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Abstract The spatial arrangement and vertical structure of vegetation in urban green spaces are
key factors in determining the types of benefits that urban parks provide to people. This includes
opportunities for recreation, spiritual fulfilment and biodiversity conservation. However, there has
been little consideration of how the fine-scale spatial and vertical structure of vegetation is
distributed in urban parks, primarily due to limitations in methods for doing so. We addressed this
gap by developing a method using Light Detection and Ranging (LiDAR) data to map, at a fine
resolution, tree cover, vegetation spatial arrangement, and vegetation vertical structure. We then
applied this method to urban parks in Brisbane, Australia. We found that parks varied mainly in
their amount of tree cover and its spatial arrangement, but also in vegetation vertical structure.
Interestingly, the vertical structure of vegetation was largely independent of its cover and spatial
arrangement. This suggests that vertical structure may be being managed independently to tree
cover to provide different benefits across urban parks with different levels of tree cover. Finally, we
were able to classify parks into three distinct classes that explicitly account for both the spatial and
vertical structure of tree cover. Our approach for mapping the three-dimensional vegetation
structure of urban green space provides a much more nuanced and functional description of urban
parks than has previously been possible. Future research is now needed to quantify the relationships
between vegetation structure and the actual benefits people derive from urban green space.
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Introduction

Urban green space can broadly be defined as the range of publicly and privately owned
vegetation present in urban landscapes that is directly or indirectly available to city users
(Atiqul Haq 2011). It is increasingly recognised that this green space provides benefits to
human health and biodiversity, including opportunities for recreation (Bjerke et al. 2006; Van
Leeuwen et al. 2010), habitat for biodiversity (Kong et al. 2010; Sandstrém et al. 2006) and
temperature, flood and air quality regulation (Bolund and Hunhammar 1999; Van Leeuwen
et al. 2010). Thus, there is a growing body of research attempting to measure urban green
space and thereby quantify the provision of these benefits (Dobbs et al. 2013; Kendal et al.
2012). The majority of this work has been conducted at coarse spatial resolutions, measuring
the extent and connectivity of city green space (Fuller and Gaston 2009). However, capturing
fine resolution data on the structure of vegetation within urban green space, such as the
presence of multiple vegetation layers and the spatial arrangement of trees within urban parks,
is crucial for determining the types of benefits people receive from green space (Sadler et al.
2010; Voigt et al. 2014). Measuring fine scale vegetation structure has traditionally required
field data collection techniques (e.g. Sandstrom et al. 2006) that are both time and resource
consuming. Additionally, the ability to extrapolate this survey data across a city to inform
urban green space planning is limited (Bradbury et al. 2005). One solution to this problem is to
use high spatial resolution remotely sensed data such as Light Detection and Ranging (LiDAR)
data to assess and map vegetation structure (Seavy et al. 2009; Zimble et al. 2003). However,
these approaches have received little attention in the literature on urban green space to date.
The scale at which urban green space is studied often limits the type and detail of
information that can be collected (Turner 1989). The vast majority of existing work focuses
on the broad-scale characteristics of green space that can be quantified over large areas, for
example, the amount of tree cover (Dobbs et al. 2013; Kendal et al. 2012; Shanahan et al.
2015). Therefore, we know little about green space characteristics at much finer scales,
particularly in terms of vegetation structure, and how this is distributed across cities. One type
of green space where fine scale vegetation structure is important is public parks that provide
important recreation and nature opportunities within urban areas (Bjerke et al. 2006). In public
parks, interactions between people and public green space cannot be understood solely on the
basis of characteristics such as park location, size, or coarse measures of vegetation compo-
sition such as the amount of tree cover (Sadler et al. 2010). Rather, the benefits that people
receive from parks, such as strengthened social cohesion (Maas et al. 2009) and connection to
nature (Gobster and Westphal 2004) are experienced within each park where the fine-scale
structure of vegetation is a crucial factor (Bjerke et al. 2006; Voigt et al. 2014). Therefore,
capturing fine spatial resolution information on vegetation structure is important in under-
standing, quantifying and identifying the benefits that people receive from public parks.
Vegetation structure plays an important role in determining the mechanisms by which parks
benefit people (Bjerke et al. 2006; Sadler et al. 2010). In particular, the spatial arrangement of
vegetation (hereafter referred to as spatial structure) (Turner 1989) and its vertical complexity
(hereafter referred to as vertical structure) (Zimble et al. 2003) affect the provision of benefits
in different ways. The spatial structure of vegetation determines where vegetation is located
within a park, which can influence the variety of different opportunities that the park provides
(Bjerke et al. 2006; Fuller et al. 2007), potentially favouring one type of activity (e.g.
bushwalking) or simultaneously supporting multiple activities (e.g. sporting activities, leisure
and nature interactions). On the other hand, the vertical structure of vegetation has implications
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for biodiversity and some ecosystem services. Parks with a more complex (or multi-layered)
vertical structure tend to support a higher abundance and diversity of both flora and fauna
species (particularly avian species) (Goddard et al. 2010; Gordon et al. 2007). In turn, species-
rich and heterogeneous habitats maintain healthier ecosystems (Tzoulas et al. 2007) and have a
greater capacity to supply a range of services (Lu and Li 2003; Mitchell et al. 2015), including
human-nature interactions (Luck et al. 2011) and improved psychological wellbeing (Fuller
et al. 2007). The vertical structure of vegetation can also influence the perceived safety of a
park and, as an extension, its attractiveness to be used by people (Gobster and Westphal 2004).

While previous studies of urban green space have not been able to capture and quantify
vegetation structure at a fine resolution over large areas, recent advances in remote sensing
technology have the potential to fill this gap (Davies and Asner 2014; Simonson et al. 2014).
In particular, airborne LiDAR technology has proven useful in providing vertical vegetation
profiles to characterise the structural complexity of natural landscapes (Miura and Jones 2010;
Wing et al. 2012). LiDAR is an active remote sensing technology based primarily on near-
infrared laser pulses fired from an airborne transmitter, whose position is precisely and
accurately measured. Processing of the reflected LiDAR signal provides an accurate measure
of distance between the transmitter and the surface features based on the time it takes for the
pulse to travel back to the sensor (Vierling et al. 2008). When fired at a structurally complex
surface (e.g. a vegetation canopy) the return signal can contain information about the presence
and height of vegetation between the canopy and ground (Wing et al. 2012). Importantly,
LiDAR data can be collected at high spatial resolution over large areas (1000s of km?)
(Simonson et al. 2014) and the acquisition of LIDAR data is less restricted by accessibility,
weather conditions and lighting requirements than other techniques such as field surveys and
passive remote sensing approaches (Anderson et al. 2009). These characteristics make airborne
LiDAR data an excellent tool for assessing citywide variation in green space vegetation
distribution and spatial and vertical structure.

Despite the potential of LiIDAR data to provide fine-scale information about the vertical
structure of vegetation (Lefsky et al. 2002), including vegetation in urban green spaces, it has
not yet widely used for this purpose. Instead, LIDAR analyses of urban vegetation have mainly
focused on detecting, classifying, and mapping urban vegetation into discrete categories (Zhou
and Troy 2008; Hofle et al. 2012; Han et al. 2014) rather than describing the vertical structure
of'urban vegetation. Exceptions include work in Vancouver, Canada, on the spatial structure of
urban vegetation (tree crown area and canopy height) by combining high spatial resolution
satellite images and LiDAR (Goodwin et al. 2009; Tooke et al. 2009), the calculation of
vertical parameters of urban vegetation to estimate urban green volume in Shanghai, China
(Huang et al. 2013), and the characterization of canopy height to explore riparian bird habitat
associations in a mixed agricultural-urban landscape in northern California (Seavy et al. 2009).
However, while these few studies do quantify some simple measures of urban vegetation
vertical structure such as crown sizes and canopy heights, they do not quantify the entire
vertical structure of vegetation or simultaneously consider both spatial and vertical structure
for characterising urban green space. This is an important limitation given that patterns of
spatial and vertical structure at fine resolutions are key drivers of the benefits of urban green
space.

Here we use LiDAR data to provide one of the first quantifications of vertical and spatial
vegetation structure in public green spaces across an entire city. More specifically, we used
Brisbane, Australia as a case study and applied LiDAR data to characterise tree cover and
vegetation spatial and vertical structure at a fine resolution within public parks. We then used
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these measures to quantify variation in vegetation characteristics among parks. We show that
using LiDAR data is an effective method for quantifying variation in fine-scale complex
features such as urban vegetation and that this can be used to quantify the characteristics of
public parks. This approach provides a foundation for a more nuanced understanding of the
benefits provided by urban green space, and the spatial distribution of those benefits, by
linking them to the three-dimensional structure of urban vegetation.

Methods
Study area

Our study area was the Brisbane Local Government Area (LGA), Queensland, Australia
(Fig. 1). Brisbane is a sub-tropical city, spanning 1378 km? of urban, peri-urban and agricul-
tural land with a population of just over 1 million residents in 2013 (Australian Bureau of
Statistics 2015). The city has experienced rapid population growth and urban devel-
opment in the last decade and the provision of public green space is a key priority as
the city expands (Brisbane City Council 2014). Currently, the city’s green space
policy aims to promote improved nature-based opportunities for people through a
larger, more connected and diverse green space network (Brisbane City Council
2014). Brisbane’s public park network (Fig. 1) cover an area of 148 km” and range
from local parks with playgrounds to large natural areas of regional and state
significance (Brisbane City Council 2006).
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Fig. 1 Map of the Brisbane Local Government Area (LGA) showing public parks included in the analysis

@ Springer



Urban Ecosyst (2016) 19:1749-1765 1753

Defining public parks

Using spatial data on the location of public parks in Brisbane provided by Brisbane City
Council (BCC), we first selected the 3198 council-owned parks within the Brisbane LGA to
represent urban public green space as they are a key provider of recreation and nature
interactions (Bjerke et al. 2006). BCC uses a park classification system that reflects each
park’s primary function and intended use to inform decisions regarding park management
(Brisbane City Council 2006; Online Resources Table S1). This includes eight park categories:
informal use, community use, landscape amenity, sport, corridor link, natural area, other
parkland, and unclassified. Based on this classification, we removed sports parks (340 parks)
and corridor link parks (726 parks) from the original dataset of council-owned parks to ensure
that the study focused on parks with some capacity to provide an interaction with nature as
well as other recreation activities. This resulted in the removal of 1066 parks from original
dataset, representing 16.77 % of the total area of parks, with 2132 parks remaining for analysis.

Characterising tree cover, spatial structure and vertical structure

For each of the remaining 2132 parks, we mapped tree cover, vegetation spatial structure and
vegetation vertical structure using discrete return airborne LiDAR data of the Brisbane LGA.
We limited our analysis to vegetation in areas where there was vegetation >2 m in height
(essentially treed areas) because we aimed to focus primarily on the vegetation structure of
treed areas, consistent with the focus of other studies (Shanahan et al. 2014). Although areas of
grass cover are also important for determining the value of green space, measures of the extent
and spatial structure of tree cover essentially already correlate with grass cover because non-
treed areas in most parks tend to be predominantly grass. Further, the vertical structure of grass
was not quantifiable at the resolution that we were able to measure vertical structure. LIDAR
data was collected with up to four returns per pulse by an ALTM Leica ALS50-II sensor in
2009. The laser pulse wavelength was 1064 nm with a repetition rate of 126 kHz, a mean point
density of 2 points/m” and a footprint of 0.34 m. The resulting discrete point cloud data in las
format were converted into laz format using LAStools (http://rapidlasso.com/lastools/) for use
in the study. The nominal vertical accuracy of the LiDAR data was +0.15 m at 1 standard
deviation and the measured vertical accuracy was £0.05 m at 1 standard deviation (determined
from check points located on open clear ground). The measured horizontal accuracy was +0.
31 m at | standard deviation.

Tree cover

To characterise tree cover, we calculated the mean foliage projective cover (FPC), proportion
of tree cover and a plant area index (PAI) proxy for each park. FPC is a measure of tree cover
expressed as the vertically projected percentage cover of photosynthetic foliage of all strata
(Scarth et al. 2008). We used an over storey FPC layer provided by Brisbane City Council (2 m
resolution; Table 1) that captures tree and shrub vegetation greater than 2 m in height and is
derived from 2009 LiDAR data using the approach described in Armston et al. (2009). This
approach combines LiDAR fractional cover estimates with ground measurements of
overstorey FPC to model FPC based on LiDAR data. Additional manual editing to remove
any areas misclassified as tree cover was applied to the raw FPC images by using WorldView-
2 imagery from 2010 as the reference image and identifying non-treed or cleared areas
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(Table 1; Brisbane City Council, unpublished data). A mean FPC value was calculated for each
park.

Tree cover was derived from the FPC layer (Table 1) by distinguishing areas where FPC
was greater than zero and classifying these areas as having tree cover (2 m resolution; Brisbane
City Council, unpublished data). We calculated the proportion of tree cover in each park as the
area of tree cover within a park divided by the park’s total area.

Plant area index (PAI) measures the area of both green and woody plant material per unit
area of ground surface (Morsdorf et al. 2006). We used a PAI proxy (PAIP) layer (5 m
resolution; Table 1), derived from LiDAR data using the RSC LAS Tools code (https://code.
google.com/p/rsclastools/) and replicating the methods from Morsdorf et al. (2006), to con-
struct mean PAI proxy measurements for each park. This proxy is based on the linear
relationship between the contact frequency of LiDAR pulses with vegetation and the distri-
bution of first, single and last LIDAR returns, as well as the linear relationship between PAI
and LiDAR pulse contact frequency. It should be noted that the PAIP layer is a proxy for PAI
and therefore reflects relative instead of actual PAI values (Morsdorf et al. 2006).

Spatial structure

We calculated the ‘clumpiness’ metric (McGarigal et al. 2002) based on tree cover to
characterise the spatial structure of vegetation in each park. We chose clumpiness because it
measures the spatial aggregation of vegetation (i.e. how clumped or clustered it is) irrespective
of vegetation abundance (McGarigal et al. 2002) and therefore accurately reflects the spatial

Table 1 Remotely sensed data used to construct the tree cover, vegetation spatial arrangement and vegetation
vertical structure variables

Data layer name Data source Spatial
resolution

Tree cover variables

Foliage Projective Cover Derived from LiDAR data using the method outlined in Armston 2m
et al. (2009) that combines LiDAR fractional cover estimates
with ground measurements of overstorey FPC.

Tree cover Derived from FPC where: if FPC = zero then no tree cover; if 2m
FPC > 0 then tree cover.

Plant Area Index proxy  Derived from LiDAR data using the method outlined in Sm
Morsdorf et al. (2006) that is based on the distribution of LiDAR
returns and the linear relationships between PAI and LiDAR
pulse contact frequency with vegetation.

Vegetation spatial structure variables
Clumpiness Derived from tree cover using the clumpiness metric in FRAGSTATS 5 m
4.2 to measure spatial aggregation of vegetation.
Vegetation vertical structure variables

LiDAR ratio layers Derived from the relative density of LIDAR points in different Sm
vertical vegetation layer using modified methods from Miura
and Jones (2010). Masked by tree cover to calculate values only
within areas with tree cover.

Canopy height Derived from LiDAR data by calculating the mean height of all the ~ 5m
LiDAR returns. Masked by tree cover to extract only areas
with tree cover.
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aggregation of vegetation in a park independent of the size of the park or areal extent of
vegetation in the park (Wang et al. 2014). The clumpiness index is defined as:

Given G; = Lii

() mine

G—P;
CLUMPY = | D
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where g;; is the number of like adjacencies (joins) between treed pixels based on the double-
count method, g;; is the number of adjacencies (joins) between treed and non-treed pixels
based on the double-count method, min e; is the minimum perimeter (in number of cell
surfaces) of treed areas for a maximally clumped class, and P; is the proportion of the
landscape occupied by treed areas (McGarigal et al. 2002).

Clumpiness values range from —1 when vegetation is maximally disaggregated to 1 when
vegetation is maximally aggregated (McGarigal et al. 2002) with values above 0 representing
more aggregated vegetation and values below 0 more disaggregated. We calculated clumpiness
for each park using FRAGSTATS version 4.2 (Table 1; McGarigal et al. 2002). Due to
computational limits, we converted tree cover to a 5 m spatial resolution prior to this analysis.
Parks that consisted of either 100 % or 0 % tree cover were removed from the analysis because
clumpiness cannot be calculated in these cases. However, only 69 parks, representing 0.03 %
of the total number of parks, were removed, leaving 2063 parks for subsequent analysis.

Vertical structure

To characterise vegetation vertical structure, we calculated the relative density of vegetation in
different vertical strata using the LiDAR data. This provides information that mirrors infor-
mation traditionally collected during ground-based surveys of vegetation that characterizes
vertical structure, and follows methods for LiDAR data already used in forestry applications.
LiDAR points (excluding ground points) were first clipped using the lasclip tool in LAStools
to areas of tree cover. We then used the las2las tool to separate the data into five distinct
vertical vegetation layers based on discrete height intervals, including very low (> 0.15 to
<1 m), low (> 1 to <2 m), medium (> 2 to <5 m), high (> 5 to <10 m) and very high vegetation
(> 10 m). All of the vertical vegetation layers had a 5 m spatial resolution. To obtain a measure
of relative vegetation density within each vertical layer we calculated the ratio between the
number of LiDAR returns within each vertical layer to the total number of returns from that
layer and below based on modified methods from Miura and Jones (2010). In the methods
used by Miura and Jones (2010), the number of returns was calculated for each vertical layer
and then divided by the total number of returns in each raster cell. However, returns from lower
vegetation layers can be blocked by higher vegetation, especially when vegetation is dense. To
account for this effect, we modified Miura and Jones (2010) method by dividing the number of
returns from each vertical layer by the total number of returns below the maximum height of
the relevant vertical layer. We used the lasgrid tool in LAStools to calculate the number of
LiDAR vegetation returns from each vertical layer and the total number of returns below the
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maximum height of the relevant vertical layer within each 5 m x 5 m raster cell. These values
were used to calculate final ratio values in the ENVI 4.8 image processing software (Exelis
Visual Information Solutions Inc.) with the Band Math tool using the equation:

R,‘ = ZRhi

>

,wherehml—,, Shl < hmzL‘c andhj < hmax

J

where R; denotes the final ratio value for each vertical layer, R, the vegetation returns
between the minimum (4,,,;,) and maximum (%,,,.,) heights for each vertical layer, and Rj,; all of
the vegetation returns below the maximum height (4,,,,,) of each vertical layer. We then derived
mean values of the five vegetation ratio layers for each park from the corresponding vertical strata.

To quantify total vegetation vertical complexity over all of the separate vertical strata, we
calculated the foliage height diversity (FHD) for each raster cell. FHD is a diversity measure
similar to the Shannon-Weiner Index that describes how evenly vegetation is distributed
among vertical strata (MacArthur and MacArthur 1961). It is a dimensionless metric defined

R
as FHD = — ) p;Inp;, where p; is the proportion of total foliage from the ith vegetation layer.
i=1

FHD values are high where vegetation is more evenly distributed across the vertical strata and
low where vegetation is less evenly distributed. To calculate the mean foliage height diversity
of each park, we first estimated the proportion of total foliage in each vegetation layer for each
raster cell by dividing the ratio values for each stratum by the sum of all the ratio layers in each
raster cell. We then added a value of 0.0001 to each proportion value to remove zeros and
allow calculation of the natural logarithm. We then calculated a mean FHD value for all areas
with tree cover in each park.

Finally, we created a canopy height data layer using the lasgrid tool in LAStools by
calculating the above ground height of each LIDAR point and averaging this across all points
that fell within each 5 x 5 m cell within areas of tree cover. We then calculated the mean
canopy height for each park (Table 1).

Statistical analysis

‘We performed a principal component analysis (PCA), using the PCA function of the FactoMineR
package (L€ et al. 2008) in R (v3.1.0) (R Development Core Team 2010), to describe how tree
cover and vegetation structure metrics vary across parks in Brisbane. PCA has been successfully
used to explore major gradients of environmental variation across a city (Davies et al. 2008). All
tree cover and vegetation structure variables were scaled by their eigenvalues to account for
differences in units. We then performed agglomerative hierarchical clustering analysis on the first
two principal components to separate parks into distinctive clusters based on tree cover and
vegetation spatial and vertical structure (Argtielles et al. 2014). Unlike K-means clustering,
hierarchical agglomerative clustering does not require an a priori expectation of the optimal
number of clusters and is less affected by differences in the initialization conditions of the
clustering algorithm. The clustering procedure we used is based on the Ward’s criterion (Ward
1963), which calculates the sum of within-cluster inertia for each partition. The partition with the
highest relative loss of inertia was chosen as the optimal cluster solution (Husson et al. 2010).
Separating parks into clusters enabled us to draw comparisons between parks across Brisbane,
based on similarities and differences in vegetation cover and structure.
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Results

In total, 2063 parks were included in the analysis, covering over 12,300 ha and 9 % of the
study area. Parks had a mean value of 54 % tree cover, with canopy height ranging from 2 to
nearly 19 m (Table 2). The spatial distribution of tree cover was more aggregated than
disaggregated, with a mean clumpiness value of 0.35 across all parks (Table 2). Foliage height
diversity ranged from 0.004 to 1.4 across all parks with a mean value of 0.92 (Table 2),
suggesting that the average park has fairly even vegetation vertical structure. In addition, there
was more variation in understorey vegetation density than in the mid-storey and canopy
(coefficient of variation 1.00 vs. 0.36; Table 2).

The first principal component (PC1) explained 34.95 % of the variation among parks and
the second principal component (PC2) 26.95 %. PC1 was primarily positively correlated with
FPC, tree cover, PAIP, canopy height and density of high and very high vegetation and
negatively correlated with clumpiness (Fig. 2; Online Resources Table S2). One insight from
this is that, as the proportion of tree cover within parks declines, the spatial distribution of tree
cover became more aggregated (i.e., as tree cover declines clumpiness increases). PC2 was
primarily positively correlated with FHD and the density of very low vegetation, low vege-
tation and medium vegetation and negatively correlated with PAIP, canopy height and the
density of very high vegetation (Fig. 2). This suggests that, as vegetation vertical structure
becomes more even, there is a higher abundance of under and mid storey vegetation, but that
this largely independent of tree cover and the spatial structure variables that are associated with
PCI1.

The optimal number of clusters identified was three (Fig. 3), although the clusters were not
well separated on the PCA (Fig. 2). Cluster 1 parks were small in area (mean = 3.10 ha) with
low tree cover (mean = 34 %) that is clumped (mean = 0.41) and the presence of a mid and
understorey (Fig. 4). Cluster 2 parks were small (mean = 3.88 ha) with moderate tree cover
(mean = 58 %) that is clumped (mean = 0.4), but lacking a mid and understorey (Fig. 4).
Finally, cluster 3 parks were larger parks (mean = 14.92 ha) with high levels of tree cover

Table 2 Mean, variation and ranges for the urban green space vegetation structure variables used to construct the
PCA

Variable Mean Coefficient of variation Range

Min Max
Clumpiness 0.35 0.90 -1 1
Canopy height 6.95 0.30 2 18.52
Foliage Projective Cover 44.33 0.50 1.01 97.82
Plant Area Index proxy 0.67 0.46 0.094 234
Foliage height diversity 0.92 0.19 0.0044 141
Proportion tree cover 0.53 0.45 0.0083 1
Very low vegetation (0.15—1 m) 0.09 1.11 0 0.61
Low vegetation (1-2 m) 0.06 1.00 0 0.46
Medium vegetation (2-5 m) 0.20 0.45 0 0.62
High vegetation (5-10 m) 0.30 0.36 0 0.77
Very high vegetation (>10 m) 0.26 0.60 0 0.93
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Fig. 2 Biplot of the first two PCA axes for all parks in Brisbane based on tree cover and vegetation spatial and
vertical structure variables. Variables include clumpiness, foliage height diversity (FHD), foliage projective cover
(FPC), canopy height, plant area index proxy (PAIP), proportion of tree cover, very high vegetation (> 10 m),
high vegetation (> 5 to <10 m), medium vegetation (> 2 to <5 m), low vegetation (> 1 to <2 m) and very low
vegetation (> 0.15 < 1 m). Parks are classified into three distinct clusters obtained by performing agglomerative
hierarchical clustering analysis on the first two principal components. The arrows correspond to the vegetation
cover and structure variables. The direction of the arrows shows the gradient direction of the variable in relation
to the ordination axes. The length of the arrows represents how well the ordination axes approximate the values
of the variables. The plot was scaled by eigenvalues to emphasize the relationship among variables

(mean = 80 %) that is less clumped (mean = 0.16) and with mid and understorey vegetation
(Fig. 4). More information on these differences between clusters can be found in the Online
Materials (Figs. S5 & S6).

Cluster 1 parks were the most common park type, representing 40.7 % of the total number
of parks, but covering the least area (21.1 %; Online Resources Table S3). Cluster 2 parks were
also common (37.6 % of the total number of parks) but these parks were also small and
therefore only made up approximately 24.4 % of total park area. Cluster 3 parks were
uncommon, representing 21.8 % of the total number of parks, but were large and covered
the greatest area (54.5 %). Maps of the spatial distribution of the different park clusters can be
found in the Online Materials (Figs. S1-S4). Cluster 1 and 2 parks were mainly Informal Use
and Community Use parks, while Cluster 3 parks were mainly Natural Area parks (Online
Resources Table S4). Landscape Amenity parks were evenly spread across all three clusters.

Discussion
Tree cover and the spatial and vertical structure of vegetation are key factors that determine the
types and provision of benefits to people from urban green space (Lehmann et al. 2014; Van

Herzele and Wiedemann 2003). Consequently, variation in tree cover and vegetation structure in
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green spaces across cities will in part determine access to different types of benefits. Existing
methods for measuring vegetation structure have been largely limited to small-scale field samples
(LaPaix and Freedman 2010; Sandstrom et al. 2006) and low-resolution remote sensing data
(Davies et al. 2008; Kendal et al. 2012). Our approach provides a new way to characterise the
structure of vegetation in urban parks and, importantly, to map this structure across entire cities.
We also demonstrate that this approach can give clear insights into the relationships between
vegetation structure attributes of urban parks. This is an important step for improving our ability to
quantify the potential benefits of urban green space for people and how this varies across cities.

The approach that we present in this study employs LiDAR data, coupled with other
remotely sensed and landscape ecology metrics, to allow the high resolution mapping of
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Fig. 4 Exemplar parks for each of the three clusters. a Cluster 1- open area containing some clumped tree cover p
with mid and understorey vegetation; b Cluster 2- open area containing some clumped tree cover with no mid or
understorey vegetation; ¢ Cluster 3- heavily treed area containing high levels of mid and understorey vegetation

three-dimensional vegetation structure across an entire city. LIDAR technology has recently
gained attention for its ability to collect high-resolution vegetation data over large spatial extents
(Seavy et al. 2009; Simonson et al. 2014). In this study we have demonstrated that it is useful for
quantifying the spatial distribution of green space tree cover and vegetation structure in urban
landscapes. There is increasing demand for universal tools that can consistently compare urban
green space within and between different cities and countries and our paper makes an important
contribution to this (Kendal et al. 2012; Van Herzele and Wiedemann 2003). Other applications
of the approach detailed here should be encouraged to advance our understanding of urban
green space and the benefits it provides. For example, while this study focused specifically on
local parks, there are other types of important and well-used green spaces that do not fall into
this category (Barbosa et al. 2007). This includes private green spaces, such as residential
backyards, that are an important source of nature experience and that provide critical, connected
habitat for biodiversity within urban areas (Goddard et al. 2010).

Our quantification of fine scale vegetation structure sheds light on how urban green space
tree cover and vegetation spatial and vertical structure in parks co-vary across a city. Interest-
ingly we found that parks with low amounts of tree cover were the least fragmented (i.e., had
the most clumped tree cover). This is in contrast to patterns at the scale of whole landscapes,
where fragmentation generally increases as forest is lost (Fischer and Lindenmayer 2007,
Kong and Nakagoshi 2005). The pattern of increased aggregation as tree cover is lost suggests
that parks are being managed to spatially separate treed and open areas in parks with low tree
cover. This segregation is analogous to a land-sparing (Lin and Fuller 2013; Phalan et al. 2011)
approach to park management where areas are set aside for trees in separate locations to other
land covers within parks. By separating parks into areas for different uses, parks will have a
more clumped vegetation spatial structure and may support a wider variety of recreation
activities (Bjerke et al. 2006) and target a wider range of users (McCormack et al. 2010).
This could also provide benefits for biodiversity by minimising the fragmentation of available
habitat within a park (Helzer and Jelinski 1999). However, while this is important for species
operating at fine scales within parks, such as arthropods (Gibb and Hochuli 2002), it may be
less important for species operating at larger landscape scales, such as birds (Culbert et al.
2013); although this depends on the size of the park (Threlfall et al. 2013).

Interestingly we found that vegetation vertical structure is largely independent of tree cover
and spatial arrangement. This suggests that vertical structure is being managed independently
of tree cover and spatial structure to provide specific benefits across a wide range of parks with
different levels of tree cover. Characteristics of vertical structure have been highlighted as
important predictors of park use (Bjerke et al. 2006; Holm 2000). For example, parks with
multiple vertical layers of vegetation tend to provide more potential habitat niches and greater
buffering of microclimatic conditions, which subsequently supports higher species diversity
(Culbert et al. 2013) and abundance (Gibb and Hochuli 2002; Ruiz-Jaén and Aide 2005). This,
in turn, enhances biodiversity and provides greater opportunities for nature interactions and
activities such as wildlife watching (Bjerke et al. 2006) and relaxation (Gobster and Westphal
2004). On the other hand, parks that lack an under-storey and mid-storey will be more
appropriate for activities such as sport (Bjerke et al. 2006) but provide fewer benefits in terms
of nature interactions (Sandstrom et al. 2006; Threlfall et al. 2013).
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Given the role of spatial and vertical structure of vegetation in providing different benefits
to people, classifying parks based on these characteristics should provide a more functional
description of the parks in a city. Despite the fact that the park clusters that we observed were
not well separated, our classification of parks still provides a consistent and repeatable
approach that should allow a more nuanced characterisation of parks, compared to more
typical use-based park classification systems. In our Brisbane case study we found three
somewhat distinct classes of parks, characterised by differences in tree cover and the spatial
and vertical structure of vegetation. Two classes (classes 1 and 2) were characterised by parks
with low to moderate tree cover and a clumped spatial structure that primarily included parks
intended for informal recreation and community activities. Under Brisbane’s urban planning
policy, these park types should be multipurpose and provide residents with a variety of park
settings (Brisbane City Council 2006). Parks within classes 1 and 2 are regarded as very
similar under BCC’s classification system; however, our data have shown that they can
provide quite different functions. The relatively low vertical diversity of vegetation in class
2 parks suggests that they are more likely to include grassy areas with shade trees that
facilitate sport or activity based recreation (LaPaix and Freedman 2010). In contrast, the
presence of mid and understorey vegetation in class 1 parks provide more opportunities
for nature-based recreation, such as bushwalking and bird-watching (Bjerke et al. 2006;
Gobster and Westphal 2004).

The third class of park (class 3) was characterised by parks with high levels of disaggre-
gated tree cover and the presence of mid storey and understorey vegetation. The majority of
parks in this class were natural area parks, which are managed to protect and enhance areas of
ecological and biodiversity value (Brisbane City Council 2006). The vegetation structure
characteristics of the three park classes in Brisbane that we described at a fine-scale, reflect
clear distinctions between parks that are managed predominately for human use compared to
those managed for conservation (Cranz 1982; Cranz and Boland 2004). This highlights the
trade-offs between managing urban parks for human benefit or biodiversity and that this is
reflected clearly in park vegetation structure.

The method of mapping tree cover and vegetation spatial and vertical structure presented
here provides a promising basis for investigating the vegetation structure and benefits provided
by green space in cities. While vegetation spatial and vertical structure is thought to have
strong implications for recreation and biodiversity (Bjerke et al. 2006; Fuller et al. 2007,
Sandstrom et al. 2006), this study did not explicitly measure these park benefits. Given that
most park users seek access to a diverse range of recreation experiences (Holm 2000), it is
important that people within cities have access to a variety of different types of parks.
Quantifying how the structure of vegetation in parks varies across a city can improve
understanding of the different types of parks and recreation that urban residents have access
to. An important next step will be to quantify benefits across parks by collecting field data
about how people interact with different vegetation structures at a fine resolution and the
benefits they receive from those interactions (Fuller et al. 2007; Sadler et al. 2010). These data
could then be used to spatially map the multiple benefits of parks at high resolution by
coupling models of use and benefits to the LiDAR derived vegetation structure measures.
However, propensity to use parks and the benefits they provide can also depend strongly
on socio-demographic factors such as motivation to engage in nature and recreation
activities (Lin et al. 2014). Therefore, the integration of these socio-demographic factors
will be an important component of future advances in mapping the benefits of urban
green space (Shanahan et al. 2015).
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Conclusions

The importance of urban green space and vegetation for people and biodiversity has been well
documented (Sadler et al. 2010). However, scientific understanding has largely focused on the
amount of green space within cities and not the finer-scale spatial and vertical structure of
urban vegetation, despite the fact that this structure is a key factor influencing the provision of
benefits (Bjerke et al. 2006; Fuller et al. 2007; Sandstrém et al. 2006). Our use of LIDAR data to
characterise fine-scale vegetation structure in urban parks across an entire city helps to fill this
gap and address the limitations of prior urban green space studies. We show that this approach
can be used to gain a better understanding of the types and functions of parks present in cities —
knowledge that has previously not been available at citywide scales. Our methods open up the
possibility for exciting new areas of research for developing more functional representations of
urban parks and mapping the benefits they provide at fine resolutions across cities.
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