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Abstract. Scale is a key concept in ecology, but the statistically based quantification of
scale effects has often proved difficult. This is exemplified by the challenges of quantifying
relationships between biodiversity and vegetation cover at different spatial scales to guide
restoration and conservation efforts in agricultural environments. We used data from 2002 to
2010 on 184 sites (viz., site scale) nested within 46 farms (the farm scale), nested within 23
landscapes (the landscape scale). We found cross-sectional relationships with the amount of
vegetation cover that were typically positive for woodland birds and negative for open-country
birds. However, for some species, relationships differed between spatial scales, suggesting
differences in nesting and foraging requirements. There was a 3.5% increase in the amount of
native vegetation cover in our study region between 2002 and 2010, and our analyses revealed
that some open country species responded negatively to these temporal changes, typically at
the farm and/or site scale, but not the landscape scale. Species generally exhibited stronger
cross-sectional relationships with the amount of vegetation cover than relationships between
changes in occupancy and temporal changes in vegetation cover. This unexpected result can be
attributed to differences in habitat use by birds of existing vegetation cover (typically old-
growth woodland) vs. plantings and natural regeneration, which are the main contributors to
temporal increases in vegetation cover. By taking a multi-scaled empirical approach, we have
identified species-specific, scale-dependent responses to vegetation cover. These findings are of
considerable practical importance for understanding which species will respond to different
scales of protection of existing areas of native vegetation, efforts to increase the amount of
native vegetation over time, and both approaches together.

Key words: agricultural environments; southeastern Australia; spatial scale; temporal effects;
vegetation cover; woodland birds.

INTRODUCTION

The vast majority of studies of biodiversity (including

those of birds) in agricultural environments have been

cross-sectional investigations, with longitudinal studies

being relatively uncommon (Likens 1989, Muller et al.

2011). In many agricultural environments over the past

10–20 years, there have been significant changes in the

amount of native vegetation cover at multiple spatial

scales (Geddes et al. 2011). Positive temporal changes in

some agricultural environments are the result of natural

regeneration and concerted woodland replanting pro-

grams (Munro and Lindenmayer 2011).

The defining characteristic of a longitudinal study is

that observations of the same population of units are

observed over a period of time, sometimes lasting many

years. These studies are in contrast to simple cross-

sectional studies, in which outcomes are considered as a

single (or average) snapshot in time. The benefit of a

longitudinal study is that it is possible to study

relationships in changes taking place in a target

population. Thus, longitudinal data (Diggle et al.

1996) allow us to distinguish cross-sectional relation-

ships among a population of observational units from

temporal relationships from within these units. By virtue

of its scope, a longitudinal study is more likely to

provide insights into cause-and-effect relationships than

a cross-sectional study (Likens 1989).

The concept of spatial scale is central to ecology and

refers to the spatial extent of ecological processes and

the spatial interpretation of the data (Levin 1992, Chave

2013). Quantifying scale effects can be difficult, and this

can limit our understanding of species–habitat relation-

ships. Differences in autecology such as home range,

body size, nesting and foraging requirements among

different species, suggest that different taxa are likely to

respond to the environment at different spatial scales
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(Schneider 1994, Carigan and Villard 2002, Chave 2013).

Similarly, the same species also may exhibit a particular

kind of response to the environment at a specific spatial

scale, but might respond differently at a larger or smaller

spatial scale (Forman 1964, Diamond 1973, Allen and

Hoekstra 1992, Date et al. 1996). For instance, the

spatial scale of a suitable nesting site (e.g., within an

individual tree hollow) may be different to the spatial

scale of foraging or intraspecific competition within a

patch. Other key processes may act at yet other scales,

such as the regional-level fluctuations in the abundance

of a species (Askins et al. 1987), the dispersal of

individuals between patches of habitat in a meta-

population (Koenig 1998, Hanski 1999), or the migra-

tion of individuals across or between continents (e.g.,

Guerra and Reppert 2013). To gain insights into such

processes, it is important to collect, analyze, and

interpret longitudinal data measured at different scales.

In this paper, we statistically examined scale effects on

both cross-sectional and temporal relationships through

a case study of bird occupancy in the temperate

woodlands of southeastern Australia, a region that has

been heavily modified by agriculture and livestock

grazing (Lindenmayer et al. 2010a). We explored

relationships between occupancy by individual species

of birds and the amount of native vegetation cover at a

snapshot in time as well as changes over time in these

variables (i.e., temporal effects). Our data were repeated

surveys of birds and vegetation cover from 2002 to 2010

on 184 sites (viz., site scale) nested within 46 farms (farm

scale) nested within 23 landscapes (landscape scale). We

recognized that for our key response and covariate, we

could compute bird occupancy and concomitantly

derive the percentage of native vegetation cover at each

scale, and so these measures and statistics resulting from

our analysis have compatible meaning across different

scales. This facilitated, for a selection of individual

species of birds, use of our data to examine and compare

scale effects under three interrelated research themes:

(Theme 1) Cross-sectional relationships. (Theme 2)

Temporal relationships. (Theme 3) Contrasts between

cross-sectional and temporal relationships. We outline

these themes as follows.

Theme 1. Cross-sectional relationships between bird

occupancy and the amount of native vegetation cover

In Theme 1, we estimated cross-sectional relationships

between bird occupancy and satellite-derived measures

of native vegetation cover at the landscape, farm, and

site scales. Spatial scale issues have not been examined in

detail in many agricultural landscapes (Tscharntke et al.

2012), and most past cross-sectional work on bird

responses to native vegetation cover has been focused at

a single scale (e.g., the ‘‘landscape scale,’’ as perceived by

humans (e.g., 100 km2 [Radford et al. 2005, Maron et al.

2012a]). Several investigations have established strong

relationships between the number of species that inhabit

a given area and the amount of ‘‘habitat’’ in that area

(Andren 1994, Betts et al. 2010, Swift and Hannon 2010,

Storch et al. 2012). In addition, several studies have

documented relationships between occupancy by an

individual species and the amount of ‘‘habitat’’ in a

given area (Homan et al. 2004, Radford et al. 2005). We

recognized that what constitutes suitable habitat varies

between different species (Hall et al. 1997), and for this

study, we postulated that woodland-dependent bird

species would be more likely to occur on sites, farms,

and in landscapes with more native vegetation cover,

and conversely, open-country species (i.e., those typi-

cally associated with paddocks and cleared pasture-

lands) would be less likely to occur in such areas.

As part of Theme 1, we also sought to provide

empirical support for describing taxa as ‘‘scale-sensitive’’

compared with those that could be classified as ‘‘scale-

invariant’’ (see Fig. 1). We defined scale-sensitive species

as those that responded significantly (either positively or

negatively) to the amount of native vegetation cover at

one or two scales of measurement (for example, at the

landscape scale), but nonsignificantly at the other scales

(the site and farm scales in this example). We defined

scale-invariant species as those that exhibited consistent

significant (positive or negative) responses at all three

scales of measurement (Fig. 1). We note the important

distinction between no response to vegetation cover at

any scale and statistical significant response at all or

some scales.

Theme 2. Temporal relationships between bird occupancy

and the amount of native vegetation cover

In Theme 2, we explored relationships between

temporal changes in bird occupancy and temporal

changes in native vegetation cover over the period

2002 to 2010 at each of the three spatial scales. As for

Theme 1, we sought to identify scale-sensitive and scale-

invariant species.

FIG. 1. Potential scenarios showing effect sizes of relation-
ships between occupancy of individual bird species and the
amount of native vegetation cover at three different spatial
scales.
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Theme 3. Comparison of cross-sectional vs. temporal

relationships between bird occupancy and amount of

native vegetation cover

Finally, for each individual bird species, we compared

cross-sectional relationships at different scales with its

relationships to temporal changes in vegetation cover at

corresponding scales. In environments where active

restoration has been taking place, differences between

cross-sectional and temporal responses can arise. This

may be because vegetation cover at a target spatial unit

would be well established (e.g., old-growth woodland),

whereas temporal increases in cover would result largely

from newly planted areas or natural regeneration. Old-

growth woodland, natural regeneration, and plantings

provide different habitat for birds (Lindenmayer et al.

2012) and hence temporal relationships tell us about

direct effects of restoration that may be different from

inferences from cross-sectional analyses.

Our aim was to develop a new level of understanding

of species-specific scale responses to native vegetation

cover in areas dominated by agriculture. However, the

effectiveness of conservation efforts in agricultural

areas, such as those in agri-environment schemes, are

poorly known in most parts of the world (Kleijn et al.

2011). The work we report here will provide an

improved understanding of the effectiveness of: (1)

protecting (e.g., reserving) existing areas of native

vegetation in agricultural areas, and (2) increasing the

amount of native vegetation such as through restora-

tion programs, and (3) management interventions at

particular spatial scales. Such work also may indicate

which species are likely to respond to intervention

efforts aimed at increasing native vegetation cover over

time.

METHODS

Study area

Our study was conducted in a 150 3 120 km area of

the South West Slopes of New South Wales, southeast-

ern Australia, spanning the towns of Junee (0552952 E,

6140128 N) in the north and Albury (0494981 E,

6008873 N) in the south, and Gundagai (600532 E,

6119073 N) and Howlong (467090 E, 6017897 N) in the

east and west, respectively (Fig. 2). Coordinates are

UTM. The predominant form of native vegetation was

temperate eucalypt woodland (sensu Keith 2004)

dominated by White Box, Eucalyptus albens, Grey

Box, E. microcarpa, or other eucalypt tree species such

as Yellow Box, E. melliodora, Blakely’s Red Gum, E.

blakelyi, Red Stringybark, E. macrorhyncha, and Red

Ironbark, E. sideroxylon. Plantings were areas of

planted native vegetation characterized by a mix of

local endemic and exotic Australian ground cover,

understory and overstory plant species. Most plants

PLATE 1. Willie Wagtail on nest. Photo credit: D. Michael.
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FIG. 2. Map showing 23 landscapes (large circles) each with two farms (medium circles). Within each farm, four 2-ha sites
(small circles) were monitored. Shading shows the area of native vegetation cover in years 2002 and 2010.
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were typically spaced 2 m apart, but there was not a

standard spacing, and plant species composition proto-

cols applied in revegetation efforts.

The South West Slopes region was ideal for study

because: (1) the spatial cover of native vegetation varied

from 4% to 30% per farm or per landscape; and (2)

native vegetation cover on some farms and in some

landscapes has been increasing over the past two

decades as a result of extensive revegetation programs

(Munro and Lindenmayer 2011) and through natural

regeneration (Geddes et al. 2011) (e.g., Fig. 3a). These

features can be seen on digitized satellite images of our

study region (Fig. 2) as well as from photo points taken

at the site level (see Fig. 3b as an example).

Study design

We studied 23 landscapes where a landscape was

defined as a relatively homogenous circular area

covering 10 000 ha; these were chosen to represent

landscapes with active restoration programs and others

without tree planting programs. In ‘‘restored’’ land-

scapes, one farm (;1000 ha in size) was selected with

plantings and one without. These 46 farms were

predominately wheat or canola cropping properties or

sheep (Ovis ovis)/cattle (Bos taurus) grazing enterprises.

Within each farm, four 2-ha sites were selected, giving a

total of 184 sites. On farms with areas of restoration,

two sites were plantings and two other sites were

remnant vegetation sites. Selection was ‘‘pseudo-ran-

FIG. 3. (a) Extensive plantings on a farm targeted for detailed and repeated field surveys (image taken in mid-2000). (Photo by
David Lindenmayer). (b) Photo point showing the extent of vegetation cover in 2002 and 2013. (Photos by Mason Crane and
Sachiko Okada).
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dom’’ following an informal enumeration of potential

landscapes, farms, and sites. Further details on the

experimental design are provided in Cunningham et al.

(2007).

Bird surveys

Our study region supports .170 bird species (see

Appendix A). Over half of these species are woodland

dependent. These taxa include .20 species of conserva-

tion concern (sensu Reid 1999, Montague-Drake et al.

2009). The bird community in the study region includes

a range of native ‘‘generalist’’ species that occur in

heavily cleared paddocks and cultivated areas (e.g., the

Brown Songlark, Cinclorhamphus cruralis). Only four

species are exotic, of which the House Sparrow (Passer

domesticus) and Common Starling (Sturnus vulgaris)

have been declining significantly over the past decade

(Lindenmayer and Cunningham 2011).

We completed spring surveys of birds on all 184 sites

in 2002, 2004, 2005, 2007, 2008, 2009, and 2010. Our

bird-counting protocols entailed repeated five-minute

point interval counts (sensu Pyke and Recher 1983) at

each of the 0-m, 100-m, and 200-m points along a

permanent transect at each site. In each survey year, all

sites were surveyed by two different observers on

different days. We completed counts within four hours

of dawn and did not undertake surveys on days of poor

weather (rain, high wind, fog, or heavy cloud cover).

We report results for 24 species at the landscape and

farm level, but this was reduced to 19 at the site level,

because mean occupancy rates were deemed too low to

facilitate meaningful analyses. This suite of species

included woodland-associated birds and open-country

species, large- and small-bodied birds, and sedentary

and wide-ranging species (including summer migrants).

Several of these species have been considered to be either

declining (e.g., Reid 1999) or at risk of decline

(Montague-Drake et al. 2009), including the Brown

Treecreeper (Climacteris picumnus), Superb Parrot

(Polytelis swainsonii ), Rufous Whistler (Pachycephala

rufiventris), and Jacky Winter (Microeca fascinans) (see

Appendix A). This decline is believed to be, in part,

because of a loss of suitable habitat resulting from past

vegetation clearing and/or a reduction in vegetation

condition as a result of livestock grazing and weed

invasion (Ford 2011). The suite of species analyzed also

included the Noisy Miner (Manorina melanocephala),

which displays aggressive behavior toward other (typi-

cally smaller) native species (Clarke and Grey 2010), and

hence is considered to be an animal of management

concern.

Vegetation cover as a potential explanatory variable

We considered four measures of vegetation cover: the

total (percentage) amount of woody vegetation cover,

the number of native vegetation patches, the average

patch area (hectares), and the standard deviation of

patch area. We calculated each of these measures at the

site, farm, and landscape scales using grids of annual

forest extent and change between 2002 and 2010 derived

from satellite imagery (Furby 2002). Grid resolution was

25 3 25 m, and vegetation cover was allocated to grid

cells where the minimum canopy cover was 20% over a

minimum area of 0.2 ha, with potential height at least

2 m. We calculated measures of woody vegetation for a

site by considering all grid cells within 500 m of the

center of a site (;80 ha). We also calculated values for

these measures at the farm scale, a 2-km radius around

the center of a farm (;1300 ha), and at the landscape

scale, a 5.6-km radius (;10 000 ha). We found strong

effects for one of the four measures, log % of native

vegetation cover, with only very limited additional

information from analyzing the other three (i.e., number

of patches, average patch area, the standard deviation of

patch area). Therefore, we presented our findings only

for log of the percentage vegetation cover.

Statistical analysis

Interpolation of estimates of bird occupancy in 2002

and 2010.—For simplicity, we describe a statistical

model for landscape-scale bird occupancy. For each

species our principal objective was to obtain a ‘‘best’’

estimate of occupancy at two time points, 2002 and

2010. This was achieved by considering all surveys

simultaneously and modeling the trends for each

landscape. We briefly describe our statistical approach

below.

We fitted a linear logistic model with logit( p) as the

response variable (where p is the occupancy rate ), with

terms Landscape, Time (as a linear effect) and Land-

scape 3 (linear) Time interaction as fixed effects. This

model facilitated prediction of ‘‘linearly smoothed’’

logit(bird occupancy) values at each landscape for each

year, together with estimates of the variance of the

predicted values. We used ‘‘linearly smoothed’’ predicted

bird occupancy values for each landscape at spring 2002

and spring 2010 as data for the next stage of analysis.

Modelling the relationship between bird occupancy and

the log percentage native woody vegetation at one scale

and one temporal scale.—Again for simplicity, we

describe our statistical model for landscape-scale bird

occupancy (logit(p)). Our response variable, the pre-

dicted probability of occupancy ( p), then varied at three

scales; between-landscape, between-year, and between-

year within-landscape. The same applied to the candi-

date explanatory variables representing the amount of

habitat (primarily here the log of percentage vegetation

cover).

Importantly, observations within the same landscape

shared common spatial factors, and this may make the

results more homogeneous than those of a random

sample of observations drawn across landscapes. Our

proposed statistical model reflected this feature, and

hence we specified and accounted for the spatial

dependence structure by treating the factor ‘‘Landscape’’

as a random effect in our model.

ROSS CUNNINGHAM ET AL.1280 Ecological Applications
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If we regard Landscape (l ) and Year (y) as random

effects and vegetation cover as a fixed effect, we have

Yij ¼ lþ li þ yj þ bXij þ eij

where l¼ grand mean; b¼ the regression coefficient for

the explanatory variable Xij, the log vegetation cover.

Assume li, i¼ 1, � � � , 23, independent N(0, r2
l ), yj, j¼1, 2

independent N(0, r2
y), and eij independent N(0, r2

e),

where r2
l , r

2
y , r

2
e are known as variance components.

The parameter Yij denotes logit ( pij) on the ith landscape

in the jth year.

The above model fits within the general framework of

general linear mixed models (Galwey 2006). Restricted

maximum likelihood was used to estimate variance

components and weighted least squares for estimating

fixed effects. We assessed statistical significance of

effects by calculating adjusted Wald statistics (Kenward

and Rogers 1997). Extrinsic weights were based on the

standard errors of the predicted values obtained from

the previous analysis. We routinely used general model

checking procedures to identify aberrant data and check

the model assumptions.

We emphasize that a special feature of longitudinal

data is that inferences pertaining to regression relation-

ships at different levels can be segregated. For example,

the within-landscape regression coefficient can be

estimated by comparing individual responses at two

times (2002 and 2010) assuming the given habitat

variable changes with time. This eliminates the effect

of unmeasured geographic and environmental charac-

teristics, which vary across the target population, and

which may obscure the estimation of direct between-

landscape relationships; that is, their influence is

cancelled in the estimation of the within-landscape

relationships.

RESULTS

Cross-sectional relationships between bird occupancy

and the amount of native vegetation cover

We found that the slopes of the cross-sectional

relationships between the occupancy of bird species

and amount of vegetation cover were generally consis-

tent at the landscape and farm scale, but levels of

statistical significance were seldom the same at all scales

(Figs. 4 and 5; Appendix B). For example, the Superb

Parrot and Pied Butcherbird (Cracticus nigrogularis)

were most often found in landscapes and farms with low

levels of native vegetation cover (P, 0.05) (Figs. 4a and

5; Appendix B). However, there was no evidence of a

relationship at the site level for these species. The Noisy

Miner was significantly more likely to be recorded in

landscapes with low levels of native vegetation cover (P

¼ 0.001), but exhibited no significant native vegetation

cover relationships at the farm and site scale (Fig. 4b;

Appendix B).

We found significant scale-invariant negative rela-

tionships between bird occupancy and native vegetation

cover for the Galah (Eolophus roseicapillus) (Fig. 4c) and

Brown Songlark (Fig. 4d). Other significant negative

responses included those for the Common Starling at the

farm and site scale (consistent slope at the landscape

scale) and the Red-rumped Parrot (Psephotus haemato-

notus) at the site scale (Appendix B).

Significant positive responses between species occu-

pancy and native vegetation cover included those for the

White-plumed Honeyeater (Lichenostomus penicillatus)

at the landscape and farm scale (Fig. 4e; Appendix B);

the Grey Shrike-thrush (Colluricincla harmonica) at the

landscape and site scale; Crimson Rosella (Platycercus

elegans), Magpie-lark (Grallina cyanoleuca), Red Wat-

tlebird (Anthochaera carunculata), and the Willie Wag-

tail (Rhipidura leucophrys; see Plate 1) at the landscape

scale; and the Rufous Whistler at the site scale (Fig. 4f;

Appendix B).

Temporal relationships between bird occupancy and the

amount of native vegetation cover

There was a 3.5% increase in the amount of native

vegetation cover in our study area between 2002 and

2010. We found a significant negative relationship

between temporal change in vegetation cover and

temporal change in occupancy of the Jacky Winter at

the landscape scale (P¼ 0.04) (Appendix C). There was,

however, evidence of significant negative relationships

between occupancy of several other species at the farm

scale, site scale, or both, and the increase in vegetation

cover (Fig. 5; Appendix C). This included the Magpie

Lark and Noisy Miner at both the farm and site scale,

the Grey Fantail (Rhipidura albiscapa) and Willie

Wagtail at the farm scale, and Crested Shrike-tit

(Falcunculus frontatus) at the site scale. In contrast, we

found a positive relationship between temporal increases

in vegetation cover and changes in occupancy of Superb

Parrot at both the farm and site scale, and the Rufous

Whistler at the site scale (Fig. 5; Appendix C).

Comparison of cross-sectional vs. temporal relationships

between bird occupancy and amount of native vegetation

cover

Several species exhibited marked differences between

cross-sectional responses to the amount of native

vegetation cover compared to the response to temporal

changes in vegetation cover (Figs. 5 and 6). There was

weak evidence (P ¼ 0.089) that the Willie Wagtail was

more likely to be found on farms with more vegetation

cover, but it responded negatively (P ¼ 0.047) to the

temporal increase in cover at the farm scale (Fig. 6a).

The Superb Parrot was less likely to be recorded on

farms with high levels of native vegetation (P ¼ 0.018),

but exhibited a significant (P ¼ 0.003) positive response

to a temporal increase in vegetation cover at the farm

scale (Fig. 6b). The Noisy Miner showed no significant

relationships with the amount of cover at the farm and

site scales, but was significantly less likely to be recorded

on farms (P ¼ 0.004; Fig. 6c) and on sites where there
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was a temporal increase in cover (P , 0.001; data not

shown). We found a similar response in the White-

plumed Honeyeater, which showed no response to the

amount of native vegetation cover, but a highly

significant (P , 0.001) negative response to temporal

changes in vegetation cover (Fig. 6d). The Grey Shrike-

thrush was significantly more likely (P ¼ 0.001) to be

found on sites with more cover but exhibited no

response to temporal increases in cover at a given site

(Fig. 6e). We also found that the Rufous Whistler was

more likely (P ¼ 0.017) to occupy sites with more

vegetation cover and also responded positively (P ¼
0.006) to increases in vegetation cover at a given site

(Fig. 6f ).

DISCUSSION

We have statistically examined spatial-scale effects on

both cross-sectional and temporal relationships between

bird occupancy and native vegetation cover. Our

analyses lead to two important general principles,

namely: (1) the empirical response of a given species to

native vegetation cover at a given spatial scale may be

quite different from its response at another scale, and (2)

there can be notable differences between cross-sectional

responses and temporal response and these differences

will be scale-sensitive for some species but scale-

invariant for others. Our work has significant implica-

tions for both the spatial scale of conservation efforts in

agricultural environments, and the response of biota to

strategies to maintain existing vegetation cover vs.

efforts to increase the amount of cover over time.

Cross-sectional relationships between bird occupancy

and the amount of native vegetation cover

The effects of spatial scale on relationships between

vegetation cover and biodiversity have rarely been

FIG. 4. Cross-sectional relationships between bird occupancy and vegetation cover at the landscape, farm, and site scales for
selected species. (a) Superb Parrot; (b) Noisy Miner; (c) Galah; (d) Brown Songlark; (e) White-plumed Honeyeater; (f ) Rufous
Whistler. All scientific names of birds can be found in Appendix A.
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examined in agricultural environments (Tscharntke et

al. 2012). Indeed, to the best of our collective

knowledge, the work reported here is the first time that

spatial scale effects have been quantified for individual

bird species in Australian woodland ecosystems. We

found relationships with vegetation cover for several

bird species, including both scale-invariant and scale-

sensitive responses. Our findings support those of

previous workers that suggest that different species will

respond to factors at different spatial scales (e.g., Wiens

et al. 1987, Holling 1992, Levin 1992, Saab 1999),

including the amount of native vegetation cover, and

that the same species can exhibit different responses at

different spatial scales (Forman 1964, Diamond 1973,

Mackey and Lindenmayer 2001).

Spatial scale effects for particular species can often be

explained by aspects of their ecology. In this study, the

Superb Parrot is a wide-ranging granivore that forages

extensively in croplands that dominate heavily cleared

landscapes and farms (Manning and Lindenmayer

2009). This would account for negative relationships

between the occupancy by the Superb Parrot and the

amount of native vegetation cover at a landscape scale

(see Appendix B). However, the Superb Parrot nests in

large, old trees (Manning and Lindenmayer 2009) and

this may explain the positive relationship with vegeta-

tion cover at the site level.

The amount of native vegetation cover is likely to act

as a crude surrogate for the amount of potential habitat

for woodland-dependent birds, some of which are

species of conservation concern, and that showed

positive relationships with the amount of native

vegetation (see Appendix B). Several processes are likely

to underpin positive relationships between vegetation

cover and occupancy for many species. These include

local immigration and extinction rates (Hanski 1994),

habitat diversity and random placement, all of which are

likely to lead to greater occupancy of a larger patch than

a smaller patch by a given species (Connor and McCoy

1979). In addition, larger patches may be less disturbed

FIG. 4. Continued.
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and support more vegetation in better condition (e.g.,

from edge effects [Ries et al. 2004]), and therefore may

support more suitable habitat for a given species

(Knight and Fox 2000).

Temporal relationships between bird occupancy and the

amount of native vegetation cover

The majority of studies of biodiversity worldwide are

cross-sectional investigations, with longitudinal studies

being relatively uncommon (Likens 1989, Muller et al.

2011). Even fewer studies have quantified temporal

changes in biota alongside temporal changes in vegeta-

tion cover at different spatial scales. We found evidence

of positive relationships between changes in bird

occupancy and temporal changes in vegetation cover

for some species, but often at different spatial scales

(Appendix B). Several bird species displayed contrasting

responses to the temporal change in vegetation cover.

This is because increases in vegetation cover over time

are a result of both the expansion of areas of natural

regrowth, such as in gullies or the edges of remnants, as

well as the addition of new restoration plantings

(Geddes et al. 2011). Previous work has indicated that

these areas provide suitable habitat for some species

(e.g., the Rufous Whistler), but are avoided by others

(e.g., Noisy Miner) (Cunningham et al. 2008, Linden-

mayer et al. 2010b). Our study suggests that conserva-

tion and restoration interventions to increase habitat

amount might therefore affect species differently de-

pending on their preference for young vegetation.

Comparison of cross-sectional vs. temporal relationship

between bird occupancy and amount of native vegetation

cover

To the best of our collective knowledge, our study is

the first to contrast differences in bird responses to

existing (cross-sectional) levels of vegetation cover with

their response to temporal changes in the amount of

cover. Indeed, for some species the responses were not

consistent (Fig. 6d; e.g., the Superb Parrot). We suggest

FIG. 5. Trellis plot, showing for each selected bird species: (1) a plot of effect sizes of the cross-sectional relationship between
the odds of occupancy and log(% cover of native vegetation) at three scales: landscape (L), farm (F), and site (S); (2) a plot of effect
sizes of the relationship between the change (between 2002 and 2010) in odds of occupancy and change in log(% cover of native
vegetation) at the three scales: landscape (L), farm (F), and site (S). A solid line joins effects for (1), and a dashed line joins effects
for (2). All scientific names of birds can be found in Appendix A.
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FIG. 6. Regression relationships of the odds of occupancy of a given bird species between and within spatial units. Units refers
to a particular scale (farm or site). Units are arranged along the x-axis according to the logarithm of percentage cover of native
vegetation. The thick black line represents the ‘‘between-unit slope’’ and the short lines through unit means represent the mean
within-unit slope. As an example, the ‘‘between-farm’’ slope for the Willie Wagtail is 0.25 6 0.14 (mean 6 SE) which indicates that
for every increase of 1 unit in log vegetation cover there is ;25% increase in the odds of occupancy. The ‘‘within-farm slope’’ is
shown by the short line through each dot. This represents the mean rate of change in bird occupancy with the change in log
vegetation cover on farms between 2002 and 2010. In the case of the Willie Wagtail, the slope is negative, showing decrease of 0.74
6 0.36 in the odds of occupancy at any given farm with a change in the log vegetation cover of 1 unit. The within-farm slope
represents the direct relationship between change in bird occupancy and change in vegetation cover at a given farm. A weighted
combination of the within-farm and between-farm slopes gives the overall slope. All scientific names of birds can be found in
Appendix A.
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this finding is associated with broad differences between

existing vegetation cover and changes in vegetation over

time. Most of the past and existing vegetation on farms

or in landscapes is old-growth temperate woodland. In

contrast, new areas of vegetation added to sites, farms

and landscapes during our study were typically stands of

natural regrowth or replantings (Cunningham et al.

2007). Previous studies have clearly shown that these

different kinds of vegetation act as markedly different

habitats for different bird species (Lindenmayer et al.

2012). In the case of the Noisy Miner, the species is less

likely to be recorded in landscapes with low levels of

cover, which are typically dominated by woodland

composed of scattered paddock trees and where birds

have ready line of sight to maintain group cohesion and

detect predators and competitors. However, the Noisy

Miner was negatively associated with temporal increases

in cover at the farm and site levels, where it is likely that

it avoids dense vegetation like plantings and regrowth,

possibly because such kinds of vegetation disrupt its

hyper-aggressive colonial behavior toward other birds.

In another example, we showed that the Crested Shrike-

tit tends to select landscapes with high existing levels of

cover (Appendix B), but responds negatively to tempo-

ral change in cover at all scales (Appendix C). This can

be explained by this species’ strong association with

large trees with hanging bark, which are not provided by

young trees and plantings (Vesk et al. 2008).

Our findings underscore how longitudinal studies can

lead to new insights not provided by cross-sectional data

(see also Wiens 1981, Lovett et al. 2007). This leads to

the identification of ecological responses to temporal

change that would not be possible in short-term studies

or cross-sectional studies (Kruuk and Hill 2008). One

caveat to our findings, however, is that our data

generally showed stronger cross-sectional effects than

temporal effects at larger scales. Given high levels of

inherent variability, detecting temporal relationships will

be difficult for comparatively small samples for a

relatively short period of time. We therefore encourage

researchers to strongly promote the establishment and

ongoing maintenance of long-term studies.

Management implications

The new insights reported here have conservation

implications for agricultural landscapes, including areas

where large investments are made in an effort to

conserve biodiversity (such as through agri-environment

schemes; see Kleijn et al. 2011). These insights are

important because a substantial problem for biodiversity

conservation in agricultural landscapes has been the loss

of native vegetation cover for cultivation and the

establishment of pastures for livestock grazing

(Tscharntke et al. 2012). Conversely, there are many

landscapes around the world where native vegetation

cover has been increasing, either as a result of land

abandonment (Scherr and McNeely 2008), deliberate

replanting of native vegetation (Benayas et al. 2009), or

both (Lunt et al. 2010). Indeed, increasing the amount of

native vegetation cover (through deliberate planting or

promoting natural regeneration) is one of the major

forms of management intervention that can be employed

to improve conservation outcomes in agricultural

landscapes (Lindenmayer et al. 2012). Yet biodiversity

responses to such positive temporal changes in increased

levels of vegetation cover in agricultural landscapes are

rarely quantified.

Our work has demonstrated that both the spatial

scales of existing vegetation cover, and changes in

vegetation cover over time, matter for different bird

species. As an example, we found scale-invariant

species (e.g., the Brown Treecreeper) responded

positively (although not significantly) to existing

vegetation cover at all scales. The Brown Treecreeper

also responded positively to temporal increases in

cover at the farm and site scale (Appendix C).

Therefore, both maintaining existing cover and inter-

ventions to establish new vegetation will have a

positive effect on this particular species of conserva-

tion concern at all scales and over time. In contrast,

site-based restoration programs in otherwise heavily

cleared landscapes will have a positive effect on the

threatened Superb Parrot, as indicated by its negative

association with vegetation cover at the landscape

scale but positive response to temporal increases in

cover at the site level. Some species of conservation

concern (e.g., Jacky Winter) were positively associated

with existing overall levels of vegetation cover but

responded negatively to temporal increases in native

vegetation cover (Fig. 5). Strategies to conserve such

kinds of species must be focused on preventing

vegetation removal. This is because simply adding

vegetation back into a landscape or on a farm

following previous clearing (e.g., through replanting

programs) will not directly restore such species. This,

in turn, has major implications for the effectiveness of

biodiversity conservation approaches like offsetting

(Maron et al. 2012b), as it suggests that clearing of old-

growth woodland vegetation on a farm or in a

landscape may not be readily substituted for by the

establishment elsewhere of new areas of vegetation

(plantings and natural regeneration).

A key research challenge is to develop an improved

understanding of the ecological scales of responses of

biodiversity to both the total amount of vegetation

cover in agricultural landscapes and temporal changes

in the amount of cover (Tscharntke et al. 2012). This is

critical for guiding both the protection (e.g., reserva-

tion) of existing areas of native vegetation in agricul-

tural areas and identifying the most effective programs

(such as those through agri-environment schemes) for

increasing the amount of native vegetation. We have

demonstrated there are inter-specific, scale-dependent

differences in responses to existing vegetation cover

and temporal changes in vegetation cover. This

underscores the importance of clearly articulating the
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objectives of conservation efforts at different scales

and over time, including identifying those taxa being

targeted in vegetation preservation and replanting

programs (Perkins et al. 2011). By taking a multi-

scaled approach, we have been able to better identify

which species are responding to the amount of

vegetation cover as well as the changes in vegetation

cover over time.
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