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Site vegetation characteristics are more important
than landscape context in determining bird
assemblages in revegetation
Susan F. Gould1,2, Brendan G. Mackey1

The effectiveness of revegetation in providing habitat for fauna is expected to be determined both by within-site factors and
attributes of the landscape in which a revegetation site occurs. Most studies of fauna in revegetation have been conducted
in landscapes that have been extensively cleared, modified or fragmented, and in Australia, predominantly in the southern
temperate zone. We investigated how within-site vegetation attributes and landscape context attributes were related to bird
species richness and composition in a chronosequence of post-mining rehabilitation sites within an otherwise intact landscape
in tropical northern Australia. Our working hypothesis was that bird species richness in rehabilitating sites would be positively
related to site vegetation structure and landscape context including (1) proximity to woodland and (2) the proportion of
woodland within a 500-m buffer of rehabilitation sites. Within each of 67 sites, we sampled vegetation once and surveyed
for birds eight times over 16 months. Landscape context variables were calculated using GIS. There were large differences
between bird assemblages of woodland and rehabilitation sites and between age classes of rehabilitation. Bird assemblages
were strongly related to site vegetation attributes across all rehabilitation sites. Proximity to woodland was only related to bird
assemblages in rehabilitation sites older than 4 years old. We conclude that the relative importance of landscape context and
site variables at any point in time will be a function of how closely vegetation within the revegetation site matches the habitat
resource requirements of individual species.
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Implications for Practice

• Revegetation goals should nominate which species reveg-
etation is intended to provide habitat for, and the time-
frames by which those goals will be reached.

• Revegetation planning should be informed by an under-
standing of the ecology of target species.

• Species richness alone is of limited value as an indicator
of rehabilitation success if the aim is to restore the prior
ecological assemblage.

• Spatial metrics without reference to fauna species or veg-
etation type are not a meaningful measure of landscape
context.

• Rehabilitation age is not a meaningful proxy of the avail-
ability of specific vegetation-based habitat resources or
its suitability for species dependent on mature native
vegetation.

Introduction

Rapidly declining global biodiversity combined with the enor-
mous scale of the revegetation challenge is driving interest in
strategic approaches to revegetation that will be effective at
the landscape scale. The effectiveness of revegetation in pro-
viding habitat for fauna is expected to be determined both by

within-site factors and attributes of the landscape in which a
revegetation site occurs (Holl & Aide 2011; Tambosi et al.
2014). Birds are useful indicators of the habitat value of reveg-
etation as they are easily detected and sufficiently abundant to
provide quantitative data. Although many bird species are gener-
alists, the fact that birds make extensive use of vegetation-based
habitat resources for food, shelter, and breeding, and are diver-
sified over several trophic levels makes them potentially sen-
sitive indicators of habitat change (Da Silva & Vickery 2002).
Their high mobility also makes it likely that birds are useful
indicators of landscape scale constraints on the habitat value of
revegetation.

Multiple within-site factors affect bird presence including
predation and interspecific interactions, but vegetation type is
the predominant factor (Major et al. 2001) with many bird
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species exhibiting strong habitat preferences (Kikkawa 1968;
Woinarski et al. 1988). The importance of vegetation type is
underscored by chronosequence studies that have documented
changes in bird species composition with vegetation change
(Armstrong & Nichols 2000; Nichols & Grant 2007; Brady &
Noske 2010; Gould 2011; Munro et al. 2011) and studies that
show how revegetation type influences the composition of bird
assemblages (Lindenmayer et al. 2012).

The potential effect of landscape scale constraints on faunal
use of revegetation is informed by studies of habitat loss and
fragmentation. For example, bird assemblages within patches
of remnant native vegetation have been shown to be related to
remnant size and isolation (Mac Donald & Kirkpatrick 2003).
Landscape context variables, including isolation age (Linden-
mayer et al. 2002) and type of vegetation cover in the vicinity
of revegetation (Cunningham et al. 2007; Lindenmayer et al.
2010), have also been shown to affect bird assemblages. The
amount and configuration of remnant vegetation in the land-
scape has been shown to constrain a site’s habitat potential by
reducing the size of potential source populations and/or the
ability of individuals to reach a site (Martensen et al. 2012).
Patch size and connectivity have also been shown to affect bird
use of revegetation sites (Munro et al. 2007; Fink et al. 2009;
Lindenmayer et al. 2010; Morrison et al. 2010). The widely
varying results of landscape scale studies of faunal use of reveg-
etation suggest that any specific outcome depends on multiple
factors including characteristics of the species, vegetation, and
landscape. Within Australia, most studies of faunal use of reveg-
etation have been conducted in temperate southern Australia
where native vegetation has been extensively cleared, modified,
and fragmented.

We investigated how within-site vegetation attributes and
landscape context attributes were related to bird species rich-
ness and composition in post-mining rehabilitation. This study
was conducted in a tropical landscape that remains essentially
intact (Woinarski et al. 2007). This is in contrast to southern
Australia, where more than 80% of temperate and sub-tropical
woodlands have been removed. This paper is an extension of
previously published results from the same study relating to
vegetation (Gould 2012) and bird assemblages (Gould 2011).
Here we explore the relative importance of within-site and land-
scape context attributes for bird assemblages in rehabilitation.
Our working hypothesis was that bird species richness in reha-
bilitation sites would be positively related to proximity to wood-
land, that is the unmodified native vegetation of the study area
(hereafter woodland), and to the area of woodland surrounding
rehabilitation sites.

Methods

Study Area

Strip mining for bauxite has occurred continuously on the
Weipa bauxite plateau on the northwest coast of Cape York
Peninsula, Queensland, Australia, since the early 1960s (Fig. 1).
Since 1981, the goal of post-mining rehabilitation has been to

establish “self-sustaining, maintenance free vegetation compris-
ing a variety of native plants which in turn support native fauna”
(Reeders 1985). The pre-mining native vegetation is primar-
ily a tall woodland (i.e. foliage cover 10–30% and vegetation
height >30 m), dominated by Darwin stringybark (Eucalyptus
tetrodonta). Mining and subsequent rehabilitation has resulted
in a mosaic of rehabilitation of different ages, combined with
small remnants of woodland, within a landscape of intact trop-
ical woodland. At the commencement of this study in 2006,
12,650 ha of woodland had been cleared for mining, of which
7,500 ha had been rehabilitated. As mining and rehabilitation
occur progressively, rehabilitation areas represent a vegetation
chronosequence. In 2006, when this study began, rehabilitation
sites with similar treatments were available, aged from 1 to 23
years old.

Study Design

Bird assemblages and vegetation were surveyed in 67 sites,
of which 36 were woodland and 31 were a chronosequence
of rehabilitation sites. Woodland sites were made up of three
land units including (1) the tall woodland dominated by
Darwin stringybark that represents pre-mining vegetation (28
sites) and (2) two woodland land units whose vegetation com-
position and structure differ from the pre-mining tall woodland
(four sites of each land unit) and that are considered potential
analogues for the post-mining landscape (Reddell & Hopkins
1994). The two potential analog land units were included
because the mining process permanently alters soil depth and
hydrological characteristics, and restoration of pre-mining
vegetation sensu stricto is not considered feasible. A large
number of reference sites were included as there is considerable
spatial variation in the pre-mining vegetation, and no baseline
studies of the pre-mining vegetation or bird assemblages were
available. Majer and Nichols (1998) found that no two control
sites produced the same species list and highlighted the need for
adequate spatial replication of reference sites when comparing
post-mining rehabilitation sites with unmined sites.

All rehabilitation sites had received similar treatments with
respect to soil treatment, the composition of the seed mix, and
fertilizer applications. Replicates of rehabilitation sites were
selected to approximate a growth curve over time. The require-
ment that rehabilitation treatments be similar constrained the
number of available replicates of older rehabilitation sites.
Consequently, there were six 1- to 2-year-old sites; six 3- to
4-year-old sites; six 5- to 8-year-old sites; eight 9- to 16-year-old
sites; and five 17- to 23-year-old sites.

Independence in site selection was achieved through a pri-
ori stratification of woodland by land units and of rehabilitation
by age class. Independence in site selection was also achieved
by selecting sites unseen, following a rule set within GIS. The
rule set for site selection included patch size and shape, distance
between patches and interspersion of patches of different land
units and age classes. All study sites were 2 ha (100 m× 200 m)
and aligned north to south along the long axis. Each rehabilita-
tion study site was located entirely within a specified age class.
This required that the rehabilitation block size was at least 6 ha
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Figure 1. Study location on the northwest coast of Queensland, Australia.

and shaped and aligned to allow placement of study sites sur-
rounded by a buffer at least 50 m wide all around. Rehabilitation
sites were at least 500 m apart with the exception of two sites
that were only 200 m apart but of different age classes. Rehabil-
itation sites of similar age were selected from different parts of
the mine wherever possible.

Collection of Bird Data

The 2-ha 20-minute area search method (Barrett et al. 2003)
was used to survey birds. During each survey, all birds seen
or heard were identified and counted. Birds flying over or
through a site were not included, but birds using the site air
space, such as raptors or aerial insectivores flying low over
the canopy that appeared to be searching for prey within the
site, were included. Potential error in bird data was reduced by
adopting the following protocols: (1) each site was surveyed
eight times over 16 months (September 2006 to December 2007)
with a total survey time of 160 minutes at each site; (2) all
surveys were conducted between 6.30 and 10.00 am; (3) no
surveys were conducted when it was raining or very windy;
(4) all sites were surveyed twice in each of four “seasons”

(early dry season, late dry season, early wet season, and late
wet season); (5) each round of surveys was conducted under
the same seasonal conditions by surveying all sites within the
shortest time possible, usually 16–17 consecutive days, given
the constraints of time of day and weather conditions; (6) the
order of site visits changed with each round of surveys; (7) sites
were searched actively rather than doing point counts; and (8)
one observer (SG) conducted all surveys. Additional bird results
from this study are available in Gould (2011).

Collection of Vegetation Data

Vegetation was sampled at all sites during May to June 2007. At
each site, vegetation was sampled at 16 points systematically
located in a grid pattern to maximize the number of sampling
points and the sampling radius. A search radius was imposed
to prevent double counting. We used the point-centered-quarter
(PCQ) method that is a statistically robust density estimator
(Krebs 1997). Using the PCQ method, the area around each
sampling point was divided into four 90∘ quadrants. Within each
quadrant, the closest individual plant within a 16.5 m radius was
identified for five a priori vegetation layers:
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1. Perennial grass;
2. Low shrub: woody plant, single-stemmed and dbh less than

1 cm, or multi-stemmed and less than 2 m tall;
3. Tall shrub: woody plant, single-stemmed and dbh greater than

1 and less than 10 cm, or multi-stemmed and greater than 2 m
tall;

4. Small tree: woody plant, single-stemmed to a height of 50 cm,
and at least one stem dbh greater than 10 and less than 35 cm;
and

5. Big tree: woody stem dbh greater than 35 cm.

For each target plant, the following data were recorded:
species identity; distance from the center; heights to the base
and top of the canopy; and two canopy dimensions, that is
lengths of (1) the longest axis and (2) the axis orthogonal to
the longest axis. Stem diameter was recorded only for stems
with a dbh greater than 10 cm. For multi-stemmed plants with at
least one stem greater than 10 cm dbh, all stem diameters were
recorded. Finally, we estimated the canopy density within the
ellipse defined by the two canopy dimensions. For perennial
grasses, diameter at the base, height, two canopy dimensions,
and canopy density were recorded. If there was no plant of the
target size class inside the search radius within a quadrant, a
blank was recorded. A correction factor was applied to adjust
for vacant quadrants when calculating stem densities (Warde &
Petranka 1981; Mitchell 2007). Data from all 16 sampling points
were combined to generate site values. Detailed results of the
vegetation survey are available in Gould (2012).

Calculation of Landscape Context Variables

Five landscape context variables were calculated for each site
using ArcGIS9 (ESRI). The landscape context variables were:
(1) the amount of woodland outside the site but within 500 m
of the site boundaries; (2) the shortest distance from the site
boundary to woodland; (3) the shortest distance from the site
boundary to the coast; (4) the shortest distance from the site
boundary to the edge of the bauxite plateau; (5) the shortest
distance from the site boundary to mesic vegetation. Data for the
landscape context variables are summarized in Table 1. Birds are
highly mobile and movements of a few hundred meters should
be within the range of daily movements for most bird species.
A review of fauna studies in fragmented Australian landscapes
estimated that the mean gap-crossing threshold is 106 m and
that the upper threshold for gap-crossing is 1,100 m (Doerr et al.
2010).

Data Analysis

Data from all site visits were combined to generate site bird val-
ues. Species richness was a simple count of all species recorded
in a site over all eight surveys. Species detection rate was
calculated for a site as the number of times the species was
recorded in the site out of eight surveys. We conducted one-way
analysis using ANOSIM and the Bray-Curtis index to test for
similarity in bird assemblages between (1) all sites (i.e. rem-
nant native woodland cf. rehabilitation sites), and (2) between

Table 1. Summary of landscape context variables for rehabilitation sites.

Maximum Minimum Mean

Amount of woodland (ha) 47 (42%) 0 20 (18%)
Distance to woodland (m) 1,460 80 397
Distance to coast (km) 24.5 3.9 16.7
Distance to edge of the

bauxite plateau (m)
2,550 120 1,239

Distance to mesic
vegetation (m)

1,800 80 731

Values in parentheses show percentages. The maximum possible value for the amount
of remnant native woodland outside the site but within 500 m of the site boundaries
was 110 ha.

rehabilitation sites of different age classes. After removing
highly correlated environmental variables, the BEST procedure
was used to model the relationship between site bird detec-
tion rates and potentially explanatory site variables. This pro-
cedure searches for high-rank correlations between a species
assemblage resemblance matrix and an environmental variables
resemblance matrix ANOSIM and BEST were conducted using
Primer-E with PERMANOVA+ (Clarke & Gorley 2006). We
selected the following parameters for the BEST procedure:
Spearman rank correlation, the Gower metric was used to cre-
ate a resemblance matrix for the environmental variables; the
maximum number of variables was set at 5, and 999 permuta-
tions were run. Simple linear regression was conducted in R (R
Core Team 2013). The significance level used in all statistical
analyses was 5%.

Results

Over all surveys, 97 bird species were recorded, of which 18
(19%) were recorded only in rehabilitation sites, 24 (25%) were
recorded only in woodland, and 55 (56%) occurred in both. Bird
species richness increased with rehabilitation age and in the two
oldest age classes of rehabilitation was similar to woodland sites
(Fig. 2). Rehabilitation age was strongly correlated with vege-
tation height (r = 0.92, p< 0.0001). In spite of the increases in
bird species richness, there were large differences between the
composition of bird assemblages of rehabilitation and wood-
land sites (global R= 0.69, p< 0.0001). Bird assemblages in
rehabilitation became more similar to those of woodland with
increasing age. This is reflected in the declining R-values with
decreasing age gap in the pairwise comparisons of differences
in bird assemblages (Table 2). However, large and significant
differences remained even between the oldest age class of reha-
bilitation and woodland.

Bird assemblages were dominated by insectivore–
nectarivores across all woodland and rehabilitation sites.
Site vegetation attributes were overwhelmingly important in
explaining bird assemblages in rehabilitation sites (Table 3).
The role of vegetation was reflected in the temporal patterns in
foraging group abundance (Fig. 3). For example, grass foraging
insectivores were most abundant in the youngest age class of
rehabilitation, whereas trunk-gleaning insectivores, species that
probe the bark of mature trees for insects, were entirely absent
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Figure 2. Mean bird species richness by land unit and rehabilitation age
class. The box and whisker plot shows the median, interquartile range, and
maximum and minimum values for each age class/land unit.

from rehabilitation. Bird assemblages in young rehabilitation
sites were characterized by foraging groups that use open
ground, grass, or low shrubs. The number and abundance of
foraging groups increased with rehabilitation age and vegeta-
tion structure. Foraging groups that use resources of mature
vegetation were more abundant in woodland sites.

Only one species, Striated Pardalote (Pardalotus striatus),
occurred across all age classes of rehabilitation and woodland
(Table 4). All rehabilitation sites included species that were
not recorded in woodland. Apart from the Brown Honeyeater
(Lichmera indistincta) that was present in all rehabilitation
age classes, there was turnover of bird species with increasing
vegetation height. Comparison of bird species’ detection rates
by rehabilitation age revealed four patterns: (1) turnover of bird
species not sourced from woodland in rehabilitation sites up to
16 years old; (2) accumulation of non-woodland bird species
with increasing rehabilitation age; (3) increasing detection rates
of woodland bird species with increasing rehabilitation age; and
(4) many woodland bird species were absent from or had very
low detection rates in rehabilitation of all ages.

Table 3. Results of BEST procedure relating site bird assemblages and site
environmental variables.

Number of
Variables r Variables Included

1 0.67 (p= 0.001) Vegetation height
2 0.536 Vegetation height, canopy volume of

low shrubs
2 0.528 Distance to woodland, vegetation

height
2 0.527 Vegetation height, canopy volume of

perennial grass
2 0.526 Vegetation height, canopy volume of

tall shrubs
3 0.501 Vegetation height, canopy volume of

tall shrubs, canopy volume of
perennial grass

2 0.500 Amount of woodland, vegetation
height

2 0.492 Vegetation height, number of stems
of tall shrubs

2 0.485 Vegetation height, number of stems
of low shrubs

3 0.483 Vegetation height, number of stems
of tall shrubs, canopy volume of
perennial grass

After removing highly correlated variables, five landscape context variables and eight
vegetation structure variables were included in the analysis. The variables ranked by
their individual correlation values were as follows: (1) vegetation height (r = 0.67);
(2) the number of stems of small trees (r = 0.199); (3) the number of stems of tall
shrubs (r = 0.139); (4) distance to the coast (r = 0.116); (5) the canopy volume of
tall shrubs (r = 0.104); (6) the canopy volume of perennial grasses; (7) the canopy
volume of small trees (r = 0.089); (8) the amount of woodland (r = 0.078); (9) distance
to mesic vegetation (r = 0.051), (10) the canopy volume of low shrubs (r = 0.046); (11)
the number of stems of low shrubs (r = 0.032); (12) distance to woodland (r = 0.01);
and (13) distance to the edge of the bauxite plateau (r =−0.058).

When rehabilitation sites of all ages were included in the
analysis, vegetation height accounted for a large and significant
component of bird species richness. None of the landscape con-
text variables accounted for any variation (Table 5). It is difficult
to identify the independent effect of vegetation height, how-
ever, as it was highly correlated with other vegetation structure
attributes including total canopy volume (r = 0.85, p< 0.0001)
and total basal area (r = 0.89, p< 0.0001) (see Table S1, Sup-
porting Information). Vegetation height therefore appears to
integrate multiple attributes of vegetation structure and was a
good proxy for overall vegetation development. In rehabilitation

Table 2. Results of pairwise comparison of bird species composition by age class and land unit.

Age Class of Mine Rehabilitation (yr) Native Woodland

1–2 3–4 5–8 9–16 17–23 LU 2B LU 2C

3–4 yr 39 (p= 0.00)
5–8 yr 55 (p= 0.00) 4, ns
9–16 yr 86 (p= 0.00) 62 (p= 0.00) 19 (p= 0.04)
17–23 yr 89 (p= 0.00) 55 (p= 0.01) 27 (p= 0.02) 23 (p= 0.05)
LU 2B 99 (p= 0.00) 99 (p= 0.00) 94 (p= 0.00) 90 (p= 0.00) 85 (p= 0.00)
LU 2C 93 (p= 0.00) 88 (p= 0.00) 54 (p= 0.01) 78 (p= 0.00) 85 (p= 0.01) −22, ns
LU 5K 96 (p= 0.00) 91 (p= 0.00) 58 (p= 0.01) 92 (p= 0.00) 71 (p= 0.01) 14, ns 8, ns
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Figure 3. Mean foraging group abundance by rehabilitation age class. All graphs on the left-hand side are of the same vertical scale and all graphs on the
right-hand side are the same. The vertical scale of the graphs on the right-hand side has been increased to make the bars visible. Four foraging groups with
low overall abundance (carnivores, ground foragers, aerial insectivores, and omnivores) have not been included. Error bars show the standard error (SE).

sites older than 4 years old; however, distance from woodland
had the largest effect on bird species richness (Table 5). Within
this subset of older rehabilitation sites, effect sizes were smaller
due to less variation between sites in bird species richness and
in vegetation. The largest F-value was 7.0 compared with 75.5
when all sites were included in the analysis and there were larger
differences between sites.

Discussion

The effect of landscape context on bird species richness
in post-mining rehabilitation at Weipa was contingent on
within-site characteristics. The increase in bird species richness
that occurred was overwhelmingly explained by within-site
vegetation. Likewise, the composition of bird assemblages was
largely explained by within-site vegetation. Turnover in bird
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Table 4. Species detection rates by age class of vegetation.

Revegetation (yr)

Temporal Pattern Common Name 1–2 3–4 5–8 9–16 17–23 Woodland

Turnover of species not sourced from woodland Australasian pipit 0.21
Australian brush turkey 0.1
Torresian crow 0.15
White-streaked honeyeater 0.23 0.16
Golden-headed cisticola 0.42 0.23 0.19 0.23

Accumulation of species not characteristic of woodland Olive-backed sunbird 0.23 0.85 0.77 0.94 0.8
Brown honeyeater 0.33 0.71 0.77 0.66 0.43
Graceful honeyeater 0.21 0.33 0.48
Drongo 0.13 0.23
Dusky honeyeater 0.19 0.45
Yellow-spotted honeyeater 0.45 0.65
Brown-backed honeyeater 0.1
Rainbow bee-eater 0.18
Weebill 0.2
Striated pardalote 0.27 0.29 0.21 0.47 0.43 0.31

Accumulation of characteristic woodland species Peaceful dove 0.29 0.21 0.45 0.35 0.16
Pale-headed rosella 0.13 0.18 0.12
Bar-shouldered dove 0.42 0.44 0.59 0.3 0.17
Red-winged parrot 0.15 0.2 0.2 0.23
Banded honeyeater 0.1 0.22
Red-backed fairy-wren 0.28 0.19
Sulfur-crested cockatoo 0.25 0.18
Noisy friarbird 0.15 0.1 0.55
Yellow honeyeater 0.1 0.25 0.39 0.75 0.61
Leaden flycatcher 0.17 0.22 0.33 0.65
White-bellied cuckoo-shrike 0.15 0.29 0.22 0.53 0.71
Mistletoebird 0.21 0.15 0.2 0.28 0.67
Lemon-bellied flycatcher 0.14 0.1 0.76
Rainbow lorikeet 0.2 0.4 0.77
Little friarbird 0.13 0.23 0.45 0.92
White-throated honeyeater 0.33 0.63 0.98 1.00

Species exclusive to woodland Cicadabird 0.16
Varied sittella 0.16
Brown treecreeper 0.18
Laughing kookaburra 0.32
Forest kingfisher 0.38
Gray shrike-thrush 0.41
Black-backed butcherbird 0.61
Rufous whistler 0.69

Only detection rates ≥0.10 are shown.

assemblages was most evident in changing foraging group
structure. These findings are consistent with the findings of
age-specific bird assemblages in (1) forest succession (Fisher
2001; Venier & Pearce 2005; Serong & Lill 2012); (2) habitat
reconstruction following agriculture (Martin et al. 2004); and
(3) habitat restoration following mining (Nichols & Nichols
2003; Nichols & Grant 2007). The vegetation stage at which
a bird species enters the succession is usually related to the
development of key vegetation-based habitat resources such as
food plants, tree hollows, canopy gaps, and leaf litter (Loyn
1985; Smith 1985).

At Weipa, one entire foraging group, trunk-gleaning insec-
tivores, was absent from post-mining rehabilitation. This spe-
cialist foraging group requires habitat resources associated with
mature vegetation and has been found to occur only in mature
or remnant Eucalyptus formations (Fisher 2001; Martin et al.
2004). In Australia, a number of trunk-gleaning insectivores are
of conservation concern. Brady and Noske (2010) also found
that significant differences remain between bird assemblages
in old post-mining rehabilitation sites and remnant vegetation,
even when species richness increases and turnover in species
composition occurs. If revegetation is unable to provide habi-
tat resources for species that are of conservation concern within
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Table 5. Results of linear regression of bird species richness against site vegetation and landscape context variables.

All Rehabilitation Sites (n= 31) Rehabilitation Sites Older Than 4 (n= 19)

Variable F-statistic p-Value df F-statistic p-Value df

Mean vegetation height 75.5 <0.0001 29 5.0 0.04 17
No. of stems of low shrubs 11.0 0.002 29 1.9 0.2 17
No. of stems of small trees 5.0 0.03 21 2.2 0.2 17
No. of stems of tall shrubs 4.4 0.04 27 3.5 0.07 17
Canopy volume of small trees 2.6 0.11 21 1.0 0.3 17
Canopy volume of perennial grasses 2.1 0.2 29 3.0 0.1 17
Distance to mesic vegetation 1.4 0.2 29 1.3 0.2 17
Canopy volume of tall shrubs 1.1 0.3 27 1.0 0.3 17
Distance to woodland 0.9 0.3 29 7.0 0.02 17
Distance to coast 0.3 0.5 29 0.02 0.8 17
Amount of woodland in 500 m site buffer 0.2 0.6 23 1.8 0.2 14
Distance to edge of bauxite plateau 0.2 0.7 29 4.0 0.06 17
Canopy volume of low shrubs 0.2 0.6 29 0.9 0.3 17

management timeframes, conserving mature vegetation remains
the most important strategy for conserving species that are
dependent on mature vegetation.

Our assumption that woodland would be the source habitat of
species entering the revegetation was too simplistic. Woodland
was clearly not the source habitat for the 19% of bird species
that occurred exclusively in rehabilitation sites. Changing bird
detection rates, and the finding that distance from woodland
explained most of the variation in bird species richness in older
revegetation sites, demonstrates three important points. First,
the effect of landscape context differs between bird species.
Second, more than one vegetation type was acting as a source
of the bird species that entered rehabilitation. Third, the relative
contribution of the multiple source habitats to bird assem-
blages in revegetation changed over time. Woodland eventually
became a source of bird species for rehabilitation sites, but we
assume only when the developing vegetation provided suitable
vegetation-based habitat resources. The increasing detection
rates of woodland bird species in older revegetation also
suggest that the way in which woodland birds were utilizing
revegetation changed over time.

We conclude that the relative importance of within-site veg-
etation attributes and landscape context attributes will change
throughout the vegetation succession. Furthermore, the relative
importance of within-site and landscape context attributes will
depend on the extent to which vegetation in rehabilitation sites
matches both potential source habitats in the surrounding land-
scape and individual species requirements. This interpretation is
supported by two Australian studies which have found that the
importance of within-site and landscape context variables dif-
fers between bird species (Selwood et al. 2009; Lindenmayer
et al. 2010). Gould (2011) also showed that birds responded
individualistically to vegetation in post-mining rehabilitation
sites.

If revegetation is intended to provide habitat for a particular
species, or a group of species with similar habitat requirements,
multiple species-specific site and landscape requirements as

outlined in Figure 4 should be considered from the outset of
revegetation. At the landscape scale, for example, continuous
vegetation cover does not necessarily mean that the landscape
is equally permeable to all species (Hobbs 2002; Soule et al.
2004; Fischer & Lindenmayer 2007). In addition to landscape
permeability, the arrival of a bird species within a revegetation
site will be a function of the species dispersal abilities, their
reproductive potential and their habitat specificity (Diamond
1975), size of the revegetation site (Fink et al. 2009), and how
far the site is from a source population (Wiens 1989a; Scott et al.
2001; Miller & Hobbs 2007). The size of the source population
also affects the rate at which individuals will disperse (Wiens
1989b). Arrival, however, is only the first step and revegetation
may even act as a sink for dispersing individuals if it does
not provide sufficient resources (Keagy et al. 2005). Another
set of species-specific factors influences the likelihood that
having arrived, species will also be able to establish populations
including area, the availability of specific habitat resources
(Vesk & Mac Nally 2006), the reliability of resources through
time, the presence of prior species, the presence of predators,
and population viability (George & Zack 2001; Smallwood
2001). The extent to which these factors operate will vary
between species.

We conclude from this study that caution must be applied
when interpreting species richness as a measure of habitat
value. In this study, bird species richness provided little insight
into the habitat value of post-mining rehabilitation for wood-
land birds whose habitat has been destroyed by mining. A
review of fauna in post-mining rehabilitation in Australia found
that exotic species often colonized rehabilitation sites prior to
native species (Cristescu et al. 2012). In addition, species rich-
ness in post-mining rehabilitation at Weipa was not informative
about the amount of time that birds were spending in reveg-
etation. We suggest that species richness alone is a mislead-
ing measure of habitat value and rehabilitation success if the
goal is to restore the characteristic biodiversity of a particular
ecosystem.

8 Restoration Ecology



Bird assemblages in post-mining rehabilitation

species-specific permeability 
of landscape between 

source populations and “patch”

position of patch relative to 
species distribution

Landscape

LIKELIHOOD OF 
THE SPECIES ARRIVING

LIKELIHOOD 
OF THE SPECIES 

BECOMING RESIDENT

LIKELIHOOD 
OF THE SPECIES 

BREEDING SUCCESSFULLY

area and shape
vegetation composition and structure

distance from source population
availability of habitat resources

Patch Species
size of source population

proximity of source population
intensity of intraspecific competition

dispersal ability

disturbance regime
availability of specific habitat resources

presence of interacting species

Patch Species
longevity

regional metapopulation effects
breeding density

fecundity

presence of prior occupants
presence of interacting species

disturbance

Patch Species
habitat requirements 

through life cycle

Figure 4. Multiple species-specific factors affecting species’ use of revegetation.

Acknowledgments

Approval to conduct bird surveys was granted by the ANU
Animal Experimentation Ethics Committee, Protocol number
S.R.E.06.06. Approval to conduct this study was granted by

Sinead Kaufman (RTA Weipa). This research was financially
supported by an ANU Graduate School Scholarship and CSIRO
Tropical Forest Research Centre. Rio Tinto Alcan Weipa pro-
vided financial and in-kind support. Thanks to M. Barnett,
J. Doherty, S. Eldridge, A. Elgar, N. Gay, C. Masters, M. Nash,

Restoration Ecology 9



Bird assemblages in post-mining rehabilitation

F. New, O. Pittman, R. Thorn, and D. Wingrove for their val-
ued assistance with vegetation sampling. Thanks to the three
anonymous reviewers, whose comments significantly improved
the manuscript.

LITERATURE CITED
Armstrong KN, Nichols OG (2000) Long term trends in avifaunal recolonisa-

tion of rehabilitated bauxite mines in the Jarrah forest of south-western
Australia. Forest Ecology and Management 126:213–225

Barrett G, Silcocks A, Barry S, Cunningham R, Poulter R (2003) The new atlas
of Australian birds. Royal Australian Ornithologists Union, Melbourne,
Australia

Brady CJ, Noske RA (2010) Succession in bird and plant communities over a
24-year chronosequence of mine rehabilitation in the Australian monsoon
tropics. Restoration Ecology 18:855–864

Clarke KR, Gorley RN (2006) PRIMER v6. PRIMER-E Ltd, Plymouth, United
Kingdom

Cristescu RH, Frère C, Banks PB (2012) A review of fauna in mine rehabilitation
in Australia: current state and future directions. Biological Conservation
149:60–72

Cunningham RB, Lindenmayer DB, Crane M, Michael D, Macgregor C (2007)
Reptile and arboreal marsupial response to replanted vegetation in agricul-
tural landscapes. Ecological Applications 17:609–619

Da Silva JMC, Vickery PD (2002) Birds. Pages 376–388. In: Perrow MR, Davy
AJ (eds) Handbook of ecological restoration. Cambridge University Press,
Cambridge, United Kingdom

Diamond JM (1975) Assembly of species communities. Pages 342–444. In:
Cody ML, Diamond JM (eds) Ecology and evolution of communities. The
Belknap Press, Harvard University, Cambridge, Massachusetts

Doerr VaJ, Doerr ED, Davies MJ (2010) Does structural connectivity facilitate
dispersal of native species in Australia’s fragmented terrestrial landscapes?
Collaboration for Environmental Evidence, Canberra, Australia

Fink RD, Lindell CA, Morrison EB, Zahawi RA, Holl KD (2009) Patch size
and tree species influence the number and duration of bird visits in forest
restoration plots in southern Costa Rica. Restoration Ecology 17:479–486

Fischer J, Lindenmayer DB (2007) Landscape modification and habitat fragmen-
tation: a synthesis. Global Ecology and Biogeography 16:265–280

Fisher AM (2001) Avifauna changes along a Eucalyptus regeneration gradient.
Emu 101:25–31

George TL, Zack S (2001) Spatial and temporal considerations in restoring
habitat for wildlife. Restoration Ecology 9:272–279

Gould SF (2011) Does post-mining rehabilitation restore habitat equivalent to
that removed by mining? A case study from the monsoonal tropics of
northern Australia. Wildlife Research 38:482

Gould SF (2012) Comparison of post-mining rehabilitation with reference
ecosystems in monsoonal eucalypt woodlands, northern Australia.
Restoration Ecology 20:250–259

Hobbs RJ (2002) The ecological context: a landscape perspective. Pages 24–45.
In: Perrow MR, Davy AJ (eds) Handbook of ecological restoration: princi-
ples of restoration. Cambridge University Press, Cambridge, United King-
dom

Holl KD, Aide TM (2011) When and where to actively restore ecosystems?
Forest Ecology and Management 261:1558–1563

Keagy JC, Schreiber SJ, Cristol DA (2005) Replacing sources with sinks: when
do populations go down the drain? Restoration Ecology 13:529–535

Kikkawa J (1968) Ecological association of bird species and habitats in eastern
Australia; similarity analysis. The Journal of Animal Ecology 37:143–165

Krebs CJ (1997) Ecological methodology. 2nd ed. Addison Wesley Longman
Inc., Menlo Park, California

Lindenmayer DB, Cunningham RB, Donnelly CF, Nix H, Lindenmayer BD
(2002) Effects of forest fragmentation on bird assemblages in a novel
landscape context. Ecological Monographs 72:1–18

Lindenmayer DB, Knight EJ, Crane MJ, Montague-Drake R, Michael DR,
Macgregor CI (2010) What makes an effective restoration planting for
woodland birds. Biological Conservation 143:289–301

Lindenmayer DB, Northrop-Mackie AR, Montague-Drake R, Crane M, Michael
D, Okada S, Gibbons P (2012) Not all kinds of revegetation are cre-
ated equal: revegetation type influences bird assemblages in threatened
Australian woodland ecosystems. PLoS One 7:e34527

Loyn RH (1985) Bird populations in successional forests of mountain ash
Eucalyptus regnans in central Victoria. Emu 85:213–231

Mac Donald MA, Kirkpatrick JB (2003) Explaining bird species composition and
richness in eucalypt-dominated remnants in subhumid Tasmania. Journal
of Biogeography 30:1415–1426

Majer JD, Nichols OG (1998) Long term recolonization patterns of ants in West-
ern Australian rehabilitated bauxite mines with reference to their use as
indicators of restoration success. Journal of Applied Ecology 35:161–182

Major RE, Christie FJ, Gowing G (2001) Influence of remnant and landscape
attributes on Australian woodland bird communities. Biological Conserva-
tion 102:47–66

Martensen AC, Ribeiro MC, Banks-Leite C, Prado PI, Metzger JP (2012) Asso-
ciations of forest cover, fragment area, and connectivity with neotropical
understory bird species richness and abundance. Conservation Biology
26:1100–1111

Martin WK, Eyears-Chaddock M, Wilson BR, Lemon J (2004) The value of
habitat reconstruction to birds at Gunnedah, New South Wales. Emu
104:177–189

Miller JR, Hobbs RJ (2007) Habitat restoration—do we know what we’re doing?
Restoration Ecology 15:382–390

Mitchell K (2007) Quantitative analysis by the point-centred quarter method. Ver-
sion 2.15. http://people.hws.edu/mitchell/PCQM.pdf (accessed 22 April
2015)

Morrison EB, Lindell CA, Holl KD, Zahawi RA (2010) Patch size effects
on avian foraging behaviour: implications for tropical forest restoration
design. Journal of Applied Ecology 47:130–138

Munro NT, Fischer J, Barrett G, Wood J, Leavesley A, Lindenmayer DB (2011)
Bird’s response to revegetation of different structure and floristics- are
“restoration plantings” restoring bird communities? Restoration Ecology
19:223–235

Munro NT, Lindenmayer DB, Fisher J (2007) Faunal response to revegetation
in agricultural areas of Australia: a review. Ecological Management and
Restoration 8:199–207

Nichols OG, Grant CD (2007) Vertebrate fauna recolonization of restored bauxite
mines—key findings from almost 30 years of monitoring and research.
Restoration Ecology 15:S116–S126

Nichols OG, Nichols FM (2003) Long term trends in faunal recolonization after
bauxite mining in the Jarrah forest of southwestern Australia. Restoration
Ecology 11:261–272

R Core Team (2013) R: a language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria

R Development Core Team (2008) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN
3-900051-07-0, URL http://www.R-project.org

Reddell P, Hopkins M (1994) Ecological assessment and monitoring of rehabili-
tation at Weipa. Project 1: review of existing research and the development
of criteria for classifying and assessing rehabilitation. Consultancy report.
Commonwealth Scientific and Industrial Research Organisation, Minesite
Rehabilitation Research Program, Winnellie, Australia

Reeders APF (1985) Vertebrate fauna in regenerated mines at Weipa, North
Queensland. North Australian Mine Rehabilitation Workshop No. 9.
Comalco Aluminium Limited, Weipa, Australia

Scott TA, Wehtje W, Wehtje M (2001) The need for strategic planning in passive
restoration of wildlife populations. Restoration Ecology 9:262–271

Selwood K, Mac Nally R, Thomson JR (2009) Native bird breeding in a
chronosequence of revegetated sites. Oecologia 159:435–446

Serong M, Lill A (2012) Changes in bird assemblages during succession follow-
ing disturbance in secondary wet forests in south-eastern Australia. Emu
112:117–128

10 Restoration Ecology



Bird assemblages in post-mining rehabilitation

Smallwood KS (2001) Linking habitat restoration to meaningful units of animal
demography. Restoration Ecology 9:253–261

Smith P (1985) Woodchip logging and birds near Bega, New South Wales. Pages
259–271. In: Keast A, Recher HF, Ford H, Saunders D (eds) Birds of
eucalypt forests and woodlands. Surrey Beatty & Sons in association with
the Royal Australasian Ornithologists Union, Sydney, Australia

Soule ME, Mackey BG, Recher HF, Williams JE, Woinarski JCZ, Driscoll D,
Dennison WC, Jones ME (2004) The role of connectivity in Australian
conservation. Pacific Conservation Biology 10:266–279

Tambosi LR, Martensen AC, Ribeiro MC, Metzger JP (2014) A framework
to optimize biodiversity restoration efforts based on habitat amount and
landscape connectivity. Restoration Ecology 22:169–177

Venier LA, Pearce JL (2005) Boreal bird community response to jack pine forest
succession. Forest Ecology and Management 217:19–36

Vesk PA, Mac Nally R (2006) The clock is ticking—revegetation and habitat
for birds and arboreal mammals in rural landscapes of southern Australia.
Agriculture, Ecosystems and Environment 112:356–366

Warde W, Petranka JW (1981) A correction factor table for missing point-center
quarter data. Ecology 62:491–494

Wiens JA (1989a) The ecology of bird communities. Vol. 1. Foundations and
patterns. Cambridge University Press, Cambridge, United Kingdom

Wiens JA (1989b) The ecology of bird communities. Vol. 2. Processes and
variations. Cambridge University Press, Cambridge, United Kingdom

Woinarski J, Mackey B, Nix H, Traill B (2007) The nature of Northern Australia.
ANU E Press, Canberra, Australia

Woinarski JCZ, Tidemann SC, Kerin S (1988) Birds in a tropical mosaic: the
distribution of bird species in relation to vegetation patterns. Australian
Wildlife Research 15:171–196

Supporting Information
The following information may be found in the online version of this article:

Table S1. Correlations between potentially explanatory variables.

Coordinating Editor: Aida Farag Received: 17 October, 2014; First decision: 24 December, 2014; Revised: 30
March, 2015; Accepted: 31 March, 2015

Restoration Ecology 11


