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Abstract
Aim: The biodiversity value of scattered trees in modified landscapes is often over-
looked in planning and conservation decisions. We conducted a multitaxa study to 
determine how wildlife abundance, species richness and community composition at 
individual trees are affected by (1) the landscape context in which trees are located; 
and (2) the size of trees.
Location: Canberra, south-eastern Australia.
Methods: Trunk arthropod, bat and bird surveys were undertaken over 3 years (2012–
2014) at 72 trees of three sizes (small (20–50 cm DBH), medium (51–80 cm), large 
(≥80 cm)) located in four landscape contexts (reserves, pasture, urban parklands, urban 
built-up areas).
Results: Landscape context affected all taxa surveyed. Trunk arthropod communities 
differed between trees in urban built-up areas and reserves. Bat activity and richness 
were significantly reduced at trees in urban built-up areas suggesting that echolocat-
ing bats may be disturbed by high levels of urbanization. Bird abundance and richness 
were highest at trees located in modified landscapes, highlighting the value of scat-
tered trees for birds. Bird communities also differed between non-urban and urban 
trees. Tree size had a significant effect on birds but did not affect trunk arthropods and 
bats. Large trees supported higher bird abundance, richness and more unique species 
compared to medium and small trees.
Main conclusions: Scattered trees support a diversity of wildlife. However, landscape 
context and tree size affected wildlife in contrasting ways. Land management strate-
gies are needed to collectively account for responses exhibited by multiple taxa at 
varying spatial scales. We recommend that the retention and perpetuation of scat-
tered trees in modified landscapes should be prioritized, hereby providing crucial  
habitat benefits to a multitude of taxa.

K E Y W O R D S

arthropods, bats, birds, conservation planning, human-modified landscapes, large old trees

1  | INTRODUCTION

Landscape modification is one of the biggest global threats to 
terrestrial biodiversity (Maxwell, Fuller, Brooks, & Watson, 2016; 

Phalan, Green, & Balmford, 2014). Half of the Earth’s terrestrial 
surface has been impacted by human activity, and by 2050, a fur-
ther 2–10 million km2 of remnant vegetation is predicted to be 
converted for human purposes (Millenium Ecosystem Assessment, 
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2005; Vitousek, Mooney, Lubchenco, & Melillo, 1997). Human-
altered landscapes not specifically devoted to nature conservation 
can still provide important habitat opportunities for species, but 
managing these landscapes for biodiversity conservation pres-
ents unique challenges (Driscoll, Banks, Barton, Lindenmayer, & 
Smith, 2013; Lindenmayer et al., 2008; McKinney, 2006). How 
modified landscapes are managed will ultimately determine 
the fate of myriad species worldwide and affect the function-
ing of entire ecosystems (Flynn et al., 2009; Seto, Güneralp, &  
Hutyra, 2012).

The “habitat fragmentation model” of biodiversity conserva-
tion, underpinned by the equilibrium theory of island biogeography 
(MacArthur & Wilson, 1967), has been a benchmark of conservation 
science (Warren et al., 2014). However, it is widely recognized that 
when applied to non-insular, human-modified landscapes, species 
responses often defy predictions prescribed by island biogeography 
theory (i.e., habitat isolation and species–area relationships; Ricketts, 
2001; Fischer & Lindenmayer, 2002c; Mendenhall, Karp, Meyer, 
Hadly, & Daily, 2014). Many species do not perceive fragmented 
landscapes as simple binary units of “habitat” versus “non-habitat” 
(Didham, Kapos, & Ewers, 2012; Franklin & Lindenmayer, 2009). 
Alternative conceptual frameworks, like the “habitat variegation 
model” (McIntyre & Barrett, 1992) and “continuum model” (Fischer & 
Lindenmayer, 2006), offer more holistic wildlife-oriented approaches 
recognizing that (1) different taxa perceive and use resources in al-
tered landscapes in different ways; and (2) there are gradients in hab-
itat heterogeneity and intactness ranging from large habitat patches 
(e.g., nature reserves) to isolated and small habitat resources (e.g., 
scattered trees).

Scattered trees (isolated remnant and planted trees; Manning, 
Fischer, & Lindenmayer, 2006) are prominent features of human-
modified landscapes worldwide and have been identified as 
“keystone ecological structures.” Large, old scattered trees, in 
particular, can provide disproportionate habitat benefits for biota 
relative to their size and availability (Lindenmayer & Laurance, 
2017; Lindenmayer et al., 2013). For example, trees in commer-
cial production forests (Matveinen-Huju, Niemelä, Rita, & O’Hara, 
2006; Mazurek & Zielinski, 2004), agricultural landscapes (DeMars, 
Rosenberg, & Fontaine, 2010; Dunn, 2000) and urban environments 
(Stagoll, Lindenmayer, Knight, Fischer, & Manning, 2012; Yasuda & 
Koike, 2009) significantly contribute to wildlife diversity. Locally, 
scattered trees provide distinct microclimates and unique structural 
elements like hollows and woody debris (Manning, Gibbons, Fischer, 
Oliver, & Lindenmayer, 2012; Tews et al., 2004). At a landscape 
scale, scattered trees increase spatial heterogeneity and connectiv-
ity that can aid species dispersal (Fischer & Lindenmayer, 2002b; 
Manning, Gibbons, & Lindenmayer, 2009). Despite growing empiri-
cal evidence demonstrating the ecological importance of scattered 
trees, few studies have quantified response patterns for multiple 
taxa at individual trees and evaluated whether the use of trees dif-
fers between intact and modified landscapes. This knowledge is im-
portant as it could help justify tree protection efforts, particularly in 
modified landscapes.

Scattered trees often lack formal protection and are regularly 
overlooked in strategic land planning and conservation priorities 
(Hartel et al., 2013; Plieninger et al., 2015; Stagoll et al., 2012). 
Tree retention in modified landscapes can be a highly contentious 
issue that conflicts with human interests and activities including 
logging (Laurance, Delamonica, Laurance, Vasconcelos, & Lovejoy, 
2000), wood production (Lutz, van Wagtendonk, & Franklin, 2009), 
crop cultivation (Gibbons, Lindenmayer, & Fischer, 2008), livestock 
grazing (Fischer, Zerger, Gibbons, Stott, & Law, 2010), urbanization 
(Le Roux, Ikin, Lindenmayer, Manning, & Gibbons, 2014) and public 
safety of residents (Carpaneto, Mazziotta, Coletti, Luiselli, & Audisio, 
2010). Many applied management policies and practices remain 
skewed towards a traditionalist conservation framework governed 
by the original principles of island biogeography, which advocate 
that “intact” and “large” are more valuable for biodiversity than “iso-
lated” and “small” (Franklin & Lindenmayer, 2009; Mendenhall et al., 
2014). For example, wildlife management plans and biodiversity 
offset schemes often tend to focus on enhancing or enlarging in-
tact reserves rather than also looking at ways to conserve isolated 
habitat resources dispersed within disturbed landscapes, which 
may yield considerable benefits for biodiversity (Cunningham et al., 
2014; Mendenhall, Shields-Estrada, Krishnaswami, & Daily, 2016; 
Moilanen, Van Teeffelen, Ben-Haim, & Ferrier, 2009). An underly-
ing assumption that scattered trees have limited biodiversity value 
(and aesthetic or economic value) because they are isolated and lo-
cated in highly degraded or human-dominated landscapes underpins 
many policies and practices that facilitate intentional tree removal 
(Gibbons et al., 2009; Le Roux et al., 2014; Manning et al., 2006). 
Effectively, scattered trees may be “triaged” or sacrificed in favour 
of the preservation of larger, intact habitat patches (e.g., exemptions 
allowing paddock tree removal; NSW Government, 2014). But is this 
land management approach justified, or should scattered trees also 
be retained in addition to protected areas?

In this study, we aimed to quantify the biodiversity value of scat-
tered trees: (1) located in different landscape contexts; and (2) of dif-
ferent tree sizes. We conducted a multitaxa study at individual trees 
targeting trunk arthropods, bats and birds. We tested two predictions 
based on the premise that many real-world conservation and manage-
ment practices remain largely governed by an overextension of the 
principles of island biogeography.

Prediction 1 (landscape context): trees located in a more intact semi-nat-
ural landscape support greater wildlife abundance, richness and 
more distinct communities compared with trees located in modified 
landscapes.

Prediction 2 (tree size): large trees support greater wildlife abundance, 
richness, and distinct communities compared with medium and 
small trees.

Our study has important implications for tree management and 
biodiversity conservation. To our collective knowledge, this is one of 
the first studies to explicitly test the effects of both landscape context 
and tree size on a wide range of taxa.
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2  | METHODS

2.1 | Study area

We conducted our study in the Australian Capital Territory (ACT), 
south-eastern Australia (35°17ʹ35.64ʺS; 149°07ʹ27.36ʺE). The 
study area occupies 814 km2 and supports a population of ap-
proximately 410,000 people (Australian Bureau of Statistics, 2017). 
Native temperate woodlands once dominated the region and are 
characterized by two tree species, yellow box (Eucalyptus mel-
liodora) and Blakely’s red gum (Eucalyptus blakelyi). Tree clearance 
for farming and urban development has led to an approximately 
95% decline in woodland habitat in the region, which is listed as 
a critically endangered ecological community (Department of the 
Environment, 2015).

2.2 | Study design

We stratified our study area into four dominant landscape contexts: 
(1) reserves (semi-natural conservation areas); (2) pasture (grazed 
agricultural land); (3) urban parklands (public greenspace ≥ 0.2 ha); 
and (4) urban built-up areas (public greenspace < 0.2 ha located 
in residential areas (e.g., roadside margins; Figure 1)). In each 

landscape context, we randomly sampled six small trees (20–50 cm 
diameter at breast height (DBH)), six medium trees (51–80 cm DBH) 
and six large trees (>80 cm DBH). This resulted in 12 treatment 
combinations and 72 sample trees (Tables S1–S4). We selected 
sample trees that were spaced at least 250 m apart (mean spacing 
(m) = 917.97 ± 91.36) to minimize spatial dependence. Mantel tests 
confirmed no spatial autocorrelation occurred between sample 
trees for wildlife responses (r = −.002 to .05; p-value < .05). Sample 
trees were located across nine reserves, four rural landholdings, 
18 urban parklands and 18 urban built-up areas, which collectively 
spanned approximately 50 km2. We restricted sample trees to na-
tive Eucalyptus species grouped as “yellow box” (n = 24), “Blakely’s 
red gum” (n = 24) and “other eucalypt species” (n = 24). The DBH, 
height and canopy width of sample trees in each tree size category 
did not differ significantly across landscape contexts (H = 0.8–6.8, 
p < .05, Kruskal–Wallis ANOVAs).

2.3 | Wildlife surveys

We conducted wildlife surveys at all 72 sample trees during spring 
(September–November) over three consecutive years (2012–14), 
avoiding surveying during unfavourable weather.

F IGURE  1 Map of study area showing the sampling design across different landscape contexts and tree sizes in Canberra, Australia. 
Examples of large (>80 cm DBH) trees located in different landscape contexts are also shown, including (a) semi-natural reserves, (b) grazed 
pasture, (c) urban parklands and (d) urban built-up areas. [Colour figure can be viewed at wileyonlinelibrary.com]
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2.3.1 | Trunk arthropods

In each year, we used two survey techniques to capture trunk arthro-
pods. First, we used one glue trap (20 × 10 cm; STV International Ltd, 
UK) secured to the trunk of each tree at a height of 1.5 m for one 
night. Second, we conducted a five minute active search at each tree, 
which involved looking under peeling bark (minimizing stripping of 
bark where possible) and inspecting the tree trunk within a standard-
ized area (30 cm wide × 2 m aboveground). Each survey method was 
undertaken on a different day at each tree, but not all trees were sur-
veyed on the same day. We sorted arthropods into orders and mor-
phospecies (following Zborowski & Storey, 2010).

2.3.2 | Bats

In each year, we recorded bat activity using Anabat detectors (Titley 
Scientific, Australia). We secured a single bat detector to the trunk 
of each tree at a height of 2 m, and all echolocation passes (two or 
more pulses) were recorded between sunset and sunrise during one 
night (Threlfall, Law, & Banks, 2012a). We positioned the detector 
microphone upwards to restrict recording to the tree (approximately 
60° from the horizon). Microphones were directional (detection 
distance and angle of at least 20 m and 60°, respectively). We also 
conducted ultraviolet (UV) light trap surveys on a separate night in 
each year between sunset and sunrise to account for arthropod abun-
dance in the vicinity of each tree. We secured one UV trap (Australian 
Entomological Supplies, Australia) to the trunk of each tree at a height 
of 1.5 m. We processed echolocation passes using AnalookW and 
Anascheme software (M. Gibson, Ballarat University, unpublished) and 
a regional call identification key (Adams, Law, & Gibson, 2010). Calls 
from two sympatric long-eared bat species were indistinguishable and 
classified as a species complex (Nyctophilus sp.). It was not possible to 
obtain abundance data from acoustic recordings, and we instead used 
relative bat activity (passes/tree/night). Bat and arthropod surveys 
were not undertaken on the same night at each tree.

2.3.3 | Birds

In each year, we conducted two separate visual fixed point bird sur-
veys at each tree. Each survey was 20 min in duration (Fischer & 
Lindenmayer, 2002a). Surveys involved sitting 5–10 m from each tree 
and recording the abundance and identity of species that came into 
direct contact with each tree. Surveys were conducted during the 
breeding period (September and October) when individuals exhibit 
strong site fidelity (Recher, Kavanagh, Shields, & Lind, 1991).

2.4 | Statistical analyses

2.4.1 | Abundance and richness

We used generalized linear mixed models (GLMM) to predict varia-
tion in trunk arthropod abundance and morphospecies richness, bat 
activity and richness, and bird abundance and richness and to identify 

the relative effect of explanatory variables. We fitted “landscape con-
text,” “tree size,” “year” and “tree species” as fixed effects. We fitted 
“tree identity” as a random effect to account for repeat surveys across 
years and at sample trees. For bat models only, we also tested the 
fixed effect of “arthropod abundance from UV captures per tree.” 
Arthropod abundance was not fitted as a covariate for bird models as 
not all bird species were insectivorous. For trunk arthropods and birds, 
we also investigated fixed effects for different orders and functional 
guilds, respectively. Only trunk arthropod orders that were present 
at >10% of trees over the three-year survey period were consid-
ered (Arachnida, Coleoptera, Diptera, Hymenoptera, Hemiptera and 
Lepidoptera). For birds, species of conservation concern in our study 
region (Rayner, Lindenmayer, Wood, Gibbons, & Manning, 2014; 
Rayner et al., 2015) and dominant guilds were considered (small in-
sectivore, hollow nester). We fitted normal distributions (identity link) 
to log-transformed abundance data and Poisson distributions (log link) 
to richness data. Chi-squared tests were used to compare interaction 
(landscape context × tree size) and additive (landscape context + tree 
size) models. A significant interaction term was recorded only for bird 
abundance (likely attributed to small sample sizes of only six trees per 
interaction term), while all others results were reported only for addi-
tive models. The significance of each term was checked by comparing 
the full model to the model without that term.

2.4.2 | Community composition

We used generalized permutational multivariate analyses of variance 
(PERMANOVA) to examine variation in trunk arthropod order, bat 
species and bird species composition (Anderson & Robinson, 2003). 
We fitted “landscape context” and “tree size” in a two-way fixed-factor 
design. We then conducted a separate analysis using constrained ca-
nonical analyses of principal coordinates using discriminant analysis 
(CAP (CDA)), which finds axes maximizing separation among groups 
(Anderson & Willis, 2003). Constrained ordination is useful to exam-
ine compositional data against set predictions; in our case, as defined 
a priori by landscape context (prediction 1) and tree size (prediction 2). 
Correlations between taxa and canonical axes were used to identify 
taxa that contributed strongly to community distinctiveness (correla-
tions > (±) 0.2). For multivariate analyses, we used a Bray–Curtis dis-
similarity index on square root-transformed abundance data (and bat 
activity data) pooled across survey years with 10,000 permutations.

3  | RESULTS

We recorded a total of 7,776 trunk arthropods identified to 15 orders; 
30,536 bat echolocation passes assigned to 11 species; and 1,785 
birds identified to 61 species (see Table S5 for recorded taxa).

3.1 | Effect of landscape context

Landscape context had a significant effect on all taxa surveyed, but 
response patterns were highly variable among taxa.
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3.1.1 | Trunk arthropods

We found that landscape context had no significant effect on trunk 
arthropod abundance and morphospecies richness (Table 1; Figure 2a 
and b). However, analyses on dominant trunk arthropod orders re-
vealed significant variation in Diptera (flies) abundance (p = .021), 
Diptera morphospecies richness (p = <.001) and Arachnida (spiders) 
morphospecies richness (p = .022) across landscape contexts (Table 2; 
see Tables S6 and S7 for statistical summaries). For flies, we found 
greater abundance and morphospecies richness at trees in reserves, 
compared to trees in modified landscapes. For spiders, greater mor-
phospecies richness was recorded at trees in modified landscapes 
compared to trees in reserves. Further, landscape context had a 
significant effect (p = .032) on arthropod community composition 
(Figure 3a). There was a significant pairwise difference (p = .016) be-
tween trunk arthropod communities recorded at trees in urban built-
up areas and reserves. Urban built-up areas were characterized by 
communities with high abundance of Hymenoptera (ants). Reserve 
communities were characterized by high abundance of Diptera (flies), 
Coleoptera (beetles) and Arachnida (spiders).

3.1.2 | Bats

We found that landscape context had a significant effect (p < .001) on 
bat activity and richness (Table 1). At trees in urban built-up areas, bat 
activity and richness were significantly reduced compared with urban 
parklands, pasture and reserves (Figure 2c and d). Landscape context 
also had a significant effect (p < .001) on bat community composition 
(Figure 3b). There were significant pairwise differences (p < .001) be-
tween bat communities recorded at trees in urban built-up areas and 

all other landscape contexts, with urban built-up communities char-
acterized by low levels of bat activity for all species. Two bat species 
were recorded only in reserves (eastern false pipistrelle (Falsistrellus 
tasmaniensis) and yellow-bellied sheath-tailed bat (Saccolaimus 
flaviventris)).

3.1.3 | Birds

We found that landscape context had a significant effect on bird 
richness (p = .027; Table 1). More species were recorded at trees in 
pasture, urban parklands and urban built-up areas compared with 
trees in reserves (Figure 2e and f). Analyses of dominant bird guilds 
revealed that more individuals (p = .024) and bird species (p = .008) of 
conservation concern were recorded at trees in some modified land-
scapes (pasture and urban parklands) compared to reserves (Table 2). 
Landscape context also had a significant effect (p < .001) on bird com-
munity composition (Figure 3c). There were significant pairwise dif-
ferences (p < .001) between bird communities recorded at non-urban 
trees (reserves and pasture) and urban trees (parklands and built-
up areas). Communities at urban trees were characterized by high 
abundance of urban-adapted native species (e.g., Australian magpie 
(Cracticus tibicen)) while non-urban trees were characterized by high 
abundance of hollow-nesting species (e.g., crimson rosella (Platycercus 
elegans)). Some species were recorded only in reserves (e.g., brown 
thornbill (Acanthiza pusilla)).

3.2 | Effect of tree size

Tree size had a significant effect on birds but did not affect trunk 
arthropods and bats.

TABLE  1 Summary of main effects (p-values, bolded) for generalized linear mixed models (GLMM; abundance (or activity) and richness data) 
and permutational multivariate analyses of variance (PERMANOVA; assemblage data) for trunk arthropods, bats and birds (see also Tables S6 
and S7)

Response

Fixed effects

Landscape context Tree size

Landscape 
context * tree  
size Tree species Year

Log (arthropod 
abundance UV 
captures/tree)

Trunk arthropod

Abundance 0.350 0.147 — 0.355 0.002 —

Richness (morphospecies) 0.738 0.695 — 0.556 <0.001 —

Assemblage (orders) 0.032 0.644 — — — —

Bat

Activity <0.001 0.834 — 0.750 <0.001 <0.001

Richness <0.001 0.749 — 0.966 0.504 0.040

Assemblage <0.001 0.782 — — — —

Bird

Abundance — — 0.044 0.004 0.830 —

Richness 0.027 <0.001 — 0.013 0.557 —

Assemblage <0.001 <0.001 — — — —
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3.2.1 | Trunk arthropods

We found no significant effect of tree size on trunk arthropod abun-
dance, morphospecies richness or community composition (Table 1). 
We also found no significant effect of tree species on trunk arthro-
pod abundance and morphospecies richness. However, analyses on 
dominant trunk arthropod orders revealed significant variation in 
Arachnida (spiders) abundance (p = .019) across tree sizes, with large 
and medium trees tending to support more spiders than small trees.

3.2.2 | Bats

We found no significant effect of tree size on bat activity, richness 
or community composition (Table 1). We also found no significant ef-
fect of tree species on bat activity and richness. However, arthropod 
abundance at trees had a significant positive effect on bat activity 
(p < .001) and richness (p = .040).

3.2.3 | Birds

We found a significant (p = .044) interaction between landscape 
context and tree size for bird abundance but not for bird richness. 
Large trees in modified landscapes supported the highest abundance 
of birds (Figure 2e and f). Tree size had a significant effect on bird 

richness (p < .001; Table 1). More species were recorded at large 
trees compared with medium trees and small trees. We also recorded 
significantly (p < .001) more individuals and species of small insecti-
vores, hollow nesters and species of conservation concern at large 
trees (Table 2). Tree species had a significant effect on bird abundance 
(p = .004) and richness (p = .013). Overall, more individuals and spe-
cies were recorded at Blakely’s red gum and at “other eucalypt” spe-
cies compared to yellow box.

We found that tree size also had a significant effect (p < .001) on 
bird community composition (Figure 3d). There were significant pair-
wise differences between bird communities recorded at large trees 
and medium trees (p = .026) and large trees and small trees (p < .001). 
The bird community at large trees represented a diversity of functional 
guilds, including hollow nesters (e.g., galah (Cacatua roseicapilla)), necta-
rivores (e.g., yellow-faced honeyeater (Lichenostomus chysops)), aerial in-
sectivores (e.g., willie wagtail (Rhipidura leucophrys)), habitat generalists 
(e.g., magpie lark (Grallina cyanoleuca)), urban-adapted native species 
(e.g., red wattlebird (Anthochaera carunculata) and exotic species (e.g., 
common myna (Acridotheres tristis)). Approximately a quarter (26.2%) of 
bird species (16 unique species) were recorded only at large trees com-
pared to 11.5% (seven unique species) at medium trees and 3.3% (two 
unique species) at small trees. Some guilds were exclusively recorded 
at large trees, including raptors (e.g., brown falcon (Falco berigora)) and 
threatened species (e.g., superb parrot (Polytelis swainsonii); Table S5).

F IGURE  2 Predicted patterns of 
variation (means ± SEM) derived from 
generalized linear mixed models (GLMM) 
showing wildlife abundance and richness 
across different landscape contexts and 
tree sizes. Measures of wildlife responses 
include (a) trunk arthropod abundance, (b) 
trunk arthropod morphospecies richness, 
(c) relative bat activity (diminutive SEM), (d) 
bat species richness, (e) bird abundance and 
(f) bird species richness
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4  | DISCUSSION

We tested two predictions examining how wildlife is affected by 
(1) the landscape context in which trees are located; and (2) the 
size of trees. Landscape context had a significant effect on all taxa 
surveyed. Responses by trunk arthropods, bats and birds deviated 
from our “landscape context” prediction, which anticipated that the 
highest abundance, richness and most distinct wildlife communities 
would occur at trees located in relatively intact landscapes (reserves). 
Instead, wildlife exhibited more complex responses, underscoring the 
important biodiversity value of scattered trees situated in modified 
landscapes (see Figure 4a for a conceptual model). Tree size had a sig-
nificant effect on birds but did not affect arthropods and bats. For 
birds only, this response was consistent with our “tree size” prediction 
(Figure 4b), which predicted that the greatest wildlife diversity would 
occur at large trees. However, trees of all sizes were important for 
trunk arthropods and bats.

4.1 | Effect of landscape context

We found that trees in modified landscapes supported similar trunk 
arthropod abundance and morphospecies richness as trees in reserves 
(Table 1; Figure 2a and b). This result highlights that, even in modi-
fied environments, trunk arthropod populations can still be diverse 

and abundant at scattered trees (Figure 4a). Trunk arthropods are also 
likely to be important prey items for higher order animals such as birds 
and bats (Bhullar & Majer, 2000; Ostfeld & Keesing, 2000).

We found a significant difference between arthropod communities 
at trees in urban built-up areas and reserves. Trees in urban built-up 
areas supported high abundance of Hymenoptera (ants; Figure 3a), a 
result consistent with the findings of Yasuda and Koike (2009), which 
found diverse ant communities using trunk microhabitats at scattered 
urban trees. It is possible that ant communities recorded at trees in 
urban built-up areas are dominated by generalist species capable of 
exploiting patchy resources; however, more detailed assemblage data 
are needed to verify this (see also Bang & Faeth, 2011; Menke et al., 
2011). Trees in reserves supported high abundance of Diptera (flies), 
Coleoptera (beetles) and Arachnida (spiders), which constitutes a wide 
variety of arthropod biota and may include more specialist groups 
(e.g., predators and parasites) sensitive to the availability of resources 
readily available in reserves (e.g., carrion; Barton, Cunningham, 
Lindenmayer, & Manning, 2013). Conserving trees of different sizes 
across a variety of land use types will likely benefit a wide range of 
arthropod communities.

Landscape context had a significant effect on small, insectivo-
rous echolocating bats. At trees in urban built-up areas, bat activity 
and richness were significantly reduced compared to trees in urban 
parklands, pasture and reserves (Figure 2c and d). Even for Gould’s 

Response

Fixed effects

Landscape context Tree size Tree species Year

Trunk arthropod

Coleoptera abundance 0.799 0.391 0.496

Coleoptera richness 0.963 0.442 0.643

Diptera abundance 0.021 0.530 0.303

Diptera richness <0.001 0.211 0.176

Hymenoptera abundance 0.677 0.494 0.197

Hymenoptera richness 0.404 0.293 0.305

Lepidoptera abundance 0.141 0.948 0.233

Lepidoptera richness 0.121 0.743 0.492

Arachnida abundance 0.145 0.019 0.354

Arachnida richness 0.022 0.146 0.314

Hemiptera abundance 0.249 0.741 0.763

Hemiptera richness 0.269 0.714 0.626

Bird

Conservation concern 
abundance

0.024 <0.001 0.273 0.090

Conservation concern 
richness

0.008 <0.001 0.405 0.180

Small insectivore 
abundance

0.075 <0.001 <0.001 0.536

Small insectivore richness 0.050 <0.001 <0.001 0.175

Hollow-nester abundance 0.178 <0.001 0.134 0.869

Hollow-nester richness 0.136 <0.001 0.293 0.610

TABLE  2 Summary of main effects 
(p-values, bolded) for generalized linear 
mixed models (GLMM; abundance and 
morphospecies richness data) for trunk 
arthropod orders found at >10% of trees 
over the three-year study period and 
dominant bird guilds, including species of 
conservation concern (see also Table S6)
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F IGURE  3 Patterns of variation in wildlife community composition based on significant landscape context and tree size effects. Biplots 
show (left panels) constrained multivariate canonical analyses of principal coordinates using discriminant analysis (CAP (CAD)), and (right panels) 
corresponding correlations between canonical axes with taxa driving compositional distinctiveness. Wildlife assemblages include (a) trunk 
arthropod orders (landscape context effect), (b) bat species (landscape context effect) and (c and d) bird species (landscape context and tree size 
effects). Introduced bird species are denoted with an asterisk
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wattled bat (Chalinolobus gouldii), a species considered tolerant of 
urban development (Threlfall et al., 2012a), we recorded 45%–63% 
fewer echolocation passes at trees in urban built-up areas com-
pared to trees in other landscape contexts. For long-eared bats 
(Nyctophilus gouldi and Nyctophilus geoffroyi), species considered 
more sensitive to urbanization, activity was reduced by 85%–96% 
at trees in urban built-up areas. This trend was consistent for all bat 
species (Figure 3b). These results suggest that anthropogenic fac-
tors in built-up urban areas may disturb insectivorous bats. Some 
bat species may be sensitive to artificial light (Threlfall, Law, & 
Banks, 2013) and traffic noise (Le Roux & Waas, 2012), while high 
densities of structures like roads may pose barriers that restrict bat 
movement (Berthinussen & Altringham, 2012). Our results suggest 
that bats have a high dependence on trees retained in urban green-
space (parklands) and non-urban habitats (reserves and pasture) 
where fewer anthropogenic disturbances occur (e.g., street lights; 
Hale, Fairbrass, Matthews, Davies, & Sadler, 2015). Further inves-
tigations into foraging and roosting behaviour could better identify 
how trees in different landscape contexts are used by insectivorous 
bats.

Landscape context had a significant effect on birds. Scattered 
trees in pasture, urban parklands and urban built-up areas sup-
ported significantly more birds and bird species than trees in reserves 
(Figures 2e,f and 4a). One explanation for this response may be related 
to tree availability across landscape contexts in our study area (see 
Table S1). That is, scattered trees may have a higher marginal value 
inversely proportional to their availability in the landscape, consistent 
with a “diminishing returns” model (Cunningham et al., 2014). It is pos-
sible, that in a nature reserve setting, the probability of birds landing 
at a given tree is less likely because each tree is effectively “diluted” 
among many trees located in close proximity. This does not mean that 
aggregated trees in reserves are not important for birds, but rather 
underscores the exceptional biodiversity importance of isolated trees. 
Isolated trees have previously been shown to be disproportionately 
important “lifeboats” for birds in other “hostile” environments (DeMars 
et al., 2010; Manning, Lindenmayer, & Barry, 2004).

Non-urban and urban trees supported significantly different 
bird communities (Figure 3c). A high abundance of common hollow-
nesting species (e.g., crimson rosella) at pasture and reserve trees 
is likely related to a higher availability of hollows in these land-
scapes compared to urban environments, where hollow-bearing 
trees may be reduced (Le Roux, Ikin, Lindenmayer, Blanchard et al., 
2014). However, urban trees supported a high abundance of urban-
adapted native species (e.g., Australian magpie), which typically ex-
ploit resources in urban areas. Compositional distinctiveness across 
urban-reserve gradients is thus likely attributed to variation in habi-
tat structure and species tolerance to urbanization (Ikin et al., 2014; 
Rayner et al., 2015).

4.2 | Effect of tree size

We found that tree size had a significant effect only on birds (Table 1). 
In all landscape contexts, large trees supported significantly more 

individuals and bird species (including small insectivores, hollow nest-
ers and species of conservation concern; Table 2) compared with me-
dium and small trees. However, this response was pronounced at large 
trees located in modified environments (Figures 2e,f and 4b). These 
findings suggest that the unique habitat structures associated with 
large trees are especially attractive for birds in modified environments 
where resources may be limited (Le Roux, Ikin, Lindenmayer, Manning, 
& Gibbons, 2015; Manning et al., 2012). Large scattered trees support 
complex canopies with dead and living branches important for perch-
ing; hollows that are crucial nesting resources; and large quantities 
of decorticating bark, flowers and nectar that are important forag-
ing resources (Dean, Milton, & Jeltsch, 1999; Fischer, Stott, & Law, 
2010; Stagoll et al., 2012). Large trees also supported a more unique 
bird community compared to medium and small trees (Figure 3d). A 
quarter of all bird species were recorded exclusively at large trees, 
highlighting that younger, smaller trees alone will not be sufficient to 
support all bird species.

We did not find a significant tree size effect for bats and trunk 
arthropods. One plausible explanation for this result may be that birds 
likely perceive trees in different ways to bats and arthropods. Birds are 
highly visually orientated and may be more selective of tree-level attri-
butes, particularly structural features associated with larger trees (e.g., 
canopy attributes, hollow availability; Manning, Lindenmayer, & Barry, 
2004). Further, bird responses were related to tree species, but bat 
responses were related to arthropod abundance (Table 1). In addition, 
the effect of tree size may not have been detected for bats due to dif-
ferences in sampling methods. Point count surveys for birds measured 
direct bird–tree associations, but bat detector surveys were a more 
indirect sampling approach by comparison. It is also possible that tree 
size effects for birds may be an artefact of standardized sampling ef-
fort across tree sizes (i.e., large trees support more habitat “area,” and 
thus more birds, than smaller trees; but see Le Roux, Ikin, Lindenmayer, 
Manning et al., 2015).

4.3 | Implications for biodiversity conservation

We have demonstrated that scattered trees support a rich variety 
of trunk arthropod, bat and bird species, including many species of 
conservation concern. Our results emphasize that there are incon-
sistencies between traditional predictions associated with island 
biogeography theory (i.e., that the equilibrium number of species 
decreases for smaller, isolated patches), which still underpin many 
management policies. In situ animal responses defied simplistic the-
oretical models (Figure 4). Instead, our results were more consistent 
with a “habitat variegation” (McIntyre & Barrett, 1992) and “contin-
uum model” (Fischer & Lindenmayer, 2006) of biodiversity conser-
vation. That is, wildlife, especially mobile taxa capable of dispersing 
beyond reserve boundaries, clearly interacts with the landscape as 
a heterogeneous “playing field” where habitat opportunities exist in 
different land use types. This includes exploiting isolated resources 
like scattered trees.

We argue that there is an urgent need to re-examine land man-
agement policies and practices that fail to prioritize the conservation 
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of scattered tree populations on the premise that isolated habitat 
resources located in hostile environments have limited value for bio-
diversity (Lindenmayer & Franklin, 2002; Manning, Lindenmayer, & 
Nix, 2004; Mendenhall et al., 2016). We recognize that our study 
did not record demographic data (e.g., incidents of breeding) and 
is unable to specifically evaluate how scattered trees contribute 
to viable wildlife populations. However, studies have found that 
scattered trees are used for breeding purposes by numerous taxa, 

including birds, bats and arthropods (e.g., Carpaneto et al., 2010; 
Manning, Lindenmayer, & Barry, 2004; Rhodes & Wardell-Johnson, 
2006; Stagoll et al., 2012).

Nature reserves play a crucial role in biodiversity conservation, 
and our results do not undermine this as some species recorded in 
our study may depend on large intact reserves for survival. However, 
reserves form only a small part of the wider landscape and alone are 
unlikely to be sufficient at conserving biological diversity (Franklin 
& Lindenmayer, 2009; Rayner et al., 2014). Scattered trees can help 
facilitate adaptive behaviours (e.g., dispersal and migration) that may 
contribute to species persistence across broader landscapes (Fischer 
& Lindenmayer, 2002b; Manning et al., 2009). We strongly encour-
age wildlife-orientated management directives that recognize the im-
portant biodiversity value of scattered trees. Conservation measures 
should prioritise scattered tree retention and perpetuation efforts in 
disturbed environments, which should complement reserve establish-
ment and/or expansion strategies that are also recognized as import-
ant for biodiversity conservation.

Retaining scattered trees in modified landscapes requires a 
concerted effort to resolve conflicts of interest and mitigate and 
avoid the loss of established trees wherever possible (Le Roux, Ikin, 
Lindenmayer, Manning et al., 2015; Lindenmayer et al., 2013). For 
example, strategically planned urban developments could retain more 
existing trees in urban greenspace rather than removing trees at 
construction (Ikin et al., 2015; Le Roux, Ikin, Lindenmayer, Manning 
et al., 2014; Rayner et al., 2015). Retaining scattered trees can provide 
immediate habitat benefits to wildlife, while also being a more fea-
sible conservation approach compared to ameliorating development 
impacts through costly biodiversity offset strategies like planting and 
maintaining large quantities of replacement seedlings (tubestock), 
purchasing “set-aside” reserve land or recreating mature tree struc-
tures such as artificial hollows (Gibbons & Lindenmayer, 2007; 
Le Roux et al., 2015; Lindenmayer et al., 2017; Maron et al., 2012; 
Vesk, Nolan, Thomson, Dorrough, & Mac Nally, 2008). Scattered trees 
can also serve as useful indicator structures of ecosystem function 
(Hunter et al., 2017; Lindenmayer, Margules, & Botkin, 2000; Tews 
et al., 2004). Conserving trees in disturbed landscapes can maintain 
high levels of biodiversity, which may also facilitate vital ecological 
services (e.g., pollination and seed dispersal; Herrera & García, 2009) 
that can ultimately provide numerous socio-economic benefits (e.g., 
arthropod pest control by birds and bats in agricultural land; Maas, 
Clough, & Tscharntke, 2013).

Our results highlight the importance of large old trees for birds. 
Habitat resources associated with large trees, such as hollows, ac-
crue only over centuries and once removed are irreplaceable in the 
short-term (Manning et al., 2012). However, the biodiversity value of 
smaller sized trees should not be discounted in tree management pol-
icies. Revegetation efforts and affording protection to a range of tree 
sizes in modified landscapes are crucial for the long-term perpetuation 
of large old trees (Gibbons et al., 2008; Le Roux, Ikin, Lindenmayer, 
Manning et al., 2014).

Effective biodiversity conservation requires integrating wildlife 
response data into targeted management and habitat protection 

F IGURE  4 Conceptual models illustrating wildlife responses 
quantified at scattered trees (a) located in different landscape 
contexts and (b) of different sizes. Wildlife exhibited complex and 
contrasting responses that often deviated from tested predictions. 
Predictions were based on the premise that many real-world 
management practices remain governed by biogeographic principles, 
resulting in the prioritization of large, intact habitat areas for 
conservation. Our results, summarized here, demonstrate that even 
small trees scattered in highly disturbed environments still offer 
habitat opportunities for a range of animal taxa
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policies, which should be implemented at multiple spatial scales. 
To better align conservation priorities for different taxa in modified 
landscapes, we recommend prioritizing the protection, retention 
and perpetuation of scattered trees of different sizes wherever pos-
sible, thereby providing crucial habitat opportunities for a multitude 
of taxa.

ACKNOWLEDGEMENTS

We would like to thank landowners for access to properties; Tanja 
Straka, Rodney Van Der Ree, Caragh Threlfall and the Mulligans Flat—
Goorooyaroo Woodland Experiment for lending survey equipment; 
Michael Pennay for assistance with bat software; Matt Beaty for GIS 
assistance; Thomas Reid for field assistance; and Wade Blanchard and 
Philip Barton for statistical support. Comments provided by anony-
mous reviewers improved earlier versions of our manuscript. Fieldwork 
was ethics approved (A2012/37). DSL was funded by an Australian 
Postgraduate Award (The Australian National University) and a top-up 
scholarship (Land Development Agency, ACT Government).

ORCID

Darren S. Le Roux   http://orcid.org/0000-0001-9934-6164 

REFERENCES

Adams, M. D., Law, B. S., & Gibson, M. S. (2010). Reliable automation of 
bat call identification for eastern New South Wales, Australia, using 
classification trees and AnaScheme software. Acta Chiropterologica, 12, 
231–245.

Anderson, M. J., & Robinson, J. (2003). Generalized discriminant analysis 
based on distances. Australian & New Zealand Journal of Statistics, 45, 
301–318.

Anderson, M. J., & Willis, T. J. (2003). Canonical analysis of principal coordi-
nates: A useful method of constrained ordination for ecology. Ecology, 
84, 511–525.

Australian Bureau of Statistics (2017). Retrieved from http://www.abs.gov.
au/. Accessed 25 February 2017.

Bang, C., & Faeth, S. H. (2011). Variation in arthropod communities in re-
sponse to urbanization: Seven years of arthropod monitoring in a des-
ert city. Landscape and Urban Planning, 103, 383–399.

Barton, P., Cunningham, S., Lindenmayer, D., & Manning, A. (2013). The 
role of carrion in maintaining biodiversity and ecological processes in 
terrestrial ecosystems. Oecologia, 171, 761–772.

Berthinussen, A., & Altringham, J. (2012). The effect of a major road on bat 
activity and diversity. Journal of Applied Ecology, 49, 82–89.

Bhullar, S., & Majer, J. (2000). Arthropods on street trees: A food resource 
for wildlife. Pacific Conservation Biology, 6, 171–173.

Carpaneto, G., Mazziotta, A., Coletti, G., Luiselli, L., & Audisio, P. (2010). 
Conflict between insect conservation and public safety: The case study 
of a saproxylic beetle (Osmoderma eremita) in urban parks. Journal of 
Insect Conservation, 14, 555–565.

Cunningham, R. B., Lindenmayer, D. B., Crane, M., Michael, D. R., Barton, 
P. S., Gibbons, P., … Stein, J. A. (2014). The law of diminishing returns: 
Woodland birds respond to native vegetation cover at multiple spatial 
scales and over time. Diversity and Distributions, 20, 59–71.

Dean, W. R. J., Milton, S. J., & Jeltsch, F. (1999). Large trees, fertile islands, 
and birds in arid savanna. Journal of Arid Environments, 41, 61–78.

DeMars, C. A., Rosenberg, D. K., & Fontaine, J. B. (2010). Multi-scale factors 
affecting bird use of isolated remnant oak trees in agro-ecosystems. 
Biological Conservation, 143, 1485–1492.

Department of the Environment (2015). White box-yellow box-blakely’s red 
gum grassy woodland and derived native grassland in community and spe-
cies profile and threats database. Retrieved from http://www.environ-
ment.gov.au/sprat. Accessed 7 April 2015. Canberra, Australia.

Didham, R. K., Kapos, V., & Ewers, R. M. (2012). Rethinking the conceptual 
foundations of habitat fragmentation research. Oikos, 121, 161–170.

Driscoll, D. A., Banks, S. C., Barton, P. S., Lindenmayer, D. B., & Smith, A. 
L. (2013). Conceptual domain of the matrix in fragmented landscapes. 
Trends in Ecology & Evolution, 28, 605–613.

Dunn, R. R. (2000). Isolated trees as foci of diversity in active and fallow 
fields. Biological Conservation, 95, 317–321.

Fischer, J., & Lindenmayer, D. (2002a). The conservation value of paddock 
trees for birds in a variegated landscape in southern New South Wales. 
1. Species composition and site occupancy patterns. Biodiversity & 
Conservation, 11, 807–832.

Fischer, J., & Lindenmayer, D. B. (2002b). The conservation value of pad-
dock trees for birds in a variegated landscape in southern New South 
Wales. 2. Paddock trees as stepping stones. Biodiversity & Conservation, 
11, 833–849.

Fischer, J., & Lindenmayer, D. B. (2002c). Small patches can be valuable for 
biodiversity conservation: Two case studies on birds in southeastern 
Australia. Biological Conservation, 106, 129–136.

Fischer, J., & Lindenmayer, D. B. (2006). Beyond fragmentation: The con-
tinuum model for fauna research and conservation in human-modified 
landscapes. Oikos, 112, 473–480.

Fischer, J., Stott, J., & Law, B. (2010). The disproportionate value of scat-
tered trees. Biological Conservation, 143, 1564–1567.

Fischer, J., Zerger, A., Gibbons, P., Stott, J., & Law, B. (2010). Tree decline 
and the future of Australian farmland biodiversity. Proceedings of the 
National Academy of Sciences of the United States of America, 107, 
19597–19602.

Flynn, D. F. B., Gogol-Prokurat, M., Nogeire, T., Molinari, N., Richers, B. T., 
Lin, B. B., … DeClerck, F. (2009). Loss of functional diversity under land 
use intensification across multiple taxa. Ecology Letters, 12, 22–33.

Franklin, J. F., & Lindenmayer, D. B. (2009). Importance of matrix habitats in 
maintaining biological diversity. Proceedings of the National Academy of 
Sciences of the United States of America, 106, 349–350.

Gibbons, P., Briggs, S. V., Ayers, D., Seddon, J., Doyle, S., Cosier, P., … 
Roberts, K. (2009). An operational method to assess impacts of land 
clearing on terrestrial biodiversity. Ecological Indicators, 9, 26–40.

Gibbons, P., & Lindenmayer, D. B. (2007). Offsets for land clearing: No net 
loss or the tail wagging the dog? Ecological Management & Restoration, 
8, 26–31.

Gibbons, P., Lindenmayer, D. B., & Fischer, J. (2008). The future of scattered 
trees in agricultural landscapes. Conservation Biology, 22, 1309–1319.

Hale, J. D., Fairbrass, A. J., Matthews, T. J., Davies, G., & Sadler, J. P. (2015). 
The ecological impact of city lighting scenarios: Exploring gap crossing 
thresholds for urban bats. Global Change Biology, 21, 2467–2478.

Hartel, T., Dorresteijn, I., Klein, C., Máthé, O., Moga, C. I., Öllerer, K., … 
Fischer, J. (2013). Wood-pastures in a traditional rural region of 
Eastern Europe: Characteristics, management and status. Biological 
Conservation, 166, 267–275.

Herrera, J. M., & García, D. (2009). The role of remnant trees in seed dis-
persal through the matrix: Being alone is not always so sad. Biological 
Conservation, 142, 149–158.

Hunter, M. L., Acuña, V., Bauer, D. M., Bell, K. P., Calhoun, A. J. K., Felipe-
Lucia, M. R., … Poschlod, P. (2017). Conserving small natural features 
with large ecological roles: A synthetic overview. Biological Conservation, 
211 (Part B), 88–95.

Ikin, K., Barton, P. S., Knight, E., Lindenmayer, D. B., Fischer, J., & Manning, 
A. D. (2014). Bird community responses to the edge between suburbs 
and reserves. Oecologia, 174, 545–557.

http://orcid.org/0000-0001-9934-6164
http://orcid.org/0000-0001-9934-6164
http://www.abs.gov.au/
http://www.abs.gov.au/
http://www.environment.gov.au/sprat
http://www.environment.gov.au/sprat


80  |     LE ROUX et al.

Ikin, K., Le Roux, D. S., Rayner, L., Villaseñor, N. R., Eyles, K., Gibbons, P., 
… Lindenmayer, D. B. (2015). Key lessons for achieving biodiversity-
sensitive cities and towns. Ecological Management & Restoration, 16, 
206–214.

Laurance, W. F., Delamonica, P., Laurance, S. G., Vasconcelos, H. L., & 
Lovejoy, T. E. (2000). Rainforest fragmentation kills big trees. Nature, 
404, 836.

Le Roux, D. S., Ikin, K., Lindenmayer, D. B., Bistricer, G., Manning, A. D., & 
Gibbons, P. (2015). Enriching small trees with artificial nest boxes can-
not mimic the value of large trees for hollow-nesting birds. Restoration 
Ecology, 24, 252–258.

Le Roux, D. S., Ikin, K., Lindenmayer, D. B., Blanchard, W., Manning, A. D., & 
Gibbons, P. (2014). Reduced availability of habitat structures in urban 
landscapes: Implications for policy and practice. Landscape and Urban 
Planning, 125, 57–64.

Le Roux, D. S., Ikin, K., Lindenmayer, D. B., Manning, A. D., & Gibbons, P. 
(2014). The future of large old trees in urban landscapes. PLoS ONE, 9, 
e99403.

Le Roux, D. S., Ikin, K., Lindenmayer, D. B., Manning, A. D., & Gibbons, 
P. (2015). Single large or several small? Applying biogeographic prin-
ciples to tree-level conservation and biodiversity offsets. Biological 
Conservation, 191, 558–566.

Le Roux, D. S., & Waas, J. R. (2012). Do long-tailed bats alter their eve-
ning activity in response to aircraft noise? Acta Chiropterologica, 14, 
111–120.

Lindenmayer, D. B., Crane, M., Evans, M. C., Maron, M., Gibbons, P., 
Bekessy, S., & Blanchard, W. (2017). The anatomy of a failed offset. 
Biological Conservation, 210, 286–292.

Lindenmayer, D. B., Fischer, J., Felton, A., Crane, M., Michael, D., Macgregor, 
C., … Hobbs, R. J. (2008). Novel ecosystems resulting from landscape 
transformation create dilemmas for modern conservation practice. 
Conservation Letters, 1, 129–135.

Lindenmayer, D. B., & Franklin, J. F. (2002). Conserving forest biodiversity: A 
comprehensive multiscaled approach. Washington DC: Island Press.

Lindenmayer, D. B., & Laurance, W. F. (2017). The ecology, distribution, 
conservation and management of large old trees. Biological Reviews, 92, 
1434–1458.

Lindenmayer, D. B., Laurance, W. F., Franklin, J. F., Likens, G. E., Banks, S. 
C., Blanchard, W., … McBurney, L. (2013). New policies for old trees: 
Averting a global crisis in a keystone ecological structure. Conservation 
Letters, 7, 61–69.

Lindenmayer, D. B., Margules, C. R., & Botkin, D. B. (2000). Indicators of bio-
diversity for ecologically sustainable forest management. Conservation 
Biology, 14, 941–950.

Lutz, J. A., van Wagtendonk, J. W., & Franklin, J. F. (2009). Twentieth-
century decline of large-diameter trees in Yosemite National Park, 
California, USA. Forest Ecology and Management, 257, 2296–2307.

Maas, B., Clough, Y., & Tscharntke, T. (2013). Bats and birds increase 
crop yield in tropical agroforestry landscapes. Ecology Letters, 16, 
1480–1487.

MacArthur, R. H., & Wilson, E. O. (1967). The theory of island biogeography. 
Princeton, NJ: Princeton University Press.

Manning, A. D., Fischer, J., & Lindenmayer, D. B. (2006). Scattered trees 
are keystone structures – Implications for conservation. Biological 
Conservation, 132, 311–321.

Manning, A. D., Gibbons, P., Fischer, J., Oliver, D. L., & Lindenmayer, D. B. 
(2012). Hollow futures? Tree decline, lag effects and hollow-dependent 
species. Animal Conservation, 16, 395–405.

Manning, A. D., Gibbons, P., & Lindenmayer, D. B. (2009). Scattered trees: 
A complementary strategy for facilitating adaptive responses to cli-
mate change in modified landscapes? Journal of Applied Ecology, 46, 
915–919.

Manning, A. D., Lindenmayer, D. B., & Barry, S. C. (2004). The conserva-
tion implications of bird reproduction in the agricultural “matrix”: A 

case study of the vulnerable superb parrot of south-eastern Australia. 
Biological Conservation, 120, 363–374.

Manning, A. D., Lindenmayer, D. B., & Nix, H. A. (2004). Continua and 
Umwelt: Novel perspectives on viewing landscapes. Oikos, 104, 
621–628.

Maron, M., Hobbs, R. J., Moilanen, A., Matthews, J. W., Christie, K., Gardner, 
T. A., … McAlpine, C. A. (2012). Faustian bargains? Restoration realities 
in the context of biodiversity offset policies. Biological Conservation, 
155, 141–148.

Matveinen-Huju, K., Niemelä, J., Rita, H., & O’Hara, R. B. (2006). Retention-
tree groups in clear-cuts: Do they constitute ‘life-boats’ for spiders and 
carabids? Forest Ecology and Management, 230, 119–135.

Maxwell, S. L., Fuller, R. A., Brooks, T. M., & Watson, J. E. (2016). Biodiversity: 
The ravages of guns, nets and bulldozers. Nature, 536, 143–145.

Mazurek, M. J., & Zielinski, W. J. (2004). Individual legacy trees influence 
vertebrate wildlife diversity in commercial forests. Forest Ecology and 
Management, 193, 321–334.

McIntyre, S., & Barrett, G. (1992). Habitat variegation, an alternative to 
fragmentation. Conservation Biology, 6, 146–147.

McKinney, M. L. (2006). Urbanization as a major cause of biotic homogeni-
zation. Biological Conservation, 127, 247–260.

Mendenhall, C. D., Karp, D. S., Meyer, C. F., Hadly, E. A., & Daily, G. C. 
(2014). Predicting biodiversity change and averting collapse in agricul-
tural landscapes. Nature, 509, 213–217.

Mendenhall, C. D., Shields-Estrada, A., Krishnaswami, A. J., & Daily, G. 
C. (2016). Quantifying and sustaining biodiversity in tropical agricul-
tural landscapes. Proceedings of the National Academy of Sciences of the 
United States of America, 113, 14544–14551.

Menke, S. B., Guénard, B., Sexton, J. O., Weiser, M. D., Dunn, R. R., & 
Silverman, J. (2011). Urban areas may serve as habitat and corridors 
for dry-adapted, heat tolerant species; an example from ants. Urban 
Ecosystems, 14, 135–163.

Millenium Ecosystem Assessment (2005). Ecosystems and human well-being: 
Biodiversity synthesis. Washington, DC: World Resources Institute.

Moilanen, A., Van Teeffelen, A. J. A., Ben-Haim, Y., & Ferrier, S. (2009). How 
much compensation is enough? A framework for incorporating uncer-
tainty and time discounting when calculating offset ratios for impacted 
habitat. Restoration Ecology, 17, 470–478.

NSW Government (2014). Clearing of paddock trees in a cultivation area. 
Schedule A. Sydney, NSW: Office of Environment and Heritage.

Ostfeld, R. S., & Keesing, F. (2000). Pulsed resources and community dy-
namics of consumers in terrestrial ecosystems. Trends in Ecology & 
Evolution, 15, 232–237.

Phalan, B., Green, R., & Balmford, A. (2014). Closing yield gaps: Perils and 
possibilities for biodiversity conservation. Philosophical Transactions of 
the Royal Society of London B: Biological Sciences, 369, 20120285.

Plieninger, T., Levers, C., Mantel, M., Costa, A., Schaich, H., & Kuemmerle, T. 
(2015). Patterns and drivers of scattered tree loss in agricultural land-
scapes: Orchard meadows in Germany (1968–2009). PLoS ONE, 10, 
e0126178.

Rayner, L., Ikin, K., Evans, M. J., Gibbons, P., Lindenmayer, D. B., & Manning, 
A. D. (2015). Avifauna and urban encroachment in time and space. 
Diversity and Distributions, 21, 428–440.

Rayner, L., Lindenmayer, D. B., Wood, J. T., Gibbons, P., & Manning, A. D. 
(2014). Are protected areas maintaining bird diversity? Ecography, 37, 
43–53.

Recher, H. F., Kavanagh, R. P., Shields, J. M., & Lind, P. (1991). Ecological 
association of habitats and bird species during the breeding season 
in southeastern New South Wales. Australian Journal of Ecology, 16,  
337–352.

Rhodes, M., & Wardell-Johnson, G. (2006). Roost tree characteristics 
determine use by the white-striped freetail bat (Tadarida australis, 
Chiroptera: Molossidae) in suburban subtropical Brisbane, Australia. 
Austral Ecology, 31, 228–239.



     |  81LE ROUX et al.

Ricketts, T. H. (2001). The matrix matters: Effective isolation in fragmented 
landscapes. The American Naturalist, 158, 87–99.

Seto, K. C., Güneralp, B., & Hutyra, L. R. (2012). Global forecasts of urban 
expansion to 2030 and direct impacts on biodiversity and carbon pools. 
Proceedings of the National Academy of Sciences of the United States of 
America, 109, 16083–16088.

Stagoll, K., Lindenmayer, D. B., Knight, E., Fischer, J., & Manning, A. D. 
(2012). Large trees are keystone structures in urban parks. Conservation 
Letters, 5, 115–122.

Tews, J., Brose, U., Grimm, V., Tielbörger, K., Wichmann, M. C., Schwager, 
M., & Jeltsch, F. (2004). Animal species diversity driven by habitat het-
erogeneity/diversity: The importance of keystone structures. Journal of 
Biogeography, 31, 79–92.

Threlfall, C. G., Law, B., & Banks, P. B. (2012a). Sensitivity of insectivorous 
bats to urbanization: Implications for suburban conservation planning. 
Biological Conservation, 146, 41–52.

Threlfall, C., Law, B., & Banks, P. (2013). The urban matrix and artificial 
light restricts the nightly ranging behaviour of Gould’s long-eared bat 
(Nyctophilus gouldi). Austral Ecology, 38, 921–930.

Vesk, P. A., Nolan, R., Thomson, J. R., Dorrough, J. W., & Mac Nally, R. 
(2008). Time lags in provision of habitat resources through revegeta-
tion. Biological Conservation, 141, 174–186.

Vitousek, P. M., Mooney, H. A., Lubchenco, J., & Melillo, J. M. (1997). 
Human domination of Earth’s ecosystems. Science, 277, 494–499.

Warren, B. H., Simberloff, D., Ricklefs, R. E., Aguilée, R., Condamine, F. L., 
Gravel, D., … Thébaud, C. (2014). Islands as model systems in ecology 
and evolution: Prospects fifty years after MacArthur-Wilson. Ecology 
Letters, 18, 200–217.

Yasuda, M., & Koike, F. (2009). The contribution of the bark of isolated trees 
as habitat for ants in an urban landscape. Landscape and Urban Planning, 
92, 276–281.

Zborowski, P., & Storey, R. (2010). A field guide to insects in Australia, 3rd ed. 
Chatswood, NSW: New Holland Publishers.

BIOSKETCH

Darren Le Roux is a PhD graduate from the Fenner School of 
Environment and Society, The Australian National University. His 
PhD research focused on developing strategic and innovative man-
agement strategies aimed at maintaining and perpetuating habitat 
structures for wildlife in modified landscapes. Darren now works as 
an Environmental Project Officer with the Parks and Conservation 
Service, Australian Capital Territory Government.

Author contributions: D.S.L. and P.G. conceived the idea for the 
manuscript and designed the experiment. D.S.L. collected the data 
and completed the write-up of the manuscript. D.S.L. and K.I. led 
the analyses. P.G., K.I., D.B.L. and A.D.M. provided critical advice 
on manuscript drafts.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-
porting information tab for this article. 

How to cite this article: Le Roux DS, Ikin K, Lindenmayer DB, 
Manning AD, Gibbons P. The value of scattered trees for wildlife: 
Contrasting effects of landscape context and tree size. Divers 
Distrib. 2018;24:69–81. https://doi.org/10.1111/ddi.12658

https://doi.org/10.1111/ddi.12658

