linking fire management strategies to 352 

landscape-scale vascular plant diversity.   353 

 354 

Ultimately, the optimal age class distribution depends on the species in the underlying data 355 

set, and this will be influenced by well know factors such as financial resources and 356 

methodological constraints.  Because of known problems with surrogacy (Andelman and 357 

Fagan 2000; Cushman et al., 2010) our view is that as many species from as many taxa as 358 

possible should be used in the application of our method.  In particular, the inclusion of 359 

multiple taxa (or other higher-order taxonomic units such as functional group) is critical if the 360 

persistence of these units (as opposed to individual species) is seen as an important 361 

conservation goal.  In reality, the number of species for which abundance data can be 362 

collected will often be small due to funding and other constraints.  In such cases, species with 363 

requirements linked to relatively fewer age classes (i.e. specialists) should be chosen, as they 364 

are more sensitive to changing landscape composition than their generalist counterparts.  365 

However, the a priori selection of specialists may be difficult due to the unpredictable and 366 

site-specific nature of many species’ fire responses (Driscoll and Henderson 2008; Nimmo et 367 

al., 2012).  Consequently, relying on too few species may potentially result in poor 368 

conservation outcomes. 369 

 370 

Because the optimal solution was relatively sensitive to species occurring in a single age 371 

class, our method is affected by sampling errors resulting in the erroneous identification or 372 
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non-detection of age class specialists.  For example, we only detected Acacia melanoxylon 373 

(blackwood) in the old vegetation class, although given the tolerance of this species to a wide 374 

range of conditions (Farrell and Ashton 1978) it was probably present in other parts of the 375 

landscape.  Although removing this species had a small effect on the vascular plant solution 376 

due to the relatively large number of species in the data set, this case highlights the 377 

importance of sampling design for biodiversity surveys, particularly if the data will be used 378 

as a basis for conservation and management.  Sampling errors will be influenced by many 379 

factors, including the number of sampled sites within each age class, the within-site sampling 380 

strategy, the number of repeat surveys, and the method used to estimate abundance (e.g. 381 

counts at each site vs. percent occupancy).  Buckland et al., (2012) offer general advice 382 

concerning the design of landscape-scale biodiversity surveys.  In relation to our method, 383 

further research, probably involving simulation, is required to determine the relative 384 

influences of different sampling trade-offs on the optimal age class distribution.   385 

 386 

A final caveat is that the vegetation age structure of a landscape is only one of several factors 387 

likely to influence the distribution and abundance of species.  For example, the optimal 388 

solution defines the number and relative proportion of age classes (composition), but does not 389 

define their spatial configuration.  Although not always as important as landscape 390 

composition (Fahrig and Nuttle 2005; Bennett et al., 2006), the spatial configuration of land 391 

cover types influences the distribution and abundance of some species (de la Peña et al., 392 

2003; Radford and Bennett 2007) and is probably important for their conservation.  Along 393 

similar lines, both fire frequency and severity have been shown to influence species responses 394 

to fire (Bradstock et al., 1997; Smucker et al., 2005; Lindenmayer et al., 2008b; Watson et al., 395 

2009), but are not formally incorporated into our model.  Extending our model to incorporate 396 

these (or other) aspects of the fire regime is possible when their influence on species 397 
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abundances is known.  For example, the effect of fire severity could be included by sampling 398 

at several severity classes within each age class.  The version of our method reported here 399 

uses just one component of the disturbance regime (time since disturbance), and represents a 400 

simplified model of the factors influencing landscape-scale biodiversity.  We recommend that 401 

fire managers appreciate the limitations of the time-based model, and incorporate other 402 

factors when possible.   403 

 404 

Our method determines an age class distribution promoting biodiversity conservation, but 405 

managers often need to balance conservation objectives with other land management goals.  406 

For example, a fire management strategy designed to maximise the geometric mean of 407 

species abundances may not be best for the protection of human life and property.  408 

Conversely, an alternative strategy may better protect human life and property, but result in 409 

poor conservation outcomes.  Although not often used, decision theory (Possingham et al., 410 

2001) provides a potential means of resolving such conflicts in fire-managed landscapes by 411 

considering the relative costs and benefits of alternative, potentially competing, management 412 

strategies (Driscoll et al., 2010a).  In practice, however, it is difficult to specify the influence 413 

of alternative strategies on biodiversity, making the effective use of decision theory 414 

problematic.  In the context of landscape-scale fire management, we show how departures 415 

from an age class distribution that maximises a species diversity index can be expressed as a 416 

proportional reduction in that index.  Consequently, if alternative management strategies can 417 

be defined in terms of vegetation age class distributions, this metric can potentially be used to 418 

quantify their relative biodiversity cost, facilitating the use of decision theory in fire 419 

management.  However, this approach depends on a modelled relationship between the 420 

vegetation age class distribution and species diversity that needs empirical validation.   421 

 422 
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A landscape-scale approach to biodiversity conservation requires linking data on individual 423 

species distributions to regional landscape patterns (Noss 1983).  In this paper we have 424 

described a methodology that enables these links to be made.  Data quantifying the relative 425 

abundance of multiple species in several pre-defined vegetation age classes are used to 426 

determine the age class distribution that maximises the geometric mean for all species in the 427 

sample.  A weighting system is incorporated enabling different species to have unequal 428 

influence on the final solution.  Weightings can be used to reflect conservation status, and, as 429 

shown here, to ensure that each sampled taxa has equal influence on the solution, regardless 430 

of how many species it contains.  An explicit link to land management is made through the 431 

generation of an operational objective (the optimal age class distribution), which can be 432 

achieved in many ecosystems through the control and application of fire.  Departures from 433 

the optimal solution can be expressed as a proportional reduction in the geometric mean, 434 

providing a currency with which to consider the potential impact of alternative management 435 

strategies on biodiversity.   436 

 437 
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Table 1.  The degree of surrogacy afforded by each taxa-specific age class distribution to 619 

other groups.  Values in columns represent the proportional change in the geometric mean of 620 

species abundances for the group listed in the corresponding row. 621 

 622 

 Mammals Birds Invertebrates Plants 
     

Mammals 0 -0.48 -0.53 -0.58 

Birds -1 0 -1 -0.09 

Invertebrates -0.09 -0.05 0 -0.02 

Plants -1 -0.14 -1 0 

All taxa -1 -0.07 -1 -0.09 

 623 

  624 
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Fig. 1.  Vegetation age class distributions that maximised the geometric mean of species 625 

abundances for small mammals (a), birds (b), invertebrates (c), vascular plants (d) and all 626 

taxa combined (e).  Results have been constrained to ensure the distributions are 627 

operationally sustainable (see Methods for details).   628 

 629 

Fig. 2.  Sensitivity of the conservation outcome to departures from the optimal age class 630 

distribution for (a) the all taxa and (b) the small mammal data sets.  The conservation 631 

outcome (y-axis) was represented as the proportional change in the geometric mean of 632 

species abundances relative to the optimal distribution.  Departure from the optimal age class 633 

distribution (x-axis) was quantified using a measure of relative entropy (see methods for 634 

details).  Points represent alternative distributions (n = 10 000) generated using simulation.  r
2
 635 

values (linear regression) are 0.92 and 0.15 for (a) and (b) respectively.   636 


