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Abstract Human modification of landscapes typically results in many species being

confined to small, isolated and degraded habitat fragments. While fragment size and iso-

lation underpin many studies of modified landscapes, vegetation characteristics are less

frequently incorporated. The relative influence of biogeographic (e.g. size, isolation) and

vegetation parameters on assemblages is poorly understood, but critical for conservation

management. In this study, a multiple hypothesis testing framework was used to determine

the relative importance of biogeographic and vegetation parameters in explaining the

occurrence of an assemblage of small mammals in 48 forest fragments in an agricultural

landscape in south-eastern Australia. Fragment size and vegetation characteristics were

consistently important predictors of occurrence across species. In contrast, fragment iso-

lation was important for just one native species. Differing abilities of species to move

through the landscape provide a reasonable explanation for these results. We conclude that

for effective conservation of assemblages, it is important to: (1) consider differing

responses of species to landscape change, and (2) move beyond a focus primarily on spatial

attributes (size, isolation) to recognise that landscape change also has profound effects on

habitat composition and quality.

Keywords Australia � Functional connectivity � Habitat fragmentation �
Mammals � Patch size � Patch isolation � Species richness � Vegetation characteristics

Introduction

As the proportion of original vegetation declines in human-dominated landscapes, frag-

mentation of habitat becomes a critical factor for many species (Andrén 1994; Fahrig
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1997). Fragmentation causes two key changes to the spatial attributes of habitat that, in

turn, have detrimental consequences for fauna: (1) a reduction in the size of habitat

fragments, and (2) an increase in the distance between fragments (Saunders et al. 1991;

Fischer and Lindenmayer 2007). As fragments become smaller, animal populations decline

in size, resulting in an increased risk of extinction (Soulé 1987). Isolation restricts inter-

fragment movements, thereby reducing the likelihood of population supplementation and

colonisation of unoccupied habitat.

Fragment size and isolation have become the standard parameters of interest when

dealing with the conservation of sub-divided populations. For example, metapopulation

theory is now commonly applied to conservation planning (e.g. Groot Bruinderink et al.

2003; Schtickzelle and Baguette 2004; McIntire et al. 2007) and is underpinned by the

influence of size and isolation on population dynamics (Hanski 1999). However, size and

isolation are likely to vary in their importance across species and may not always ade-

quately account for the persistence of species in fragmented landscapes (Pellet et al. 2007).

Landscape change is complex and involves more than loss and rearrangement of habitat.

The characteristics of habitat fragments may be significantly altered by processes including

edge effects and anthropogenic disturbances (Saunders et al. 1991; Hobbs 2001; Kupfer

et al. 2006; Fischer and Lindenmayer 2007). Changes to vegetation characteristics can

dramatically influence the suitability of sites for fauna (Spencer et al. 2005; Luther et al.

2008). Thus, the distribution of species in modified landscapes is likely to be influenced by

both local habitat characteristics and biogeographic parameters (Thomas et al. 2001;

Fleishman et al. 2002; Armstrong 2005). Consequently, effective conservation in frag-

mented landscapes requires an understanding of the relative importance of local vegetation

characteristics and fragment size and isolation. This will be particularly important where

management actions are focussed on conserving assemblages rather than single species.

This study explores the relative importance of local vegetation characteristics and

biogeographic parameters (fragment size and measures of fragment isolation) in deter-

mining the occurrence of an assemblage of small mammals in forest fragments in a largely

cleared agricultural landscape. The occurrence of five individual species, as well as the

total richness of native mammals, is examined. Such investigations of species assemblages

are surprisingly few. Studies of distributional patterns that include measures of habitat

characteristics commonly incorporate many variables resulting in over-parameterised

models and unreliable inference (Armstrong 2005). To avoid this problem, the influence of

a range of local vegetation parameters on the occurrence of small mammals in our study

area was identified in an earlier contribution (Holland and Bennett 2007). From this work,

the two most influential vegetation variables identified for each species (and for native

species richness) were selected to be combined with biogeographic variables and analysed

here. This approach allows a more stringent test of the relative influence of vegetation and

biogeographic parameters. Information-theoretic techniques were used to evaluate a series

of alternative hypotheses relating to distribution patterns.

Methods

Study area

This study was conducted in an agricultural landscape, 300 km2 in size, in south-western

Victoria (38�240S, 142�500E), Australia (Fig. 1). Reliable rainfall (annual mean

*800 mm), low topographic relief and relatively fertile soils made the area ideal for
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agricultural development (Land Conservation Council 1976; Bennett 1990b). Conse-

quently, the extensively forested area began to undergo substantial change in the late

nineteenth century as large areas were cleared for agricultural production. Native forest

vegetation had been removed from approximately half of the study area by the middle of

the twentieth century (Bennett 1990b). Today, just 9% of the study area retains native

forest cover. This is mostly re-growth and is often disturbed by processes including cattle

Fig. 1 The study area in south-western Victoria, Australia. All forest cover is shown, with study fragments
indicated by darker shading (Holland and Bennett 2007)
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grazing and weed invasion. Forest fragments exist as small patches (\100 ha) and linear

corridors along road reserves, streams and property boundaries (Fig. 1). Vegetation con-

sists of eucalypt forests with a shrubby understorey (Holland and Bennett 2007). The

remainder of the landscape now supports improved pastures used for dairy farming.

Throughout this study, a fragment is defined as an area of native forest cover that is clearly

discernible from surrounding cleared pastures.

Site selection

Selection of study fragments was stratified by fragment size, isolation and vegetation

characteristics. Five size-classes were established (\3, 3–10, 10–20, 20–50, [50 ha) to

guide the selection of study fragments (but note that fragment size was analysed as a

continuous variable). In each size-class, replicates were selected based on a qualitative

assessment of the extent and contiguity of forest vegetation in a 1 km radius of the study

fragment. Aerial photographs, topographic maps and on-ground assessments were used to

select sites in highly cleared and fragmented areas as well as in areas with less subdivision

and more extensive forest vegetation. Replicates also were chosen to incorporate variation

in shrub and ground layer vegetation characteristics, from highly disturbed forest frag-

ments dominated by introduced pasture grasses, to fragments with little obvious

disturbance and relatively intact shrub and ground layers. Hence, the 48 fragments sur-

veyed represented the full extent of variation in fragment size, landscape spatial structure,

and vegetation characteristics in the study area. Sampling was also conducted in cleared

farmland.

Small mammal surveys

Surveys were conducted between Nov 2001 and Feb 2004. Small mammals were live-

captured on transect lines consisting of five trap stations at 12-m intervals. At each station,

one wire-mesh cage trap (440 9 200 9 170 mm) and one Elliott aluminium trap

(325 9 90 9 100 mm) was deployed (10 traps per transect line), and traps were set for

three consecutive nights. The number of transects per fragment was proportional to

fragment size: two transects were placed in fragments \3 ha (60 trap-nights), three in 3–

10 ha (90 trap-nights), four in 10–20 ha (120 trap-nights), five in 20–50 ha (150 trap-

nights) and six in [50 ha (180 trap-nights). Transects were positioned to sample any

apparent vegetation heterogeneity in a fragment. Due to the uniform nature of the cleared

farmland, only one transect was employed at each survey site (n = 12). Captured animals

were identified, weighed, marked and assessed for reproductive condition before release at

the point of capture.

Vegetation assessment

Vegetation characteristics were measured in the middle section (24 m-long) of every trap

line. The species, number and size of live overstorey trees were recorded on 10 m either

side of the trap line. All other measurements were made within 2 m. Percent cover of

vegetation life-forms was estimated visually using 10% increments. Life-forms measured

were understorey trees ([5 m height), tall shrubs (2–5 m), low shrubs (\2 m), herbs,

sedges/rushes, non-tufted native grasses, tufted native grasses, ferns, scramblers/climbers,

bryophytes, exotic grasses (predominantly pasture grasses), and brambles (prickly ground
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covers, especially exotic Rubus sp., blackberry). Litter cover also was recorded, as were the

number of logs ([10 cm diameter).

Variable selection and data analyses

Five small, ground-dwelling mammal species were encountered regularly: a *20–40 g

marsupial carnivore, the agile antechinus (Antechinus agilis); a *700–900 g omnivorous

macropodid marsupial, the long-nosed potoroo (Potorous tridactylus); a *100–200 g

omnivorous murid rodent, the bush rat (Rattus fuscipes); a *90–150 g herbivorous murid

rodent, the swamp rat (Rattus lutreolus); and a *10–20 g introduced murid rodent, the

house mouse (Mus domesticus).

Variables related to vegetation characteristics

Variables related to vegetation characteristics were defined previously (Holland and

Bennett 2007) to develop models predicting species’ habitat use. From that work, two

variables were selected for inclusion in each model group (individual mammal species and

total native species richness) in this study (Table 1). One variable (PC1, forest disturbance

gradient) was included in all model groups. It provided a measure of overall vegetation

complexity, based on the first axis of a principal component analysis (PCA) of the cover of

vegetation life-forms and litter (Table 1). It represented a gradient from intact, structurally

complex and dense forests with few exotic species to those with an understorey dominated

by exotic grasses. The second vegetation variable included in each model group was the

most influential variable, after PC1, identified for each species (and total native species

richness) (Holland and Bennett 2007). Hence, different vegetation variables were included

for different model groups (Table 1). The vegetation variables used represent a measure of

local habitat suitability for each species. Thus, all references to these variables (and to

vegetation characteristics more generally) should be interpreted as referring to such spe-

cies-specific site-suitability, as determined by detailed vegetation measurements. For M.
domesticus, the time of year that surveys took place was included as an additional variable

(Table 1) as it had previously been found to be influential (Holland and Bennett 2007). As

vegetation characteristics were assessed on multiple transects in each study fragment,

values were averaged across transects to produce a single value per fragment.

Variables related to fragment size and isolation

Current aerial photography was used to digitise all forest vegetation in the study area using

a geographic information system (GIS; ArcMap, v.9). GIS layers were then used to

determine fragment size (continuous variable; range: 0.5–85.6 ha) and the proportion of

total forest cover within a 1 km radius of each study fragment (a measure of total forest

extent in the immediate vicinity of study fragments; range: 1.7–39.2%). FRAGSTATS

v.3.3 (McGarigal et al. 2002) was used to generate a proximity index score for each study

fragment. The proximity index incorporates both the size of neighbouring fragments (all

forest cover within 1 km radius) and their distance from the study fragment (Table 1).

Hence, it provides a measure of the degree of isolation of the study fragment and the

degree of fragmentation of surrounding forest. A grid-cell resolution of 5 m2 was used for

FRAGSTATS analyses (minimum fragment size = 0.0005 ha), with all contiguous cells

defined as a single fragment. Such a fine grain was employed to ensure that the resolution
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was appropriate for the ecology and habitat requirements of all species encountered (i.e.

even the smallest fragments in the study area contained multiple pixels) (McGarigal et al.

2002). Fragment size, forest cover and the proximity index were included in all model

groups (Table 1).

Table 1 Predictor variables included in models of the occurrence of small mammals in forest fragments

Variable Description Relevant model
groups

Vegetation characteristics

Forest disturbance
gradienta

PC1 First axis from PCA on vegetation life-
forms. Positively correlated with
native life-forms; negatively
correlated with exotic life-forms

All

Forest moisture
gradient

PC2 Second axis from PCA on vegetation
life-forms. Positively correlated with
ferns and scramblers/climbers;
negatively correlated with sedges/
rushes

Rattus lutreolus

Disturbed forest
structure
gradient

PC3 Third axis from PCA on vegetation life-
forms. Positively correlated with
native and exotic grasses; negatively
correlated with brambles, scramblers/
climbers and sedges/rushes.

Rattus fuscipes; Mus
domesticus

Density of logs
(# ha-1)b

logs Total density of logs ([10 cm diameter) Species richness

Eucalypt species
richnessc

esr Number of eucalypt species present Antechinus agilis

Shrub community Shrubs Two categories representing floristics:
1. Absence of mesic shrub species
2. Presence of mesic shrub species

Potorous tridactylus

Fragment size (ha)b Size Size of study fragment All

Fragment isolation

Forest cover (%)d, e Forest cover Extent of total forest cover in 1 km
radius of study fragment

All

Proximity indexb Prox index Index of the size and proximity of all
fragments in 1 km radius of study
fragment: sum of area of each
fragment/square of distance from
study fragment. Larger and closer
fragments produce higher scores than
smaller, more distant fragments

All

Time of year Time Two categories representing time of year
that surveys took place:

1. Autumn/winter
2. Spring/summer

Mus domesticus

Also shown are the model groups (i.e. presence/absence of individual species, species richness of native
mammals) for which each variable was used
a The residuals from a linear regression against fragment size (see text)
b Log10-transformed
c H-transformed
d Arcsine-transformed
e The residuals from a linear regression against proximity index (see text)
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Model development

Ecologically plausible models were developed a priori. To test hypotheses relating to

native species (and richness of native mammals), variables were grouped into three

categories: vegetation characteristics, fragment size, and fragment isolation (Table 2).

For M. domesticus, time of year was a fourth category. Each category was used to form

simple models, and all possible combinations of variable categories also were assessed

(Table 2).

Two model groups were analysed for A. agilis. Dispersal in this species is strongly

male-biased (Cockburn et al. 1985) and females generally occupy higher quality habitat

(Dickman 1995). To account for the possibility that some males may occupy fragments that

do not otherwise support populations, A. agilis was modelled as being present regardless of

sex, and also as being present only if a female was detected. For species richness of native

mammals, A. agilis was considered present regardless of sex.

Table 2 Models developed to account for the occurrence of small mammals in forest fragments

Model Predictor variables included in model

Models for the species richness of native
mammals and the occurrence of Antechinus agilis,
Potorous tridactylus, Rattus fuscipes and Rattus
lutreolus

Vegetation model Various, see Table 1

Fragment size model Size

Fragment isolation model Forest cover, prox index

Vegetation and size Various, size

Vegetation and isolation Various, forest cover, prox index

Size and isolation Size, forest cover, prox index

Vegetation and size and isolation Various, size, forest cover, prox index

Models for the occurrence of Mus domesticus

Vegetation model PC1, PC3

Fragment size model Size

Fragment isolation model Forest cover, prox index

Time model Time

Vegetation and size PC1, PC3, size

Vegetation and isolation PC1, PC3, forest cover, prox index

Vegetation and time PC1, PC3, time

Size and isolation Size, forest cover, prox index

Size and time Size, time

Isolation and time Forest cover, prox index, time

Vegetation and size and isolation PC1, PC3, size, forest cover, prox index

Vegetation and size and time PC1, PC3, size, time

Vegetation and isolation and time PC1, PC3, forest cover, prox index, time

Size and isolation and time Size, forest cover, prox index, time

Vegetation and size and isolation and time PC1, PC3, size, forest cover, prox index, time

See Table 1 for predictor variable descriptions
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Model selection

All predictor variables were standardised and transformed where necessary (Table 1). Two

variable pairs (forest disturbance gradient (PC1) and fragment size; forest cover and

proximity index) were correlated (r [ 0.4). To enhance independence, values for the forest

disturbance gradient and forest cover were derived by taking the residuals from simple

linear regressions against their respective correlated variables. After this procedure, no

predictor variables were strongly correlated (r \ 0.4). Model selection using an informa-

tion-theoretic approach was employed (Burnham and Anderson 2002; Johnson and

Omland 2004). For species richness of native mammals, a generalised linear model

assuming a Poisson distribution was used, while for species presence/absence models,

logistic regression (binomial distribution) was employed. There was no evidence of

overdispersion in models, indicating that distributions and error structures were appropriate

(Rushton et al. 2004).

Akaike’s information criterion (corrected for small sample size, AICc) was used to rank

models. Differences in AICc values (difference between a model’s AICc value and that of

the best fitting model, Di) were calculated to allow rapid comparison of models. Only

models with AICc differences B2 are considered to have substantial support (Burnham and

Anderson 2002). Akaike weights (wi) were also computed. These represent the evidence

that the model in question is the best of those considered (Burnham and Anderson 2002).

Weights were summed across all models containing a given variable category to determine

the relative importance of categories; the closer the sum of weights is to one, the more

influential is the group of variables. Weighted parameter estimates, incorporating all

models within the set considered, were produced for variables using Akaike weights and

model-averaging. All modelling procedures were performed using the R statistical pro-

gramme, ver. 2.3.0 (Ihaka and Gentleman 1996) and supplementary source code (M.

Scroggie, unpublished).

For all model groups, residual diagnostics (plots of standardised residuals, Cook’s

distance points) were checked for the global model to assess model fit and to allow

inspection of outliers and influential points.

The relative influence of predictor variables was further assessed via hierarchical par-

titioning. This technique averages the contribution of a predictor variable across all models

in which it occurs, and partitions the contribution into an independent and joint component

(Mac Nally 2000). While independent contributions indicate direct associations between

dependent and predictor variables, joint contributions indicate the combined effects of

multiple predictor variables. Thus, predictors that make large independent contributions

are more likely to be directly correlated with the dependent variable (Mac Nally 2000). To

validate modelling results, we determined the independent contribution of each predictor

variable and expressed this as a percentage of the total independent contribution of all

predictors combined (%Iv). Hierarchical partitioning was performed using the R statistical

programme, ver. 2.3.0, and the hier.part package, ver. 1.0-1 (Walsh and Mac Nally 2004).

Plots of receiver-operating characteristics (ROC plots) were used to assess the predic-

tive ability of species’ presence/absence models. This technique is threshold-independent

and is not strongly influenced by the frequency of occurrence of the study species (Manel

et al. 2001). Model performance is indicated by the area under the curve (AUC). Values of

0.5–0.7 indicate low model performance, 0.7–0.9 moderate model performance, and[0.9

high model performance (after Manel et al. 2001). ROC plots were generated using SPSS,

ver. 12.0.1.
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Results

Rattus fuscipes and A. agilis were the most common species encountered (detected in 75.0

and 62.5% of fragments (n = 48), respectively). Potorous tridactylus and R. lutreolus were

encountered less frequently (both were detected in 16.7% of fragments). The introduced M.
domesticus was detected in 39.6% of fragments. Survey effort at sites (n = 12) in agri-

cultural pastures did not detect any mammals.

Determinants of occurrence and model selection

For the richness of native mammals and the presence of A. agilis and R. fuscipes, one

model had considerably more support than all others. Stand-out models were less apparent

for P. tridactylus, R. lutreolus and M. domesticus (Table 3).

Modelling and hierarchical partitioning produced similar results regarding the relative

importance of variable categories (Table 4; Fig. 2). All variable categories were important

influences on occurrence of one or more taxa, although different responses were observed

for different species. Vegetation variables influenced all species (Table 4; Fig. 2), and in

particular made large independent contributions to explaining variance in the occurrence of

the two Rattus species (Fig. 2). Fragment size was also important for most species;

R. lutreolus and M. domesticus were the only species not influenced by this variable

Table 3 Model selection results for species richness of native mammals and occurrence of individual
species of small mammals

Group Model log(L) K AICc Di wi

Native species richness Vegetation ? size -63.647 4 136.224 0.000 0.728

Antechinus agilis (all)a Vegetation ? size -20.376 4 49.682 0.000 0.700

Antechinus agilis (fem)b Vegetation ? size -21.666 4 52.263 0.000 0.811

Potorous tridactylus Size -15.049 2 34.364 1.682 0.134

Vegetation ? size -12.795 4 34.521 1.839 0.123

Vegetation ? isolation -10.990 5 33.409 0.727 0.215

Size ? isolation -12.513 4 33.957 1.275 0.164

Vegetation ? size
? isolation (global)

-9.317 6 32.682 0.000 0.310

Rattus fuscipes Vegetation ? size -8.084 4 25.099 0.000 0.843

Rattus lutreolus Vegetation -18.702 3 43.950 0.854 0.295

Vegetation ? size -17.082 4 43.095 0.000 0.452

Mus domesticus Time -26.806 2 57.879 1.935 0.101

Vegetation ? isolation
? time

-20.997 6 56.042 0.098 0.252

Vegetation ? size ? isolation
? time (global)

-19.572 7 55.944 0.000 0.265

Included are log-likelihood values (log(L)), number of included parameters (K), AICc values, AICc

differences (Di), and Akaike weights (wi). Models are shown for which AICc differences are \2.0

Predictor variables included in models are listed in Tables 1 and 2
a Antechinus agilis considered present regardless of sex
b Antechinus agilis considered present only if a female individual was detected
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(Table 4; Fig. 2). The influence of isolation measures was limited, with only P. tridactylus
and M. domesticus showing a response to this category (Table 4; Fig. 2). Time of year

influenced the occurrence of M. domesticus (Table 4; Fig. 2).

Table 4 Sums of Akaike weights (wi) for each variable category included in models of species richness of
native mammals and the occurrence of individual mammal species

Variable
category

Native
species
richness

Antechinus
agilis (all)a

Antechinus
agilis (fem)b

Potorous
tridactylus

Rattus
fuscipes

Rattus
lutreolus

Mus
domesticus

Vegetation 0.858 0.956 0.962 0.655 1.000 0.871 0.705

Size 0.940 0.998 0.999 0.730 0.931 0.601 0.442

Isolation 0.139 0.277 0.158 0.736 0.110 0.166 0.747

Time N/A N/A N/A N/A N/A N/A 0.910

Predictor variables included in categories are listed in Tables 1 and 2

N/A, variable category not applicable to this model group
a Antechinus agilis considered present regardless of sex
b Antechinus agilis considered present only if a female individual was detected

Fig. 2 Independent contributions (expressed as percentage of total) of predictor variable categories towards
explaining variance in dependent variables. Dependent variables are: nsr, species richness of native
mammals; and presence/absence of Aa (all), Antechinus agilis (considered present regardless of sex);
Aa (fem), Antechinus agilis (considered present only if a female individual was detected); Pt, Potorous
tridactylus; Rf, Rattus fuscipes; Rl, Rattus lutreolus; and Md, Mus domesticus. Predictor variables included
in categories are listed in Tables 1 and 2. ‘Time’ was included in models for Mus domesticus only
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Native species richness

Native species richness was positively influenced by fragment size and local vegetation

characteristics (PC1, the forest disturbance gradient) (Table 5). The average size of

fragments in which one species was detected was 6 ha (n = 14), more than three times

smaller than that of fragments in which three species were detected (20 ha; n = 10). The

model predicts that forest fragments smaller than about 15 ha experience a rapid decline

in richness (Fig. 3a). A gradual increase in native species richness is observed with

increasing cover and complexity of native vegetation (an increase in the PC1 gradient)

(Fig. 3b).

Antechinus agilis

Fragment size was the predominant influence on the occurrence of A. agilis (Table 5).

Vegetation variables were of some influence, more so for females than males (Table 5).

The probability of occurrence of A. agilis declined rapidly as fragment size fell below a

threshold of about 15 ha (Fig. 4). The cover of native vegetation (PC1 gradient) was most

influential below this size threshold (Fig. 4). The AUC values for the two A. agilis model

groups indicate moderate model performance (0.878 for any A. agilis, 0.871 for presence

of females).

Potorous tridactylus

The occurrence of P. tridactylus was most strongly influenced by fragment size and iso-

lation (the proximity index) (Table 5). Vegetation characteristics (presence of mesic shrub

species) may have some predictive value (Table 5). Standard errors associated with

parameter estimates were relatively large (Table 5), but despite this the AUC value (0.944)

indicates high model performance. This is because P. tridactylus was recorded at few sites

(n = 8) and the model was more effective at predicting fragments that were not occupied

than those that were. The model predicts that occurrence of P. tridactylus increases as

neighbouring fragments become larger, more clustered, and nearer to the study fragment

(Fig. 5). Fragment size was also important; fragments \20 ha had a low probability of

occurrence, regardless of their proximity index (Fig. 5).

Rattus fuscipes

Both model-averaging and hierarchical partitioning identified vegetation variables (PC1,

the forest disturbance gradient) as the greatest influence on R. fuscipes (Table 5). Other

parameters were of little predictive value, although fragment size may have some influ-

ence. An AUC value of 0.965 indicates high model performance. The model predicts a

marked response of R. fuscipes to native vegetation cover (Fig. 6). Even the smallest

fragments had a high probability of occurrence when dense and complex native vegetation

was present (Fig. 6).

Rattus lutreolus

Local vegetation characteristics (PC2, the forest moisture gradient) influenced the occur-

rence of R. lutreolus, with no other variables making notable contributions (Table 5). An
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Table 5 Model-averaging results for native species richness and occurrence of individual species of small
mammals

Group Variable Coefficient Standard error %Iv

Native species richness Density of logs 0.077 0.118 2.2

Forest disturbance gradient (PC1)* 0.338 0.142 39.2

Fragment size* 0.307 0.115 38.7

Forest cover -0.004 0.053 4.8

Proximity index 0.021 0.073 15.1

Antechinus agilis (all)a Eucalypt species richness* 21.140 0.433 23.4

Forest disturbance gradient (PC1) 0.687 0.421 8.1

Fragment size* 1.738 0.584 50.9

Forest cover 0.195 0.367 4.7

Proximity index 0.068 0.232 12.9

Antechinus agilis (fem)b Eucalypt species richness* 21.013 0.413 18.4

Forest disturbance gradient (PC1)* 0.836 0.408 16.2

Fragment size* 1.632 0.526 54.3

Forest cover 0.086 0.253 3.1

Proximity index 0.002 0.164 8.0

Potorous tridactylus Shrub community 1.412 1.276 19.9

Forest disturbance gradient (PC1) 1.398 1.660 10.4

Fragment size 1.320 0.983 30.9

Forest cover -0.368 0.793 3.4

Proximity index 3.388 3.067 35.4

Rattus fuscipes Disturbed forest structure gradient (PC3) -0.893 0.892 3.2

Forest disturbance gradient (PC1)* 4.135 2.024 67.9

Fragment size 2.660 1.549 12.8

Forest cover -0.046 0.235 13.5

Proximity index -0.032 0.300 2.6

Rattus lutreolus Forest moisture gradient (PC2) 1.331 0.773 66.2

Forest disturbance gradient (PC1) 0.176 0.526 6.0

Fragment size 0.442 0.451 16.8

Forest cover -0.085 0.275 8.7

Proximity index 0.039 0.265 2.3

Mus domesticus Disturbed forest structure gradient (PC3) -0.407 0.425 7.7

Forest disturbance gradient (PC1) 20.734 0.508 18.5

Fragment size -0.293 0.418 7.7

Forest cover 21.041 0.659 30.6

Proximity index 0.051 0.392 1.6

Time* 22.032 0.900 33.9

The independent contribution of each predictor variable towards explaining variance in the dependent
variable is also shown (from hierarchical partitioning analysis), expressed as a percentage of the total
independent component (%Iv). The most influential variables in each group (based on parameter estimates
and hierarchical partitioning results) are highlighted in bold. Variables for which the 95% confidence
interval does not include zero are marked with an asterisk
a Antechinus agilis considered present regardless of sex
b Antechinus agilis considered present only if a female individual was detected
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AUC value of 0.838 indicates moderate model performance but, as for P. tridactylus, this

species was not commonly detected (n = 8) and the model is more effective at predicting

unoccupied than occupied sites.

Fig. 3 Predicted native species richness from model-averaged parameter estimates. a Species richness as a
function of fragment size. The model is fitted for three values of the forest disturbance gradient (PC1;
mean ± 1 standard deviation). b Species richness as a function of the forest disturbance gradient (PC1). The
model is fitted for five values of fragment size (1, 3, 5, 10 and 30 ha)
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Mus domesticus

Occurrence of M. domesticus was predominantly influenced by time of year and fragment

isolation (amount of surrounding forest cover) (Table 5). This introduced species was more

likely to be encountered in forest fragments during colder months (autumn/winter) and was

more likely to occupy isolated fragments. An AUC value of 0.878 indicates moderate

model performance.

Discussion

This study investigated the occurrence of an assemblage of small mammal species in forest

fragments and the relative influence of three parameter groups: (1) fragment size; (2)

fragment isolation, and (3) local vegetation characteristics. The relative importance of

these parameter groups varied across species. However, each parameter group was an

important determinant of occurrence for at least one species. This highlights the impor-

tance of both local vegetation characteristics and biogeographic parameters in conserving

small mammal assemblages.

Fragment size and vegetation characteristics (PC1, the forest disturbance gradient) were

the predominant influences on the richness of native mammals in forest fragments.

Fig. 4 Predicted probability of occurrence of Antechinus agilis (considered present only if a female
individual was detected) from model-averaged parameter estimates as a function of fragment size. The
model is fitted for three values of the forest disturbance gradient (PC1; mean ± 1 standard deviation)
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Predictably, species richness increased with fragment size. Many studies of the insular

ecology of mammal communities have produced similar findings (e.g. Dunstan and Fox

1996; Nupp and Swihart 2000; Cox et al. 2003) and the species-area relationship is well

known. However, our results indicate that maximising the size of forest fragments is not, in

itself, enough to conserve the mammal fauna. Local vegetation characteristics were also a

strong influence on species richness, with more native species occurring in fragments with

dense and complex indigenous vegetation cover. The use of residuals for the forest dis-

turbance gradient ensures that this relationship is genuine, rather than due to any

correlation between vegetation characteristics and fragment size. Conservation efforts must

emphasise the importance of local conditions (i.e. within-fragment vegetation character-

istics) in addition to the size of forest fragments.

Individual species displayed different responses to vegetation and biogeographic

parameters. The primary influence on the occurrence of A. agilis was fragment size;

fragments \15 ha in size were less likely to be occupied. However, vegetation charac-

teristics were also of influence, especially for females. Individual A. agilis require

relatively large areas (several hectares) to maintain social networks (Dickman 1995);

fragments \ 15 ha in size may be too small to support viable populations. Other studies

have documented positive associations between the occurrence/abundance of A. agilis and

habitat area (Dunstan and Fox 1996; Lindenmayer et al. 1999) and local vegetation

characteristics (Knight and Fox 2000; Cox et al. 2003; Banks et al. 2005). Where habitat

fragments occur in close proximity (e.g. Knight and Fox 2000; Cox et al. 2003) or the

Fig. 5 Predicted probability of occurrence of Potorous tridactylus (from model-averaged parameter
estimates) as a function of proximity index. The model is fitted for five values of fragment size (5, 10, 20, 50
and 80 ha)
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modified area between fragments is conducive to animal movements (Knight and Fox

2000), the influence of fragment size is likely to be nullified by landscape supplementation

and regular immigration. Consequently, local habitat characteristics become more

important (Knight and Fox 2000; Cox et al. 2003). We conclude that A. agilis individuals

in this area do not move between fragments regularly (i.e. individuals do not incorporate

multiple small fragments in a home range), but that movement does occur (probably during

male breeding dispersal) and is not so restricted that isolation effects are apparent.

Potorous tridactylus is rare (occurring in\17% of fragments surveyed) and this limited

our ability to make inferences regarding the influence of predictor variables. However, its

occurrence appears to be predominantly determined by biogeographic parameters and

fragmentation has a strong influence. Fragment size and the proximity index were the most

important predictors: P. tridactylus was more likely to occur in large fragments with

similarly large fragments nearby. In suitable habitat, P. tridactylus generally occurs at

densities of \3 individuals per ha (Bennett 1987), and therefore viable populations are

unlikely in small fragments. Also, P. tridactylus requires a mosaic of vegetation (Bennett

1993) that is less likely to exist in smaller fragments. The positive influence of the

proximity index suggests that fragmentation has disrupted dispersal in this species.

The predominant influence on the occurrence of R. fuscipes in forest fragments was

local vegetation characteristics (PC1, the forest disturbance gradient). R. fuscipes was

generally ubiquitous wherever dense, native ground-vegetation occurred. While fragment

size was included in the best model, it has a secondary role in determining the occurrence

of R. fuscipes. Measures of fragment isolation were of no explanatory value. The primary

effect of landscape change on the occurrence of R. fuscipes therefore appears to be habitat

Fig. 6 Predicted probability of occurrence of Rattus fuscipes (from model-averaged parameter estimates) as
a function of the forest disturbance gradient (PC1). The model is fitted for five values of fragment size (1, 3,
5, 10 and 30 ha)
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loss; the spatial structure of forest fragments was of little consequence. Lindenmayer and

Peakall (2000) observed a significant positive effect of fragment size on R. fuscipes
occurrence, suggesting a greater fragmentation effect in their study area. Studies of the

abundance of R. fuscipes have found both fragment size and local vegetation character-

istics to be positive influences (Dunstan and Fox 1996; Cox et al. 2003).

Rattus lutreolus is not a common forest species and was encountered infrequently.

Consequently, models were of limited utility. Local vegetation characteristics (PC2, the

forest moisture gradient) were the primary influence on this species.

The introduced M. domesticus provides a useful comparison with native species. The

predominant influence on the occurrence of M. domesticus in forest fragments was the time

of year that surveys were conducted, indicating the ability of M. domesticus to utilise forest

habitats depending on climatic conditions (e.g. Mutze 1991). The influence of fragment

isolation reflects a preference for disturbed landscapes, with fragments surrounded by

extensive areas of agricultural pastures being more readily occupied.

Fragmentation exerts a greater influence on species as the ability of individuals to move

between fragments declines (Andrén 1994; Delin and Andrén 1999). The capacity to move

between fragments reflects the functional connectivity of a landscape and is determined by

a species’ ecology and perception of landscape structure (Taylor et al. 1993). The species-

specific nature of functional connectivity contributes to idiosyncratic responses to frag-

mentation effects, as observed in this and other studies (Nupp and Swihart 2000; Driscoll

2004; Uezu et al. 2005). We hypothesise that inter-fragment movements are a key process

responsible for patterns observed in this study. Narrow corridors of forest vegetation (along

roads and streams) are common and account for 24% of forest cover (Fig. 1). R. fuscipes
was commonly encountered and maintains resident populations in these linear habitats

(Donaldson 2002). Thus, corridors facilitate high functional connectivity for R. fuscipes,

resulting in reduced fragmentation effects (e.g. Bennett 1990a; Uezu et al. 2005; Fitz-

Gibbon et al. 2007). Although less common, A. agilis also occurs in forested corridors

(Donaldson 2002), and appears capable of using forested strips for dispersal between

otherwise isolated fragments. Higher functional connectivity in our study area is likely to

be the primary difference between this study and others that have observed stronger

fragmentation effects for R. fuscipes (Lindenmayer and Peakall 2000) and A. agilis (Banks

et al. 2005). In contrast, fragmentation effects were the major influence on the occurrence

of P. tridactylus. This suggests that functional connectivity is much lower for this species,

resulting in reduced inter-fragment movements. P. tridactylus was not detected in forested

corridors (Donaldson 2002). This underscores the species-specific nature of functional

connectivity and how different species may perceive the same landscape in different ways

(e.g. Uezu et al. 2005).

The role of multi-scale influences on taxa in modified landscapes is currently receiving

much attention (e.g. Debuse et al. 2007; Guadagnin and Maltchik 2007; Luther et al. 2008).

Here, we have shown that, even when the number of species is small, a variety of

parameters operating at different scales can be important. A key element of this study is

that the assemblage of species investigated was diverse: A. agilis is a carnivorous mar-

supial, P. tridactylus an omnivorous macropod, and R. fuscipes an omnivorous rodent. The

differing responses of these species to the parameters considered suggests that studies of

individual species, individual functional groups or total species richness may be of limited

utility when the goal is to conserve all species in an assemblage.

The multiple hypothesis testing framework has clearly demonstrated that fragment size,

isolation and local vegetation characteristics can all influence species occurrence in

modified landscapes. While the relative importance of these parameters varied across
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species, all were important for at least one species. None of these parameter groups could

be omitted from analyses without resulting in less reliable inference. To further improve

models, future research should aim to incorporate site-specific information on species’

ecology (e.g. competition, predation, food availability, reproductive output) since this will

also influence patterns of occurrence. This study however, provides strong empirical

support for the need to move from a focus primarily on biogeographic parameters to a

recognition that landscape change also has profound effects on habitat composition and

quality (see Thomas et al. 2001; Armstrong 2005; Pellet et al. 2007).
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