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Abstract

Background: Fragmentation and habitat loss can restrict species movement and reduce connectivity, negatively
impacting biodiversity. Characterising the overall connectivity of an area can inform better management of human
modified landscapes. Contemporary connectivity modelling methods seldom incorporate fine-scale movement
patterns associated with movement between fine-scaled structural connectivity elements such as scattered trees,
roadside corridors and small patches of habitat. This study aims to characterise connectivity within the Karuah-Myall
catchments, a typical woodland ecosystem that is fragmented by agriculture, using least-cost path analysis and a
graph-theoretic approach; it focuses on how fine-scaled vegetation such as scattered trees support connectivity. We
mapped scattered (and paddock) trees within this agricultural landscape where the main human modified land use
was pasture. We modelled connectivity for a general representative woodland species using an interpatch dispersal
distance and gap crossing threshold, and resistance from different land cover types. The gap crossing distance
threshold was used to model movement between fine-scaled vegetation features. We compared the least-cost
paths modelled with and without scattered trees.

Results: Our results show that by excluding scattered trees, least-cost paths across the cleared pasture landscape
did not reflect the types of movement patterns typically observed from field studies, such as those associated with
a foray-search strategy used by small and medium mammals and birds. The modelling also shows that the Karuah-
Myall catchments are well connected and provide value to biodiversity beyond the catchment borders, by
connecting coastal vegetation to the Great Eastern Ranges national wildlife corridor initiative.

Conclusion: Connectivity models that exclude fine-scale landscape features such as scattered trees and small, linear
patches risk misrepresenting connectivity patterns. Models of regional-scale connectivity can be influenced by the
presence or absence of even the smallest features, such as scattered trees.
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Introduction

Conversion of natural ecosystems for human land uses
leads to fragmentation, loss of habitats and restriction of
species movement (Lumsden and Bennett 2005; Lindsay
et al. 2008; Hadley and Betts 2009; Beier et al. 2011; Rogan
and Lacher Jr. 2018; Liu et al. 2020; Bolliger and Silberna-
gel 2020). The decrease in habitat connectivity has adverse
effects on population viability, resulting in greater extinc-
tion risk than from the loss of habitat alone (Caughley
1994; Fischer and Lindenmayer 2006; Brook et al. 2008).
Better management of human-modified landscapes is cen-
tral to minimising the impact of fragmentation on species
movement and connectivity and ultimately, ensuring the
viability of populations and ecosystems.

Contemporary methods for modelling landscape con-
nectivity include least-cost path analysis and graph the-
ory; these provide a diverse toolbox for studying the
different aspects of connectivity (Urban and Keitt 2001;
Adriaensen et al. 2003; McRae et al. 2008; Foltéte et al.
2012). Least-cost path analysis characterises non-
habitat/matrix based on dispersal costs, which represent
the metabolic price and mortality risk of moving across
such areas (Adriaensen et al. 2003; Sawyer et al. 2011).
Dispersal cost is influenced by a combination of land
cover attributes, such as urbanisation, and species-
specific dispersal probabilities over various distances.
Cost-weighted analysis is used to produce the least-cost
pathways connecting suitable habitat patches. Subse-
quently, using a graph theoretic approach, network mea-
sures are calculated to quantitatively assess the
significance of patches within a connectivity network
(Minor and Urban 2008; Rayfield et al. 2011).

Many studies have incorporated these approaches in
modelling landscape connectivity and have made signifi-
cant contributions to a now large body of research (Urban
and Keitt 2001; Adriaensen et al. 2003; McRae et al. 2008;
Urban et al. 2009; Rayfield et al. 2011; Foltéte et al. 2012).
However, these approaches have a number of important
limitations; most notably, they do not adequately incorp-
orate truly fine-scale features such as scattered trees (in-
cluding paddock trees) and road-side vegetation patches,
nor address how these facilitate movement between larger
habitat patches (Lechner et al. 2015b). In landscapes frag-
mentated by pasture, scattered trees, small patches and
corridors are recognised as important facilitators of move-
ment (Fischer and Lindenmayer 2002; van der Ree et al.
2004) as they allow for species to move long distances
from one patch to another by acting as stepping stones.

Scattered trees are dispersed individual trees, often
remnants of intact forest, that are surrounded by open
space (Manning et al. 2006). They are common in hu-
man dominated and fragmented forest landscapes and
can result from practices such as clearance and thinning
of forests (Manning et al. 2009). They are recognized for
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their usefulness and are widely regarded as “keystone
structures” in human-dominated landscapes: they
provide foraging sites and shelter for many species
(Carruthers et al. 2004; Le Roux et al. 2018; Barth et al.
2020), habitat for insectivores and pollinators (Lumsden
and Bennett 2005; Prevedello et al. 2018), focal points
for tree regeneration (Dorrough and Moxham 2005;
Derroire et al. 2016), soil nutrient retention (Wilson
2008) and connectivity for a wide range of biota (Man-
ning et al. 2006). In addition, they act as a stopover and
a place to rest, providing protection from predation for
many woodland and forest species on their ventures out
into the open matrix, effectively making fragmented
landscapes “usable”.

The aim of this study was to characterise connectivity in
fragmented agricultural landscapes dominated by open
pastures, where we hypothesised that dispersal is facili-
tated by scattered trees and small patches of vegetation
such as road-side corridors. We assessed (1) how scattered
trees and other fine-scaled structural connectivity ele-
ments influence connectivity patterns within fragmented
landscapes and (2) the contribution of such landscapes to
regional-scale connectivity beyond their boundaries. To
address the study aim, we used information on fine-scale
dispersal behaviours to model the contribution of scat-
tered trees and small patches for the Karuah-Myall catch-
ments, New South Wales, Australia, for a “general
representative species” dependent on native woody vegeta-
tion (Lechner et al. 2015b). The Karuah-Myall catchments
represent a typical woodland ecosystem on the east coast
of Australia which has been fragmented by pasture agri-
culture. We mapped and modelled connectivity using an
interpatch dispersal distance, gap crossing threshold and
resistance from different land cover types. The gap cross-
ing distance threshold was used to model movement be-
tween fine-scaled vegetation features. Movement was
characterised with least-cost paths, and the importance of
links and patches to connectivity was quantified using a
graph theoretic approach (Foltéte et al. 2012). We com-
pared the least-cost paths modelled with and without scat-
tered trees. In addition, the importance of protected areas
for conserving connectivity and the contribution of the
study area to connectivity beyond its boundaries, specific-
ally the Great Eastern Ranges national wildlife corridor
scheme was also assessed. We conclude by discussing the
important role of scattered trees and small patches in con-
necting landscapes and the importance of explicitly mod-
elling them.

Methods
Study area
The Karuah River catchment is situated in the lower north
coast of New South Wales, Australia. It borders the
Hunter River catchment in the south, and the Manning
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River catchment in the north. The catchment is approxi-
mately 2410 km® Land uses within the Karuah River
catchment include state forests, agricultural land, national
parks, coal mining and urbanised areas. The catchment is
typified by narrow valleys to the north that widen to the
mid and lower regions. The catchment is valued for its
rich biodiversity and diverse landforms (Great Lakes
Council 2014). Adjacent to the Karuah River catchment,
the Myall Lakes catchment has an area of more than 400
km? The Myall River is the major tributary of this catch-
ment, with its headwaters extending to Craven Nature Re-
serve and the Kyle Range. Land use within the Myall
Lakes catchment ranges from agricultural, with livestock
farming being most popular, to forestry and protected
areas on steeper slopes and small urban and peri-urban
areas such as the townships of Bulahdelah, as well as the
popular tourist destinations of the Tea Gardens-Hawks
Nest area. Much of the native woodland cover within the
two catchments remains intact. Cleared areas exist in the
valleys to the north and east and towards the coast in the
south of the two catchments. Here, native trees remain as
scattered or paddock trees standing above managed pas-
tures of native grass (Great Lakes Council 2015). Scattered
tree species common within the catchments include euca-
lypts such as Tallowwood, and several species of Gum and
Mahogany trees. Several Angophora spp. and Corymbia

Page 3 of 16

spp. are also common, such as the Smooth and Rough-
barked Apple, and Bloodwood and Spotted Gum, respect-
ively (MidCoast Council 2018).

Modelling fine-scale connectivity

This study follows a framework described by Lechner
et al. (2015a, b) to characterise connectivity based on
fine-scale dispersal behaviour (Fig. 1). The framework
has the following workflow:

i. Identification of key ecological connectivity
parameters

ii. Pre-processing spatial data based on these
parameters

iii. Inputting spatial data to existing connectivity
modelling software

This study modelled generic connectivity between en-
vironmentally similar habitats instead of a particular spe-
cies, comparable to the land-facet approach that has
been applied in Australia (Lechner et al. 20153, b, c) and
internationally (e.g. Brost and Beier 2012). A modelling
approach such as this is a balance between the complex-
ity of parameterising and interpreting a multi-species
connectivity model, and the simplicity of a structural
connectivity model that ignores the inter-species
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complexity of movement between patches (Lechner
et al. 2015b). This approach is based on a “general repre-
sentative species” which considers native woody vegeta-
tion as habitat; it has been applied previously to similar
woodland dominated landscapes in Australia (Lechner
et al. 2015b, c). Such patches are habitat for the majority
of the native fauna in the region affected by fragmenta-
tion, as well as floral species that rely on them for dis-
persal (Lechner et al. 2015b).

Identification of key ecological connectivity parameters

The model was parameterised using dispersal values
from a systematic review by Doerr et al. (2014). This re-
view assessed how structural connectivity facilitates dis-
persal and synthesised average values for gap-crossing
distance and interpatch dispersal distance thresholds
from 80 studies from 98 sources. These values were rele-
vant to the present study as most of the reviewed studies
have similar ecosystems and are also impacted by frag-
mentation from agriculture. The connectivity parameters
were:

i. 1000 m interpatch dispersal distance
ii. 100 m gap-crossing distance
iii. 10 ha minimum habitat patch size

Pre-processing spatial data based on these parameters
Along with these ecological parameters, three spatial in-
puts were used: a habitat patch layer, a dispersal cost
surface based on land use mapping and a gap crossing
layer based on the gap crossing distance threshold.

Creation of habitat map and land use resistance
surface Land use and land cover maps were provided by
MidCoast Council (2018), New South Wales, Australia.
A general land use map and two vegetation land cover
maps were used to derive the necessary spatial inputs.
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We manually edited the spatial data to prepare for the
modelling process as the original data were considered
inadequate for modelling fine-scale connectivity; this
editing is detailed below. The final habitat map is made
up of combined native woody vegetation features,
whereas the dispersal cost map was a composite of
broad land cover classes (Table 1) which includes native
vegetation and the gap crossing surface. All data pro-
cessing was performed using ArcGIS software (ESRI
2018).

The primary land cover datasets provided by MidCoast
Council had three different representations of the distri-
bution of land cover in the study area. These datasets
were:

i. MidCoast Council compiled fine-scale vegetation
community map

ii. Mid North Coast forest ecosystem distribution map

iii. Great Lakes Council native vegetation distribution
map

The layers were overlaid and manually corrected while
referring to an ArcGIS base map (ESRI 2018). The goal
was to produce a harmonised vegetation layer by com-
bining the most accurate components of three primary
datasets. This resulted in a composite vegetation layer
that was spatially complete and correct for the year
2016.

Roads and waterways were merged with both the habi-
tat and land cover maps to provide a better representa-
tion of vegetation and land use patterns which
potentially impact fine-scale movement. For example, by
adding roads, we were able to identify discontinuities in
vegetation patches which were originally mapped as a
single patch. We used Open Street Map (OSM) data to
identify roads, streams and rivers that were missing from
the existing datasets. The following edits were made to
the data from OSM:

Table 1 Description of original land use zones, conversion to broad resistance classes and resistance values. Note the original land
use layer was updated manually and with Open Street Map data as described in the text

Original land use General Resistance  Resistance Resistance
class class percentage  pixel value

Sclerophyll shrubland, sclerophyll forest, coastal dry forest, coastal headland, woodland, Habitat Other 100% 5

dry heathland, wet heathland, mangrove woodland, dry rainforest, riparian forest, tall

shrubland.

sand complex, grassland, sedgeland, rushland, freshwater meadow mix. Non-habitat ~ Other 100% 5

cleared, golf courses, parkland, parkland/grassland, residual pine forest, cleared pasture, Other Other 100% 5

managed pine plantation, rock, sand, cleared grassland.

urban or residential development, quarry, mining strip, industrial land, landfills, schools, Infrastructure Infrastructure 200% 10

mines-coal, fences.

bridleway, construction road, motorway, motorway link, rail, residential road, rest areas, Roads Roads 200% 10

secondary roads, service roads, tertiary roads, tertiary link, tracks.

water, river, stream Water Hydro 300% 15
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i. Filter out small roads and tracks if they did not
show up on Google Earth/Google Maps. These
were dirt roads or abandoned roads that had little
to no traffic and thus do not affect movement.

ii. Buffer the roads and waterways to a total width of
7.5 m. This ensures that the roads were wide
enough to show up as continuous strips with no
breaks.

ili. Combine roads with habitat map and the
subsequent land use map.

To finalise the habitat map, we manually digitised
missing vegetation areas large enough to be considered
as a patch (> 10 ha).

Resistance to dispersal can be described as how move-
ment costs associated with different land cover reduces
the maximum distance individuals can travel. For in-
stance, a land cover which doubles dispersal cost would
reduce the interpatch dispersal distance threshold of 1
km to 500 m. This study follows the same dispersal costs
assigned to each pixel as in Lechner and Lefroy (2014).

To produce a land use resistance map, the classes from
the original data sets were categorised into broader clas-
ses based on the general ways in which land cover affects
movement (Table 1). Dispersal costs varied from no cost
(habitat and non-habitat) to water which reduced dis-
tance by 300%. General classes were further grouped
into resistance classes and given a resistance pixel value
that represents the cost of movement. Resistance pixel
values used are multiples 5, which is the pixel size of all
spatial data used in this study. A resistance value of 5
will have no cost to movement and pixels with a resist-
ance value of 10 will have twice the resistance and 15
with three times the resistance.

Gap-crossing layer The gap-crossing layer identifies
distances between structural connectivity elements and
patches beyond the gap-crossing distance threshold.
Areas beyond this threshold act as barriers to dispersal
and vegetated areas smaller than the minimum patch
size are considered as structural connectivity elements.
In addition, we manually digitised 14,125 trees (points)
and 6703 groups of trees (polygons) which were not in-
cluded in the original land cover maps. These were trees
within cleared or pastural land. A final land cover map
consisting of the land cover classes and scattered trees
was produced that depicts general land cover classes
found within the study area (Table 1). The gap crossing
layer was created by combining the additional trees with
the habitat map and applying a buffer of half the gap-
crossing distance threshold (50 m) to all vegetation.
Areas outside the buffer distance are considered as bar-
riers to movement. If connectivity elements are present
within the gap-crossing distance, the buffers will meet or
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overlap, allowing for movement. Dispersal will not hap-
pen outside the buffered areas.

Dispersal resistance layer The dispersal resistance sur-
face describes how land cover between patches restricts
movement. It is produced by combining the land use
map and the gap crossing layer. The gap-crossing layer
takes priority over other land cover classes. The result-
ing dispersal cost layer is one that acknowledges fine-
scale threshold dynamics as it ensures dispersal is
impossible where gaps are greater than the gap-crossing
distance. The layer also allows for modelling of cumula-
tive costs, where dispersal is possible but may be im-
peded by land use.

Connectivity modelling

A graph theoretic approach along with least-cost paths
was used to assess connectivity across the two catch-
ments. Using a graph theoretic approach, we were able
to characterise the landscape as a network of patches
connected by links, described by least-cost paths (Minor
and Urban 2008; Dale and Fortin 2010). We modelled
connectivity using Graphab 2.2 software (Foltéte et al.
2012). The outputs from the connectivity model were
interpreted by visualising fragmentation and least-cost
paths and quantifying the importance of patches and
linkages using graph metrics (Fig. 2).

In the first stage of analysis, we identified patches or
groups of interconnected patches that are isolated from
other patches, known as “components”. Their boundar-
ies are identified by Graphab, at the midpoint between
patches from different components, and are used for
visualisation purposes only (see Fig. 3). Spatial patterns
of these components are useful for characterising frag-
mentation and barriers to connectivity at the regional
scale (Lechner et al. 2015c). Large components describe
multiple patches that are connected, and help with the
characterisation of how regions are connected. Numer-
ous small components represented by a single or several
small patches describe regions where dispersal is highly
constrained.

At the next stage, graph metrics were used to assess
the significance of patches and links within the connect-
ivity network. We calculated two patch scale graph met-
rics to characterise the importance of patches and
linkages for contributing to dispersal. These were the
delta integral index of connectivity (dIIC) (Pascual-Hor-
tal and Saura 2006; Saura and Pascual-Hortal 2007) and
clustering coefficient (CC) (Ricotta et al. 2000; Minor
and Urban 2008). dIIC describes the impact of the loss
of habitat availability caused by the removal of the focal
patch relative to the connectivity network. The higher
the value, the higher the connectivity. CC measures path
redundancy between the patch and its neighbouring
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Fig. 2 Land cover map depicting general land cover classes (Table 1) and scattered trees. Individual scattered trees are shown as points and
grouped scattered trees as polygons in insets a, b
.
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patches. A higher coefficient means alternative pathways
exist for linking neighbouring patches. This is visualised
by Graphab as nodes and links across a network.

We assessed the contribution of scattered trees to fine-
scale connectivity by modelling connectivity within the study
area for two scenarios. The default scenario uses a dispersal
cost map that obeys gap crossing distance thresholds
through the gap crossing layer, which includes structural
connectivity elements such as scattered trees. In the second
scenario, we modelled connectivity with a dispersal cost
map that is not limited to movement beyond the gap cross-
ing distance threshold. By comparing the two scenarios, we
were able to highlight the contribution of small patches and
scattered trees to fine-scale connectivity; more specifically, a
comparison focused on relative movement patterns of least-
cost paths, and the distribution of component boundaries,
nodes and links across the landscape can be made.

Finally, we tested the sensitivity of the model to dis-
persal costs and patch size at the landscape-scale using
graph metrics. We repeated the modelling and analyses
with another scenario that used only the habitat map
without dispersal costs. This allowed for the
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identification of key dispersal distances for connecting
the catchment. It also functioned as a sensitivity analysis,
characterising how the interpatch dispersal distance
effected the results of the analysis. We also modelled the
default scenario with varying minimum patch sizes, ran-
ging from 1 to 30 ha, to determine the influence of patch
size on the results. In addition, patch size may decrease or
increase the probability of accurately mapping and
extracting these patches (Lechner et al. 2009). For each
scenario, we calculated the landscape-scale metrics,
number of components (NC) and the integral index of
connectivity (IIC), to assess overall differences in con-
nectivity patterns. The IIC calculates the probability of
two randomly placed dispersers accessing each other
(Pascual-Hortal and Saura 2006) and NC is a simple
measure of the number of isolated patches in the land-
scape (Urban and Keitt 2001).

Connectivity network protection status and contribution
to Great Eastern Ranges

To assess how important existing national parks, forest re-
serves and other protected areas are for connecting

[:] Components

Least-cost paths

- Patches
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/.
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Fig. 3 Habitat patches, least-cost paths, and component boundaries of the Karuah-Myall catchments: a, ¢, e with the gap crossing layer
characterising movement between scattered trees and b, d, f without the gap crossing layer. ¢—f Insets showing the characteristics of the
least-cost paths
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patches, we overlaid the connectivity modelling outputs
with protected area spatial data. A single protected area
spatial dataset was produced, consisting of the following
classes: National Parks, Forest Reserves, Coastal Wetland,
Environmental Conservation, Environmental Manage-
ment, Flora Reserve, Forestry, Protected Area, State Con-
servation Area and State Forest. We then identified
whether patches and links which had no protection status
were important for connectivity within the study area.

We also assessed visually how the Karuah-Myall catch-
ments contribute to connectivity across the Great
Eastern Ranges (GER), a national scale regional planning
and connectivity initiative centred on the Great Dividing
Range and the Great Escarpment. The GER spans the
Grampians, Western Victoria and Far North Queensland
(https://www.ger.org.au), and crosses the Karuah River
catchment to the west.

Results

Least-cost paths and components

A visual assessment of Fig. 3a shows that the Karuah-
Myall catchments are generally well connected: almost
all habitat patches within the landscape are linked to
each other, except for four isolated patches in the south-
east, as denoted by the component boundaries. These
components are visualised in Fig. 3a as patches sur-
rounded by purple lines. The occurrence of least-cost
paths between patches (red lines) indicates that the cu-
mulative cost-weighted distance between patches was
less than 1000 m and also that the gap-crossing distance
between structural connectivity elements was less than
100 m. Examples of the least-cost paths are shown by
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the insets. Least-cost paths avoid high resistance land
covers such as settlements.

Patch-scale graph metric—delta integral index of
connectivity

The dIIC highlights patches based on their potential to fa-
cilitate dispersal and their total area, as well as important
linkages (Fig. 4). Figure 4a shows a uniformly distributed
network of patches with disproportionately higher dIIC
values, due to their contribution to connectivity within the
landscape. A distinct spine of high dIIC value patches and
linkages extends from the north to the south-east and
then to the south. This spline branches into two at the
central region where one branch continues south-west
and the other south-east. These are mostly large sized
patches, with the high dIIC linkages between them being
critical for connecting the catchments.

Importance of scattered trees and small patches

We modelled connectivity for the same landscape with-
out incorporating gap crossing layer (no scattered trees)
to illustrate the impact of scattered trees on connectivity.
Fig. 3b, Fig. 4b and Fig. 5b show the movement patterns
and distribution of key nodes and linkages in a landscape
where movement is allowed beyond the gap crossing
threshold. Similar to Fig. 3a, Fig. 3b shows a generally
well connected landscape; there is only one isolated
patch in the south-east. The cluster of patches that was
previously isolated in the southernmost tip in the east is
now connected to its surrounding patches. Least-cost
paths appear more frequently in this scenario (blue
lines), and this is apparent in Fig. 3d and f By
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a, ¢, e with the gap crossing layer characterising movement between scattered trees and b, d, f without the gap crossing layer. Large circles

represent crucial patches for connectivity. ¢—f Insets showing the characteristics of the least-cost paths

comparing Fig. 3¢ and d, we are able to visualise the ef-
fect of a gap crossing distance threshold on movement.
Without the threshold, least-cost paths extend beyond
100 m between gaps, ignoring threshold dynamics and
cumulative costs to movement. Fig. 3e shows how move-
ment of the least-cost paths are sensible and utilises
scattered trees as stepping stones to a nearby patch; this
contrasts with Fig. 3f in which they are able to cross the
open matrix while ignoring scattered trees.

Fig. 4b shows a similar distribution of dIIC values to
the default scenario, where a uniformly distributed net-
work of patches with disproportionately higher dIIC
values exists. An almost identical spine of high dIIC
value patches and linkages is also present here. The
upper limit for dIIC for this scenario is lower than the
default scenario.

The CC highlights patches with low redundancy and
allows us to address the effect of paddock trees on the
role of patches. A high CC value indicates that there are
alternative pathways to reach neighbouring patches. The
two scenarios are compared in Fig. 5. In Fig. 5a, there
are many nodes with low CC values and many of these
occur along the strips of cleared land in the west, south

and east. Patches with low CC values indicate that they
are crucial to connectivity as they provide a unique link
to other patches. The same trend is seen in the scenario
without the gap crossing layer (Fig. 5b), but with patches
having generally higher CC values. Again, insets are in-
cluded to clarify movement patterns. Fig. 5d, f shows
that more patches are connected when the gap crossing
threshold is not considered. The component boundary
that exists in Fig. 5¢ is now gone in Fig. 5d. Without a
threshold where movement can only occur if two scat-
tered trees are close enough, least-cost paths appeared
across a wide river with no stepping stone structures in
between, to connect neighbouring patches. Fig. 5c¢, e
shows that, when structural connectivity elements are
considered, patches generally have a lower redundancy
value compared to a scenario where they are ignored.
Again, if scattered trees are ignored patches are con-
nected to neighbours by multiple routes, increasing their
redundancy (Fig. 5d and f).

Sensitivity analysis
Figure 6 shows that there was very little difference in
global connectivity (i.e. at the regional scale) between
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the different choices in model parameterisation. This in-
dicates that the greatest driver of connectivity within the
Karuah-Myall catchments is interpatch dispersal dis-
tance, not resistance due to land cover. The sensitivity
analysis also provides a coarse-scale assessment of con-
nectivity for species with shorter and longer dispersal
distances than the general representative species which
was the focus of our study. There was a large decrease
in NC and increase in IIC at the 50 to100 m distance
threshold for all parameterizations, suggesting that spe-
cies with these movement distances or less are most
likely to be affected by fragmentation in the catchments.
However, these species, which tend to be small sized,
will have lower requirements for total patch area so are
less likely to be impacted by fragmentation. Figure 6 also
shows that scenarios with and without gap crossing are
very similar. In Fig. 6a, there are only two components
at the 1000 m threshold mark, whereas if paddock trees
are considered, the number of components increases to
five. Nevertheless, we did not expect a major difference
between the default scenario and one without gap cross-
ing. On a fine scale, movement patterns and patch re-
dundancy can still be misrepresented if scattered trees
are ignored, even when the two scenarios share similar
qualities in the distribution of landscape scale metrics.
Additionally, Fig. 6 shows that NC and IIC decrease and
increase with minimum patch size respectively. Analyses
with a minimum patch size of 1 ha would require data-
sets with a spatial resolution of 100 x 100 m or finer
which are provided by most conventional satellite used
in land cover mapping, such as Landsat (30 m) and Sen-
tinel 2 (10 m). This means that satellite spatial resolution
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is unlikely to impact the delineation of habitat patches
(Lechner et al. 2009).

Connectivity in protected areas and contribution to Great
Eastern Ranges

Figure 7 shows dIIC values and indicates that the major-
ity of high dIIC nodes and linkages are within protected
areas. The exception is a region to the north-west which
has no protection status (Fig. 7a). This area includes
high value patches and linkages in the north which con-
nects west and east of the study area. Another key re-
gion without protection is in the south-west (Fig. 7b).

Figure 8 shows dIIC values and the overlap with the
Great Eastern Ranges. There are few nodes and linkages
with high dIIC values within the GER. There is one sig-
nificant node to the north and one more just below the
middle, in the west. These areas are important for
connectivity.

Figure 9 shows the Karuah-Myall catchments in the
context of the GER. Fig 9a shows the location of
Karuah-Myall catchments in relation to the GER at the
national scale. Figure 9b shows visually that there is a
cleared region between north and south (red arrow) for-
ested areas in the GER to the west of the Karuah-Myall
catchments. The yellow arrow in Fig. 9b represents a
hypothetical potential linkage enabling movement from
patches in the north to patches in the south of GER.
The Karuah-Myall catchments is part of a region close
to the east coast which potentially also provides another
north to south linkage. In Fig. 9¢, the arrows are used to
visualise hypothetically how the Karuah-Myall catch-
ments connect to the GER in the north-west, and the
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Discussion

Overall connectivity

Our study showed that the Karuah-Myall catchments
are well connected, with only four isolated patches evi-
dent from the results of the analyses. The study area is
fragmented by two agricultural regions along the valley
floors. Although these areas have been cleared, they still
support many scattered trees spaced below the gap-
crossing threshold distance. The sensitivity analysis
shows that species with an interpatch dispersal distance

threshold of 50 to 100 m or less are likely to be mostly
affected by fragmentation in the study area (Fig. 6).
This study provided a coarse level general assessment
of connectivity for the Karuah-Myall catchments. While
we only used a “general representative species” for the
parameterisation of the model, the sensitivity analysis
suggests that it is likely that the catchments are well
connected for most species that depend on woody vege-
tation. Further assessments for species of conservation
concern which have more specific habitat requirements
(e.g. utilise a subset of woody vegetation, or perhaps grass-
lands) and or have specific movement requirements not
captured by our resistance model (i.e. roads are barriers to
movement) are potentially required.
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Importance of scattered trees and small patches for
representing fine scale dispersal patterns

Many field-based studies have shown that gaps in dis-
continuous habitats limit movement across fragmented
landscapes (Desrochers and Hannon 1997; Rail et al.
1997; Grubb and Doherty 1999; Bélisle and Desrochers
2002; Creegan and Osborne 2005). The presence of scat-
tered trees and the distance between them can impact
overall connectivity within fragmented landscapes, as
many species avoid being exposed in the open matrix.
For example, Squirrel Gliders (Petaurus norfolcensis)
have been observed to glide between individual trees not
more than 75 m apart (van der Ree et al. 2004) and for-
est birds such as the Grey-shrike Thrush (Colluricincla
harmonica) and White-throated Treecreeper (Cormo-
bates leucophaea) perceive cleared land as barriers to
movement and gaps more than 100 m significantly
reduce their functional connectivity (Robertson and
Radford 2009).

Our study explicitly incorporates the ecology of
fine-scale connectivity through mapping vegetation at
a high spatial resolution by modelling a gap-crossing
distance, building on previous work (Lechner and
Lefroy 2014; Lechner et al. 2015b, c) specifically to
address the role of scattered trees. This approach is
especially important in pasture dominated landscapes
which are generally very open, apart from scattered
trees. Our results showed that without modelling
movement between scattered trees (Fig. 3b), the least-
cost paths were linear (and unnatural), with least-cost
paths crossing vast cleared areas. The modelling also
portrayed a more connected landscape, which overes-
timates overall connectivity as shown by the reduced
number of components (Fig. 3b) and more linkages
with high dIIC values (Fig. 4b). Models that fail to

include scattered trees risk misrepresenting patterns
of connectivity in agricultural landscapes such as the
Karuah-Myall catchments.

The least-cost paths in Fig. 3b illustrated how dis-
persal patterns modelled without fine-scale connectiv-
ity bear little resemblance to what we would expect
from the foray search strategy, commonly used by
small- and medium-sized mammals and birds (Sun
1997; Koenig et al. 2000; Wiggett and Boag 2011) and
regarded as being the preferred strategy for dispersal
in fragmented landscapes (Conradt et al. 2003). Foray
searchers would regularly return to their starting
habitat to reorient and replenish themselves before
gradually travelling further distances to reach new
habitat (Conradt et al. 2001). Scattered trees and
small patches can provide momentary respite in their
search for new habitat. In a study on dispersal behav-
iour of woodland birds, both sedentary and nomadic
bird species such as the Eastern Yellow Robin (Eop-
saltria australis) and the White-plumed Honeyeaters
(Lichenostomus penicillatus) were observed to use a
foray search strategy for dispersal and moved between
scattered trees not more than 80 m apart during their
exploratory journeys (Doerr et al. 2011).

Aside from scattered trees, small and linear patches
also contribute to connectivity within the study area,
demonstrated by the high number of small patches with
low CC value patches across the landscape in the default
scenario (Fig. 5a). A low CC value indicates that there
are no alternative routes to these patches. In some cases,
smaller patches can be the only pathway to an otherwise
unreachable larger patch. It has been observed more
broadly that conservation value decreases as patch size
increases and the intactness of the surrounding land-
scape increases (Wintle et al. 2019).
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Informing tree management policies in agricultural
landscapes to support conservation

The outcomes of our study are useful for informing scat-
tered tree management by pinpointing key areas to focus
on for tree conservation and regeneration efforts. Mod-
elling with a gap crossing threshold effectively filters for
trees that contribute to overall connectivity, and those
that do not. Our modelling approach can demonstrate
that scattered trees have significant value, which is not
the case if conservation is purely focused on habitat area
or threatened species. Tree recruitment practices can
then be carried out in areas between isolated trees to
close the gap and also to ensure that ageing trees are be-
ing replaced. Different grazing regimes and degrees of
land use intensification can also influence the rate of
tree regeneration within a pasture. Overgrazing reduces
shade and shelter for seedlings (Bergmeier and Roellig
2014), and increased fertilization from land use intensifi-
cation disrupts the soil nutrient balance that keeps ma-
ture trees healthy (Davidson et al. 2007). At the same
time, grazing regimes such as a fast-rotational grazing
(Longland 2013) can be proposed to enable farmers to
remain economically productive and retain tree health
and safeguard tree regeneration.

Of great concern for these degraded agricultural land-
scapes is that seed dispersal is highly reduced due to in-
creasing fragmentation. Seed dispersal is a key ecological
process that controls plant population and community
persistence (Higgins et al. 2003; Pearson and Dawson
2005). Scattered trees contribute to the regeneration of
these woody communities in degraded lands by acting as
seedling nucleation foci (Slocum and Horvitz 2000;
Zahawi and Augspurger 2006; Kelm et al. 2008), but
their numbers are still in decline due to clearing, natural
death and lack of regeneration (Gibbons et al. 2008). Fi-
scher et al. (2009) reported that in their 800,000-ha
study area of roughly 3 million scattered trees, the
chance of regeneration was extremely low, due to con-
ventional livestock grazing and fertilizer use. By extrapo-
lation, they estimated that millions of hectares of south-
eastern Australia’s grazing regions will become treeless if
conventional management persists. On the other hand,
tree recruitment practices often incur large costs as
farmers would have to halt grazing temporarily (Kikoti
et al. 2015) and set up tree guards (Baumber et al. 2017)
until seedlings can withstand grazing.

Priorities for catchment scale connectivity

Our analyses indicate that scattered trees and small
patches make important contributions to overall con-
nectivity across and outside the study area. Many parts
of the catchments which make important contributions
to connectivity have no formal protection status. While
the Karuah-Myall catchments appear to be well
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connected for a cleared pasture dominated agricutural
landscape, east-west linkages across the cleared valley
floors should be prioritised to preserve connectivity to
ensure future connectivity. The analyses suggest that im-
mediate priority focus areas for enhanced connectivity
status or function exist at several areas, notably The
Glen Nature Reserve west to Avon River State Forest
(no protected status), the Karuah National Park north-
east to Myall River State Forest (no protected status)
and Karuah National Park to Monkerai Nature Reserve
(contribution to Great Eastern Ranges Initiative).

The value of the study area for connectivity is not only
for biodiversity within the three catchments but beyond
the catchments as part of the GER. The Karuah catch-
ment appears to also connect the coastal forested areas
within the Myall Lakes catchment to patches in the
GER. Critically, this connection is dependent on number
of key patches and linkages in the north (Fig. 7a).

Future research and limitations

There are several areas which future research should tar-
get to build on the findings presented here. Firstly, we
used a landscape feature approach to model for a “gen-
eral representative species” to characterise general con-
nectivity. This differs from a multi-species approach
(Lechner et al. 2017). Additionally, scattered tree charac-
teristics such as their height, age and canopy size were
not considered in our analyses, which can be critical
factors for tree use for many species (Dean et al. 1999;
Gibbons and Lindenmayer 2002; Leonard Jr. and DeLo-
telle 2003). Future work could include a dispersal guild
approach as an intermediate between single species
models and land-facets approach, or a multi-scenario ap-
proach to model connectivity for different landscape
conditions or species parameters. These options provide
generalisability, while also targeting a specific group of
species that have overlapping habitats or exploit the
same resources (Lechner et al. 2017). Field data describ-
ing the composition of scattered tree species and floristic
diversity would also complement the modelling pre-
sented here.

Conclusion

This study modelled connectivity for the Karuah-Myall
catchments, a forest landscape fragmented by a matrix
dominated by pasture agriculture. Our approach allowed
for the importance of fine-scale features such as scat-
tered trees to be quantified from the perspective of con-
nectivity. For realistic fine-scale movement patterns to
be characterised from an ecological perspective, scat-
tered trees should be incorporated into spatial data and
connectivity modelling. This will allow land managers to
identify the important conservation values of these fea-
tures which are often ignored. More specifically for our
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study area, the modelling showed that the Karuah-Myall
catchments are well connected for a “generalised repre-
sentative species”, and that patches within the catchment
may make an important contribution to connecting bio-
diversity beyond the geographical boundaries of the
study area due to its location within the Great Eastern
Range. However, connectivity even at large scales can
potentially be influenced by the presence or absence of
even the smallest features such as scattered trees.
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