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Globally, cities are growing rapidly in size and density and this has caused profound
impacts on urban forest ecosystems. Urbanization requiring deforestation reduces
ecosystem services that benefit both city dwellers and biodiversity. Understanding
spatial and temporal patterns of vegetation changes associated with urbanization is
thus a vital component of future sustainable urban development. We used Landsat
time series data for three decades from 1988 to 2018 to characterize changes in
vegetation cover and habitat connectivity in the Perth Metropolitan Area, in a rapidly
urbanising Australian biodiversity hotspot, as a case study to understand the impacts
of urbanization on urban forests. Moreover, as golf courses are a major component in
urban areas, we assessed the role of golf courses in maintaining vegetation cover and
creating habitat connectivity. To do this we employed (1) land use classification with
post-classification change detection, and (2) Morphological Spatial Pattern Analysis
(MSPA). Over 17,000 ha of vegetation were cleared and the area of vegetation
contributing to biodiversity connectivity was reduced significantly over the three
decades. The spatial patterns of vegetation loss and gain were different in each of the
three decades (1988-2018) reflecting the implementation of urban planning.
Furthermore, MSPA analysis showed that the reduction in vegetation cover led to
habitat fragmentation with a significant decrease in the core and bridge classes and an
increase in isolated patches in the urban landscape. Golf courses played a useful role
in maintaining vegetation cover and contributing to connectivity in a regional
biodiversity hotspot. Our findings suggest that for future urban expansion, urban
planning needs to more carefully consider the impacts of deforestation on connectivity
in the landscape. Moreover, there is a need to take into consideration opportunities for
off-reserve conservation in smaller habitat fragments such as in golf courses in
sustainable urban management.
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15 Abstract

16  Globally, cities are growing rapidly in size and density and this has caused profound impacts on urban
17  forest ecosystems. Urbanization requiring deforestation reduces ecosystem services that benefit both
18  city dwellers and biodiversity. Understanding spatial and temporal patterns of vegetation changes
19  associated with urbanization is thus a vital component of future sustainable urban development. We
20  used Landsat time series data for three decades from 1988 to 2018 to characterize changes in vegetation
21 cover and habitat connectivity in the Perth Metropolitan Area, in a rapidly urbanising Australian
22 biodiversity hotspot, as a case study to understand the impacts of urbanization on urban forests.
23 Moreover, as golf courses are a major component in urban areas, we assessed the role of golf courses in
24 maintaining vegetation cover and creating habitat connectivity. To do this we employed (1) land use
25  classification with post-classification change detection, and (2) Morphological Spatial Pattern Analysis
26  (MSPA). Over 17,000 ha of vegetation were cleared and the area of vegetation contributing to
27  biodiversity connectivity was reduced significantly over the three decades. The spatial patterns of
28  vegetation loss and gain were different in each of the three decades (1988-2018) reflecting the
29  implementation of urban planning. Furthermore, MSPA analysis showed that the reduction in vegetation
30  cover led to habitat fragmentation with a significant decrease in the core and bridge classes and an
31  increase in isolated patches in the urban landscape. Golf courses played a useful role in maintaining
32 vegetation cover and contributing to connectivity in a regional biodiversity hotspot. Our findings suggest

33 that for future urban expansion, urban planning needs to more carefully consider the impacts of
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deforestation on connectivity in the landscape. Moreover, there is a need to take into consideration
opportunities for off-reserve conservation in smaller habitat fragments such as in golf courses in

sustainable urban management.

1 Introduction

Globally, cities have grown rapidly in number and size over recent decades [ 1, 2]. This trend is predicted
to continue as urban areas are expected to absorb most global population growth [3]. While the process
of urbanization presents key implications for changes in physical landscapes and demographic
characteristics, it can cause profound impacts on environmental components, especially on urban forest

ecosystems [4, 5].

Vegetation in urban landscapes is critically important because provides goods and services, and full
ecosystem functions that benefit city dwellers and the environment. On the one hand, a remarkable range
of human well-being benefits are derived from urban green spaces including mitigating the urban heat
island (UHI) effect which is a threat to human health [6, 7]; reducing stress [8], improving healing times
[11], increasing self-esteem and empowerment [12], and improving cognitive ability [13]. On the other
hand, urban green spaces provide various ecosystem services such as strengthening resistance to some
kinds of natural disasters for example, floods [14], promoting biological processes such as pollination
[15], and reducing surface erosion from stormwater runoff [16]. The amount of vegetation in cities
strongly influences biodiversity, especially where vegetation is set aside during the process of
urbanization [17]. However, if species dispersal and exchange among these patches is insufficient to
allow gene flow and diversity, loss of regional biodiversity is inevitable [18]. Therefore, urban
development that requires deforestation, with habitat loss and fragmentation is a threat to biodiversity

[17, 19].

Urban conservation strategies must therefore consider not only the size and quality of habitat reserves,
but the connectivity in the intervening urban vegetation matrix [19]. While the need to protect large
habitat reserves is obvious, opportunities for off-reserve conservation of smaller habitat fragments

should not be overlooked [20]. Understanding spatial and temporal patterns of vegetation change
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associated with urbanization, as well as opportunities for the preservation of green spaces outside natural
reserves, is vital for future sustainable urban development especially in areas of global ecological

importance.

As the number of golf courses is rapidly increasing in many urban areas worldwide [21], there have
been many environmental arguments about this green space category in urban landscapes. Golf courses
are sometime considered to be major polluters of the environment through pesticide and fertilizer use
[22]. In fact, golf courses have been established for recreational purposes, which are a mix of bushland,
fairways and infrastructure. Though they are not fully ecologically functional as with a natural parks,
previous studies investigated the condition of vegetation inside the golf courses and indicated that the
bushland in non-playing areas of golf courses are significantly important to biodiversity conservation
and the provision of ecosystem services in cities [24], such as providing refuge habitats for urban-
avoiding wildlife [23, 25, 26]. Therefore, potentially, together with the natural reserves, golf courses
can play some roles as off-reserve sites for purposeful biodiversity conservation in urban landscapes.
Nevertheless, little research has been undertaken to comprehensively assess the role of golf courses in
maintaining vegetation patches as interconnected nodes in urban landscapes during a long period of

urban development where deforestation was significant.

Deforestation for urban expansion can occur gradually over multiple years. Satellite-based remote
sensing holds certain advantages in the characterization of these changes in urban landscapes because
of the large spatial coverage, high time resolution, and wide availability of data [27]. For example,
medium resolution Landsat images allow mapping of large urban areas [28]. wiany methods have been
used to detect, monitor and quantify , but differences in vegetation index and land

use classification are the most widely used methods for

[28].

A great number of vegetation indices have been proposed, ranging from very simple to very complex
band combinations [29]. The most widely-used vegetation index is the Normalized Difference
Vegetation Index (NDVI), which isthe ...st efficient and simple metric to identify vegetated areas and

their condition [30]. This separates green vegetation from other surfaces based on the @bili§ of
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87  chlorophyll to absorb red light for photosynthesis and reflect the near-infrared (NIR) wavelengths [31].
88  Furthermore, information on vegetation cover dynamics can be combined with Morphological Spatial
89  Pattern Analysis (MSPA) to describe the spatial configuration of the ecosystem at the pixel level, making

90 it possible to detect temporal changes in the structural connectivity of habitats in urban settings [32].

91  Therefore, to enhance the understanding of vegetation dynamics associated with urbanization and the
92 role of golf courses in maintaining urban forests, we used Landsat imagery to map vegetation cover and
93  to assess its spatial and temporal distribution over three decades from 1988 to 2018. Maps of vegetation
94  cover were used for MSPA analysis to detect changes in habitat connectivity. We chose the Perth
95  Metropolitan area for the study as it lies within a rapidly urbanizing biodiversity hotspot in Australia.
96  The three primary research objectives were to: (1) determine the spatial and temporal patterns of
97  deforestation in urbanization; (2) evaluate the spatial and temporal patterns of green landscape
98  connectivity; and (3) assess the role of golf courses in preserving green spaces and biodiversity in an
99  urban landscape. This analysis will provide a useful perspective on the land-use pressure facing
100  vegetation remnants in this region which is recognised as one of 35 international biodiversity hotspots
101  with over 1500 plant species with a high degree of endemism [33], and provide a framework for planning

102 urban expansions both in this region and globally.

103 2 Methods

104 2.1 Study area

105  The study area belongs to the Perth Metropolitan region covering four sub-regions (North West, Middle
106  Central, Inner Central and South West). Perth has a Mediterranean-type temperate climate with a hot
107  and dry summer, and a cold and rainy season occurring between May and October [34]. Under future

108  climate-change scenarios, this area is projected to experience a lower annual rainfall [35].

109  Perth belongs to the Australia's southwest corner, which is recognized as a global biodiversity "hotspot"
110  with outstanding natural environments. Our study area occurs on the Swan Coastal Plain which is part
111 of'the southwest of Australia which in turn has the highest concentration of rare and endangered species

112 on the entire continent (at least 1,500 endemic species). More than 6,000 species of native plants and
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100 native mammals, birds, frogs and reptiles occur in this region, making it a biodiversity "hotspot"

[33, 36].

Perth has retained a significant area of natural vegetation which has conservation significance thanks to
the introduction of legislation and policies aimed primarily at protecting biophysical environmental
values. This includes the Western Australian Environmental Protection Act 1986 [37]; the Federal
Government’s Environment Protection and Biodiversity Conservation Act 1999 [38]; and more recently,
Bush Forever [39, 40], a policy which took a whole-of-government approach to identify and protect
biologically significant bushland and wetlands within the Perth metropolitan area. However, Perth has
experienced extensive urban development since the 1980s [42]. The expansive growth of the Perth
metropolitan footprint has contributed to the loss of biodiversity, together with the ecosystem services
provided by natural areas. Together with urbanization, the golf industry has expanded contributing to a

growing proportion of Perth’s urban green space with 34 golf courses in the study area (Figure 1).

Excellent additions

Figure 1. Location of the study area

(The Landsat 8 on 30 September 2018 from USGS EROS (Earth Resources Observatory and Science
(EROS) Center) in the public domain: http://eros.usgs.gov)

2.2 Approaches

We conducted two types of analyses in this study: (1) assessment of vegetation cover change in golf
courses since 1988 relative to surrounding areas to provide a broad overall context of the urban
vegetation changes that have taken place throughout the region and the role of golf courses; and (2)
assessment of MSPA. In these analyses, we used four data sets (1988, 1998, 2008, 2018) covering thirty

years of urban development. The steps taken in this study are summarized in a flow chart (Figure 2).

2.2.1 Landsat data and pre-processing

Three Landsat 5 Thematic Mapper images (WRS path 113 row 82) were acquired from 1988 to 2008
and one Landsat OLI 8 (WRS path 113 row 82) was acquired in 2018 at four time steps, including year
1988 (11" December), year 1998 (7" December), year 2008 (18" December), year 2018 (14™

December). The Landsat imagery were obtained from the US Geological Survey (USGS) of the Earth
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Resources Observation and Science Center (EROS). Image dates were selected acquired during
December (summer, dry season) to reduce the seasonal difference effects. All images selected are cloud-
free scenes or little cloud cover (0.05% and 0.4%) scenes with the whole study area is cloud-free;
Therefore, is no requirement for removing cloud. Georeferencing was performed at the USGS prior to
downloading the data (L1T level of systematic geometric accuracy) and no further refinement was
undertaken. Atmospheric and topographic corrections were performed on the Landsat data sets. The
atmospheric correction was carried out to adjust the multitemporal dataset to a common radiometric

scale [43].

The first process of atmospheric correction was conversion of the digital number (DN) remote sensing
data values to at-sensor radiance based on the image header file. After that we employed the image-
based models - dark object subtraction (DOS) to correct atmospheric scattering scene-by-scene. This
method is a widely used and effective method in atmospheric correction [44-50]. Topographic correction
was conducted to remove topographic effects. We used a sun-canopy-sensor (SCS) correction based on
the 30 m digital elevation model (DEM) because topographic shading is not only due to slope but also
to shadowing of one tree crown over another and this is one of the most widely and effective used

methods of topographic correction [51].

Figure 2. Flow chart summarizing the major steps taken during the investigation.

2.2.2  Classification

In a preliminary step, we used a (decor relation stretch to enhance the image for more effective
visualization. Prior to image classification, NDVI images were generated. A classification technique
was then applied to the NDVIimages of 1988, 1998, 2008 and 2018 using Arc-GIS 10.3 software. NDVI
images were obtained by calculating the ratio between the red (R) and near infrared (NIR) values of the

satellite image using Equation 1:

(NIR-R)

NDVI = ‘RiR+r) (@

In Landsat 4-7, NDVI = (Band 4 — Band 3) / (Band 4 + Band 3).
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In Landsat 8, NDVI = (Band 5 — Band 4) / (Band 5 + Band 4).

Landsat TM data from different dates were independently classified based on the NDVI values. Water
bodies have negative NDVI values, whereas, bare soil and built-up areas have an NDVI value of around
zero. Chlorophyll in green vegetation, on the other hand, has consumed RED to drive photosynthesis
thereby providing moderate and high NDVI values close to +1 [52]. Based on this understanding, the
four NDVI images were classified into three classes (Vegetation, Built up + bare soil, Water bodies)

using the NDVI threshold ranges technique in Arc-GIS 10.3 software.

The classification based on NDVI threshold was evaluated using accuracy assessment. An error matrix
compared information from a classified image or land cover map to known reference (truth) sites for a
number of sample points assessed in 2018. We obtained photographs of representative land use
categories with GPS locations to assist in our image interpretations. Also, we used Google Earth images,
true and false colour combination images and knowledge-based information including expert
knowledge, land use maps and reports. For historical images, Google Earth was used to substitute the
traditional reference data collection on each of the sites [53]. Based on data of accuracy assessment, we

reclassified the preliminary land use classification maps to improve the accuracy of classification.

2.2.3 Vegetation change detection

In order to detect the vegetation cover change, we created binary maps of vegetation and non-vegetation
from the classified maps in the previous analysis, one for each adjacent pair of time steps, which depict
where degradation occurred within a decade of urbanization. This post-classification analysis uses two
images from different dates and classifies them independently. We then calculated changes in vegetation

cover type using Equation 2:

Change area = D, — D 2
where D1 and D2 are the area of the target vegetation cover at the beginning and the end of the study

period, respectively. This analysis allows the calculation of vegetation loss and gain in each period.

2.2.4  Golf courses Analysis 1
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We compared the vegetation cover, and the change (vegetation loss and gain) taking place within all
golf courses in the study area, and in their surrounding regions. After creating the GIS boundaries of the
golf courses, we extracted the vegetation cover and the vegetation change within these boundaries at
four time steps in 1988, 1998, 2008 and 2018 to compare vegetation dynamics within the golf courses

and the whole study area over time.

2.2.5 Morphological Spatial Pattern Analysis (MSPA) for the structural connectivity of
habitats

MSPA was employed to describe the structural connectivity of habitats in Perth for four time steps in
1988, 1998, 2008 and 2018. This method describes the spatial and temporal configuration of the
ecosystem at the pixel level [32], which was based on the concept of “habitat availability” and “graphic
theory” [54, 55] in which the landscape is considered as a collection of nodes, and links with a node is
aplace where connectivity exists and will depend on the width of itself. The output of the MSPA analysis
includes the seven structural categories into which habitats are divided, including core, edge,

perforation, bridge, loop, branch and islet [56] and [57] and is summarized in Table 1.
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Table 1. Definition of Morphological Spatial Pattern Analysis (MSPA) classes

Class Description Ecological Meaning

Core A collection of foreground pixels which are ~ Large-scale natural patches with high
interconnected and greater than the user- connectivity
specified edge width from background

Edge Transition pixels between the foreground The transition zone between vegetation
and background that form the outer edge and non-vegetation areas.

Perforation The transition pixels between foreground Unnatural patch inside the core area.
and background inside core areas that form
the inner edge

Bridge A set of linear foreground pixels between The striped ecological land that connects
two cores that connect two or more core two cores, which is equivalent to the
areas. connecting corridor of the green space

network.

Loop Linearly oriented foreground pixels Connecting corridor inside a large
extended from core that connects core area  natural patch.
to itself.

Branch Linearly oriented foreground pixels Striped ecological land with low
extended from core that do not connect to connectivity.
any other core area

Islet A collection of foreground pixels which is Small natural patches that are isolated

smaller than the core zone and do not

connect to any other foreground cells.

and do not connect to each other.

In order to undertake the MSPA analysis, we defined the input data (foreground class). For this study,

we used the classified maps for 1988, 1998, 2008, 2018 in Analysis 1 to create the binary maps which

contained vegetation and non-vegetation classes. Hence, the high and full covered vegetation pixels

were defined as the foreground pixels (green landscape) in the MSPA approach. The results of MSPA
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analysis for the four time steps allowed us to assess the changes in habitat connectivity over 30 years of

urbanization.

2.2.6 Golf course analysis 2
To assess the role of golf courses in maintaining biodiversity connectivity over 30 years, we compared
the habitat connectivity within all golf courses in the study area and in their surrounding green spaces.

Using the GIS boundaries of the golf courses, we extracted the habitat connectivity within the golf

course boundaries for four time steps (1988, 1998, 2008 and 2018).

3 Results

3.1 Land use classification in Perth

Data sets representing four time periods (1988, 1998, 2008 and 2018) are shown in Figure 3 and Table
3, which provide an overview of the land cover changes (vegetation, built up and bare land, water bodies)
over recent decades. From the 1988 and 1998 data sets, it is evident that over half of the region was
vegetated. However, the urban footprint of built up and bare land area had increased 10% from 1998 to
2018. As a consequence, there was a significant decrease in vegetation cover, which comprised 56% of

the land surface in 1988 and declined by 10.1% over the next 30 years (Table 2).

10
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Table 2. Land cover classification within the Perth Metropolitan Region.

Land cover category

Whole area Golf course
Vegetation Built up Water Vegetation Builtup Water
and bare  bodies and bare  bodies
soil soil
1988  Area (ha) 98,446 74,376 2,667 929 210 0.1
Proportion (%) 56.1 42.4 1.5 81.5 18.5 0.0
1998  Area (ha) 91,754 81,464 2,271 1,042 97 0.7
Proportion (%) 52.3 46.4 1.3 91.4 8.5 0.1
2008  Area (ha) 88,341 84,971 2,176 1,084 55 0.2
Proportion (%) 50.3 48.4 1.2 95.1 4.9 0.0
2018  Area (ha) 80,755 92,243 2,491 1,093 46 0.7
Proportion (%) 46.0 52.6 1.4 95.9 4 0.1

Figure 3. Map of land cover classification for Perth in four time steps between 1988 and

2018

The analysis had the overall accuracy (OA) of classification from 87% and the kappa coefficient from

91% for the three classes (Table 3).
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Table 3. Accuracy assessment of land cover maps generated

Year 1988
LULC Class Vegetation Build Up and Bare Soil Water Bodies Total
Vegetation 14 1 0 15
Build Up and Bare Soil 1 12 2 15
Water Bodies 0 0 15 15
Total 15 13 17 45
Overal Accuracy 87%
Overal Kappa 0.91
Year 1998
LULC Class Vegetation Build Up and Bare Soil Water Bodies Total
Vegetation 15 0 0 15
Build Up and Bare Soil 0 13 2 15
Water Bodies 1 0 14 15
Total 16 13 16 45
Overal Accuracy 90%
Overal Kappa 0.93
Year 2008
LULC Class Vegetation Build Up and Bare Soil Water Bodies Total
Vegetation 14 1 0 15
Build Up and Bare Soil 1 14 0 15
Water Bodies 0 15 15
Total 15 15 15 45
Overal Accuracy 93%
Overal Kappa 0.96
Year 2018
LULC Class Vegetation Build Up and Bare Soil Water Bodies Total
Vegetation 15 0 0 15
Build Up and Bare Soil 0 13 2 15
Water Bodies 1 1 13 15
Total 16 14 15 45
Overal Accuracy 87%
Overal Kappa 0.91

I highly suggest the tables be restructured to show change in each class for all years on the same
tables/Columns. This will make is easier to read and understand.

Using the GIS layer of land use categories, we also extracted the data for three classes within the golf

courses in comparison with the whole area (Table 2). Our analysis shows that while there was a

significant decrease in vegetation cover throughout the region, the total area of golf courses remained

unchanged at around 1,093 ha over the last 30 years.
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Figure 4. Land cover classification showing a detailed view of the Collier Park Golf

Course for a) Landsat data; b) NDVI values; ¢) Land cover classification

3.2 Spatial patterns of vegetation change

To characterize spatial patterns of vegetation dynamics, we detected the vegetation loss and gain for
each of the three decades (Figure 5). In the period 1988 to 1998, deforestation occurred intensively in
the central and north regions. From 1998 to 2008, vegetation loss expanded to the north and south of the
city. However, in the last decade from 2008 to 2018, vegetation loss accelerated in the distal regions
with urbanization. However, there was also some vegetation gain over the three decades (Figure 5, Table

4) predominantly in the northern part of the city.

Figure 5. Change in vegetation cover over the period 1988 to 2018 for the Perth region

Table 4. Vegetation loss and gain (ha) between 1988 and 2018.

Period
1988-1998 1998-2008 2008-2018

Whole Area Vegetation loss 22,231 19,250 20,178

Vegetation gain 15,538 15,838 12,591

Net loss 6,692 3,412 7,587
Golf courses Vegetation loss 68 27 40

Vegetation gain 219 92 43

Net gain 152 64 4

Calculation of changes within the golf courses and in the whole area (Table 4) showed that the major
urban area of Perth experienced a net loss in vegetation cover. Though vegetation compensation
occurred together with deforestation over 30 years of urbanization, the vegetation loss was always much
larger than vegetation gain with the largest net vegetation loss occurring in the last decade. However,

the golf courses showed a different trend where the net gain of vegetation cover happened over three

decades and the largest gain was between 1988 and 1998.
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3.3 Analysis of connectivity components of green space networks

Results of the MSPA analysis indicate that the reduction in vegetation cover over the last thirty years
has led to a decline in connectivity (Table 5) . Among the two MSPA classes that are important for
connectivity (core and bridge), the total area of core class decreased by about 10% over three decades
while the bridge class was maintained at around 37,000 ha, but the proportion of this class per total
vegetation cover area (VCA) increased due to the reduction of vegetation cover over time (Table 5).This
analysis also shows the fluctuation in the areas of the rest of the MSPA classes including islets, loops,
edges, perforations, and branches which do not contribute to connectivity in the landscape. The

proportion of these classes increased through time from 24% in 1988 to 30% in 2008 and 2018.

Figure 6 shows that the core area was distributed mostly in the northern part of the city and their areas
decreased significantly in later years. In 1988, the bridge class covered a large area of the city’s central
region but this decreased over time. In recent years, most of the vegetation cover in the central region
of the city belongs to the islet, loop, edge, perforation and branch classes, illustrating that isolation

became more serious in the central region of the city over the three decades.

Figure 6. Results of the Morphological Spatial Pattern Analysis (MSPA) for the Perth region

from 1988 to 2018

The vegetation cover within golf courses also contributes to connectivity. The proportion of core area
within golf courses fluctuated between 12% and 27%. Moreover, the largest proportion of vegetation in
golf courses was classified as bridge but it experienced a downward trend from 52% to 41% in three
decades. Of the remaining classes which do not contribute to connectivity, the edge and loop classes

accounted for a higher proportion with each of them contributing 7% to 16% of total vegetation cover.
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307  Table 5. Results of Morphological Spatial Pattern Analysis (MSPA) analysis of connectivity of
308  Perth’s vegetation from 1988 to 2018.

Landscape type Year Perth Metropolitan Region Within golf courses
Area (ha) Proportion of total ~ Area (ha) Proportion of
VCA (%) total VCA (%)
Core 1988 32,012 32.6 325 23.2
1998 20,607 22.5 171 12.7
2008 22,251 253 230 16.7
2018 18,101 22.5 383 273
Bridge 1988 37,127 37.9 738 52.6
1998 39,412 43.0 814 60.2
2008 37,902 43.1 732 53.1
2018 37,503 46.7 588 42.0
Islet 1988 10,396 10.6 31 2.2
1998 16,436 17.9 78 5.8
2008 12,922 14.7 15 1.1
2018 12,349 15.4 37 2.7
Perforation 1988 1,099 1.1 3 0.2
1998 486 0.5 - -
2008 834 1.0 - -
2018 406 0.5 6 0.4
Edge 1988 7,430 7.6 162 11.5
1998 4,814 53 95 7.0
2008 4,986 5.7 147 10.7
2018 5,218 6.5 230 16.4
Loop 1988 5,670 5.8 112 8.0
1998 6,295 6.9 146 10.8
2008 5,607 6.4 209 15.2
2018 3,669 4.6 129 9.2
Branch 1988 4,361 4.5 32 23
1998 3,619 4.0 47 3.5
2008 3,491 4.0 43 32
2018 3,117 3.9 29 2.1

309
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4 Discussion

We used Landsat imagery to characterize the patterns of vegetation change, habitat connectivity and the
role of golf courses in maintaining green spaces and connectivity in an urban landscape. We found that
deforestation led to a reduction in habitat connectivity in the Perth Metropolitan Region. However, golf
courses can play an important role in maintaining vegetation and supporting biodiversity connectivity
in urban landscapes. Previous studies have documented the increase in the urban footprint of Perth using
multi-temporal urban expansion statistics derived from Satellite imagery [58]; However, their work did
not address the issues of vegetation dynamics, nor the biodiversity and structure of the vegetation and

habitat connectivity in the Perth Metropolitan Region. Therefore, our study addresses this gap.

4.1 Deforestation and urbanization

The vegetation dynamics in the major urban areas of Perth reflect the pattern of urbanization over time.
The reduction in green space found in this study can be explained as a close relation to the process of
development in this city. Over the last three decades, urban development in Perth has taken place at an
unsustawavle rate [42]. In the early 1990s to 2006, Perth's population grew by around 1.8%, but the
figure has nearly doubled since then [59]. Also, this study indicated that, from 1988 to 2018, Perth’s
urban footprint increased from 74,376 to 92,243 ha (Table 2) and is consistent with previous research
in urban growth in this region [58]. In the last 20 years, on average, 740 ha/yr of urban and urban deferred
zoned land was consumed by subdivision, and 830 ha/yr was consumed by construction in the Perth
metropolitan area and nearby Peel region [60]. In addition to this expansion, the city has become denser
with the construction of new residential dwellings in urbanised areas. Although vegetation gain occurred
in some places as a result of natural increase in canopy cover as urban vegetation grows through the
conservation efforts, vegetation offset from development projects (e.g. mining), the plantation programs
of the government taking place in bare soils in some suburbs, and efforts to increase green spaces from

private land owners, the vegetation loss associated with urbanization has been more significant.

The difference in spatial patterns of vegetation loss are also related to the urban plans of this city. Our
results show that between 1988 and 1998, there was significant vegetation loss in the central region of

the city which can be linked to The Corridor Plan [61]. Historically, Perth’s development pattern from
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1970s to 1990s was based on linear corridors stretching out from the city’s core, with large non-urban
wedges between each of these corridors [61]. However, from 1998 to 2008 and from 2008 to 2018,
deforestation was more significant in the outer subregions north-west and south-west of the city due to
the adoption of Metroplan [62]. Perth recently has been divided into subregional areas, rather than
corridors for planning purposes. The two coastal subregions (the North-West and South-West) included

in our study have consistently achieved higher rates of population growth under Metroplan [63].

Originally the region was covered by woodlands dominated by eucalypts and banksias and coastal heath
interspersed with chains of wetlands. Perth is home to a rich biodiversity, with more than 1,700 species
of flowering plants and iconic species of threatened fauna in the region [64]. Therefore, such
deforestation for urbanization has resulted in the devastating loss of significant natural habitats in this
biodiversity hotspot city, leading to the designation as an endangered ecological community by the

Australian Government [41].

4.2 Connectivity of green space networks in urban landscapes

The MSPA analysis indicates that the loss of vegetation as a consequence of urban expansion has led to
a marked reduction in connectivity of green space networks in the Perth urban landscape. As only cores
(the stepping stones between forest habitat patches) and bridges (the structural corridors to link core
areas) can contribute to the connectivity between the habitat areas in the landscape [65], the reduction
of these areas in Perth associated with urbanization throughout the time indicates the high impact of
urban development on habitat connectivity. This analysis also shows the increase in proportion of islets,
which are totally isolated patches, and other classes (perforations, loops, branches, edges) that cannot
reach a new core habitat area for originating the potential movement [65]. Clearly, expansion of Perth
city has fragmented the remaining blocks of natural habitat and increased isolation of natural habitats.
This may reduce population and gene flow among patches and may disrupt the connection between
subpopulations and a large regional population [66] and thus threaten the long-term viability of relict

populations.

Fragmentation was obvious in the central region of the city and in recent decades it has become more

serious in the outer parts of the city. This is critical as Perth is within a globally recognised biodiversity
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hotspot, which is home to rich biodiversity found nowhere else in the world. The connectivity in the
major urban area of Perth is not only critical for the linkage of habitats within the Swan Coastal Plain
but also for the connection of these coastal habitats to a large regional biosphere in south-western

Australia.

The results also illustrated that a ‘Core’ area and a network of ‘Bridge’ types exist in the central and
outer subregions of Perth. This is the consequence of early conservation efforts of the government which
created protected areas such as Kings Park, Bold Park and other significant areas. Very few cities in the
world have such large areas of natural bushland in the centre of a big city [67]. However, future urban
growth will continue to put pressure on the biodiversity. If current policies (Perth and Peel@3.5million)
are fully implemented, existing stocks of urban and urban deferred land would be consumed by about
2075 [68]. The challenge for urban planning to preserve urban forests and biodiversity is thus increasing,

and it is clear that planning for future expansion should also include large protected areas.

Our MSPA output with spatial distribution of seven classes provides fundamental information for future
urban planning. There is a need to maintain important green spaces which are classified as cores and
bridges in the city, especially in the central region where most of the natural vegetation exists as islands.
Also, the MSPA branch classes can be used to identify candidate ecological restoration areas. The
branch class can be thought of [69] as a foundation of a potential corridor that could, if revegetated,

connect two spatially disjunct core areas to improve connectivity in the larger region.

Although other analyses, such as functional connectivity, should be taken into account in landscape
connectivity assessment [32], the structural connectivity analysis in this study will be useful for
determining the priority protection level and critical areas of the connecting corridor, informing
conservation strategies at a variety of scales, especially when the biodiversity values of this region are
suffering from various threats including deforestation, feral animals, weed incursions, more frequent

fires through arson and tree disease [64].
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4.3 The role of golf courses in maintaining urban forest

Our study indicates that golf courses account for a significant proportion of the urban area of Perth. This
category of land use has been vital in maintaining green space in urban areas over the past thirty years.
In contrast to the overall decline in urban green space, (golf courses have preserved green spaces within
urban settings and even created a net gain of vegetation cover over time. The highest net gain was seen
in the period between 1988 to 1998 when some golf courses were established resulting in the planting

of trees.

In the green ‘matrix’ of Perth, golf courses with their significant area of vegetation cover have
contributed considerably to the connectivity in the urban landscape. A significant proportion of their
green space was classified as core or bridge categories. The proportion of vegetation within golf courses
classified as bridges was higher than in the whole study area. Golf courses with large areas of native

vegetation provide “links” to other large natural patches of urban vegetation.

Although there are concerns with the environmentally negative impacts of golf courses as a source of
pollution through pesticide and fertiliser usage [22], habitat modification [25] and high water usage [70],
previous studies provide evidence about the biological values of golf courses, such as providing refugial
habitat for urban-avoiding wildlife [24, 71-79]. Our study indicates that golf courses in urban settings
have been maintaining large green-area habitats and played an important role in biodiversity

connectivity in the city.

4.4  Monitoring urban forest dynamics

In this study, we utilized medium-resolution satellite remote sensing data to identify land use classes,
characterise vegetation dynamics and connectivity. The data maps the spatial and temporal patterns of
land use types characterizing a consistent, detailed vegetation dynamic of the city [58, 80]. Clearly, the
biophysical elements of urban landscapes are well-reflected through physical features (NDVI) derived

from remote sensing data with an accuracy of up to 89%.

Despite these kinds of data, it is hard to describe the detailed information of ecosystem such as species

composition and forest structure. However, they show their advantage in mapping land cover dynamics
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across large areas of big cities over time when high resolution imagery is not available. For monitoring
urban forests in big cities, the large scale and long temporal datasets are more advantageous compared
with datasets that focus only on discerning a specific land use type in a relatively small area [27, 81,
82]. This is because it allows spatially detailed identification of changes associated with development
over time. Therefore, the approach described in this paper provides baseline information for sustainable
urban planning and development. In addition, the MSPA analysis can further evaluate the dynamic of
vegetation cover by the describing the spatial configuration of ecosystems at the pixel level, detecting

changes of habitat connectivity over time [32].

5 Conclusions

With rapid urban expansion, the most meaningful question to address is how to balance urban
development and urban forest preservation. Urbanization requiring deforestation is inevitable in many
cities worldwide. Our study found a significant loss of vegetation cover in a biodiversity hotspot over
three decades of urbanization, which led to a reduction in habitat connectivity in the urban landscape. A
lesson learned from the experience of urbanization in Perth is that any future urban growth following
the patterns observed over the past three decades will continue to put pressure on maintaining urban
forest ecosystems and biodiversity conservation. As cities continue to grow in response to socio-
economic development, considering all opportunities for urban biodiversity conservation is important.
Urban conservation strategies must therefore consider not only the protected areas, but also the off-

reserve sites.

Our study indicates that golf courses in urban settings have been maintaining green-area habitats and
have played an important role in biodiversity connectivity in the city. Potentially, urban golf courses
could become more purposefully managed for biodiversity conservation and the improvement of critical
ecosystem services in urban areas. In rapidly urbanizing biodiversity hotspots like Perth, where
fragmentation is one the biggest threats to biodiversity, the way that golf courses contribute to increase
the connectivity in the intervening urban matrix should not be underestimated. Therefore, it is important
for government authorities and golf courses owners to pay more attention in maintaining ecosystem

health in urban golf courses.
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Abstract, “

Globally, cities have-are growing rapidly in size and density and this has caused profound impacts on «

urban forest ecosystems. Urbanization requiring elearing-deforestation efegetatien-reduces
ecosystem services that benefit both city dwellers and biodiversity. Understanding spatial and
temporal patterns of vegetation changes associated with urbanization is thus a vital fer-component of
future sustainable urban development. We used Landsat time series data for the-three decades from
period-1988 to 2018 to characterize changes in vegetation cover and habitat connectivity in the Perth
Metropolitan Area, in a rapidly urbanising Australian biodiversity hotspot, as a case study to
understand the impacts of urbanization on urban forests. Moreover, as golf courses are rapiely
inereastea major component in sawy-urban areas, we assessed the role of golf courses in maintaining
vegetation cover and creating habitat connectivity. We-To do this we employed (1) land use
classification with; post-classification change detection, and (2) Morphological Spatial Pattern

Analysis (MSPA). Over 17,000 heetares-ha of vegetation were cleared and the area of vegetation
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contributing to biodiversity connectivity was reduced significantly over the three decades. The spatial

patterns of vegetation loss and gain were different in each of Jastthe three decades (-1988-2018)  the

three-deeadesreflecting the implementation of urban planning. Furthermore, MSPA analysis showed
that the reduction in vegetation cover led to habitat fragmentation with a significant decrease in the
core and bridge classes and an increase in isolated patches in the urban landscape. Golf courses played
a useful role in maintaining vegetation cover and contributing to connectivity in a regional biodiversity

hotspot. Our findings suggest that for future urban expansion, urban planning needs to more carefully

consider land-elearing-and-itsthe impacts of deforestation, on connectivity in the landscape. Moreover,

there is a need to take into consideration opportunities for off-reserve conservation in smaller habitat

fragments such as in golf courses in sustainable urban management.

1 Introduction
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Globally, cities have grown rapidly in number and size over recent decades [1, 2]. This trend is « ‘ Text 1 P

predicted to continue as urban areas are expected to absorb most of the-global population growth [3]-. [ Formatted: Check spelling and grammar

While the process of urbanization presents key implications for changes in physical landscapes and

demographic characteristics, it can cause profound impacts on environmental components, especially

on urban forest ecosystems [4, 5].

Vegetation in urban landscapes is critically important because #-ean-provides goods and services, and
full ecosystem functions that benefit city dwellers and the environment. On the one hand, a remarkable
range of human well-being benefits are deriveddelivered from urban green spaces including mitigating

VO

the urban heat island (UHI) effect which is a threat to human health [6, 7]; reducing stress [8], risk-of

improving healing times

[11], increasing self-esteem and empowerment [12], and improving cognitive ability [13]. On the other

hand, urban green spaces provide various ecosystem services such as strengthening resistance to some

kinds of natural disasters; for example, floods -r5-[ 14], promoting biological processes

such as pollination [15], and reducing surface erosion from stormwater runoff [16]. The amount of
vegetation in cities strongly influences biodiversity, especially where vegetation is set aside during the
process of urbanization [17]. However, if species dispersal and exchange among these patches is
insufficient to allow gene flow and diversity, loss of regional biodiversity is inevitable [18]. Therefore,
urban development that requires elearinsofvesetationdeforestation, due-to—eausesreduetionin

vegetation-eover;with habitat loss and fragmentation is -+ a threat to

biodiversity [17, 19].

Urban conservation strategies must therefore consider not only the size and quality of habitat reserves,
but the connectivity in the intervening urban vegetation matrix [19]. While the need to protect large
habitat reserves is obvious, opportunities for off-reserve conservation of smaller habitat fragments
should not be overlooked [20]. Understanding spatial and temporal patterns of vegetation change

associated with urbanization, as well as opportunities for the preservation of green spaces outside
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natural reserves, is vital for future sustainable urban development especially in areas of global

ecological importance.

As the number of golf courses is rapidly increasing in many urban areas worldwide [21], there have <«

courses are sometime considered to be major polluters of the environment through pesticide and
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fertilizer use [22].-How

surpass-rany-Rature-reservesin-size-[23}- In fact, golf courses have been established for recreational

purposes, which are a mix of bushland, fairways and infrastructure. Though they are not fully

ecologically functional as with a natural parks, previous studies investigated the condition of

vegetation inside the golf courses and indicated that the bushland in non-playing areas of golf courses

are significantly important to biodiversity conservation and the provision of ecosystem services in

cities [24], such as providing refuge habitats for urban-avoiding wildlife [23, 25, 26]. Therefore,

potentially, together with the natural reserves, golf courses can play some roles as off-reserve sites for

purposeful biodiversity conservation in urban landscapes. Petertiatysurban-golf-coursescould

providingrefuge-habitatsforurban-aveiding-wildhfe[23-25,-26]-Nevertheless, little research has

been undertaken to comprehensively assess the role of golf courses in maintaining vegetation patches

as interconnected nodes in urban landscapes during a long period of urban development where

vegetation-elearingdeforestation was significant.

Vegetation-elearingDeforestation, for urban expansion can occur gradually over multiple years.

Satellite-based remote sensing holds certain advantages in the characterization of these changes in
urban landscapes because of the large spatial coverage, high time resolution, and wide availability of

data [27]. For example, medium resolution [ -andsat images efredinm-resetation-allow for-mapping

of large urban areas at-a-larse spatial-seale-[28]. Many methods have been used to detect, monitor and
quantify vegetation changes, but differences in vegetation index and land use classification are the

most widely used methods for vegetation change over a long period of time [28].,
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LA great number of vegetation indices have been proposed, ranging from very simple to very complex <
band combinations [29]. The most widely-used vegetation index is the Normalized Difference

Vegetation Index (NDVI), -[29]which is fhe most efficient and simple metric to identify vegetated

arcas and their condition [30]. ;whiehThis separates green vegetation from other surfaces based on the
ability of chlorophyll to absorb red light for photosynthesis and reflect the near-infrared (NIR)
wavelengths [31].— Furthermore, information on vegetation cover dynamics can be combined with
Morphological Spatial Pattern Analysis (MSPA) to describe the spatial configuration of the ecosystem
at the pixel level, making it possible to detect temporal changes in the structural connectivity of

habitats in urban settings [32].,

Therefore, to enhance the understanding of vegetation dynamics associated with urbanization and the
role of golf courses in maintaining urban forests, we used Landsat imagery to map vegetation cover
and to assess its spatial and temporal distribution over three decades from 1988 to 2018. FhenMaps
of vegetation cover were used for MSPA analysis to detect changes in habitat connectivity. We chose
the Perth Metropolitan area for the study as it lies within a rapidly urbanizing biodiversity hotspot in
Australia. The three primary research objectives were to:, (1) determine the spatial and temporal
patterns of vegetation-elearinedeforestation in urbanization; (2) evaluate the spatial and temporal
patterns of green landscape connectivity; and (3) assess the #mpaetrole of golf courses e#-in
preserving green spaces and biodiversity in an urban landscape. This analysis will provide a useful

perspective on the land-use pressure facing vegetation remnants i#-in this the-region and-their

“which is recognised as one of 35

J =)

international biodiversity hotspots;-and-is-heme-to with over 1500 plant species with a high degree of

endemism [33]. and provide a framework for planning urban expansions both in this region and

globally. -
2 Methods -
2.1 _Study area <

The study arca belongs to the Perth Metropolitan area-region covering four sub-regions (North West, <

Middle Central, Inner Central and South West). Perth has a Mediterranean-type temperate climate
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128 with a hot and dry summer, and a cold and rainy season eeesrinngoccurring between May and October
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rthitis-still home to-some-amazine biodiversity—Perth
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150  Together with urbanization, the golf industry has expanded contributing to a growing proportion of

151  Perth’s urban green space—Fhereare with 34 golf courses in the study area (FigFigure 1).
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Figure 1. Location of the sStudy area_(from USGS EROS (Earth Resources Observatory and

Science (EROS) Center) in the public domain: http://eros.usgs.gov/#)

2.2 __Approaches,

s

We conducted two types of analyses in this study: (1) assessment of vegetation cover change in golf

courses since 1988 relative to surrounding areas to provide a broad overall context of the urban

vegetation changes that have taken place throughout the region and the role of golf courses; and (2)

assessment of MSPA. In these analyses, we used four data sets (1988, 1998, 2008, 2018) covering

thirty years of urban development. The steps taken in this study are summarized in a flow chart

(EigFigure 2).

2.2.1 Landsat data and pre-processing

Three Landsat 5 Thematic Mapper images (WRS path 113 row 82) were acquired from 1988 to 2008

and one Landsat OLI 8 (WRS path 113 row 82) was acquired in 2018 at four time steps, including

¢year 1988 (11" December), year 1998 (7" December), year 2008 (18" December), year 2018 (14™

December). The Landsat imagery were obtained from the US Geological Survey (USGS) of the Earth

Resources Observation and Science Center (EROS)-Eas

. Image dates were

selected fremelend{freeseenes-acquired during December (summer, dry season) to reduce the

seasonal difference effects(Ftable-1). All images selected are cloud-free scenes or little cloud cover

(0.05% and 0.4%) scenes with the whole study area is cloud-free; Therefore, is no requirement for

removing cloud. Georeferencing was performed at the USGS prior to downloading the data (L1T level

of systematic geometric accuracy) and no further refinement was undertaken. Atmospheric and

topographic corrections were performed on the Landsat data sets, The atmospheric correction was

carried out to adjust the multitemporal dataset to a common radiometric scale [43].

Table - Landsatscenes-used-in-thestudy
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Type-ofimagery Year Day/menth Cloud Cover Reselution(m) .
Fandsat 51V FO88 e e

1998 0% 36m

2008 e e
Landsat8-OL} 2048 L 30m

The first process of atmospheric correction was conversion of the digital number (DN) remote sensing <
data values to at-sensor radiance based on the image header file. After that we employed the image-
based models - dark object subtraction (DOS) to correct atmospheric scattering scene-by-scene. +This

method is a widely used and effective method in atmospheric correction [44-50]. Topographic

correction was conducted to remove the-topographic effects. We used a sun-canopy-sensor (SCS)
correction based on the 30 m digital elevation model (DEM) because topographic shading is not only
due to slope but also to shadowing of one tree crown over another and this is one of the most widely

and effective used methods of topographic correction [51].,
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2.2.2  Classification

In a preliminary step, we used a decor relation stretch to enhance the image for more effective
visualization. Prior to image classification, NDVI images were generated. A classification technique
was then applied to the NDVI images of 1988, 1998, 2008 and 2018 using Arc-GIS 10.3 software.

NDVI images were obtained by calculating the ratio between fhe red (R) and near infrared (NIR)

s of the satellite image by-using Eequation 1:

__ (NIR-VISR)
ANDV[ ~ (NIR+VISR), A(I)A
In Landsat 4-7, NDVI = (Band 4 — Band 3) / (Band 4 + Band 3). <
In Landsat 8, NDVI = (Band 5 — Band 4) / (Band 5 + Band 4). «

Landsat TM data ef-from different dates were independently classified based on the NDVI values. Fhe

w Water bodies have negative NDVI values, whereas, bare soil and built-up areas have an NDVI value

of around zero. Chlorophyll in gGreen, vegetation, on the other hand, has consumed RED to drive

photosynthesis strengernear-intraredreflectance-thereby providing moderate and high NDVI values

close to +1 [52]. Based on this infermationunderstanding, the four NDVI images were classified into

three classes (Vwegetation, Built up and+ bare soil, Wsvater bodies) by-using the NDVI threshold

ranges technique in Arc-GIS 10.3 software.

compared information from a classified image or land cover map to known reference (truth) sites for a
number of sample points assessed in 2018. We obtained photographs of representative land use
categories with GPS locations to assist #s-in our image interpretations. Also, we used Google Earth
images, true and false colour combination images and knowledge-based information including expert
knowledge, land use maps and reports. For historical images, Google Earth was used to substitute the
traditional reference data collection on each of the sites [53]. Based on data of accuracy assessment,

we reclassified the preliminary land use classification maps to improve the accuracy of classification.

[Formatted: Font: Times, 12 pt J

Formatted: Heading 3, Left, Space Before: 0 pt, After:
0 pt, Line spacing: single, Adjust space between Latin
and Asian text, Adjust space between Asian text and
numbers

[Formatted: Font: 12 pt, Not Bold ]

Formatted: Font: (Default) Times, 11 pt, Font color:

Formatted: Font: (Default) Times, 11 pt

Formatted: Font: 11 pt

Formatted: Font: 11 pt

Formatted: Font: 11 pt

Formatted: Font: Times, 11 pt

Formatted: Font: +Body (Calibri), 11 pt

Formatted: Font: (Default) Times, 11 pt, Font color:

[
[
[
[Formatted: Font: 11 pt
[
[
[
[Formatted: Space After: 0 pt, Pattern: Clear

Formatted: Left, Space Before: 0 pt, After: 0 pt, Line
spacing: single, Adjust space between Latin and Asian
text, Adjust space between Asian text and numbers

Formatted: Font: (Default) Times, 11 pt

Formatted: Font: Times

Formatted: Font: Times

Formatted: Font: Times

Formatted: Font: (Default) Times, 11 pt, Font color:
Auto, English (Australia)

Formatted: Font: (Default) Times, 11 pt

Formatted: Font: Times

Formatted: Font: (Default) Times, 11 pt

Formatted: Font: (Default) Times, 11 pt, Font color:
Auto, English (Australia)

Formatted: Font: Times

Formatted: Font: Times

Formatted: Font: Times

Formatted: Font: Times

Formatted: Font: Times

Formatted: Font: Times, Font color: Auto

Formatted: Font: Times

o JC o A A ¢ 0 A A A JC JC O A U U A L

I YA Y S Y Y Y T Y ] Y




220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235
236

237

238

239

240

241

242

243

D44

245

2.2.3  Vegetation change detection LFormatted: Font: 12 pt, Not Bold J

In order to detect the vegetation cover change, we created binary maps of vegetation and non- N

Formatted: Left, Space Before: 0 pt, After: 0 pt, Line
spacing: single

vegetation from the classified maps in the previous analysis, one for each adjacent pair of time steps,
which depict where degradation occurred within a decade of urbanization. This post-classification
analysis uses two images from different dates and classifies them independently. We then calculated

changes in vegetation cover type using Eequation 2:

Change area = D, — Dy (2) { Formatted: Font: 11 pt ]

where D] and D2 are the area of the target vegetation cover at the beginning and the end of the study -« Formatted: Left, Space Before: 0 pt, After: 0 pt, Line
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period, respectively. This analysis allows the calculation of vegetation loss and gain in each period. ( Formatted: Not Superscript/ Subscript
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We compared the vegetation cover, and the change deteetien-(vegetation loss and gain) taking place

boundaries of these golf courses, we extracted the vegetation cover and the vegetation change within
these boundaries at four time steps in 1988, 1998, 2008 and 2018 to compare vegetation dynamics

within the golf courses and the whole study area over time.

2.2.5 Morphological Spatial Pattern Analysis (MSPA) MSPA-analysisfor the structural [Formatted: Font: 12 pt, Not Bold J
connectivity of habitats

MSPA was employed to describe the structural connectivity of habitats in Perth for four time steps in
1988, 1998, 2008 and 2018. This method describes the spatial and temporal configuration of the
ecosystem at the pixel level [32], which was based on the concept of “habitat availability” and

“graphic theory” [54, 55] in which the landscape is considered as a collection of nodes, and links with

anode is a place where connectivity exists and will depend on the width of itself, The output of the { Formatted: Font color: Auto J
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green spacesresions. Using the GIS boundaries of the golf courses, we extracted the habitat

connectivity within the golf course boundaries for four time steps (1988, 1998, 2008 and 2018),,

3 Results

3.1 __Land use classification in Perth,

Data sets representing four time periods (1988, 1998, 2008 and 2018) are shown in Figure 3 and Table «

23, which provides an overview of the land use-cover changes (vegetation, built up and bare land,

water bodies) over recent decades. From the 1988 and 1998 data sets, it is evident that over half of the

region was vegetated. However, the urban footprint of built up and bare land area had increased 10%

from 1998 to b+2018. As a consequence, there was a significant decrease in vegetation cover, which

comprised 56% of the land surface in 1988 and declined by 10.1% over the next 30 years (Table 223).

Table 232. Land coveruse classification within the Perth Metropolitan Region.

Land coveruse category

<

Landmuse-eategony: Whole area Golf course <
Vegetation Built up Water Vegetation Builtup  Water
and bare  bodies and bare  bodies
soil soil
1988  Area (ha) 98,446 74,376, 2,667 929 210 0.1«
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Using the GIS layer of land use categories, we also extracted the data for three classes within the golf
courses in comparison with the whole area (Table 223). Our analysis shows that while there was a
significant decrease in vegetation cover throughout the region, the total area of golf courses remained

unchanged at around 1.049340 ha over the last 30 years.

Figure 4. Land cover classification showing a detailed view of. the Collier Park Golf
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3.2 Spatial patterns of vegetation change,

To characterize spatial patterns of vegetation dynamics, we detected the vegetation loss and gain for

each of the three decades (FieFigure 54). In the period 1988 to 1998, wesetation—elearinedeforestation
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accelerated in the distal regions with urbanization. However, there was also some vegetation gain over

the three decades (FigFigure 54, Table 344) predominantly in the northern part of the city.
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Figure 5544.
Change in
vegetation
cover over
the period
1988 to 2018
for the Perth
region three

deeades:

Table 443.
Vegetation
loss and gain
(ha) between
1988 and

1988-1998

L

1998-2008

i

] Vegetation gain

2008-2018

[l Vegetation loss

|

2018in-three
1988-1998 1998-2008 2008-2018
Whole Area Vegetation loss 22,231 19,250 20,178
Vegetation gain 15,538 15,838 12,591
Net loss 6,692 3,412 7,587
Golf courses Vegetation loss 68 27 40
Vegetation gain 219 92 43
Net gain 152 64 4

Calculation of changes within the golf courses and in the whole area (Table 344) showed that the

major urban area of Perth experienced a net loss in vegetation cover. Though vegetation compensation
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occurred together with vegetatien-elearinedeforestation over 30 years of urbanization, the vegetation
loss was always much larger than vegetation gain with the largest net vegetation loss occurring in the
last decade. However, the golf courses showed a different trend where the net gain of vegetation cover

happened over three decades and the largest gain was between 1988 and 1998.

3.3 Analysis of connectivity components of green space networks , “ \ Formatted: Font: (Default) Times, 12 pt
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over three decades while the bridge class was maintained at around 37,000 ha, but the proportion of
this class per total vegetation cover area (VCA) increased due to the reduction of vegetation cover
over time (Table 455).This analysis also shows the fluctuation in the areas of the rest of the MSPA
classes including islets, loops, edges, perforations, and branches which do not contribute to
connectivity in the landscape. The proportion of these classes increased through time from 24% in

1988 to 30% in 2008 and 2018.
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areas decreased significantly in later years. In 1988, the bridge class covered a large area of the city’s,
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The vegetation cover within golf courses also contributes to connectivity. The proportion of core area
within golf courses fluctuated between 12% and 27%. Moreover, the largest proportion of vegetation
in golf courses was classified as bridge but it experienced a downward trend from 52% to 41% in three
decades. Of the remaining classes which do not contribute to connectivity, the edge and loop classes

accounted for a higher proportion with each of them contributing 7% to 16% of total vegetation cover.
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Table 554. Results of Morphological Spatial Pattern Analysis (MISPA)MSPA analysis of

connectivity of Perth’s vegetation from 1988 to 2018.

Landscape type Year Perth Metropolitan Region Within golf courses
Area Proportion of total ~ Area Proportion of
(ha) VCA (%) (ha) total VCA (%)
Core 1988 32,012 32.6 325 232
1998 20,607 22.5 171 12.7
2008 22,251 253 230 16.7
2018 18,101 22.5 383 27.3
Bridge 1988 37,127 37.9 738 52.6
1998 39,412 43.0 814 60.2
2008 37,902 43.1 732 53.1
2018 37,503 46.7 588 42.0
Islet 1988 10,396 10.6 31 22
1998 16,436 17.9 78 5.8
2008 12,922 14.7 15 1.1
2018 12,349 154 37 2.7
Perforation 1988 1,099 1.1 3 0.2
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Landscape type Year Perth Metropolitan Region Within golf courses

Area Proportion of total ~ Area Proportion of
t5) VCA (%) k) total VCA (%)
1998 486 0.5 - -
2008 834 1.0 - -
2018 406 0.5 6 0.4
Edge 1988 7,430 7.6 162 11.5
1998 4814 5.3 95 7.0
2008 4,986 5.7 147 10.7
2018 5,218 6.5 230 16.4
Loop 1988 5,670 5.8 112 8.0
1998 6,295 6.9 146 10.8
2008 5,607 6.4 209 15.2
2018 3,669 4.6 129 9.2
Branch 1988 4,361 4.5 32 2.3
1998 3,619 4.0 47 35
2008 3,491 4.0 43 32
2018 3,117 3.9 29 2.1

4 Discussion

We used Landsat imagery to characterize the patterns of vegetation change, habitat connectivity and
the role of golf courses in maintaining green spaces and connectivity in an urban landscape. We found
that vegetation-elearingdeforestation led to a reduction in habitat connectivity in the Perth
Metropolitan Region. However, golf courses can play an important role in maintaining vegetation and
supporting biodiversity connectivity in urban landscapes. PriorworkPriviousPrevious study-ies has
have documented the increase in the urban footprint of Perth using multi-temporal urban expansion
statistics derived from Satellite imagery [58]: ~However, this-studytheir work did not address the

issues of vegetation dynamics, nor the biodiversity and structure of the vegetation and habitat
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389  connectivity in the Perth Metropolitan Region. Therefore, our study have-worked-to-filaddresses this

390 £gap, [Formatted: Font: Not Italic
391 4.1 Fegetation-elearingDeforestation and urbanization, [Formatted: Font: (Default) Times, 12 pt
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392 The vegetation dynamics in the major urban areas of Perth reflect the pattern of urbanization over

393 time. The reduction in green space found in this study can be explained as a close relation to the

394  process of development in this city. Over the last three decades, urban development in Perth has taken
395  place at an unsustainable rate [42]. In the early 1990s to 2006, Perth's population grew by around

396  1.8%, but the figure has nearly doubled since then [59]. Also, this study indicated that, from 1988 to

397 2018, Perth’s urban footprint increased from 74,376 -theusand-to 92-theusand,243 ha (Table 223) and

398 is consistent with previous research in urban growth in this region [58)]. lr-additionto-expansionthe

399 s—In the

400 last 20 years, on average, 740 ha/yr of urban and urban deferred zoned land was consumed by
401  subdivision, and 830 ha/yr was consumed by construction in the Perth metropolitan area and nearby

402 Peel region [60]. In addition to this expansion, the city has become denser with the construction of

403 new residential dwellings in urbanised areas. Though vegetation gain occurred in some places as a

404 result of natural increase in canopy cover as urban vegetation grows through the conservation efforts

405 vegetation offset from development projects (e.g. mining), the plantation programs of the government

406 taking place in bare soils in some suburbs, and efforts to increase green spaces from private land

407 owners, the vegetation loss associated with urbanization has been more significant.

408  The difference in spatial patterns of vegetation loss are also related to the urban plans of this city. Our

409  results show that between 1988 and 1998, there was significant vegetation loss in the central region of

410 the city which can be linked to The Corridor Plan [61]. Historically, Perth’s development pattern from { Formatted: Font: Not Italic

411 1970s to 1990s was based on linear corridors stretching out from the city’s core, with large non-urban
412 wedges between each of these corridors [61]. However, from 1998 to 2008 and from 2008 to 2018,

413 vegetation-elearingdeforestation was more significant in the outer subregions efthe-north-west and

414 south-west of the city due to the adoption of METROPEAN-Metroplan [62], Perth recently has been [ Formatted: Font: Not ltalic

415  divided into subregional areas, rather than corridors for planning purposes. The two coastal subregions
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(the North-West and South-West) included in our study have consistently achieved higher rates of

population growth under Metroplan [63].

Originally the region was covered by woodlands dominated by eucalypts and banksias and coastal
heath interspersed with chains of wetlands. Perth is home to a rich biodiversity, with more than 1,700
species of flowering plants and iconic species of threatened fauna in the region [64]. Therefore, such
vegetation-elearingdeforestation for urbanization has resulted in the devastating loss of significant
natural habitats in this biodiversity hotspot city, leading to the designation ef-as an endangered

ecological community by the Australian Government [41].-

4.2 __Connectivity of green space networks in urban landscapes,

The MSPA analysis indicates that the loss efarea-of vegetation as a consequence of urban expansion

has led to a marked reduction in connectivity of green space networks in the Perth urban landscape. 1=

is-As only cores (the stepping stones between forest habitat patches) and bridges (the

structural corridors to link core areas) can contribute to the connectivity between the habitat areas in

the landscape [65]. —t*he reduction of these areas-arcas in Perth euwrstudassociated with urbanization
throughout the time ¥ indicates the high impact of urbanizatien-urban development on habitat

connectivity-

5-[65]. This
analysis also shows the increase in proportion of islets, which are totally isolated patches, and other
classes (perforations, loops, branches, edges) that cannot reach a new core habitat area for originating
the potential movement [65]. Clearly, expansion of Perth city has fragmented the remaining blocks of
natural habitat and increased isolation of natural habitats. This may reduce population and gene flow
among patches and may disrupt the connection between subpopulations and a large regional

population [66] and thus threaten the long-term viability of relict populations,

The-fFragmentation process-was obvious in the central region of the city and in recent decades it has
become more serious in the outer parts of the city. This is critical as Perth is within a globally
recognised biodiversity hotspot, which is home to rich biodiversity found nowhere else in the world.

The connectivity in the major urban area of Perth is not only critical for the linkage of habitats within
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the Swan Coastal Plain but also for the connection of these coastal habitats to a large regional

biosphere in south-western Australia.

The results also illustrated that a ‘Core’ area and a network of ‘Bridge’ types exist in the central and
outer subregions of Perth. This is the consequence of early conservation efforts of the government
which created protected areas such as Kings Park, Bold Park and other significant areas. Very few
cities in the world have such large areas of natural bushland in the centre of a big city [67]. However,
future urban growth will continue to put pressure on the biodiversity. If current policies (Perth and
Peel@3.5million) are fully implemented, existing stocks of urban and urban deferred land would be
consumed by about 2075 [68]. The challenge for urban planning to preserve urban forests and

biodiversity is thus increasing, and it is clear that planning for future expansion should also include

large protected areas. -

Our MSPA output with spatial distribution of seven classes provides fundamental information for
future urban planning. There is a need to maintain important green spaces which are classified as cores
and bridges in the city, especially in the central region where most of the natural vegetation exists as
islands. Also, the MSPA branch classes can be used to identify candidate ecological restoration areas.
The branch class can be thought of [69] as a foundation of a potential corridor that could, if

revegetated, connect two spatially disjunct core areas to improve connectivity in the larger region.

Although other analyses, such as functional connectivity, should be taken into account in landscape
connectivity assessment [32], the structural connectivity analysis in this study will be useful for
determining the priority protection level and critical areas of the connecting corridor, informing
conservation strategies at a variety of scales, especially when the biodiversity values of this region are
suffering from various threats including land-elearingdeforestation, feral animals, weed incursions,

more frequent fires through arson and tree disease [64].

4.3 The role of golf courses in maintaining urban forest,

Our study indicates that golf courses account for a significant proportion of the urban area of Perth.

This category of land use has been vital in maintaining green space in urban areas over the past thirty
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years. In contrast to the overall decline in urban green space, golf courses have preserved green spaces
within urban settings and even created a net gain of vegetation cover over time. The highest net gain
was seen in the period between 1988 to 1998 when some golf courses were established resulting in the

planting of trees.

In the green ‘matrix’ of Perth, golf courses with their significant area of vegetation cover have
contributed considerably to the connectivity in the urban landscape. A significant proportion of their
green space was classified as core or bridge categories. The proportion of vegetation within golf
courses classified as bridges was higher than in the whole study area. Golf courses with large areas of

native vegetation provide “links” to other large natural patches of urban vegetation.

Although there are concerns with the environmentally negative impacts of golf courses as a source of
pollution through pesticide and fertiliser usage [22], habitat modification [25] and high water usage
[70], previous studies provide evidence about the biological values of golf courses, such as providing
refugial habitat for urban-avoiding wildlife [24, 71-79]. Our study indicates that golf courses in urban
settings have been maintaining large green-area habitats and played an important role in biodiversity

connectivity in the city.

4.4 __Monitoring urban forest dynamics,

In this study, we utilized medium-resolution satellite remote sensing data to identify land use classes,
characterise vegetation dynamics and connectivity. The data maps the spatial and temporal patterns of
land use types characterizing a consistent, detailed vegetation dynamic of the city [58, 80]. Clearly, the
biophysical elements of urban landscapes are well-reflected through physical features (NDVI) derived

from remote sensing data with an accuracy of up to 89%.

Despite these kinds of data, it is hard to describe the detailed information of ecosystem such as species
composition and forest structure. However, they show their advantage in mapping land cover
dynamics across large areas of big cities over time when high resolution imagery is not available. For
monitoring urban forests in big cities, the large scale and long temporal datasets are more

advantageous compared with datasets that focus only on discerning a specific land use type in a
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495  relatively small area [27, 81, 82]. This is because it allows spatially detailed identification of changes

496 associated with development over time. Therefore, this-the approach described in this paper method

497  provides baseline information for sustainable urban planning and development. In addition, the MSPA
498  analysis can further evaluate the dynamic of vegetation cover by the describing the spatial

499  configuration of ecosystems at the pixel level, detecting changes of habitat connectivity over time

500 [32].
501 5 Conclusions Formatted: Font: (Default) Times, 12 pt, Font color:
| Text 1
502  With rapid urban expansion, the most meaningful question to address is how to balance urban « " Formatted: Left, Space Before: 0 pt, After: 0 pt, Line
. o - . . . o spacing: single, Adjust space between Latin and Asian
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504  inevitable in many cities worldwide. Our study found a significant loss of vegetation cover in a

505  biodiversity hotspot over three decades of urbanization, which led to a reduction in habitat

506  connectivity in the urban landscape. A lesson learned from the experience of urbanization in Perth is
507  that any future urban growth following the patterns observed over the past three decades will continue
508  to put pressure on maintaining urban forest ecosystems and biodiversity conservation. As cities

509  continue to grow in response to socio-economic development, considering all opportunities for urban
510  biodiversity conservation is important. Urban conservation strategies must therefore consider not only

511  the protected areas, but also the off-reserve sites.

‘512 Our study indicates that golf courses in urban settings have been maintaining green-area habitats and
513 have played an important role in biodiversity connectivity in the city. Potentially, urban golf courses
514 could become more purposefully managed for biodiversity conservation and the improvement of

‘5 15 critical ecosystem services in urban areas. In the-rapidly urbanizing biodiversity hotspots like Perth,
516  where fragmentation is one the biggest threats to biodiversity, the way that golf courses contribute to
517  increase the connectivity in the intervening urban matrix should not be underestimated. Therefore, it is
518  important for government authorities and golf courses owners to pay more attention in maintaining

519 ecosystem health in urban golf courses.
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Comment Response

Page 1, row 26 (abstract): consider being
specific (last three decades, 1988-2018)

Agreed and edited:

“last three decades, 1988-2018”

Page 1, row 29 and 30 (abstract): |
wonder if due to their specific land use
golf course are somewhat non conductive
to habitat suitability?

government policies:

We have clarified this in the text. In Australia and other
parts of the world, many golf courses include significant
non-play areas, which comprise plantations or natural
vegetation. Those are shown to be suitable for habitat of
wildlife and biodiversity in previous studies and

- Hodgkison, S. C., Hero, J. M., & Warnken, J.
(2007). The conservation value of suburban golf
courses in a rapidly urbanising region of
Australia. Landscape and Urban Planning,

79(3), 323-337.
doi:https://doi.org/10.1016/j.landurbplan.2006.03
.009



http://journals.plos.org/plosone/s/competing-interests
http://journals.plos.org/plosone/s/competing-interests
http://journals.plos.org/plosone/s/competing-interests
https://doi.org/10.1016/j.landurbplan.2006.03.009
https://doi.org/10.1016/j.landurbplan.2006.03.009

- Hudson, M.-A. R., & Bird, D. M. (2009).
Recommendations for design and management
of golf courses and green spaces based on
surveys of breeding bird communities in
Montreal. Landscape and Urban Planning,
92(3), 335-346.

- Tanner,R. A, & Gange, A. C. (2005). Effects of
golf courses on local biodiversity. Landscape
and Urban Planning, 71(2), 137-146.
doi:https://doi.org/10.1016/j.landurbplan.2004.02
.004

I am not too sure about your last
statement in the Abstract that suggest "we
need to consider before clearing for urban
development"”. An already developed area
becomes a fair game in my opinion and
you may need to qualify that statement.
Will check how you substantiated this?

We have edited this section of the Abstract to:

“Our findings suggest that for future urban expansion,
urban planning needs to more carefully consider factors
that affect connectivity in the landscape such as
preserving functional forest remnants and encouraging
reforestation.”

This takes into account the circumstances where urban
areas expand into forested areas, or where reforestation
occurs on previously deforested land. Our paper clearly
shows that remnant forests dispersed across urban areas
are essential for biodiversity conservation.

Page 2, row 44 (Introduction): suggesting
of replace “delivered” by “derived:

Agreed and edited

Page 2, row 47 (Introduction):

While there are few publications about
these topics, most of them tend to be
rather tenuous at best.

The general idea of large urban
environments being non conductive to
healthy lifestyle is well founded but
maybe beyond the amount of green?

This is now deleted

Page 2, row 49 (Introduction):
“natural disasters”
Floods for example?

But they me be conductive to other risks
and hazards too?

Have modified:
“some kinds of natural disaster for example food”

Page 2, row 55 (Introduction):
“Fragmentation”: This is almost always
inevitable

Have edited:

Therefore, urban development that requires clearing of
vegetation, due to reduction in vegetation cover, habitat
loss and fragmentation is a threat to biodiversity



https://doi.org/10.1016/j.landurbplan.2004.02.004
https://doi.org/10.1016/j.landurbplan.2004.02.004

Page 3, row 84: REF 29 is not correct?
Look for Tucker, Huete, Myneni, Prince,
for an NDVI reference

The Reference: 29 is deleted and the reference Tucker
1979 and Myneni et al 1996 are now added for NDVI
analysis.

Page 3, row 88: “Then”’

Deleted

Page 4, row 104 “Study area”: You need
to expand this section a bit more to create
a anchor for the motivations and
objectives?

Not sure what else to say, but things like
what is so special besides the nmbr of
golf courses? how it is biodiverse? what
do you hope to achieve? are there any
plans to change things? etc.

- In the Introduction, the background of the study area
has been involved the information about why we choose
this study area. Because it lies within a rapidly
urbanizing biodiversity hotspot in Australia and has
important role in regional biodiversity connectivity,
which is linked to the aims, motivation, objectives of this
study.

- Additional text added to the study area section:

“The study area belongs to the Perth Metropolitan region
covering four sub-regions (North West, Middle Central,
Inner Central and South West). Perth has a
Mediterranean-type temperate climate with a hot and dry
summer, and a cold and rainy season occurring between
May and October [32]. Under future climate-change
scenarios, this area is projected to experience a lower
annual rainfall [33].

Perth belongs to the Australia's southwest corner, which
is recognized as a global biodiversity "hotspot™ with
outstanding natural environments. Our study area occurs
on the Swan Coastal Plain which is part of the southwest
of Australia which in turn has the highest concentration
of rare and endangered species on the entire continent (at
least 1,500 endemic species). More than 6,000 species of
native plants and 100 native mammals, birds, frogs and
reptiles occur in this region, making it a biodiversity
"hotspot™ [31, 34].

Perth has retained a significant area of natural vegetation
which has conservation significance thanks to the
introduction of legislation and policies aimed primarily at
protecting biophysical environmental values. This
includes the Western Australian Environmental
Protection Act 1986 [35]; the Federal Government’s
Environment Protection and Biodiversity Conservation
Act 1999 [36]; and more recently, Bush Forever [37, 38],
a policy which took a whole-of-government approach to
identify and protect biologically significant bushland and
wetlands within the Perth metropolitan area. However,
Perth has experienced extensive urban development since
the 1980s [39]. The expansive growth of the Perth
metropolitan footprint has contributed to the loss of
biodiversity, together with the ecosystem services
provided by natural areas. Together with urbanization,
the golf industry has expanded contributing to a growing
proportion of Perth’s urban green space with 34 golf
courses in the study area (Figure 1). «



https://wwf.panda.org/wwf_offices/australia/??uProjectID=AU0053
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Page 4, row 108: what does unsustainable
mean here?

“ unsustainable rate” is now deleted and the sentence has
been edited.

Page 4, row 123: Please correct, it is the
Earth Resources Observation and Science

It is now corrected

Center (EROS).
Page 4 and 5: Landsat data and pre- More details of the input data sets for the classification
processing and analysis are added to the text . We chose all the free

There are issues with the classification
based on images from the month of
December only (Summer). There was
little in the way of what exact dates, what
data, how did you remove clouds, etc...
This is critical since it will impact the
change detection which is based on
NDVI, which is very sensitive to noise in
the data and the time the data came from?
You will need to elaborate on your exact
methods and data analysis here.

cloud images or at least cloud-free at the study area, so
there is no requirement for removing cloud.

Page 5, rows 127-133: USGS now
distributes fully research ready data (fully
atm. corrected using standard and
sophisticated methods that surpasses
DOS)

There was hardly any useful information
on how the Atm. Correction was carried.
You need to clarify this further so readers
can replicate and or understand better.

The best atmospheric correction varies on each object

(Yusuf et al. 2018). We used dark object subtraction

(DOS) to correct atmospheric scattering as this method is

still approved appropriate and reliable one, which is

consistent with previous studies:

Mohajane, M., Essahlaoui, A., Oudija, F., Hafyani, M. E.,
Hmaidi, A. E., Ouali, A. E., . . . Teodoro, A. C.
(2018). Land Use/Land Cover (LULC) Using
Landsat Data Series (MSS, TM, ETM+ and OLI)
in Azrou Forest, in the Central Middle Atlas of
Morocco. Environments, 5(12), 131.

Dewi, E., & Trisakti, B. (2017). COMPARING
ATMOSPHERIC CORRECTION METHODS
FOR LANDSAT OLI DATA. International
Journal of Remote Sensing and Earth Sciences
(IJReSES), 13, 105.
doi:10.30536/j.ijreses.2016.v13.a2472

Cui, L., Li, G., Ren, H., He, L., Liao, H., Ouyang, N., &
Zhang, Y. (2014). Assessment of atmospheric
correction methods for historical Landsat TM
images in the coastal zone: A case study in
Jiangsu, China. European Journal of Remote

Sensing, 47(1), 701-716.
doi:10.5721/EuJRS20144740
Gilmore, S., Saleem, A.,, & Dewan, A. (2015).

Effectiveness of DOS (Dark-Object Subtraction)
method and water index techniques to map




wetlands in a rapidly urbanising megacity with
Landsat 8 data. CEUR Workshop Proceedings,
1323, 100-108.

Nazeer, M., & Nichol, J. (2014). Selection of atmospheric
correction method and estimation of Chlorophyll-
A (Chl-a) in coastal waters of Hong Kong. 3rd
International Workshop on Earth Observation
and Remote Sensing Applications, EORSA 2014 -
Proceedings, 374-378.
doi:10.1109/EORSA.2014.6927916

Yusuf, F. R., Santoso, K. B., Ningam, M. U. L., Kamal,
M., & Wicaksono, P. (2018). Evaluation of
atmospheric correction models and Landsat
surface reflectance product in Daerah Istimewa
Yogyakarta, Indonesia. IOP Conference Series:
Earth and Environmental Science, 169, 012004.
doi:10.1088/1755-1315/169/1/012004

Page 5, row 138: Reword the caption.
This is a processing pipelines or
flowchart.

We use the term flowchart as we suggest it is more
appropriate

Page 5, row 140: Why here?

It is now deleted

Page 5, row 149: For Landsat we usually
list the actual band numbers to avoid any
confusion?

The equation is edited

Page 6, row 153: The first reason for high
NDVI is that RED is consumed by
chlorophyll to drive photosynthesis.

This is now edited

Page 6, row 156: “three classes”, that are?

Three classes are added

Page 8, row 212: Grammar error

It is now corrected

Page 8, row 230: where did this nmbr
come from?

The number is now corrected

I suggest you improve the captions of all
figures - Elaborate on caption and make
them read better?

We have edited the captions

Page 10, row 243, suggestion f or the title
of table 3.

It is now edited

The concept of vegetation cover gain in
urbanized areas is a bit of a misnomer, as
how would that happen? is it urban
abandonment? or other mechanism?
Please clarify.

We have added text to describe this in the first paragraph
of Sect 4.1.

For the sake of clarity and completeness |
highly suggest you define these terms
(Core, Bridge, etc.) and what they capture

Agreed and all of those terms are redefined in Table 1 in
the Methods section.




and mean?

The reference is great but forces the
reader to read another paper, where a
simple short definition may suffice.

I also find the reference to " Golf
courses" as a fully functional and reliable
habitats a bit confusing considering their
high traffic and human impacts? Please

clarify.

We have added to the Introduction: Golf courses are
established for recreational purposes. The whole area of
golf courses are a mix of bushland, fairways and
infrastructure. Though they are not fully ecologically
functional as with a natural parks.

Several studies investigated the condition of vegetation
inside the golf courses and indicated that those natural
areas are significantly important to biodiversity
conservation. Therefore, together with the natural
reserves, golf courses can play some roles as off-reserve
sites for biodiversity conservation in urban landscapes.

Page 10, 256: Is it necessary to abbreviate
here?

Yes it is, we did abbreviate “Vegetation cover area
(VCA)” for short title of Table 5.

Page 12, row 293: These terms must be
defined for clarity.

I have added the definition of those terms in the new
Table 1

Page 13, row 315: “74 to 92 ha™:
Thousand?

Agreed and corrected

Page 14, row 342: “Cores and bridges”
this needs to be defined for the sake of a
general audience.

Agreed and all of those terms are redefined in the table
... in the Method section.

Page 15, row 368: “2075: That is
assuming an ever increasing numbers?

Agreed.

Page 16, Row 392-397: | wonder due to
their specific and heavy use could golf
course really be paralleled to natural veg.
cover?

As mentioned above, previous studies about the golf
courses in Australia and other counties have shown that
the non-playing areas in many golf courses are the
planted vegetation or natural bushes, which are suitable
as habitats in urban landscapes.

Generally the manuscript is well written
and easy to read and understand, but it
lacked critical technical information and
clarift in some key areas (Data analysis,
Habitat analysis). | suggest you address
these shortcoming.

Agreed, We have edited and bolstered the data analysis
and habitat analysis components.

3. Reviewer #2

Comment

Response

This study do not intend to explain the
‘dynamic'- nets effect of many factors

Agreed.




such as climate, abiotic environment,
biotic interaction, disturbance history etc.
In vegetation cover over Perth
metropolitan, but seek to describe ‘only'
the spatio-temporal land use change
pattern associated with urbanization in
the area. Hence, the title should be
reframe to capture only this aspect.

The title is edited: “Vegetation trends associated with
urban development: The role of golf courses.”

4. Reviewer #3

Comment

Response

Kindly improve the map resolution of all
figures

It is improved

The accuracy assessment of the
classification is not exit the manuscript, it
is needed to be added.

It is added in the table 3

Kindly add the lat/long, scale, and north It is added
arrow on the border of layout.

5. Reviewer #4
Comment Response

Golf courses have potential in habitat but
to think they are superior in habitat
protection than natural areas is the
problem I have.

I also think you kept moving forward and
back on the focus of the study. Please
refer to my comments attached.

Agreed. See response to Reviewer 1, above.

Page 1, line 58: “urban matrix”: | guess
you mean urban vegetation matrix

Agreed and edited

Line 206 “in their surrounding regions.”:
Have to be clear on the specific
surrounding regions. Natural or builtup

Changed from “surrounding regions ” to “surrounding
green spaces”

Line 210, 212-213, “Land use”: There is
differences between land use and land
cover. What you have is cover rather than
use

Agreed and edited

Line 214-215, “However, the urban

Agreed and edited: increased 10% from 1988 to 2018




footprint of built up and bare land area
had increased 10% by 2018.
215”: Increased from 1988 or 1998

Line 218-219, “Accuracy assessment”: It
should come first before the results so we
know the results we are dealing with

Agreed and edited

Line 226, Figure 3: After seeing Figure 3.
Am a bit sceptic about the results for the
Golf Course? Reflecting back on the
methodology used to derive Golf Course
in line 180-183. Do you think Landsat
image of 30*30m or 15*15 for Landsat 8
did a good job of classifying a small
zones like the park. There is
generalisation when the study area is big
which is acceptable but when zoomed in
to a local scale the generalisation will be
too high. You can try mapping it with the
google earth but the problem is the golf
courses are too many. So try mapping a
few to make your point

We have added a new figure 4, which shows the details
of underlying Landsat data and classification at the fine
scale for one of the golf courses.

Line 253 “Two types of landscape that
....... ”: types of landscape matrix or
index?

Agreed and edited to “ two MSPA classes”

Line 306 — 307 “not address the issues of
vegetation dynamics, nor the biodiversity
and structure of the vegetation and habitat
connectivity”: If the work did not then
what is the golf course play a part in
biodiversity connectivity meant for.

Is biodiversity connectivity and habitat
connectivity highly mutually exclusive?

Agreed and edited: the writing was not clear here and
may have caused the confusion:=

A previous study has documented the increase in the urban
footprint of Perth using multi-temporal urban expansion
statistics derived from satellite imagery (MacLachlan,
Biggs, Roberts, & Boruff, 2017); However, their work did
not address the issues of vegetation dynamics, nor the
biodiversity and structure of the vegetation and habitat
connectivity in the Perth Metropolitan Region. Therefore,
our study has worked to fill this gap. We have now pointed
this out in the first paragraph of the Discussion.

Line 343-345, “The reduction

of these areas in our study indicates the
high impact of urbanization on habitat
344

connectivity

345

How do you reconcile line 344 to 345 and
306-307?

Agreed and edited to remove this issue:

“As only cores (the stepping stones between forest
habitat patches) and bridges (the structural corridors to
link core areas) can contribute to the connectivity
between the habitat areas in the landscape [63], the
reduction of these areas in Perth associated with
urbanization throughout the time indicates the high
impact of urban development on habitat connectivity..






