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Fragmentation theory predicts that population persistence should be positively correlated with the size of habitat
fragments. The patterns of occurrence of many species are consistent with this prediction, but the demographic processes
that determine how species respond to fragmentation are poorly understood. In addition, habitat quality may interact
with fragment size as an influence on demographic performance. We investigated these predictions for the native bush rat
Rattus fuscipes by testing the following hypotheses: 1) population performance (i.e. viability as determined by various
demographic parameters) is positively correlated with fragment size; and 2) population performance is positively
correlated with habitat quality. Populations of R. fuscipes were censused in two large (�49 ha) and eight small (B2.5 ha)
forest fragments in an agricultural region of southeastern Australia. Fragments with high and low quality habitat were
included in each size category. Fragment size influenced multiple aspects of population demography; populations in large
fragments had higher densities, older age structures, received more potential immigrants, and were more likely to recruit
adults than those in small fragments. Reproductive patterns were more predictable in large fragments. Habitat quality
per se had less marked effects; adult females were heavier and subadults more prevalent in fragments with high quality
habitat. However, high quality habitat enhanced population performance in small fragments more so than in large ones.
Despite being widespread in the study area, R. fuscipes populations are profoundly impacted by habitat fragmentation,
with population performance declining with fragment size. Studies based on patterns of species occurrence should be
interpreted with caution as they may mask critical processes occurring at the population level. For a thorough
understanding of the effects of habitat fragmentation, population-level studies are required.

The status of many species in heavily modified landscapes
depends on the extent to which populations can persist in
habitat fragments. Population persistence should increase
with increasing size of fragments (Andrén 1994, Burkey
1995). This prediction is well supported by positive
correlations between species occurrence and fragment size
(Bell and Donnelly 2006), and by evidence that population
turnover is greater in small fragments (Verbeylen et al.
2003). However, while such patterns are frequently docu-
mented, much less is known of the mechanisms that deter-
mine whether or not local populations will persist. Studies
of the demographic performance of species in fragments
offer the potential to reveal population processes responsible
for sensitivity to fragment size (McGarigal and Cushman
2002, Hokit and Branch 2003). If populations in small
fragments are more vulnerable to local extinction, then
differences in demographic processes can be expected
between large and small fragments.

Studying demographic processes across multiple popu-
lations is labour intensive and logistically challenging.
Consequently, studies on taxa such as small mammals

frequently have employed experimental model systems
in which habitat fragments are experimentally created at
small spatial scales (Dooley and Bowers 1996, Ims and
Andreassen 1999). These studies provide valuable insights,
but the ability to generalise their results is limited because:
1) the scale generally is so small that extrapolation to whole
landscapes cannot be done with confidence (McGarigal and
Cushman 2002); and 2) they measure short-term effects of
fragmentation in newly created patches, but do not account
for changes over longer time frames.

Habitat quality in fragments also may be a strong
influence on population processes. Habitat characteris-
tics are altered by extrinsic disturbance (e.g. grazing of
domestic livestock), and by biotic and abiotic changes
associated with fragment edges (e.g. weed invasion,
changes to solar radiation) (Saunders et al. 1991, Laurance
et al. 2006). Further, the vulnerability of small fragments
to disturbance means that often there is a strong positive
correlation between fragment size and habitat quality. This
can result in confounding effects, making it difficult to
disentangle the independent influence of each parameter
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(van Apeldoorn et al. 1992). Replicated studies are
required to better understand the challenges faced by
populations in fragments differing in both size and quality.

We examined the population performance (i.e. viability
as determined by various demographic parameters) of
Rattus fuscipes, a small native rodent, in 10 forest fragments
in an agricultural landscape. We test two key hypotheses
related to theoretical predictions: 1) population perfor-
mance is positively correlated with fragment size; and 2)
population performance is positively correlated with habitat
quality. Our objectives were: first, to determine the relative
influence of fragment size and habitat quality on the
demographic status of small populations; second, to identify
the demographic parameters most sensitive to change in
small populations; and third, to relate pattern to process by
considering demographic findings in relation to known
patterns of occurrence. Key aspects of the study design
include: 1) replicate populations in ‘‘real’’ forest fragments;
2) fragments ranging over more than an order of magni-
tude (from 0.5�2.5 to �49 ha); 3) fragments of ‘‘high’’
and ‘‘low’’ habitat quality in each size category; and 4)
examination of a wide range of demographic parameters,
including population density, sex and age ratios, body mass,
recruitment, reproduction, and survival.

Methods

Study area

The study area in southwestern Victoria, Australia
(38824?S, 142850?E), is a highly modified agricultural
region that retains just 9% forest cover. Forest fragments
are dominated by Eucalyptus spp. and, when undisturbed,
contain dense ground and shrub layers. Surrounding
pastures are used mainly for grazing dairy cattle. From a
previous survey of 48 fragments (Holland and Bennett
2007), 10 were chosen for long-term study. Two fragments
(1 and 2) represented the largest blocks of native forest
in the region (49.3 and 79.1 ha, respectively; ‘‘large frag-
ments’’ hereafter). The other eight fragments (3�10) were
small, ranging from 0.5 to 2.5 ha (‘‘small fragments’’)
(Table 1). In each size category, fragments that provided
high and low quality habitat were chosen, based on known
preferences of the study species (Holland and Bennett

2007). All 10 fragments were known to contain populations
of R. fuscipes and were located in an area of 100 km2.
The mean straight-line distance between nearest study
fragments was 1604 m (range: 78�4217 m). More gene-
rally, the mean distance between study fragments and the
nearest fragment ]5 ha was 396 m (range: 5�1362 m).

Study species

Rattus fuscipes is a small (�90�150 g), omnivorous rodent.
In southeastern Australia, breeding occurs over summer and
most individuals do not survive to breed in a second season.
Adult females occupy exclusive breeding territories, while
males roam in search of mates (Robinson 1987). However,
movements of more than a few hundred metres are rare
(Peakall et al. 2003, Macqueen et al. 2008). Rattus fuscipes is
common in forest fragments in the study area but absent
from cleared pastures (Holland and Bennett 2007). Its
occurrence is determined primarily by the structure of
ground-level vegetation: fragments with dense, structurally
diverse ground cover are more likely to be occupied. Given
the wide spacing of the 10 study fragments throughout the
study region (see above), exchange of individuals between
them was rare (only 1.1% of 364 individuals were detected
moving between study fragments, and these were one-way
movements only). However, dispersal between study frag-
ments and closer neighbouring fragments that were not
studied cannot be discounted.

Census techniques

Censuses were undertaken between Sep. 2002 and Feb.
2004 (Table 1). The large fragments were censused on
11 occasions. Three of the small fragments (8, 9, and 10)
were censused on 12 occasions. Fragment 5 suffered dis-
turbance from stock grazing in mid-2003; seven censuses
conducted prior to this were included in analyses. Fragments
3, 4, 6, and 7 were subjected to experimental manipulations
in mid-2003; eight censuses conducted prior to this were
included in analyses. Thus, fragments 1, 2, 8, 9, and 10 were
monitored over two breeding seasons while all other frag-
ments were monitored over one breeding season (Table 1).

A trapping grid of 0.5 ha was established in each large
fragment, consisting of six trap lines with six trap stations

Table 1. Details of 10 forest fragments in which populations of Rattus fuscipes were studied, including sampling dates for each fragment (�).

Fragment Size
(ha)

Size
category

Habitat
group

Census dates Total
trap

nights

No. of
individuals
captured

2002 2003 2004

Sep Oct Nov Dec Feb Mar May Jun Jul Sep Nov Dec Feb

1 49.3 Large Low quality � � � � � � � � � � � 1690 69
2 79.1 Large High quality � � � � � � � � � � � 1644 59
3 0.8 Small Low quality � � � � � � � � 891 17
4 0.6 Small High quality � � � � � � � � 1116 13
5 2.5 Small Low quality � � � � � � � 1080 23
6 0.8 Small Low quality � � � � � � � � 990 9
7 0.5 Small High quality � � � � � � � � 1188 14
8 1.1 Small High quality � � � � � � � � � � � � 1764 49
9 2.3 Small High quality � � � � � � � � � � � � 2020 63

10 1.4 Small High quality � � � � � � � � � � � � 1386 48
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per line (10 m spacing). Trap lines were separated by 20 m
(grid dimensions: 50�100 m). For each small fragment,
traps were distributed throughout the entire site using the
same spacing employed in large fragments.

One Elliott aluminium trap (325�90�100 mm)
was set at each trap station and traps were set for 3�5
consecutive nights in each census. Total trap nights for each
fragment are listed in Table 1. Captured animals were
identified, weighed, assessed for reproductive condition,
and individually marked using numbered metal fingerling
ear tags before release.

Vegetation assessments

Initial site selection was guided by qualitative assessment
of the habitat available for R. fuscipes : fragments with
dense, structurally complex ground vegetation (high qua-
lity habitat) and reduced ground vegetation cover (low
quality habitat) were included in each size class. To
quantify differences between fragments, percent cover of
vegetation life forms was visually estimated along transects
(20�4 m) on the middle section of every second trap line
in each fragment. Life forms measured were understorey
trees (�5 m height), tall shrubs (2�5 m), low shrubs
(B2 m), herbs, sedges/rushes, non-tufted native grasses,
tufted native grasses, ferns, scramblers/climbers, bryo-
phytes, exotic pasture grasses, and brambles (prickly
ground covers). Litter cover was also recorded. For a
given fragment, data from all transects were pooled and
the mean of each variable was used. The similarity of
vegetation among the 10 fragments was investigated by
non-metric multi-dimensional scaling ordination (MDS)
using the Bray-Curtis similarity measure (PRIMER soft-
ware package; Clarke and Gorley 2001).

Demographic measurements

Population sizes were estimated as the minimum number
known alive (MNKA; Krebs 1966). For small fragments,
population densities were calculated by dividing MNKA
estimates by fragment size. In large fragments, boundary
strips were added to the area surveyed to account for
individuals whose ranges extend beyond the trapping
area (Krebs 1999). Densities were calculated by dividing
MNKA estimates by this adjusted survey area. Boundary
strips were equivalent to half the average distance moved
by individuals between successive captures plus half the
distance to the next nearest trap (5 m). Separate boundary
strips were calculated for males and females in each large
fragment.

Associations between density and fragment size, habitat
quality, and the sex of individuals were investigated using
linear mixed-effects models incorporating a random effect
to account for the pseudoreplication resulting from survey-
ing each fragment multiple times. Diagnostic plots for the
saturated model showed that the distribution of residuals
was greater in large fragments than in small fragments.
Thus, a variance function was included to allow for
differential variance in residuals in large and small frag-
ments (Zuur et al. 2009). Model selection was performed
by sequentially removing fixed terms in order of complexity

(beginning with the size-quality-sex three-way interaction,
then two-way interactions, then main terms) and compar-
ing the fit of models with and without each term using
likelihood ratio tests (employing the G2 statistic). A non-
significant (p�0.05) likelihood ratio test indicates that
model simplification was justified. The reduced model was
then used to test the next fixed term in the hierarchy. The
best model was identified when no further terms could
be omitted without decreasing model fit. Inspection of
residuals for the best model confirmed that assumptions
of homogeneity and independence were not violated.
Mixed-effects models were performed using the R statistical
program (R Development Core Team 2009) and the
‘‘nlme’’ package (Pinheiro et al. 2009).

Individuals were placed into age classes depending on
body mass: juveniles (B40 g), subadults (40�75 g), and
adults (�75 g). Analyses of body mass were conducted for
adults only. All measurements for an individual were used
to calculate a mean value that was used in analyses. Body
mass was log10 transformed prior to analysis.

Females classified as reproductive included those obvi-
ously pregnant and those that had swollen, rounded teats
and moist mammary areas. Only animals resident during at
least one breeding season (Sep.�Mar.) were included in
analyses of reproduction.

Recruits were newly arriving animals (not previously
encountered) captured in at least two census periods.
Transients were newly arriving animals detected in only
one census period. All other animals were resident from
the beginning of the study (or were juvenile recruits
produced in situ). Animals detected only in the first or
last census were not included in analyses of newly arriv-
ing animals. Analyses involving newly arriving animals
(potential immigrants) occurred in two stages. First, the
relative number of newly arriving animals (recruits and
transients combined) was compared between fragments.
This analysis was dependent upon survey effort so only
data from Oct. 2002�May 2003 were used (when all
fragments were censused concurrently). All juveniles
(assumed to have been born in situ) were excluded from
this analysis. Second, newly arriving animals were classified
as recruits or transients and their relative proportions were
assessed. This analysis was not sensitive to survey effort, so
data from all censuses were used. Juveniles were not
counted as transients. The sex and age class of recruits and
transients was also compared between fragments.

Associations between fragment size, quality, and demo-
graphic parameters that involved relative proportions (sex
ratio, age structure, potential immigrants, recruitment,
transiency, and reproductive activity) were tested using
log-linear models. Log-linear models compare observed
and expected cell frequencies assuming a Poisson distribu-
tion and using the log link function (Quinn and Keough
2002). Saturated models (including main effects and all
possible interactions) were fitted first. Terms were then
sequentially removed to allow hierarchical model compari-
sons. Similar to the mixed model approach described
previously, the fit of log-linear models was assessed using
likelihood ratio tests (G2 statistic; Quinn and Keough
2002). The null hypothesis (no association) was supported
when a reduced model provided a better fit (i.e. likelihood
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ratio test p-value�0.05) than the model above it in the
hierarchy.

Fixed terms should always be included in log-linear
models (Agresti 1996, Quinn and Keough 2002). Since
fragment size and quality were constant, these terms (and
their interaction) were included in all models. Thus,
models of complete independence (no interactions) were
not considered. However, small sample size prevented
analysis of the three-way interaction for reproductive
activity (i.e. the interaction between fragment size and
quality was not considered). Two- and three-way interac-
tions with evidence of support were explored using odds
ratios. Two-way interactions (conditional dependence)
indicate that the association between two variables is the
same across all levels of the third variable. A three-way
interaction indicates that the association between two
variables changes depending on the level of the third
variable (Agresti 1996).

Survival analysis

Encounter histories were constructed for each individual
detected between Oct. 2002 and May 2003 (number of
occasions�6), the period in which all 10 fragments were
censused concurrently. Live-recapture models were used
in program MARK 4.3 (White and Burnham 1999) to
investigate R. fuscipes survival (Ø) and recapture (p) rates.
Data were analysed according to sex, age (juvenile, subadult,
adult), fragment size, and habitat quality. This allowed
assessment of variation in survival between groups. Further,
survival was modelled as a function of breeding (Oct.�Feb.)
vs non-breeding season (Mar.�May); we investigated
between-interval differences only, holding survival prob-
abilities constant within intervals. Differences in survival of
R. fuscipes are most likely between the breeding and non-
breeding seasons (mortality of adults is high following
breeding; Lunney 1995), making this a biologically plau-
sible choice of time intervals. Juveniles and subadults
were not detected frequently enough in large fragments
during the breeding season to allow calculation of survival
probabilities. Therefore, differences between seasons are
presented for adults only.

Two recapture parameters were modelled: time-dependent
recapture (recapture probability varies with each census
period), and constant recapture. Candidate models were
developed a priori based on all possible combinations of
survival and recapture parameters. The saturated model
was:

Ø(time interval�sex�age�fragment size
� habitat quality); p(time):

The goodness-of-fit of the saturated model was tested
using the parametric bootstrap procedure available in
MARK (Cooch and White 2002). This revealed that the
chosen model was an adequate fit for the data (c-hat�1.07,
p�0.21). AIC values corrected for small sample size
(c) and including quasi-likelihood modifications (Q) to
account for over-dispersion (i.e. QAICc) were used to
rank models (Burnham and Anderson 2002, Cooch and
White 2002).

Results

Habitat quality

The MDS ordination of vegetation parameters resulted
in a two-dimensional solution (stress�0.08) (Fig. 1).
Correlations between these dimensions and vegetation life
forms allowed gradients in habitat quality to be interpreted
(Table 2). The first dimension (MDS1) represented the
extent and diversity of vegetation cover, while the second
dimension (MDS2) differentiated between fragments with
dense vegetation cover dominated by ferns and scramblers/
climbers (positive correlation) and those dominated by
sedges/rushes, herbs and exotic grasses (negative correla-
tion) (Table 2).

We recognised two groups of fragments based on their
clustering in multi-dimensional space (Fig. 1). The first
group (1, 3, 5, and 6) was associated with cover of
understorey trees, bryophytes and litter, and contained
forest fragments with reduced cover and structural diversity
of ground vegetation (Fig. 1 and Table 2). This group
represents fragments of lower habitat quality for R. fuscipes
(Holland and Bennett 2007). The second group (2, 4, 7, 8,
9, and 10) contained fragments with more dense and
diverse ground vegetation, including ferns, scramblers/
climbers, sedges/rushes, exotic grasses, non-tufted native
grasses, and brambles (Fig. 1 and Table 2). This group
represents fragments of higher habitat quality for R. fuscipes
(Holland and Bennett 2007).

Density

Trapping efforts totalled 13 769 trap nights. This yielded
2503 captures of 364 individual R. fuscipes (Table 1).
The saturated density model included fragment size,
habitat quality, sex of individuals, and all possible
interactions as explanatory variables. Adding a random
effect to account for pseudoreplication improved model
fit (G2�12.09, DF�1, pB0.001), indicating that
estimates from the same fragment were correlated.
Comparison of nested models identified the best combi-
nation of explanatory variables to be fragment size,

Figure 1. Ordination of 10 forest fragments based on the cover of
vegetation life forms (stress�0.08). Dashed lines enclose frag-
ments according to the quality of habitat they provide for Rattus
fuscipes.
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habitat quality, sex of individuals, and the interaction
between fragment size and habitat quality (Table 3).
Female R. fuscipes occurred at higher densities than males
(Table 3, Fig. 2). The density of both sexes combined in
large fragments ranged from 9.2 to 25.8 individuals ha�1

throughout the study (mean�15.890.8 (SE)). Densities
in small fragments were lower, ranging from 1.3 to 18.2
individuals ha�1 (mean�6.990.5 (SE)) (Fig. 2). How-
ever, there is evidence that habitat quality interacts with
fragment size to influence density; small, low quality
fragments had lower densities than those with high
quality habitat, while densities in large fragments were
less influenced by habitat quality (Fig. 2). This size-
quality interaction was included in the best model but
its standard error was relatively large (95% CI for
coefficient:�6.44�0.46; Table 3). Inspection of model
residuals identified a single outlier: fragment 3 had an
anomalously high female density in Oct. 2002. Removal
of this outlier improved support for the interaction term
(coefficient��3.18 [�6.39�0.03], std. error�1.64),

suggesting that density may be more strongly related to
habitat quality in small fragments than large ones.

Sex and age ratio

Across all fragments, 52.5% of individuals were male; this
ratio was not significantly different from parity (x2�0.45,
DF�1, p�0.505). No interaction terms in log-linear
modelling were significant (Table 4a).

Most individuals were adults at first capture (50.8%),
followed by subadults (29.1%) and juveniles (20.1%). The
age structure of populations was conditionally dependent
on fragment size and quality (Table 4b). The odds of
being an adult in a large fragment were 2.13 (95% CI:
1.37�3.30) times greater than that in a small fragment
(Fig. 3a). However, the relative proportion of adults
was not influenced by habitat quality (1.29 [0.83�2.00])
(Fig. 3b). Subadults were more likely in small fragments
(2.19 [1.31�3.66]) (Fig. 3a) and were also found in higher
proportions in high quality fragments (2.44 [1.42�4.19])
(Fig. 3b). The relative number of juveniles was not
influenced by fragment size (0.80 [0.46�1.39]) (Fig. 3a)
or quality (1.09 [0.64�1.87]) (Fig. 3b).

Table 2. Correlation coefficients (Spearman rank) showing relation-
ships between cover of vegetation life forms and two dimensions
from a non-metric multi-dimensional scaling ordination (MDS) of
the same variables in 10 forest fragments (Fig. 1). Values in bold
indicate life form variables most strongly correlated (rs]0.4) with
MDS dimensions.

Vegetation life form MDS1 MDS2

Understorey trees (�5 m) �0.76 0.28
Tall shrubs (2�5 m) �0.14 �0.07
Low shrubs (B2 m) �0.01 �0.33
Herbs �0.50 �0.41
Sedges/rushes 0.46 �0.51
Non-tufted native grasses 0.61 0.03
Tufted native grasses �0.49 �0.07
Ferns 0.40 0.41
Scramblers/climbers 0.65 0.60
Bryophytes �0.64 0.52
Exotic grasses 0.71 �0.54
Brambles 0.81 0.01
Litter �0.77 0.33

Table 3. Output from the best linear mixed-effects model (using
restricted maximum likelihood estimation) of Rattus fuscipes
population density in 10 forest fragments. Explanatory variables
included in the model are fragment size, habitat quality, sex of
individuals, and the interaction between fragment size and
habitat quality.

Variable DF Coefficient Standard error

Intercept 183 9.129 1.131
Fragment size: small 6 �3.622 1.213
Habitat quality: low 6 0.459 1.585
Sex: male 183 �1.630 0.305
Size: small�Quality: low 6 �2.991 1.762

Note: results for each categorical explanatory variable show how
the listed category (i.e. size: small, quality: low, sex: male) differs
from its associated unlisted reference category (i.e. size: large,
quality: high, sex: female).

Figure 2. Mean density (91 SE) of Rattus fuscipes females (clear) and males (shaded) in 10 forest fragments. Fragments are grouped
according to size, and the quality of habitat provided by each is also indicated (LQ�low quality; HQ�high quality).
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Body mass

Males were significantly heavier than females (144.192.2
(SE) g, n�113, vs 120.791.9 (SE) g, n�73; t�7.00,
DF�184, p�B0.001). There was no effect of fragment
size (F1,109�0.85, p�0.359), quality (F1,109�0.64, p�
0.427), or their interaction (F1,109�2.60, p�0.110) on
male mass. Fragment size also had no effect on female mass
(F1,69�0.07, p�0.794). However, females were heavier
in high quality fragments (F1,69�6.01, p�0.017). The
interaction between fragment size and quality had no effect
on female mass (F1,69�0.01, p�0.942).

Recruitment and transients

The number of unmarked animals captured (n�132;
excluding juveniles) was conditionally dependent on
fragment size but independent of quality (Table 4c). The
odds of detecting unmarked animals on grids in large
fragments were 2.25 (1.22�4.14) times greater than that at
small fragments.

Of the individuals that entered trappable populations
during the study (n�181; including juvenile recruits, but

excluding juvenile transients), 63.5% were recruited into
populations and 36.5% were transient. The three-way
interaction between the proportion of recruits, fragment
size, and quality was significant (Table 4d). The odds of
being a recruit on a grid in a large, high quality fragment
were 0.28 (0.12�0.65) greater than that in a small, high
quality fragment (Fig. 4). However, there was no effect of
size on recruitment rates for fragments with low quality
vegetation (1.89 [0.68�5.28]). Similarly, habitat quality did
not influence recruitment onto grids in large fragments
(0.74 [0.30�1.90]). However, the odds of being a recruit in
a small, high quality fragment were 5.06 (1.93�13.27)
greater than that in a small, low quality fragment (Fig. 4).
Recruitment rates, therefore, were proportionately lower on
grids in large fragments and in small, low quality fragments
compared to small, high quality fragments (Fig. 4).

The sex ratio of recruits and transients did not differ
from parity (recruits: x2�0.22, DF�1, p�0.643; tran-
sients: x2�1.743, DF�1, p�0.187) and were not
influenced by fragment size or quality (Table 4e, f). To
analyse the age class of recruits, juveniles and subadults were
combined due to small sample sizes. Adults comprised
30.4% of recruits, whereas juveniles/subadults accounted
for 69.6%. The age class of recruits was conditionally
independent of habitat quality but conditionally dependent
on fragment size (Table 4g). Juveniles/subadults were 0.17
(0.07�0.41) times as likely to be recruited onto grids in
large fragments as were adults, but correspondingly, were
almost six times more likely to be recruited into small
fragments (Fig. 5). Of the young animals recruited in
small fragments (n�62), 38.7% were juveniles at first
capture and presumably were recruited into their natal
population. However, the majority (61.3%) were suba-
dults at first capture and were likely to have immigrated to
the small fragment into which they were recruited.

Adults and subadults accounted for 72.7 and 27.3%
of all transient individuals, respectively (juveniles were
excluded from analyses of transients). This proportion was
not dependent on fragment size or quality (Table 4h).

Reproduction

Reproductive individuals were observed in all fragments.
Females in reproductive condition were observed from
Sep.�Mar. (Fig. 6 and 7). The interaction between the
proportion of females breeding and fragment size was
significant (Table 4i); the odds of being a breeding female
in a large fragment were 0.32 (0.11�0.95) greater than
that in small fragments (Fig. 6a). There was no significant
association with habitat quality (Table 4i). The three-way
interaction between the relative number of breeding
females, fragment size, and quality could not be investi-
gated due to small sample sizes. While the proportion of
breeding females was lower in large fragments, their
densities were not (Fig. 6b). There was a general pattern
of higher densities of reproductive individuals during the
peak of the breeding season in large fragments.

Reproductive females were recorded earlier in the season
and were present for a longer duration in small fragments
than large (Fig. 7). Juveniles (B40 g, presumably born in
the fragment where first captured) entered trappable

Table 4. Results from hierarchical comparisons of log-linear models
investigating population performance of Rattus fuscipes in 10 forest
fragments. Where three-way interactions were significant (d), two-
way interactions were not tested. The three-way interaction was not
tested in (i) due to small sample size. Size�fragment size (large or
small); Habitat�habitat quality (high or low).

Interaction terms G2 DF p

(a) Sex ratio
Sex�Size�Habitat 0.032 1 0.858
Sex�Size 0.853 1 0.356
Sex�Habitat 0.510 1 0.475

(b) Age structure
Age�Size�Habitat 5.773 2 0.056
Age�Size 10.283 2 0.006
Age�Habitat 10.511 2 0.005

(c) Number of potential immigrants
Arrivals�Size�Habitat 0.000 1 0.994
Arrivals�Size 5.491 1 0.019
Arrivals�Habitat 0.512 1 0.474

(d) Recruitment
Recruits�Size�Habitat 8.118 1 0.004

(e) Sex ratio of recruits
Sex�Size�Habitat 1.137 1 0.286
Sex�Size 0.672 1 0.412
Sex�Habitat 0.004 1 0.950

(f) Sex ratio of transients
Sex�Size�Habitat 0.168 1 0.682
Sex�Size 3.246 1 0.072
Sex�Habitat 1.041 1 0.308

(g) Age class of recruits
Age�Size�Habitat 0.111 1 0.739
Age�Size 10.973 1 0.001
Age�Habitat 0.698 1 0.404

(h) Age class of transients
Age�Size�Habitat 0.159 1 0.690
Age�Size 1.889 1 0.169
Age�Habitat 2.295 1 0.130

(i) Females in reproductive condition
Breeding�Size 4.176 1 0.041
Breeding�Habitat 0.097 1 0.755

6-EV



populations in all months throughout the breeding season
in small fragments, but were detected only in February in
large fragments (Fig. 7).

Survival models

Survival rates were influenced by complex associations
between time (breeding vs non-breeding season), sex, age,
and fragment size (Table 5). Two models received support,
and differed only in their recapture parameters (Table 5).

The small Akaike difference and similar Akaike weights
suggest that the effect of the different recapture parameters
was not strong. The combined weight of the best two
models is 0.993; there is strong evidence that the survival
parameters in these models provide the best approximation
of the data. Note that survival rates were investigated over
an eight month period only; longer-term studies are
required to confirm the generality of these findings.

In large fragments, adult females had higher survival
probabilities than both juvenile and subadult females
(Fig. 8a). In small fragments, this trend was confined to

Figure 3. Mean proportion (91 SE) of Rattus fuscipes individuals in different age classes. (a) Comparison between large and small
fragments. (b) Comparison between fragments with low quality and high quality habitat.

Figure 4. Mean proportion (91 SE) of new animals recruited into small (clear) and large (shaded) fragments, separated by habitat
quality. Note: error bars are not shown for large fragments since each habitat group was represented by a single site.
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adults and juveniles; there was no difference in survival
between adult and subadult females (Fig. 8c). Survival
of adult females in small fragments was slightly higher in
the non-breeding season than during the breeding season
(Fig. 8c).

Survival of adult males differed according to both season
and fragment size. In large fragments, survival was clearly
higher in the breeding season compared to the non-
breeding season (Fig. 8b). In small fragments this result
was reversed: survival was clearly higher in the non-breeding

Figure 5. Mean proportion (91 SE) of juveniles/subadults (clear) and adults (shaded) recruited into populations in small and large
fragments.

Figure 6. Female Rattus fuscipes in reproductive condition in small (clear) and large (shaded) fragments. (a) Mean proportion (91 SE) of
resident adult females in reproductive condition. (b) Mean density (91 SE) of resident adult females in reproductive condition. Note:
data for Sep. 2002 and Jun. 2003 are not shown as large fragments were not surveyed at these times.
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season (Fig. 8d). This led to dramatic differences in survival
between different-sized fragments. During the breeding
season, adult male survival was markedly higher in large
fragments compared with small (Fig. 8b, d). In the non-
breeding season, adult males in small fragments had higher
survival than those in large fragments. Male subadults
were more likely to survive in large fragments in the
non-breeding season than both juvenile and adult males
(Fig. 8b). In small fragments, both adult and subadult males
had higher survival probabilities than juveniles (Fig. 8d).

There were three main differences in survival probabil-
ities between males and females. First, in large fragments,
subadult males had higher survival rates than subadult
females (Fig. 8a, b). Second, in the non-breeding season,
survival of adult females was higher than that of adult males
in large fragments (Fig. 8a, b). Third, in the breeding
season, survival of adult females was higher than that of
adult males in small fragments (Fig. 8c, d).

Discussion

Habitat fragmentation has profound effects on the demo-
graphy of local populations of R. fuscipes. Multiple demo-
graphic measures were related to fragment size: large

fragments had higher densities, older age structures,
received more potential immigrants, and were more likely
to recruit adults (Table 6). Reproductive patterns were
more predictable in large fragments. Together, these results
indicate that population performance increases with frag-
ment size, as predicted by theory. Habitat quality per se
had a less marked effect on demographic processes; adult
females were heavier and subadults more prevalent in
fragments with high quality habitat (Table 6). However,
an interaction between fragment size and quality was
identified whereby high quality habitat enhanced measures
of population performance in small fragments more than
in large ones.

Despite stratifying sites according to habitat quality,
fundamental differences between fragments of different
sizes may remain. For example, larger fragments may
contain a greater concentration of resources (resource
concentration hypothesis) and incorporate greater habitat
heterogeneity than smaller fragments (Connor et al. 2000).
Edge effects influence a greater proportion of habitat in
small fragments. Small fragments also are more likely to
suffer direct disturbance from processes such as domestic
stock grazing (Hobbs 2001), as was the case in our study
area. In addition to vegetation structure, these factors
may influence the suitability of fragments for R. fuscipes
and provide an explanation for observed differences in

Figure 7. Presence of female Rattus fuscipes in reproductive condition in 10 forest fragments. Also shown are months where juveniles
(B40 g) entered the trappable population (D). Dashed vertical lines indicate where fragments 3, 4, 5, 6 and 7 were removed from the
study (see text). Note: fragments 1 and 2 (large); fragments 3�10 (small). Data for Sep. 2002 and Jun. 2003 are not shown as large
fragments were not surveyed at these times.

Table 5. Model selection results for parameters influencing survival (Ø) and recapture (p) probability of Rattus fuscipes in forest fragments.
Included are corrected quasi-likelihood AIC values (QAICc), Akaike differences (DQAICc), Akaike weights (w), number of included
parameters (K), and model deviance (Qdev). Models are ranked in descending order based on QAICc differences. Only the top six models are
shown.

Model QAICc DQAICc w K Qdev

Ø(t2-c/c�s�a�fs), p(c) 703.42 0.00 0.511 21 208.13
Ø(t2-c/c�s�a�fs), p(t) 703.54 0.12 0.482 25 199.51
Ø(s�a), p(t) 714.86 11.44 0.002 11 240.85
Ø(t2-c/c�s�a), p(c) 715.32 11.90 0.001 13 237.12
Ø(t2-c/c�s�a), p(t) 715.57 12.15 0.001 17 228.88
Ø(s�a), p(c) 717.62 14.20 0.000 7 251.90

Model parameters: t2-c/c � two time intervals (breeding season and non-breeding season), with constant survival in each; s � sex; a � age class
(juvenile, subadult, adult); fs � fragment size (large, small); c � constant recapture probability; t � time-dependent recapture probability.
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population performance. For example, lower population
densities in small fragments may reflect reduced availability
of resources. Drier conditions in edge habitat are likely to
reduce the richness and abundance of invertebrates (Burke
and Nol 1998) and mycorrhizal fungi (Peay et al. 2007),
both important food resources for R. fuscipes. If resources
are associated with vegetation cover, then small frag-
ments with low quality habitat may have a much lower
resource base. In small fragments with high quality habitat,
a greater diversity and abundance of resources appear to
partially offset the detrimental impacts of extrinsic forces to
which small fragments are subject (see also Dunstan and
Fox 1996).

Increased predation risk in edge environments also may
interact with vegetation structure to affect population
densities in small fragments. Cats Felis catus and red foxes
Vulpes vulpes are abundant in the study area. Where the risk

of predation from these introduced species is higher (e.g.
small fragments with high proportions of edge), R. fuscipes
may become more dependent on dense vegetation cover for
protection, as do other small mammals exposed to increased
predation risk (Dickman 1992, Wolf and Batzli 2004).
Reduced and patchy cover associated with low quality
habitat may effectively limit the area that can be occupied,
causing a reduction in population numbers.

Other studies have documented a positive density�area
relationship for R. fuscipes (Dunstan and Fox 1996, Cox
et al. 2003). However, density alone does not provide a full
measure of the population consequences of fragmentation
(Van Horne 1983). We measured a range of demographic
processes to construct a more complete picture of popula-
tion performance. With the exception of breeding males,
survival estimates were not lower in small fragments.
Therefore, lower densities in small fragments cannot be

Figure 8. (a�d) Survival rates (91 SE) for Rattus fuscipes of different age-classes in forest fragments. Open and closed symbols represent
survival during the breeding and non-breeding seasons, respectively. Estimates were obtained from the most parsimonious model
identified during model selection procedures.

Table 6. Summary of the effect of fragment size and habitat quality on population processes in Rattus fuscipes.

Parameter Findings Size effect Habitat effect

Density Higher densities in large fragments. Higher densities in
small fragments with high quality habitat.

Yes Partial

Sex ratio No differences between populations. No No
Age structure Adults predominate in large fragments. Subadults more

likely in fragments with high quality habitat.
Yes Partial

Body weight Adult females heavier in fragments with high quality habitat. No Partial
Potential immigrants Higher numbers of new animals on grids in large fragments. Yes No
Recruitment Higher recruitment rates in small fragments with high

quality habitat.
Partial Partial

Sex ratio of recruits No differences between populations. No No
Sex ratio of transients No differences between populations. No No
Age class of recruits Younger animals recruited in higher proportions in

small fragments.
Yes No

Age class of transients No differences between populations. No No
Reproductive patterns Asynchronous dynamics in small fragments. Yes No
Survival rates Seasonal differences for adult males. Partial No
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attributed to increased mortality or emigration. However,
small fragments received fewer potential immigrants (new,
unmarked animals) than did grids in large fragments. Thus,
unoccupied territories were more likely to remain vacant in
small fragments, potentially contributing to lower densities.
Trapping grids in large fragments presumably received
more potential immigrants since they were surrounded by
forest. Diminished movement of new animals into small
fragments is consistent with other studies of R. fuscipes that
have reported restricted dispersal in fragmented habitat
(Peakall et al. 2003, Peakall and Lindenmayer 2006).
However, fragmentation does not always create a barrier
to movement for this species (Macqueen et al. 2008); that
new animals were detected at all shows that R. fuscipes can
move between habitat fragments in our study area.

Recruitment rates on grids in large fragments were lower
than in small, high quality fragments, despite the former
receiving more potential immigrants. The arrival of new
animals on grids in large fragments probably represented
exploratory movements (rather than genuine dispersal)
by animals from surrounding forest, or alternatively may
indicate transitory residence. Successful immigration may
be density-dependent (Andreassen and Ims 2001, Krebs
2003), with higher densities in large fragments limiting the
ability of dispersers to establish territories (Wolff et al.
1997). In small fragments, recruitment rates were positively
associated with habitat quality; dispersers seem to actively
select the best quality fragments available. Such increased
recruitment would also contribute to higher densities in
small, high quality fragments compared with those of
low quality.

Competitively superior individuals generally occupy the
best available habitat (Rodenhouse et al. 1997). Adults
typically are dominant in small mammal populations
and can prevent recruitment and promote emigration of
younger individuals (Krebs 2003). The preponderance of
adult R. fuscipes in large fragments is consistent with such
fragments being of superior quality. Subadults were over
two times more likely to be found in small fragments.
Analyses of recruitment suggested the process behind this
pattern; young animals (including both natal young and
dispersers) were recruited in higher proportions than
adults in small fragments compared with grids in large
fragments. Young individuals appear to be competitively
disadvantaged in fragments with high density resident
populations. Similarly, young R. fuscipes have been reported
to occur in disproportionately high numbers in areas of
perceived low habitat quality (Downes et al. 1997, Spencer
et al. 2005).

Marked differences were observed between small and
large fragments in the timing of reproduction. In large frag-
ments, reproduction was largely confined to December�
March, and juveniles entered the trappable population
only in February. In small fragments, the timing of
reproduction was far less predictable: reproductive females
and new juveniles were detected between September and
March, with no consistent patterns across fragments.
Reproductive patterns typically reflect prevailing environ-
mental conditions. In stable environments, breeding is
predictable and synchronous across sites, whereas in
unpredictable environments reproduction will often be
asynchronous across sites (Adler 1994). Environmental

conditions and resource availability may be less predictable
in small fragments, and differ across fragments and bet-
ween years. Rattus fuscipes responds to this unpredictability
by reproducing whenever local conditions are suitable.
Contrasting and unpredictable conditions in small frag-
ments are probably caused by edge effects and other
extrinsic forces creating idiosyncratic environments. Large
fragments, on the other hand, have a greater proportion
of habitat buffered from the surrounding modified land-
scape and experience more stable conditions.

Survival of adult males in small fragments was low
during the breeding season. This may be attributable to
increased emigration at this time, rather than increased
mortality. Polygamous males range widely when reproduc-
tively active whereas females are philopatric (Robinson
1987). Breeding males are likely to permanently emigrate
from small fragments in search of mates. In large fragments,
permanent emigration may be reduced because individuals:
1) have access to more potential mates via higher densities,
and 2) have greater ability to move long distances without
leaving the fragment. Emigration of breeding males from
small fragments may be crucial for gene flow in our study
area given the restricted dispersal typical of R. fuscipes
populations (Peakall et al. 2003, Macqueen et al. 2008).

Adult females were heavier in high quality fragments,
likely reflecting increased quality and quantity of resources.
Experimental manipulations have shown body mass to be
positively related to food supply for R. fuscipes (Banks and
Dickman 2000) and other species (Boutin 1990). Greater
mass of adult females in high quality habitat may also reflect
social dominance relationships, in which subordinate
individuals (typically smaller or younger animals) are less
able to retain territories in favoured habitat. A stronger
association of females (relative to males) with high quality
habitat is consistent with their different reproductive
strategies. Males range widely during the breeding season,
whereas females are resident and depend on a high quality
territory in which to rear their young. Downes et al. (1997)
reported that female (but not male) R. fuscipes inhabiting
linear forest corridors had lower body mass than their
counterparts in large forest blocks.

We have shown that habitat fragmentation and mod-
ification are related to multiple aspects of the demography
of R. fuscipes. Our results provide empirical support for
theoretical predictions that: 1) population performance is
positively correlated with fragment size; and 2) population
performance is positively correlated with habitat quality
(at least in small fragments subject to greater extrinsic
forces). We suggest that certain life-history traits predispose
R. fuscipes to contend with the demographic challenges of
forest fragmentation. In particular, flexible reproductive
behaviour and an ability to disperse through the study area
are likely to be key mechanisms facilitating the persistence
of the species in small fragments, despite otherwise reduced
population performance.

Of central importance, however, is the relationship
between pattern and process. That population performance
was so strongly correlated with fragment size is surprising
because the pattern of occurrence of R. fuscipes among forest
fragments does not suggest strong area-sensitivity (Holland
and Bennett 2009). Despite being widespread, R. fuscipes
demography is profoundly affected by forest fragmentation.
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Thus, patterns of occurrence of species in fragmented
systems may have limited utility in assessing vulnerability
to fragmentation, and may in fact mask critical processes
occurring at the population level. Detailed population-
level studies therefore are required to determine the full
consequences of habitat fragmentation for fauna. In addi-
tion to identifying the processes responsible for the decline
of species known to be fragmentation-sensitive, such studies
also may provide new insights into species otherwise
perceived as resistant to fragmentation effects.
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