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Abstract: Habitat loss and fragmentation are primary threats to biodiversity in urban areas. Least-cost
path analyses are commonly used in ecology to identify and protect wildlife corridors and stepping-
stone habitats that minimise the difficulty and risk for species dispersing across human-modified
landscapes. However, they are rarely considered or used in the design of urban green infrastructure
networks, particularly those that include building-integrated vegetation, such as green walls and
green roofs. This study uses Linkage Mapper, an ArcGIS toolbox, to identify the least-cost paths for
four native keystone birds (kererū, tūı̄, korimako, and hihi) in Wellington, New Zealand, to design a
network of green roof corridors that ease native bird dispersal. The results identified 27 least-cost
paths across the central city that connect existing native forest habitats. Creating 0.7 km2 of green roof
corridors along these least-cost paths reduced cost-weighted distances by 8.5–9.3% for the kererū,
tūı̄, and korimako, but there was only a 4.3% reduction for the hihi (a small forest bird). In urban
areas with little ground-level space for green infrastructure, this study demonstrates how least-cost
path analyses can inform the design of building-integrated vegetation networks and quantify their
impacts on corridor quality for target species in cities.

Keywords: urban green infrastructure; habitat connectivity; native birds; least-cost paths; geographic
information systems; green roofs

1. Introduction

The expansion and densification of urban environments drive habitat loss and frag-
mentation, making urbanisation a primary threat to global biodiversity [1,2]. Though
some cities may have larger green spaces and protected natural areas on their peripheries,
the lack of vegetated habitats in urban centres makes it difficult for species to survive
in or disperse across them, resulting in isolated populations and local extinctions [3–5].
Despite a large body of evidence documenting the importance of providing green spaces
and habitats for species and the resulting environmental and human health benefits such
provision brings [6–8], green spaces in cities are limited by development pressures and a
lack of available ground-level space, which will be exacerbated as city populations grow [9].
However, taking advantage of the abundance of building surfaces in cities for building-
integrated vegetation, such as green roofs, could provide a potential solution [10]. While
building-integrated vegetation cannot replace or fully replicate high-quality ground-level
habitats, there is evidence that it can provide habitat connectivity benefits for some species
in cities [11]. Green roofs are one of the most well-studied types of building-integrated vege-
tation and have demonstrated the ability to support biodiversity [12,13]. Wooster et al. [14]
found that an urban green roof in Sydney, Australia, supported four times the bird diversity
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and seven times the arthropod diversity of conventional roofs. Baumann et al. [15] found
that extensive green roofs in Switzerland were used for breeding by the northern lapwing
(Vanellus vanellus), an endangered ground-nesting bird. Partridge and Clark [16] found
a higher abundance of birds and arthropods on green roofs than on conventional roofs,
including more urban-avoider species. Belcher et al. [17] also found higher bird richness
and native bird abundance on green roofs than on conventional roofs; however, they found
no specialist forest types, indicating that they may not be suitable for supporting all species.

Because building-integrated vegetation is not often considered in urban green infras-
tructure planning, research on designing urban green infrastructure networks that include
building-integrated vegetation is limited [18]. Venter et al. [19] and Langemeyer et al. [20]
used spatial multi-criteria analyses for urban green roof planning that targeted sociocultural
factors and ecosystem services for human needs. Some studies have also used hydrological
simulations to propose urban green roof scenarios that could improve urban stormwater
water management and reduce flooding risks [21,22]. Urban microclimate simulation
software has been used to propose and demonstrate the potential impacts of implementing
building-integrated vegetation into cities to improve air quality and reduce the urban heat
island effect [23,24]. While these approaches to planning building-integrated vegetation
target important urban issues that impact human health and well-being, they do not target
habitat connectivity outcomes that are specific to the needs of local non-human species.

Least-cost distance analyses have been commonly used in the fields of ecology and
conservation biology to identify, protect, and improve species dispersal paths across
landscapes [25,26]. These analyses use species’ behaviour and habitat requirements com-
bined with landscape features to determine the metabolic cost and risk a species incurs
when traversing a landscape [26]. The outputs of these analyses often include least-cost
paths, which show the easiest (least metabolically expensive or risky) routes for a target
species to cross. Two sets of values describe these paths, the actual (or Euclidean) distance
and the cost-weighted distance, which is the equivalent distance if dispersal barriers and
risks are taken into account [27]. For example, a bird may fly 3 km between two habitat
patches, but if it has to cross a densely built area with cars and tall glass buildings, then the
metabolic expense and risk associated with that 3 km crossing may be equivalent to flying
30 km. Another output of these analyses is cost-weighted distance maps, which show
the dispersal costs/risks of areas surrounding the least-cost paths for a target species [27].
Several digital tools, such as Linkage Mapper [28], are available through geographic infor-
mation system software for least-cost analyses. Though Linkage Mapper has been used
in several studies for species-specific conservation [29–32], there is limited research on
how it can be used as a tool to inform and test the design of urban green infrastructures.
Kong et al. [33] used Linkage Mapper to identify and prioritise ecological corridors that
considered the complex 3D qualities of built environments. Linkage Mapper was also
used to identify the ecological barriers in Amman, Jordan, that could inform urban green
infrastructure planning [34]. While the authors of both papers briefly discuss building-
integrated vegetation as a potential strategy to reduce dispersal barriers, they did not
design or simulate the impacts of incorporating building-integrated vegetation.

Protecting and enhancing habitat connectivity will be critical to sustaining native
biodiversity in urban environments. Despite growing evidence in the literature of the
connectivity benefits of building-integrated green infrastructures, like green roofs, they
are rarely considered in urban habitat connectivity analyses and stepping-stone/corridor
planning. Therefore, this research proposes a methodology for using a common habitat
connectivity method (least-cost path models) to design green roof networks and assess
their impact on urban habitat connectivity.

Using Wellington, Aotearoa New Zealand, as a case study, this research will use
Linkage Mapper to identify the least-cost paths for native birds in a dense urban area and
use them to design green roof corridors that can help native birds disperse across the city
more easily. The objectives of this research study are to identify the least-cost paths across
the area with the current green infrastructure network, use these paths to create a network
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of green roofs, and assess the level to which they ease dispersal across the catchment
for the study species. Better habitat connectivity analyses and design methodologies
could optimise urban green infrastructure connectivity for target species and quantify
their benefits, which may, in turn, increase their uptake by communities, conservation
organisations, and local councils.

2. Materials and Methods
2.1. Study Area and Species

Due to its long geological isolation, the South Pacific island nation of Aotearoa New
Zealand has become a unique biodiversity hotspot and is home to thousands of endemic
species (mostly birds) that exist nowhere else in the world [35]. The country has made
conserving these endemic species a high priority through key documents, such as the Te
Mana o te Taiao—Aotearoa New Zealand Biodiversity Strategy 2020 [36] and the work of
community organisations like Predator Free NZ [37].

Wellington, the capital of Aotearoa New Zealand, is a temperate coastal city on the
North Island with a population of approximately 203,000 [38]. It has declared its ambitions
to enhance its native ecosystems through policy documents such as the Our Natural Capital
Biodiversity Strategy and Action Plan [39] and its membership in the Biophilic Cities
Network [40]. The city currently has a relatively high amount of green space due to the
preservation of the Town Belt, a series of green spaces that surround the city, and its hilly
topography, which constrains development (Figure 1). However, green spaces are not
evenly spread across the city, and areas filled with buildings and roads result in fragmented
habitats that limit the movement of native species [41]. This is particularly true in the
central city area of Lambton Harbour-Oriental Bay (13.7 km2), which has the lowest levels
of green space in Wellington and a high density of existing buildings [41]. Predicted
population growth and urban densification in this area [42] will limit the amount of new
green spaces and put existing green spaces at risk of development, which could exacerbate
habitat fragmentation and increase the difficulties and risks native species, such as birds,
have to deal with when moving to different habitat patches.

Fatal collisions, pollution, and a lack of resources (such as food and fresh water)
can make it difficult for birds to live and disperse across urban environments [43,44].
However, their survival in urban environments is important because they contribute to
many supportive, regulatory, and cultural ecosystem services, such as pollination, seed
dispersal, species maintenance, and mental well-being [45,46]. Birds are a good indicator
species of ecosystem health due to their sensitivity to pollution and environmental changes.
They often have keystone roles in their ecosystems, meaning that their functions are so
important to the point that their removal could have catastrophic consequences for the
whole ecosystem [47,48].

Previous research has identified that the most important endemic keystone birds in
Wellington are the kererū (Hemiphaga novaeseelandiae), the tūı̄ (Prosthemadera novaeseelandiae),
the korimako (Anthornis melanura), and the hihi (Notiomystis cincta) [47,49]. The kererū is
a large, brightly coloured wood pigeon whose primary habitat is a variety of forest types
(both native and exotic), but they can also be found in urban environments [50]. They are
strong fliers and can have home ranges that span several hectares; however, 2.5 km has
been identified as the limit for seed dispersal [51]. The tūı̄ is a medium-sized honeyeater
with black feathers that have a blue-green iridescent sheen and white tufts on their throats.
Tūı̄ are strong fliers and primarily inhabit native forests and scrub; however, they can also
be found in backyard gardens and urban parks [52]. The korimako is a slightly smaller
species of honeyeater with yellow-green feathers and a curved black bill. Korimako inhabit
native and exotic forests and scrub and can also be found in backyard gardens and urban
parks but at a lower frequency than tūı̄ [53]. The hihi is the smallest and rarest of the four
keystone species, with greyish-brown feathers and noticeable white wing bars. The habitats
of the hihi are limited to mature native forests, resulting in their presence in Wellington
currently being limited to one or two protected native forest reserves on the city’s edge [54].
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Kererū and tūı̄ are commonly observed across the Lambton Harbour-Oriental Bay area,
whereas the korimako observations are more limited to green spaces (Figure 1). The hihi
is rarely observed in the area, with the majority of sightings being reported only in the
predator-free eco-sanctuary of Zealandia, just outside the catchment’s western border.
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Figure 1. Study species distributions across the Lambton Harbour-Oriental Bay catchment area,
which defines the city centre and is bordered by the town belt. The base satellite image is from
ref. [55] (CC BY 4.0). The four native birds selected for this research are the kererū (image credit
ref. [56] CC BY CCO 1.0), tūı̄ (image credit ref. [57] CC BY CCO 1.0), korimako (image credit ref. [58]
CC BY-SA 2.0), and hihi (image credit ref. [59] CC BY 4.0). The observation data were obtained from
the Global Biodiversity Information Facility (CC BY 4.0) for the kererū [60], tūı̄ [61], korimako [62],
and hihi [63].

2.2. Linkage Mapper

Linkage Mapper [28] is a free toolbox extension for ArcGIS (a subscription software)
that can help identify where ecological corridors are or are needed for different species.
Though there are many tools within Linkage Mapper, the Linkage Pathways tool was used
in this research as it is the most useful for determining the location of stepping stones
(unconnected vegetated patches) and wildlife corridors (vegetated links connecting habitat
patches). The Linkage Pathways tool (Figure 2) uses species resistance rasters (rasters
are images where pixels represent values of information, such as height) and core habitat
features (features are vector shapes) to generate least-cost paths and cost-weighted distance
maps [27].
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Figure 2. Workflow for the Linkage Pathways tool. The inputs required are species resistance rasters
and core habitat features. The tool produces least-cost paths, actual (or Euclidean) distance paths,
cost-weighted distance rasters, and corridor rasters.

The four study species are all mostly forest dwellers; therefore, forest land cover
typologies (Indigenous Forest, Broadleaved Indigenous Forest, and Exotic Forest) were
extracted from the New Zealand Land Cover Database version 5.0 [64] to create the core
habitats feature layer (Figure 3). While Indigenous Forest is the optimal habitat for the
study species, Broadleaved Indigenous Forests and Exotic Forests can also be suitable,
especially if there is some level of pest management, as is the case for several of these
habitat patches in the study area [65].
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and roads in the study area; (b) the three forest land cover types were extracted to create a core
habitat map overlayed with topography contours and building heights. The base satellite image is
from ref. [55] (CC BY 4.0).

Resistance rasters quantify the costs of landscape features such as elevation, built
infrastructure, land cover, and waterways for use in least-cost path analyses [66]. Each pixel
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of a resistance raster is assigned a resistance value, a number that quantifies the level of dif-
ficulty a species has crossing a landscape element. For this research, a 0–100 resistance scale
was used, corresponding to a percentage range with 0 meaning an area is easy to cross and
100 meaning an area is impossible to cross. The four study species have no established resis-
tance values for different landscape elements. Therefore, the resistance values were approx-
imated based on previous Linkage Mapper research for other native bird species [67]; the
presence and distribution of the study species in central Wellington from the government-
funded international database Global Biodiversity Information Facility (GBIF) [60–63]; and
descriptions of their size, flight patterns, and habitat preferences [50–54] (Table 1). The
landscape features included in the resistance rasters for the four study species were ground
elevation, roads, and land cover (Figure 3). Waterways, such as streams and rivers, are
often included in least-cost path analyses because they can provide resources and shelter
for some species but can also be dispersal barriers [68]. However, waterways were not
included in this analysis as there are no major waterways in the Lambton Harbour-Oriental
Bay catchment area, and over 95% of streams have been culverted beneath the city [69].

Table 1. Species resistance values for landscape features in the study area. A 0–100 resistance scale
was used, with 0 meaning a feature is easy to cross and 100 meaning a feature is impossible to cross.

Landscape Feature Kererū Tūı̄ Korimako Hihi

Land Cover
Built Area 20 20 40 100

Indigenous Forest 0 0 0 0
Broadleaved Indigenous Forest 5 5 20 40

Exotic/Harvested Forest 10 10 30 50
Urban Parkland/Open Space 15 15 40 80

Grassland 10 10 35 70
Gorse/Broom 10 10 35 70

Roads 10 20 40 80

Ground Elevation 1

0–100 m 0 0 0 5
100–200 m 0 5 5 10
200–300 m 0 10 10 20

1 Includes buildings as part of the 3D topography of urban environments.

Ground elevation is included in resistance rasters because there is a general decrease in
species richness for both plants and animals at higher altitudes [70,71]. This is particularly
important to consider in cities because, due to their height and material composition,
buildings can be significant dispersal barriers for many species and contribute to bird
fatalities due to collisions [72]. Most birds tend to fly below 150 m (which is approximately
equivalent to a 40-story building) [73], but this is highly species-dependent due to large
variations in flight capabilities and patterns [74]. The Wellington City LiDAR 1 m DEM
(2019–2020) was obtained from Land Information New Zealand [75] to create the ground
elevation resistance raster. The Wellington Buildings shapefile [76] was used to add building
height information to the base digital elevation model (DEM). Gaps in the building height
data of the shapefile were corrected by organising building footprint polygons into Zones
based on the Wellington City Council District Plan [77] and applying the maximum height
for each Zone. The Raster Calculator function of ArcGIS Pro was then used to combine the
DEM raster with a building height raster generated from the building footprint polygons
to create a ground elevation raster that includes buildings.

Other built elements of infrastructure, such as roads, can also pose significant barriers
and collision fatality risks for avian and terrestrial species [78,79]. The level of barriers
and risks of road crossings are different for different birds, with small, forest-dwelling
birds (like the hihi) struggling more than some other species of honeyeater (like the tūı̄ and
korimako) or large forest birds (like the kererū) due to physical characteristics that are not
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suited for sustained direct flight [80]. The NZ Road Centre Lines [81] dataset was used to
create a raster of roads and motorways in the study area.

Habitat needs and preferences are species-specific; therefore, land cover is important to
consider in least-cost analyses because habitat type can significantly impact how easy or dif-
ficult it is to transverse landscapes based on the resources and risks they contain [82,83]. The
land cover raster was created using the New Zealand Land Cover Database version 5.0 [64],
which is the standard national land cover file used in ecological and habitat connectivity
research in Aotearoa New Zealand, including in key references used to determine species
resistance values for this research [47,51,67]. The land cover file was cross-checked with
site visits to improve its accuracy. Waitangi Park, a significant waterfront green space, had
been classified as a ‘Built Area’ in the original file, and this was corrected to the ‘Urban
Park-land/Open Space’ classification.

All species resistance rasters were created with a pixel size of 25 × 25 m, which was
the most suitable for the vector data sets (roads and land cover). Using the Reclassify
tool in ArcGIS Pro, the pixel information of the landscape rasters was reclassified to the
0–100 scale based on the species resistance values in Table 1. The Raster Calculator tool
in ArcGIS Pro was then used to sum all the land cover, roads, and elevation rasters into
one resistance raster for each species (Figure 4). The Reclassify tool was used again on the
korimako and hihi rasters to assign any landscape feature overlaps with values greater
than 100 to be equal to 100, as that is the maximum value.

The species resistance rasters and core habitat feature layer were then used to run
the Linkage Pathways tool. The two outputs from the Linkage Pathways tool that will be
discussed in the Results section (Section 3) are cost-weighted distances and cost-weighted
distance to Euclidean (actual) distance ratio. Cost-weighted distances are the equivalent
distance of travel for species if the metabolic costs of crossing different landscape features
are taken into account [27]. Cost-weighted to Euclidean distance ratios can be used as a
metric of corridor quality, with lower values indicating higher quality corridors as the
actual and cost-weighted distances approach equality [84].
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(CC BY 4.0).

3. Results

For the existing green infrastructure network, on average, the Linkage Pathways
tool identified 27 least-cost paths for the four study species, with an average Euclidean
(actual) least-cost path distance of 0.5 km. The average cost-weighted distance of the
least-cost paths was 22.8 km, meaning that the 0.5 km paths are the equivalent of travelling
a distance 43.5 times longer, if the metabolic expense and risks of traversing the landscape
are considered. There were large variations in the cost-weighted distances and corridor
quality between the four study species (discussed in Sections 3.1–3.4); however, the location
of the least cost paths was similar for all species.

After obtaining the results from the Linkage Pathways tool for the existing green
infrastructure network, the least-cost paths for all four species were overlayed and consoli-
dated to identify key dispersal routes where additional habitats are needed to make the
movement and dispersal of all four species easier. Figure 5a was used to guide the design
of green roof corridors that could reduce the resistance values of the least-cost paths that
connect core habitats. The Wellington Buildings shapefile [76] was used to change the land
cover classification (i.e., material composition) of the building roofs along the least-cost
paths (Figure 5b). The green roofs were assigned the same resistance values as the ‘Urban
Parkland/Open Space’ classification due to their similarities to the constructed habitats
and designed planting communities of typical urban parks. The diversity of the type of
green spaces included in the ‘Urban Parkland/Open Space’ classification, including grassy
open areas, gardens, and sparsely-treed areas [64], was the best proxy for the variation in
green roof types, which can support plant communities in a manner that is similar to that of
deserts/grasslands (extensive), meadows (semi-intensive), or sparsely-treed gardens/open
areas (intensive) [85–87]. There was no change to the core habitats’ feature layer as the
green roofs would likely be unable to replicate forest habitats well enough for them to be
considered core habitats. The updated land cover file was used to generate new species
resistance rasters (Figure 6). The Linkage Pathways tool was then run again for the four
study species.
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Figure 5. Urban green infrastructure design using outputs from the Linkage Pathways tool:
(a) consolidated least-cost paths connecting core habitats for the four study species; (b) proposed
locations for green roofs to supplement the existing green space network. The base satellite image is
from ref. [55] (CC BY 4.0).
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With the addition of the green roof network, the average Euclidean (actual) least-cost
path distance remained 0.5 km for all four species, as no new core habitats were added.
The average cost-weighted distance of the least-cost paths was 21.9 km, meaning that the
0.5 km paths are equivalent to travelling a distance 41.3 times longer, a slight reduction
compared to the existing green infrastructure network. There were large variations in the
impacts of the additional green roofs on the cost-weighted distances and corridor quality
between the four study species. This will be discussed for each species in Sections 3.1–3.4.

3.1. Kererū

The kererū had the easiest time dispersing across the study area of the four study
species. The Linkage Pathways tool identified 27 least-cost paths between core habitat
patches for the kererū. The average Euclidean (actual) distance of the paths was 0.4 km;
however, the average least-cost distance was 10.9 km for the existing green infrastructure
network (Figure 7). The actual distance only accounts for 4% of the cost of traversing the
study area. Adding 0.7 km2 of green roof area (5% of the total study area) reduced the
average least-cost distance of the paths by 9.3%, meaning that the green roof corridors
helped ease travel across the study area by removing approximately 1 km of cost-weighted
distance. The reduction in cost-weighted distances was not the same for all paths. Paths
10 and 11 had the highest cost-weighted distances (50.6 km and 38.5 km, respectively) for
the existing green infrastructure network. These were reduced by 9.1% (4.6 km) and 13.0%
(5.0 km), respectively, with the addition of green roof corridors along these paths. Some of
the shorter linkages that were already close to existing green spaces did not have as large
of a reduction. For example, the cost-weighted distance of path 8 was only reduced by 2.7%
(177 m) with the addition of green roofs.

The average cost-weighted distance to Euclidean distance ratio for the 27 least-
cost paths was 24.9 for the existing green infrastructure network, which was reduced



Land 2023, 12, 1456 11 of 21

to 23.1 (a 7.1% improvement in corridor quality) with the addition of green roof corridors.
Paths 11 and 17 were most impacted by the addition of green roofs, with 13.0% and 12.5%
improvements in corridor quality, respectively. Even with these improvements, the paths
along the waterfront (paths 10 and 11) remain the most difficult for kererū. There was no
notable change in the cost-weighted distances of the areas outside the least-cost paths, with
the transportation and port infrastructure along the waterfront acting as major barriers to
dispersal in both scenarios.
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Figure 7. Least-cost paths and cost-weighted distance maps for the kererū for: (a) the existing
green infrastructure network; (b) the proposed green infrastructure network. The numbers identify
individual least-cost paths. The base satellite image is from ref. [55] (CC BY 4.0).

3.2. Tūı̄

Tūı̄ had levels of dispersal ease across the study area that were similar to that of the
kererū. The Linkage Pathways tool identified 27 least-cost paths between core habitat
patches for the tūı̄. The average Euclidean (actual) distance of the least-cost paths was
0.4 km; however, the average cost-weighted distance was 11.9 km for the existing green
infrastructure network (Figure 8). The actual distance only accounts for 4% of the cost of
traversing the study area. Adding 0.7 km2 of green roof area (5% of the total study area)
reduced the average least-cost distance of the paths by 8.5%, meaning that the green roof
corridors helped ease travel across the study area by removing approximately 1 km of
cost-weighted distance. The reduction in cost-weighted distances was not the same for
all paths. Paths 10 and 11 had the highest cost-weighted distances, 54.7 km and 41.4 km,
respectively, for the existing green infrastructure network. These were reduced by 8.4%
(4.6 km) and 11.9% (4.9 km), respectively, with the addition of green roof corridors along
these paths. Some of the shorter linkages that were already close to existing green spaces
did not have as large reductions. For example, the cost-weighted distance of path 8 was
only reduced by 2.1% (158 m) with the addition of green roofs.

The average cost-weighted distance to Euclidean distance ratio for the 27 least-
cost paths was 28.0 for the existing green infrastructure network, which was reduced
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to 26.2 (a 6.4% improvement in corridor quality) with the addition of green roof corridors.
Paths 11 and 17 were most impacted by the addition of green roofs, with 11.9% and 14.1%
improvements in corridor quality, respectively. Similar to the kererū, the paths along the
waterfront (paths 10 and 11) remain the most difficult routes for tūı̄, even with green roof
corridors. There was no notable change in the cost-weighted distances of the areas outside
the least-cost paths, with the transportation and port infrastructure along the waterfront
acting as major barriers to dispersal in both scenarios.
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3.3. Korimako

The study area is nearly twice as difficult for the korimako to disperse across compared
to the kererū and tūı̄. The Linkage Pathways tool identified 28 least-cost paths between core
habitat patches for the korimako. The average Euclidean (actual) distance of the least-cost
paths was 0.5 km; however, the average cost-weighted distance was 26.6 km for the existing
green infrastructure network (Figure 9). The actual distance only accounts for 2% of the
cost of traversing the study area. Adding 0.7 km2 of green roof area (5% of the total study
area) reduced the average least-cost distance of the paths by 8.7%, meaning that the green
roof corridors helped ease travel across the study area by removing approximately 2.3 km
of cost-weighted distance. The reduction in cost-weighted distances was not the same for
all paths. Paths 10 and 11 had the highest cost-weighted distances (112.5 km and 85.8 km,
respectively) for the existing green infrastructure network. These were reduced by 8.1%
(9.2 km) and 11.7% (10.1 km), respectively, with the addition of green roof corridors along
these paths. Some of the shorter linkages that were already close to existing green spaces
did not have as large reductions. For example, the cost-weighted distance of path 8 was
only reduced by 5.1% (794 m) with the addition of green roof corridors.
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The average cost-weighted distance to Euclidean distance ratio for the 28 least-
cost paths was 58.4 for the existing green infrastructure network, which was reduced
to 54.4 (a 6.9% improvement in corridor quality) with the addition of green roof corridors.
Paths 11 and 17 were most impacted by the addition of green roofs, with 11.7% and 13.6%
improvements in corridor quality, respectively. Similar to the kererū and tūı̄, for the kori-
mako, the paths along the waterfront (paths 10 and 11) are the most difficult to cross, even
with green roof corridors. There was no notable change in the cost-weighted distances of
the areas outside the least-cost paths, with the transportation and port infrastructure along
the waterfront acting as major barriers to dispersal in both scenarios.

3.4. Hihi

The study area is nearly four times as difficult for the hihi to disperse across compared
to the kererū and tūı̄ and twice as difficult compared to the korimako. The Linkage
Pathways tool identified 24 least-cost paths between core habitat patches for the hihi. The
average Euclidean (actual) distance of the least-cost paths was 0.4 km; however, the average
cost-weighted distance was 46.3 km for the existing green infrastructure network (Figure 10).
The actual distance only accounts for less than 1% of the cost of traversing the study area.
Adding 0.7 km2 of green roof area (5% of the total study area) reduced the average least-cost
distance of the paths by 4.3%, meaning that the green roof corridors helped ease travel
across the study area by removing approximately 2 km of cost-weighted distance. The
reduction in cost-weighted distances was not the same for all paths. Paths 10 and 11 had
the highest cost-weighted distances, 232.5 km and 179.2 km, respectively, for the existing
green infrastructure network. These were reduced by 3.1% (7.3 km) and 6.2% (11.2 km),
respectively, with the addition of green roof corridors along these paths. Some of the
shorter linkages that were already close to existing green spaces did not experience any
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reductions in cost-weighted distances with the addition of green roof corridors, such as
paths 8, 16, and 20.
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The average cost-weighted distance to Euclidean distance ratio for the 24 least-cost
paths was 114.5 for the existing green infrastructure network, which was reduced to
110.2 (a 3.8% improvement in corridor quality) with the addition of green roof corridors.
Paths 17 and 19 were most impacted by the addition of green roofs, with 10.3% and 8.1%
improvements in corridor quality, respectively. Like the other species, the paths along the
waterfront (paths 10 and 11) remain the most difficult for the hihi. There was no notable
change in the cost-weighted distances of the areas outside the least-cost paths, with the
transportation and port infrastructure along the waterfront acting as major barriers to
dispersal in both scenarios.

4. Discussion
4.1. Linkage Pathways Results

The results of the Linkage Pathways analysis show that the costs of dispersing across
the study area can be 23 to 105 times more than the actual (Euclidean) distance for the
four bird species studied. Kererū and tūı̄ have the least difficulty dispersing across the
city, but there are high dispersal costs for the hihi and, to a lesser extent, the korimako.
As a result, the korimako and the hihi are most likely to suffer the negative consequences
of isolated populations, including a lack of genetic diversity and higher local extinction
risks [88]. Adding 0.7 km2 of green roofs (5% of the catchment area) reduced dispersal
costs and improved the corridor quality for all study species. The largest average reduction
in cost-weighted distance was observed for the kererū (9.3%), followed by the korimako
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(8.7%), the tūı̄ (8.5%), and then the hihi (4.3%). The green roof corridors did not result in
larger changes to the cost-weighted distances, likely partly because green roofs cannot
replicate the core habitats the study species need. Therefore, their utility is limited to
providing stepping-stone habitats. The kererū and tūı̄ are strong fliers and have already
demonstrated some level of urban adaptability; therefore, they are more likely to benefit
from and use the green roof corridors. The green roofs may not be optimal stepping-stone
habitats for smaller, urban-avoider species like the hihi.

The phased implementation of 0.7 km2 green roofs could be based on the priority level
of the corridor (Figure 11). The first priority should be reducing the costs of the longest and
most difficult-to-cross corridors. This would require 182,601 m2 of green roof area (27%
of the total green roof area proposed). The second priority corridors should be those that
triangulate between multiple green spaces. This would require 335,919 m2 of green roofs
(49% of the total green roof area proposed). The priority level 3–5 corridors (23.6% of the
total green roof area proposed) are primarily shorter connections between core habitats
that may not be as necessary for strong-disperser species, like the kererū. Therefore, they
could be implemented later once their value and design for urban-avoider species, like the
hihi, can be better ascertained.
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Though the Linkage Mapper tool can provide information about dispersal paths and
barriers for target species in a given area, there are some limitations to the conclusions that
can be drawn from the results. The accuracy of the species resistance rasters is limited by the
knowledge of species behaviour, population levels in core habitats, and other errors in the
landscape datasets used to generate them. For instance, the Land Cover Database v5.0 does
not include street trees or smaller green spaces. Adding these additional plantings in the
dense city centre could impact the cost-weighted distances for some species. The land
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cover file also does not include a classification for green roofs and their subtypes (extensive,
semi-intensive, and intensive). The ‘Urban Parkland/Open Space’ classification was used
as a proxy; however, developing a more detailed classification that takes into account the
different soil types and planting communities of green roofs is needed to improve the
accuracy of habitat connectivity analyses that include them. There are also some limitations
to Linkage Mapper’s utility as a design tool. The green infrastructure solutions proposed
were limited to ones that could be drawn on a map. Though they could not be modelled in
Linkage Mapper, vertical building-integrated vegetation, like green walls, could drastically
increase the amount of urban vegetation and vertical habitat connectivity if paired with
green roofs and green space.

4.2. Related Habitat Connectivity Analyses

There are a few examples where Linkage Mapper has been used to identify important
ecological corridors [33,34], including two examples where it was used specifically for
native Aotearoa New Zealand bird species [67,89]. However, this is the first study to use
Linkage Mapper to design an urban green roof network and assess its impact on species
dispersal. As a result, no studies directly comparing the impact on cost-weighted distances
of adding building-integrated vegetation to an existing green infrastructure network are
available. However, there are a few related studies that have used different methodologies.
Kim and Kang [90] used i-Tree Canopy to simulate tree canopy ecosystem services and
found that adding 290 green roofs to their 121.3 km2 study area in Suwon City, Republic
of Korea, doubled the number of connectivity links between fragmented forest habitats
across the landscape. Comparatively, in this study, though approximately 4000 green roofs
were added to the 13.7 km2 Lambton Harbour-Oriental Bay catchment area, there was no
significant change in the number of links connecting core habitat patches. This is likely due
to green roofs not being able to replicate the forest habitat needed by the study species;
however, there was a 3.8–7.1% improvement in the quality of the links.

Nguyen et al. [51] used the Biological and Environmental Evaluation Tools for Land-
scape Ecology (BEETLE) within the ecosystem services assessment tool Nature Braid
(formerly LUCI) [91] to propose a 2.7% and 1.5% increase in ground-level habitats to im-
prove connectivity for the kererū and paradise shelduck, respectively, in Christchurch. The
green roof network proposed in this research study resulted in a 5% increase in habitats in
the Lambton Harbour-Oriental Bay catchment area; however, adding green roofs to just
the first and second priority links requires only a 1.3–3.8% increase in habitats, which may
be sufficient for strong-flier species like the kererū. Nguyen et al. [51] also highlighted the
different habitat connectivity needs between species, as was found in this study where the
hihi had four times more difficulty crossing the study area than the kererū and did not
benefit as much from the addition of green roofs.

Eakin et al. [92] found that species richness and species-specific occupancy probabil-
ities were generally lower for green roofs than the surrounding landscape. The authors
concluded that green roofs can provide habitats for some birds that have already adapted
to living in urban areas but surrounding vegetated landscapes still provide better-quality
habitats for birds. The height and habitats that green roofs can replicate contributed to the
limited benefits of green roof corridors for the hihi and korimako in this study. Elevated
or building-integrated green infrastructures are likely more suitable to species that have
already demonstrated some level of urban adaptation (such as the kererū and tūı̄). Certain
vulnerable urban-avoider species, like the hihi, may never be able to adapt to using habitats
in dense urban centres; however, urban green infrastructures could create better buffers
between built areas and their core habitats.

4.3. Future Research

This paper used landscape features and species behaviour to propose the location and
quantities of green roof corridors in central Wellington; however, many other aspects need
to be considered and investigated to make this design proposal plausible. The presence or
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absence of certain types of plants can influence the birds that visit green roofs [18]; therefore,
determining a green roof planting community to target native bird species is an important
design consideration. The height of green roofs can also impact their ability to improve
habitat connectivity. Wang et al. [93] found that bird diversity decreased as green roof
height increased and recommended that green roofs for biodiversity should be lower than
50 m from the ground. A decrease in diversity and abundance with green roof height has
also been found for some food resources that birds depend upon, such as invertebrates [94].
Using Graphab, an ecological modelling software, Louis-Lucas et al. [95] found that green
roofs higher than 20 m were disconnected from the surrounding ecological networks. There-
fore, not all buildings will be suitable for green roof stepping stones based on their height;
however, other building-integrated vegetation strategies, such as planted balconies and
living walls, could be considered instead. Other structural, budget, and owner-interest bar-
riers would also affect the implementation of green roof corridors. Supportive policies and
incentives will be essential to realising these large-scale green infrastructure projects [96],
and further research on how to design them and the quantifiable benefits they provide
could help build a strong argument for their uptake by local councils and communities [97].

5. Conclusions

As increasing urban expansion and densification drives more habitat destruction and
fragmentation, innovative urban green infrastructure strategies will be needed to maintain
and possibly increase the ease with which species can disperse across cities. This research
demonstrates the potential of using common habitat connectivity methods, like least-cost
path models, to design green roof networks that can provide valuable stepping-stone
habitats for certain bird species in dense urban environments. Though there are some
limitations to the accuracy of the Linkage Mapper results due to gaps in the input data, this
research found that the addition of 0.7 km2 (5% of the catchment area) of green roofs along
the least-cost paths reduced dispersal costs across the catchment area by up to 9.3% for the
study species. Using our buildings to create stepping stones and green corridors for native
birds could help sustain urban biodiversity, increase the ecosystem services provided, and
enhance species’ resiliency to climate change. Integrating habitat connectivity methods
into the site analysis and design of urban green infrastructure networks can help ecologists
and built environment professionals in making cities easier and safer for birds and other
target species to navigate.
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