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Abstract
The practice of reconciliation ecology in urban environments relies heavily on urban green
space as the primary source of vegetated habitat in cities. However, most cities lack the
quantity, connectivity, and accessibility of green space needed to provide essential ecosystem
services for the health, well-being, and resilience of human and non-human species. In
reaction to urban densification and the increasing frequency and severity of climate change
impacts, this study argues that architecture could strategically provide vegetated habitats to
supplement existing urban green space and provide refuges for non-human species during
extreme disturbances. A spatial analysis was conducted to test the performance of the
existing green space network against targets for human well-being and Indigenous avifauna
habitat needs in a 1.93 km2 neighborhood in Wellington, Aotearoa New Zealand, during
normal conditions and flooding. The results showed an insufficient quantity and connectivity
of green space during both normal conditions and flooding to meet the habitat needs of
Indigenous avifauna. Though the per capita green space and accessibility targets for human
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well-being are met under normal conditions, there is insufficient green space to meet those
targets during flooding. During normal conditions, 9% of the roofs in the neighborhood need
to be converted to green roofs to achieve the targets for both human well-being and
Indigenous avifauna. The amount increases to 17% if the targets are to be maintained during
flooding. At least 3% of the roofs need to function as small and medium-sized habitat patches
in key locations to increase the existing green space network's connectivity. The study
concludes that though ground-level green space is limited, with regenerative architecture
strategies and supporting governance policy, the surplus of existing roofs could be used to
increase urban habitat provision, thereby enhancing the health and resilience of humans and
Indigenous avifauna in cities.
Keywords
Urban green space; habitat provision; ecosystem services; climate change mitigation; green
roofs; regenerative architecture; green infrastructure; urban biodiversity; well-being

1. Introduction
The habitat loss and degradation that results from rapid and increasing urbanization is a primary
threat to global biodiversity [1]. The fields of conservation biology and restoration ecology strive to
protect habitats from human disturbance and restore them for biodiversity. Though these
approaches are critically important, they do not address landscapes that have no habitat worth
conserving and are too modified to restore. Reconciliation ecology argues for preserving global
biodiversity by sharing human-modified landscapes, like cities, with other species [2]. The primary
way people currently practice reconciliation ecology and provide habitat for other species in our
cities is through urban green spaces [3]. Green spaces are critical pieces of urban green
infrastructure [4, 5] that improve urban environmental quality and human health and reduce the
burden on existing grey infrastructure, such as stormwater drains [6-9]. By providing vegetated
habitat [2, 10, 11], they positively contribute to ecosystem services, such as climate regulation,
purification, species maintenance, and provide opportunities for people to connect with nature [1219]. Though the habitats may be highly modified, urban green spaces containing some of the
Indigenous habitat characteristics can be considered analogous habitats for some species and can
facilitate their survival in the novel ecosystems of cities [20]. Despite being important sites for
biodiversity and human well-being [21-24], several issues limit the habitats urban green space can
provide; thereby, limiting the supply of urban ecosystem services.
Cities are dominated by hard surfaces and contain minimal vegetation relative to the predevelopment land cover [25, 26]. Reliance on green spaces as the primary providers of diverse,
vegetated habitats in large built areas is problematic because their land cover in cities is often less
than what is needed to support healthy ecosystems, resulting in species decline and reduced
ecosystem services [10, 15, 27]. Habitat fragmentation makes the movement or dispersal of many
species and individuals between habitat patches more difficult [28, 29]. Isolation can negatively
impact the genetic, individual, and community health of biodiversity within habitat patches, and
therefore the ecosystems as a whole [30]. Human health and well-being are also impacted by the
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amount, proximity, and perceived biodiversity of urban green space [31-33]. Increasing population,
density, land value, and development pressure put existing green spaces at risk and decreases the
likelihood of additional new green spaces being constructed [6]. As cities grow and densify, the
demand for ecosystem services will also grow while urban green space reduces in total quantity and
per capita quantity, exacerbating the negative impacts cities have on local and regional ecosystems
[34]. In addition, the loss of urban biodiversity will reduce residents' ability to connect with nature,
which may, in turn, lessen their awareness about the importance of nature and biodiversity
conservation [8].
As climate change progresses, the negative impacts of sea-level rise, floods, drought, and
extreme temperatures will degrade and reduce the habitat urban green spaces provide; thereby,
reducing the biodiversity they sustain [22]. Addressing climate change through the lens of
reconciliation ecology means ensuring a supply of habitat during times of stress so that species are
not forced to shift their natural ranges and occupy novel geographic areas [3]. A study conducted
by Berdejo-Espinola et al. [35] demonstrated the importance of accessible green spaces for humans
to engage in nature-based coping mechanisms during times of stress. In the face of an increasing
frequency and severity of natural disasters due to climate change, providing diverse, connected,
and accessible habitats in cities are vital to the health and resilience of human and non-human
species in urban environments [36].
Given the inadequate provision of existing urban green space in most cities and the numerous
risks that may reduce it further, urban green infrastructure cannot only rely on green spaces to
supply the critical habitat needed to sustain healthy ecosystems and human well-being in urban
environments. Most buildings tend to negatively impact ecosystems and provide minimal
ecosystem services [16], but research has identified that habitat provision is one of the ecosystem
services most applicable to the built environment [34]. Though the current habitat analogs supplied
by most buildings are limited [37, 38], there is more opportunity for architecture to supply
vegetated habitats and be part of urban green infrastructure. Regenerative architecture strategies,
such as green roofs, can provide food and shelter for non-human species, purify the air, moderate
temperature, manage stormwater, absorb noise, and confer well-being benefits to humans [39-41].
Green roofs can also sequester carbon and improve the thermal performance of buildings, thereby
reducing carbon emissions and decreasing the built environment's contribution to climate change
[42]. Elevated habitats can provide opportunities for species to retreat from unfavorable groundlevel conditions, such as flooding, which will be critical for species survival and adaptation to
changing climates [4, 5]. The three-dimensional nature of the built environment may limit the types
of appropriate plant assemblages, and some species will not be able to adapt to urban environments
or coexist in close proximity with people [43, 44]. However, strategic implementation of green roofs
still offers great potential to increase the amount of vegetated habitat in our cities [45-47].
In the green infrastructure literature, with a few notable exceptions [48, 49], there remains a
focus and reliance on green spaces to supply urban ecosystem services and a lack of consideration
of their contribution to biodiversity [50]. Though regenerative architecture strategies, such as green
roofs, are already in use, there are gaps in the literature and design practice around their
implementation at an infrastructural level. Installing a green roof and enhancing the ecosystem
services of one building may be enough to confer well-being benefits to humans but, to truly put
the principles of reconciliation ecology into practice, a more ubiquitous and strategic
implementation of them will be required. This research investigates how to increase the quantity
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and connectivity of urban vegetated habitats using existing building roofs. The urban environment
is the fastest growing habitat typology globally [51]; therefore, answering this question is critical to
preserving and increasing habitat in urban environments for the health, well-being, and resiliency
of humans and non-human species.
Urbanization, densification, and climate change have and will reduce the habitat provision and
other ecosystem services supplied by urban green space, leaving little room for non-human species
in cities. While cities may be in short supply of available, ground-level habitat, there is an abundance
of underutilized building surfaces that could provide a solution. An urban-scale plan is required to
provide and connect existing green space habitats via green roofs to increase ecosystem services at
both the urban and architectural scales and foster more stable and resilient ecosystems. The
objectives of this study are to test the performance of the existing green space in a city (Wellington,
Aotearoa New Zealand) against targets for urban habitat provision and determine the amount and
location of green roofs required to supplement and enhance the existing green space.
2. Materials and Methods
2.1 Case Study Location Description
Site and species specificity are important for research related to biodiversity and ecosystem
services [52]; therefore, the city of Wellington, Aotearoa New Zealand, was selected for this
research. Wellington is a temperate island coastal city in the South Pacific with a population of
216,505 [53]. Wellington is a member of the international Biophilic Cities Network (a group of cities
working towards the vision of natureful urban environments) [54], and it has a high proportion of
visible green space due to its hilly topography [55]. On average, central Wellington has
approximately 20 m2 of urban green space per person [56]. This is partly due to the constraints of
topography on development and the preservation of the Town Belt (a series of interconnected
green spaces) and key Indigenous habitat reserves, such as the large urban fenced predator-free
habitat named Zealandia [57]. However, Wellington is facing challenges similar to many cities
worldwide, namely increasing densification, population growth, and climate change, which will
increase the demand and pressure on the city's existing green spaces [58].
The central business district neighborhood of Te Aro (1.93 km2) was selected for the case study
as it has the lowest provision of urban green space in central Wellington and is predicted to densify
and increase in population by 31% over the next 20 years [56, 59]. Te Aro sits in a low-lying valley
between steep hills to the east and west and is bordered by the harbor on the north side. Its location
and high proportion of impervious surfaces make it vulnerable to flooding during heavy rain events.
As climate change progresses, a 10% rainfall increase (15% in winter) in the Wellington region, in
addition to sea-level rise and increased storm intensity, will exacerbate this vulnerability and result
in more flooding [60]. More frequent and severe floods may reduce and degrade the existing green
spaces in the neighborhood, negatively impacting the ecosystem services they can provide.
Redundancy is an essential feature of ecosystem resilience [61]; therefore, it is important that there
are habitats to sustain urban biodiversity during both normal conditions and flooding.
In addition to humans, Indigenous avifauna are active users of Aotearoa New Zealand's urban
environment and are the primary species of interest for this study. Due to the island nation's long
separation from other landmasses, a high proportion of its Indigenous avifauna are endemic and
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are therefore a high priority for conservation given the ongoing threats of habitat loss and predation
[62]. While conferring well-being benefits to humans through their presence and song, Indigenous
avifauna are also seed dispersers and play a key role in local ecosystems [36, 63]. Conservation
strategies to protect Indigenous avifauna in urban environments, such as Indigenous forest
regeneration and introduced non-native pest control, are already underway in Wellington [64, 65].
While urban green spaces and other vegetated habitats, such as green roofs, cannot replace pristine
natural habitats, increasing the amount of connected habitat would enable Indigenous avifauna to
more easily survive and disperse across the dense urban landscape.
2.2 Performance Target Setting
A literature review was conducted to establish performance targets for the quantity and
connectivity of habitat provision in Aotearoa New Zealand urban environments for both human
well-being and Indigenous avifauna habitat needs. The performance targets used for this study are
listed in Table 1.
Table 1 Habitat provision performance targets for an urban New Zealand context.
Targets

Quantity

Connectivity/Accessibility

Indigenous
Avifauna

10% habitat coverage

>62,500 m2 large habitat patch 5 km
apart
>16,000 m2 medium habitat patch 1 km
apart
100-16,000 m2 small habitat patch 0.2 km
apart

Humans

9 m2 green space per capita

5-minute walk (<400 m) from home or
work

An ecosystem services analysis of the pre-development ecosystem suggests a habitat provision
target of 100% [10]; however, other research in Aotearoa New Zealand, has recommended a
minimum target of 10% Indigenous habitat coverage within urban areas to stop Indigenous
biodiversity decline [66-70]. This is a more achievable initial goal given that Wellington only has 2%
Indigenous cover, which drops to nearly 0% in Te Aro [63, 71]. Therefore, in the context of this
research, existing and future green space planting strategies will need to include more Indigenous
species in addition to achieving the other performance targets listed in Table 1 [55, 66]. The location
of habitat patches must also be carefully considered to counteract some of the adverse outcomes
of isolated patches, increase Indigenous avifauna and seed dispersal across the urban landscape,
and contribute to the regeneration of Indigenous habitat [57]. While there are several articles
discussing habitat connectivity in Aotearoa New Zealand urban environments, many of them rely
on green spaces and green strips associated with roadways to increase habitat connectivity [56, 70];
therefore, their applications to an urban habitat provision strategy that uses buildings are limited.
However, Meurk and Hall [72] proposed a patch pattern for modified landscapes (including urban
environments) that would improve the health and functionality of Indigenous Aotearoa New
Zealand ecosystems and can be adapted to include buildings. The pattern was composed of large
Page 5/20

Adv Environ Eng Res 2021; 2(4), doi:10.21926/aeer.2104029

habitat patches (62,500 m2) spaced 5 km apart, medium habitat patches (16,000 m2) spaced 1 km
apart, and small habitat patches (100 m2) spaced 200 m apart [72]. Patches less than 100 m2 were
not included in the patch pattern. Though buildings may not be able to supply large, Indigenous
habitats, they may be able to provide the recommended small and medium-size habitat patches
and function as important stepping stones for the propagation and dispersal of several species of
Indigenous flora and avifauna to larger habitats in or around the urban environment [13].
A minimum urban green space per capita target of 9 m2 has been recommended by the World
Health Organization (WHO) for human well-being in urban environments [73]. In Te Aro specifically,
population estimates from Forecast id. were used to calculate the urban green space per capita for
the current population (2021) and the forecasted population (2043) [53]. Surveys suggest that the
ideal distance of urban green space for regular use is a five-minute walk from residents' homes or
workplaces [74, 75].
2.3 Spatial Analysis
Based on the research of Blaschke et al. [56], which identified and mapped green spaces in
central Wellington, an updated map of the existing provision of urban green space, including parks
and roadside greenery, was created using satellite imagery [76] and site visits to confirm the
locations and sizes (Figure 1). The green space areas were then calculated using AutoCad to
determine the percentage of green space coverage in Te Aro. The green spaces were then classified
as large (>62,500 m2), medium (>16,000 m2), or small (100-16,000 m2) habitat patches based on the
Meurk and Hall [72] habitat patch matrix. Patches less than 100 m2 were not included in the matrix
and, therefore, were not included in the habitat connectivity calculations.
Wellington City Council has created a series of interactive maps based on research conducted by
the National Institute of Water and Atmospheric Research (NIWA) on risk exposure in low-lying
coastal areas in Aotearoa New Zealand [77]. The Flood Hazard Areas map shows the area of Te Aro
at risk of a 1% Annual Exceedance Probability (AEP) flood, meaning that for any given year, there is
a 1% chance of a flood of a given magnitude occurring [78]. For the Sea-Level Rise and Storm Surge
Water Depth maps, a sea-level rise value of 1 m was selected as it was the highest value in both
map settings that was within the 0.3 - 1.3 m range of sea-level rise deemed likely to occur before
2100 [79,80]. This enabled the visualization of the compounding effects of sea-level rise and storm
surges. Images from these maps were overlaid on the map of existing Te Aro green space under
normal conditions to calculate the habitat patches impacted during flooding and the distances
between the remaining unflooded habitat patches.
A third spatial analysis was completed to calculate the percentage of roof coverage in Te Aro and
quantify the opportunity for buildings to supplement the habitat provided by existing urban green
spaces. Satellite images [76], combined with site visits and the use of Google Maps to confirm roof
locations and sizes, were used to calculate roof areas in AutoCad and measure distances to
determine key green roof locations to achieve the habitat connectivity targets.
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3. Results
3.1 Performance During Normal Conditions
A total green space area of 128,317 m2 was calculated for Te Aro, which is 7% of the total area
of the neighborhood (Table 2). Comparing the existing green space during normal conditions against
the performance targets for Indigenous avifauna showed that the current habitat provision is below
the habitat quantity and connectivity targets. An additional 64,805 m2 of urban green space is
required to meet the 10% habitat coverage target, with anything above this aiding in regeneration
rather than just conservation of existing ecosystem function. Classifying green space by habitat
patch size revealed that Te Aro has no green spaces of large habitat patch size (62,500 m 2), though
there are large habitat patches (the Town Belt to the east and west, and Zealandia to the east) within
5 km of its boundary. There is only one medium habitat patch (>16,000 m2), with the majority of
green spaces falling in the small habitat patch category (100-16,000 m2). The spatial analysis of the
connectivity of the small habitat patches revealed five areas (totaling 3% of the neighborhood) that
are isolated from other small habitat patches. Four of the five areas sit centrally in the neighborhood
because a higher proportion of Te Aro's small habitat patches are near the neighborhood's boundary
or in adjacent neighborhoods (Figure 1). A larger area of Te Aro (totaling 42% of the neighborhood)
is isolated from the only medium habitat patch. Outside of the Te Aro boundary, two sports fields
are of medium habitat patch size and within a 1 km range; however, given that they are primarily
grass and frequently disturbed by sporting events, they are unlikely to function as proper stepping
stone habitats. Therefore, the existing green space in Te Aro falls below both the quantity and
connectivity habitat provision targets for Indigenous avifauna during normal conditions.
Table 2 Te Aro habitat provision during normal conditions compared to performance
targets. The total Te Aro neighborhood area is 1,931,216 m2.
Species
Indigenous
Avifauna

Humans

Quantity

Connectivity/Accessibility
Existing
Target
Existing
Target
2
7% habitat coverage 10%
habitat 3% (55,983 m ) >62,500 m2 large
(128,317 m2)
coverage
isolated from other habitat patch 5 km
2
(193,122 m )
small
habitat apart
patches
>16,000 m2 medium
42% (819,469 m2) habitat patch 1 km
isolated from other apart
medium
habitat 100-16,000 m2 small
patches
habitat patch 0.2 km
apart
2
2
10 m per capita 9 m
green No area in Te Aro 5-minute walk (<400
(2021 population of space per capita further than a 5- m) from home or
13,102)
minute walk from work
2
7 m per capita
green space
(2043 population of
17,176)
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Figure 1 Existing green spaces cover 7% of Te Aro during normal conditions. Most green
spaces are of small patch size (orange), with only one medium sized-patch (yellow). The
orange and yellow dotted lines indicate areas isolated from other habitat patches, which
can negatively impact the ability of Indigenous avifauna to access different habitats and
disperse across the neighborhood. The base satellite image is from Landcare Research
[76].
Comparing the existing green space during normal conditions against the performance targets
for human well-being showed that the current habitat provision achieves the green space quantity
and accessibility targets for the current population. Though the urban green space in Te Aro is
predominantly located around the edges of the neighborhood, the spatial analysis revealed that
there is some type of green space within a five-minute walk (400 m) from anywhere in the
neighborhood [75]. The green space per capita value for Te Aro during normal conditions is 10 m 2.
While this is above the WHO minimum target, there is little buffer for any decrease or degradation
in the existing green space provision. With population growth alone, the neighborhood's per capita
green space value will decrease to 7 m2 by 2043. Meeting the minimum target for the future
population (in 2043) requires an additional 26,267 m2 of urban green space and would increase Te
Aro's total green space coverage to 8%. These findings indicate that ground-level urban green space
is sufficient to meet the minimum green space per capita target for the current population; however,
it will be insufficient to meet the needs of the future population as the neighborhood densifies.
3.2 Performance During Flooding
A total of 39% of Te Aro is at risk of flooding due to sea-level rise, storm surge, and increased
rainfall, with rainfall being the largest contributor to increased flooding frequency and severity
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(Table 3) [78-80]. Up to 44% of Te Aro’s green space could be inundated during these events,
reducing the habitat provision in the neighborhood to 4% until the floodwaters recede or longer
depending on the level of damage. Comparing the existing green space during flooding against the
performance targets for Indigenous avifauna showed that the current habitat provision is below the
habitat quantity and connectivity targets. During flooding events, there would be no medium
habitat patches and fewer small habitat patches available. Reduced available habitat increases the
area isolated from other small habitat patches to 24% and makes all of Te Aro isolated from medium
habitat patches. Therefore, the current quantity and connectivity of existing urban green space in
Te Aro are insufficient to meet the habitat needs of the Indigenous avifauna during flooding (Figure
2).
Table 3 Te Aro habitat provision during flooding compared to performance targets. The
total Te Aro neighborhood area is 1,931,216 m2.
Species
Indigenous
Avifauna

Humans

Quantity

Connectivity/Accessibility
Existing
Target
Existing
Target
2
4% habitat coverage 10%
habitat 24% (458,181 m ) >62,500 m2 large
(70,574 m2)
coverage
isolated from other habitat patch 5 km
2
(193,122 m )
small
habitat apart
patches
>16,000 m2 medium
100% (1,931,216 habitat patch 1 km
m2) isolated from apart
other
medium 100-16,000 m2 small
habitat patches
habitat patch 0.2 km
apart
2
2
6 m per capita 9 m
green No area in Te Aro 5-minute walk (<400
(2021 population of space per capita further than a 5- m) from home or
13,102)
minute walk from work, though other
2
4 m per capita
green space
accessibility barriers
(2043 population of
likely.
17,176)

Page 9/20

Adv Environ Eng Res 2021; 2(4), doi:10.21926/aeer.2104029

Figure 2 Urban green space coverage is reduced to 4% of Te Aro during flooding. There
are no unflooded medium habitat patches and fewer small habitat patches (orange)
available compared to normal conditions. The orange and yellow dotted lines indicate
areas isolated from other habitat patches. Reduced habitat quantity and connectivity
negatively impact Indigenous avifauna’s ability to retreat from unfavorable conditions
and live in the neighborhood. Sea-level rise, storm surge, and 1% AEP overlays are based
on the Wellington City Council interactive climate change maps [78-80]. Base satellite
image from Landcare Research [76].
Comparing the existing green space during normal conditions against the performance targets
for human well-being showed that the current habitat provision fails to achieve the per capita green
space target. The green space per capita value for Te Aro during flooding is 6 m 2 and, with the
anticipated 2043 population, this will be reduced to 4 m 2 green space per capita during flooding.
Distance calculations from the spatial analysis showed that there remained some type of green
space within a five-minute walk (400m) from anywhere in the neighborhood; however, a visual
assessment of the flooding map indicates that accessibility would be reduced by floodwater blocking
roads and pathways used to access nearby green spaces. Therefore, these findings suggest that
ground-level urban green space is insufficient to meet the minimum green space per capita target
for the current and future populations during increasingly frequent and severe flooding events.
3.3 Roof Area in Te Aro
In total, roofs cover 37% of Te Aro. Based on the performance targets for Indigenous avifauna,
achieving 10% habitat coverage during normal conditions, 9% of Te Aro's roofs need to be converted
to green roofs. The roof area needed increases to 17% if the target is to be maintained during
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flooding and provide habitat redundancy to enhance ecosystem resilience [61]. One strategically
located cluster of roofs (at least 16,000 m2 of roof area) needs to be converted to green roofs to
achieve the connectivity targets for medium-sized habitat patches during normal conditions and
flooding. Five small habitat patches (at least 100 m2 each) strategically located are needed to meet
the connectivity targets during normal conditions. An additional two small habitat patches are
required to maintain the target during flooding (Table 4). Figure 3 shows the sizes and key locations
of the roofs required (at least 3% of the Te Aro roof area) to achieve the habitat connectivity targets
for Indigenous avifauna during normal conditions and flooding and enhance the performance of the
existing urban green space network. The remaining green roofs to be converted to achieve the
habitat coverage target may be more flexibly distributed throughout the neighborhood as needed
based on other factors, such as building height, typology or thermal performance [81].

Figure 3 During normal conditions, 9% of Te Aro’s roof area needs to be converted to
green roofs, with an additional 8% required during flooding to meet all of the
performance targets for both humans and Indigenous avifauna during normal
conditions and flooding. At least 3% of the roofs need to function as small and mediumsized habitat patches in the key locations identified. Non-residential buildings with roof
heights of less than 60 m were prioritized for conversion to minimize the negative effects
of building height on roof habitats [81]. Given that non-residential buildings, in particular,
are major contributors to greenhouse gas emissions within the built environment [82],
the carbon sequestration and climate regulation functions of green roofs could
counteract some of the negative environmental impacts of the buildings [83]. Base
satellite image from Landcare Research [76].
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Table 4 The green roof area needed to supplement existing green space and meet
performance targets in Te Aro. The total roof area in Te Aro is 728,472 m 2.
Condition
Normal

Flooding

Species
Indigenous
Avifauna

Quantity
64,805 m2 needed (9% of roofs)

Humans

0 m2
roofs)
26,267 m2 needed (2043) (4% of
roofs)
122,547 m2 needed (17% of Seven
100
m2
patches
roofs)
strategically located needed (less
than 1% of roofs)
One 16,000 m2 patch strategically
located needed (2% of roofs)
47,344 m2 needed (2021) (7% of 0 m2 needed (0% of roofs)
roofs)
84,010 m2 needed (2043) (11%
of roofs)

Indigenous
Avifauna

Humans

Connectivity/Accessibility
Five 100 m2 patches strategically
located (less than 1% of roofs)
One 16,000 m2 patch strategically
located (2% of roofs)
needed (2021) (0% of 0 m2 needed (0% of roofs)

Based on the performance targets for human well-being, the roof area required is less than that
of Indigenous avifauna, with only 7% and 11%, respectively, of roofs needing to be converted to
green roofs during normal conditions and flooding. However, in order for these green roofs to
contribute to human well-being, they must be accessible. Due to Wellington's hilly topography,
adding green roofs to Te Aro's low and medium-rise buildings could provide additional visible
contact to nature for people in neighboring high-rise buildings and those on the hills surrounding
the valley. Nevertheless, these findings show a surplus of roof area available to supply the habitat
needed to meet the quantity, connectivity, and accessibility targets for humans and Indigenous
avifauna.
4. Discussion
Spatial analyses, like the one conducted in this study, are necessary to identify the number and
locations of buildings required to supplement existing green space, increase habitat connectivity,
and enhance ecosystem services. Though previous research on stepping stones in Wellington
focused on ground-level habitat, the findings of this research suggest that there is a surplus of roofs
in Te Aro that could be converted to green roofs to increase urban habitat provision in Wellington.
Buildings are an underutilized green infrastructure resource for reconciliation ecology but, with
more implementation and innovation in green roofs and other regenerative architecture strategies,
they could positively contribute to urban avifauna health and human well-being [28, 84].
In order to increase Indigenous avifauna populations and not just stop their decline, urban
habitat provision will need to go beyond the minimum target. Though 10% habitat coverage is the
minimum target for an urban New Zealand context, other international research argues for higher
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minimums [85, 86]. While ambitious, higher habitat provision targets could be achieved using
buildings as the foundation for habitat. If all of the roofs in the neighborhood were converted to
green roofs, 44% of Te Aro would be covered with vegetated habitat. If Wellington’s human
residents are to better co-exist with Indigenous avifauna populations, there needs to be enough
habitat for Indigenous avifauna to feed, nest, and take shelter in the city and not just in the larger
natural habitats surrounding it. Though some of the urban green spaces in Te Aro are of a sufficient
habitat patch size, many of them contain hard surfaces, large swathes of grass, and exotic vegetation.
The lack of Indigenous plant diversity and habitat heterogeneity reduces their value to Indigenous
avifauna [20, 56]. In order to function optimally as stepping stone habitats within the neighborhood
and between larger patches of vegetation outside the study area, new green space planting
strategies and green roofs that provide analogous Indigenous habitats will be required [55, 87].
Some conflicts may arise between the green space needs of humans for recreation and outdoor
sports versus the needs of Indigenous avifauna for Indigenous habitat. Creating analogous
Indigenous habitats for Indigenous avifauna on roofs may be one way to increase habitat provision
while not reducing the availability of green space for physical activity for humans. Conducting
thorough ecosystem services analyses for urban green spaces can optimize the trade-offs required
for different ecosystem services and species [67]. Reducing the isolation of habitats on top of roofs
depends on how they are positioned in the existing green space network and how they connect to
the ground. Adding green walls to buildings with green roofs can increase the amount of habitat
available and the connectivity to other ground-level habitats [37, 88]. Rooftop stepping stones may
be sufficient for some Indigenous avifauna, but other Aotearoa New Zealand species who cannot
disperse as easily across the urban landscape (such as lizards) would benefit from the addition of
green corridors and green wall connections to green roofs [17].
While Te Aro achieves the 9 m2 minimum green space per capita target, the WHO has also set an
ideal target of 50 m2 green space per capita for human well-being in urban environments [73]. With
the anticipated population growth and additional 3,000 dwellings to be built in Te Aro by 2043 [53],
it will be near impossible to maintain the minimum per capita green space target, let alone achieve
the ideal target (an additional 730,483 m2 of green space), without making use of buildings. Though
avifauna can easily access green roofs, using green roofs to contribute to the per capita green space
target would require that they be made accessible to people. However, due to the private
ownership of green roofs, their accessibility will likely be more limited than public urban green space.
In addition to connecting green roofs to ground-level habitat, green walls could also provide visible
contact to nature for people in neighboring buildings and those walking through the city, particularly
from green walls installed near sidewalks [89, 90]. More opportunities for people to view and
engage with nature can increase the well-being of those visiting and living in the city [91-93] and
potentially inspire more interest in biodiversity conservation [94].
Vegetation can slow surface water flooding and reduce the pressures on stormwater
management drainage systems, which will become more important as rainfall and storm severity
and frequency increase in Wellington [42, 95]. In Te Aro, there is a clear case for additional green
infrastructure to manage current and future flooding, which negatively impacts the ability of urban
green spaces to consistently and reliably provide habitat and other ecosystem services. In addition
to absorbing and slowing surface water runoff, green roofs can provide habitat redundancy during
flood events, providing species with opportunities to retreat from the unfavorable conditions in
other ground-level habitats [61]. Green roofs and other habitat installations, such as artificial or
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modified shading, humidifying, and sheltering structures, as well as those suitable to support
breeding in target species, can be important tools to help humans and non-human species adapt to
climate change impacts in urban environments by providing microhabitat refuges and reducing
stress [3, 93]. The process for mapping flooding impacts on existing green space conducted in this
study is one way to identify which species or ecosystem services need to be prioritized in key
locations. This process is particularly important in areas where other regenerative architecture
strategies, such as solar panels, may compete for space [34]. In the case of Te Aro, this may relate
to balancing how much roof space is used for water tanks or pipes versus habitat. Other climate
change impacts on the habitat provision performance of existing urban green spaces in Wellington,
such as temperature rise, extreme winds, and species range shifts, were not included in this study
but should be investigated and considered in holistic and resilient green infrastructure planning [96].
5. Conclusions
Protected areas of more pristine, Indigenous habitat remain crucial to biodiversity conservation
efforts as there are limitations to the types of habitats and species architecture can support.
However, though they are not often considered in conservation strategies, cities have an important
role to play as living laboratories for creating novel habitat analogs that can support a diverse range
of species and provide opportunities for people to connect with flora and fauna in their
neighborhoods. Interdisciplinary collaboration and leadership will be necessary to draw upon the
expertise of many fields of study [9]. Ecological reconciliation in urban environments will rely on
national and local governments and policymakers creating spatial plans, building policies, and
incentives that support and catalyze the construction of urban green infrastructure that includes
regenerative architecture. It will also require building owners, designers, ecologists, and local
organizations to cooperate and foster Indigenous habitats and habitat analogs on their properties
and in their communities [41]. While green roofs and walls are not the only way to practice
reconciliation ecology, they are a way to use and improve the resources and three-dimensional
infrastructure cities already contain. The Te Aro neighborhood, for example, could achieve the
habitat provision it needs to support humans and Indigenous avifauna during normal conditions and
flooding by converting 17% of its roof area to green roofs. Using architecture to add more habitat
and green infrastructure to cities can enhance the current provision of urban ecosystem services,
ensure they are maintained or restored quickly during disturbances, and safeguard a supply for the
future, resulting in more resilient cities and ecosystems [5].
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