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Abstract
1. Vegetation structure is an important determinant of species habitats and diversity. It is
often represented by simple metrics, such as canopy cover, height and leaf area index, which
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do not fully capture three-dimensional variations in density. Terrestrial Laser Scanning (TLS)
is a technology that can better capture vegetation structure, but methods developed to process
scans have been biased towards forestry applications. The aim of this study was develop a
methodology for processing TLS data to produce vegetation density profiles across a broader
range of habitats.
2. We performed low-resolution and medium-resolution TLS scans using a Leica C5
Scanstation at four locations within eight sites near Wollongong, NSW, Australia (34.38–
34.41oS, 150.84–150.91oE). The raw point clouds were converted to density profiles using a
method that corrected for uneven ground surfaces, varying point density due to beam
divergence and occlusion, the non-vertical nature of most beams, and for beams that passed
through gaps in the vegetation without generating a point. Density profiles were evaluated
against visual estimates from three independent observers using coarse height classes (e.g. 5–
10m).
3. TLS produced density profiles that captured the three-dimensional vegetation structure.
Although sites were selected to differ in structure, each was relatively homogeneous, and yet
we still found a high spatial variation in density profiles. There was also large variation
between observers, with the RMS error of the three observers relative to the TLS varying
from 16.2% to 32.1%. Part of this error appeared to be due to misjudging the height of
vegetation, which caused an overestimation in one height class and an underestimation in
another.
4. Our method for generating density profiles using TLS can capture three-dimensional
vegetation structure in a manner that is more detailed and less subjective than traditional
methods. The method can be applied to a broad range of habitats—not just forests with open
understoreys. However, it cannot accurately estimate near-surface vegetation density when
there are uneven surfaces or dense vegetation prevents sufficient ground returns. Nonetheless,
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TLS density profiles will be an important input for research on species habitats,
microclimates and nutrient cycles.
Key-words: canopy cover, habitat heterogeneity, leaf area index, LIDAR, TLS, vegetation
structure

Introduction
Vegetation structure is an important characteristic of habitat for many species including
mammals, amphibians, reptiles, birds and invertebrates (e.g. James & Wamer 1982;
Gunnarsson 1990; Werner & Glennemeier 1999). The complexity or heterogeneity of
vegetation can also affect collective properties of biodiversity, such as species diversity
(Tews et al. 2004), which makes it a valuable indicator for monitoring programmes (Noss
1990). In addition, vegetation structure also has indirect effects on biodiversity by altering
surface microclimates and nutrient cycles (Geiger 1971; Didham & Lawton 1999; Ashcroft &
Gollan 2012).

Given these important and broad ranging impacts, it is unsurprising that ecologists
have studied vegetation structure extensively, and many methods to quantify it have been
developed and compared (Jennings et al. 1999; Fiala et al. 2006; Korhonen et al. 2006;
Paletto & Tosi 2009). However, vegetation structure is generally simplified to metrics such as
leaf area index (LAI), canopy cover or vegetation height (e.g. Jennings et al. 1999; Wilson
2011). These metrics hide much of the three-dimensional complexity of vegetation structure
(Lefsky et al. 2002), but are all that was practical using traditional methods such as visual
estimates, hemispherical photographs, aerial photography, and optical/radar remote sensors
(Jennings et al. 1999; Fiala et al. 2006; Korhonen et al. 2006; Paletto & Tosi 2009). Recent
advances in airborne (ALS) and terrestrial (TLS) laser scanning have now made it possible to
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capture the complete three-dimensional structure of vegetation (Lefsky et al. 2002).
Conventional metrics are still possible with laser scanning, but additional outputs can also
include three-dimensional reconstructions of individual trees (Côté et al. 2009, 2012) or
profiles that capture how vegetation density varies with height (Henning & Radtke 2006;
Zhao et al. 2013). These additional outputs from laser scanning contain more structural
information than traditional methods and hence have great potential to improve the way
vegetation structure is captured in ecological analyses. In this paper we describe a method for
estimating vegetation density profiles using TLS so that we can capture more of the
vegetation structure than is represented by traditional metrics.

Laser scanning, whether terrestrial or airborne, produces three-dimensional point
clouds by emitting millions of laser beams and calculating the time taken for those beams to
be reflected back by objects, such as the ground or vegetation (Lefsky et al. 2002; Dassot et
al. 2011). Airborne sensors capture the top-down canopy architecture across broad
landscapes from aeroplanes (e.g. Lefsky et al. 2002; Jenkins 2012), while terrestrial scanners
are placed ~1–2 m above the ground and capture the vegetation at an individual site, typically
from below the tree canopy (e.g. Henning & Radtke 2006; Danson et al. 2007; Seidel et al.
2012). Each method has advantages and disadvantages. For example, due to beam divergence
and occlusion, ALS will typically produce a denser point cloud in the upper canopy but may
not capture finer subcanopy elements or the ground surface, while TLS will capture a denser
point cloud in the lower canopy but may not capture the complete upper canopy (Henning &
Radtke 2006; Van der Zande et al. 2006). In this paper we use TLS because density profiles
will be affected by all subcanopy elements, including those that will be difficult to detect with
ALS. However, this restricts our methodology to individual sites, whereas ALS could
potentially be used over entire landscapes if this limitation could be overcome.
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A number of laser scanners are available including those that provide a single point
from the first reflected surface, those that provide multiple returns where the laser is partially
intercepted and reflected from multiple elements (e.g. Lovell et al. 2003; Durrieu et al. 2008),
and those that provide a full-waveform of reflected energy over time (e.g. Jupp et al. 2009;
Pirotti 2011; Zhao et al. 2013). Sensors that provide multiple returns or full-waveform
potentially provide more information on canopy structure, but may be ambiguous as to
whether the final return blocks the laser or whether the laser continues through a gap
thereafter. Full-waveform lasers have been utilised to estimate density profiles from gap
fractions, but these methods have typically focused on forestry applications and heights
between the sensor and the top of the canopy (Jupp et al. 2009; Zhao et al. 2013). Their
ability to capture a broader range of ecological habitats including shrubs and ground covers is
yet to be assessed. In this paper we focus on the first-returns from lasers because these are
commonly used (Lovell et al. 2003), but acknowledge that multiple-return or full-waveform
instruments or techniques may also be used.

While TLS has great potential to produce density profiles, and thus improve how
vegetation structure is captured, there are also a number of issues to overcome. First, the raw
point clouds produced by laser scanners are biased by the divergence and occlusion issues
mentioned above, and hence cannot be used directly in ecological analysis (Seidel et al.
2012). That is, the density of points in the raw TLS outputs are biased by proximity to
scanner, and do not truly reflect vegetation density at any given height above the ground. A
second issue is that the laser beams from terrestrial scanners are emitted in all directions, and
are not all vertical beams like the virtual ‘pins’ that are used to define the cover or density of
vegetation in any layer (Jennings et al. 1999; Wilson 2011). Angled beams will pass through
a larger distance in any height layer than a vertical beam, and this could lead to an increasing
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overestimation of density at any height as the angle from vertical increases. A third issue is
that some beams pass directly through the vegetation without being reflected, or are reflected
at insufficient strength for the sensor to detect (Danson et al. 2007). Those beams that pass
through the canopy do not produce a point, and hence do not affect TLS output, but must be
considered when calculating densities or density will be overestimated. A fourth issue is that
scanners must accurately capture the ground surface to determine how vegetation density
changes with height, and although TLS may have advantages over ALS in this respect, it may
still be difficult when dense vegetation and uneven ground allow few beams to reach the
surface. A fifth issue is that wind may cause the vegetation to move, which may also cause
scanners to overestimate the overall cover (Côté et al. 2009; Dassot et al. 2011). This is
especially true if point clouds are converted to voxels (volumetric pixels, considered ‘full’ if
they contain at least one scanned point) to correct for varying point density (e.g. Seidel et al.
2012), but is less problematic if densities are based on the proportion of beams that are
reflected (Henning & Radtke 2006).

Studies have now started addressing these above issues. For example, Henning &
Radtke (2006) calculated the percentage of beams reflected in each voxel to correct for
varying point density, while Danson et al. (2007) used scans in closed rooms as a
comparative means to estimate the number of beams that pass through canopies. However,
there is still a bias towards forestry applications rather than broader ecological purposes
(Vierling et al. 2008; Dassot et al. 2011), and there is still a need to develop methods that
overcome all of the above issues and evaluate them across a variety of habitats. This is an
important omission, because existing methods may only be effective in low-density or openunderstory stands (Dassot et al. 2011). For example, ALS has been shown to capture broad
habitat types and accurately measure the upper canopy of trees (Lefsky et al. 2002; Bässler et
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al. 2011), but has difficulty quantifying the finer-scale structure of subcanopy trees and
shrubs (Henning & Radtke 2006; Dassot et al. 2011; Jenkins 2012). If we are only interested
in forestry, then we may be able to develop and employ a method that only captures the
structure of the large trees, but broader ecological applications also require data on other
vegetative elements.

A secondary goal of this study was to examine the cost effectiveness of TLS for
capturing density profiles. Traditional methods of estimating canopy cover have been
assessed for time or cost effectiveness (e.g. Korhonen et al. 2006) but there are additional
factors that need to be considered when using TLS. For example, increasing the resolution of
the laser scan produces a higher density of points but increases scan time, while targets can
be used so that multiple scans from different positions in the same site can be combined into
one image to reduce issues of occlusion. We assessed whether the benefits of using higher
resolution scans or targets justified the extra time commitment.

Material and methods
TLS DATA COLLECTION
We selected eight sites near Wollongong, NSW, Australia (34.38–34.41oS, 150.84–150.91oE)
to capture a broad range of vegetation structure. Sites included coastal dune shrublands and
woodlands, temperate rainforests and eucalypt forests. The maximum height of vegetation at
each site varied from ~4m to more than 30m, with canopy species including broad leaved
species as well as those with needle-like leaves (e.g. Casuarina spp.). The cover of the upper
strata varied from ~30%–90%. Understorey vegetation also varied in density and height, as
illustrated in the colour photos of the profiles and canopies of sites that are included in
Appendix S1. The eight sites were broadly classified as: 1 – open understorey tall forest; 2 –
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woodland with dense ferns; 3 – dense rainforest; 4 – open understorey woodland; 5 – shrubby
woodland; 6 – swampy, needle-leaved woodland; 7 – low shrubland; and, 8 – mixed height
shrubland.
The TLS scanner we used was a Leica C5 Scanstation. This scanner was used to
perform two scans at four locations within each of the eight sites: a medium resolution scan
(~14.7 million points in ~6 minutes) and a low resolution scan (~3.7 million points in ~2
minutes). The scanner records only the point from the first return. The maximum range of the
scanner was 35 m, but to ensure the full profile was recorded even when distance from
scanner was ~10 m, we restricted our analysis to heights of up to 30 m. The scanner can
recognise specific targets within an image, and these can be used to co-register multiple scans
from each site into one combined image that reduces issues associated with occlusion.
However, due to issues discussed later, co-registration was not eventually completed. We
deployed a three inch square blue target with silver circle at the centre of each site, and four
~20 cm diameter black and white circle targets were deployed in approximately a 5 m by 5 m
square surrounding the central target (see Appendix S1). Some variation in target placement
was needed to ensure targets were in open areas where they would be visible to the scanner,
and the height of the scanner varied from ~50 cm to 2 m to maximise visibility. Targets were
scanned separately to the main scan, and in dense vegetation branches were held back during
the target scans (but not the main scan) to maximise visibility. Targets were only scanned in
the medium resolution scans.

TLS METHODOLOGY
Our goal was to produce density profiles for a range of habitats by addressing the five issues
discussed in the introduction of this article (beam divergence and shading, angled beams,
moving vegetation, pass-through beams and uneven ground surfaces). The first step was to
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define vertical pillars that we would calculate the density profiles for. We selected 5 m square
pillars, with nine pillars arranged in a square with the laser scanner at the centre. Height of
pillars was capped to 30 m due to the range of the scanner. Ground level was assumed to be
equal to the lowest point in the TLS data within each of the pillars (as done by e.g., Henning
& Radtke 2006; Fig. 1). The pillar configuration was determined based on trial scans we
obtained during a pilot study. Although smaller pillars would allow us to estimate ground
level more accurately over uneven terrain, we found that a dense understorey could prevent
beams reaching the ground if the pillars were small and this would cause us to overestimate
the height of the ground surface. Similarly, we tried using pillars that extended further from
the laser scanner, but found that a 3×3 arrangement of 5 m pillars was preferable, as pillars
that were further from the scanner were also prone to inaccurate ground level or density
estimates as the point density become lower. The nine 5 m pillars in each scan provided
replication of density profiles, and also allowed us to quantify spatial variability in vegetation
structure.

The second step in our analysis was to divide each pillar up into horizontal slices with
a height of 25 cm (Fig. 1), where the 25 cm resolution was chosen to be larger than the
positional accuracy of the scanner (6 mm) and maintain a balance between fine profile
resolution and sufficient laser density. We aimed to determine the density of vegetation in
each of these 5 m × 5 m × 25 cm prisms by calculating the proportion of beams that were
reflected in each prism. To do this, we treated each point in the TLS scan as part of a laser
beam, and divided each beam into segments of length 25 cm (equal to the height classes).
That is, we assumed a beam passing through a distance of 25 cm at any angle had the same
probability of being reflected as a vertical beam of 25 cm. The segments further away from
the scanner than the point in the image were effectively ‘blocked’ and provided no
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information on density, but still needed to be counted in the total number of segments in each
prism. We incremented the ‘reflected’ count in the prism that contained the segment with the
original point, and any segments prior to the reflected segment were added to the ‘through’
count for their respective prisms. Each of the counts (total, reflected, through) were
calculated for each of the prisms.

The density has been estimated using the proportion of reflected pulses previously
(e.g. Henning & Radtke 2006), and this largely overcomes the problems associated with
moving vegetation and beam divergence and occlusion. However, our variation of
subdividing the beams into equal length segments provides an additional advantage. It
overcomes the issue of beam angle, as angled beams are still assessed using the same distance
as a vertical beam.

The third step was to apply a correction to cater for beams that passed through the
vegetation without being reflected or creating a point. To do this, we repeated the above
methodology using a scan taken in a closed room (as done by Danson et al. 2007). This was
used to determine the total number of segments we expected in each prism. We then
calculated the difference between the total segments from the closed room scan and the total
segments from the vegetation scan, and added this to the ‘through’ total for the respective
prism. The density of each prism could then be calculated as the number of reflected rays
divided by the sum of reflected and through rays (Van der Zande et al. 2006; Danson et al.
2007). This estimate of density largely catered for the five issues mentioned previously (beam
divergence and shading, angled beams, moving vegetation, pass-through beams and uneven
ground surfaces), but there were still some limitations (see discussion). All analysis was done
in R (R Development Core Team 2010; scripts included in Appendix S2).
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Once the density was known for each 25 cm high prism, the density could be
calculated for broader height classes (e.g. 5–10 m) by multiplying the probabilities of a ray
passing through each layer, where the probability was equal to one minus the density. We
used the formula:

Where D is the density of a combined layer that includes the 25cm layers from height x to
height y, each with density Dl.

COMPARISON WITH VISUAL OBSERVATIONS

It is not possible to validate any estimate of vegetation structure accurately without
destructive sampling (Danson et al. 2007). As destructive sampling was not feasible, and
methods such as hemispherical photos do not provide any information on how vegetation
density varies with height, we evaluated the TLS derived density profiles for our eight sites
by comparing them against visual estimates. Three observers estimated the vegetation density
at heights of 0–0.5 m, 0.5–1 m, 1–2 m, 2–5 m, 5–10 m and 10–30 m. To maximise
consistency with the TLS methodology, density was defined as the number of imaginary
vertical pins that would be intercepted by vegetation in each layer (Wilson 2011). Observers
estimated the density at each of the eight sites without any discussion on results until after all
estimates had been made. Visual estimates were based on a 20 m by 20 m square around the
central target. TLS density profiles were compared against visual estimates to assess if they
produced qualitatively similar results, and to calculate the RMS error for each observer.
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Results

The vegetation density profiles generally varied more between sites, than within sites (Fig. 2).
Based on visual observations (see site photos in Appendix S1) these profiles appeared to be a
good rendition of the density distribution at each site. The different profiles produced within
each site also varied between the four scanner positions (Fig. 2) and between the nine
columns analysed at each position (e.g. Fig. 3), demonstrating that even within our relatively
homogeneous sites there was a large amount of spatial variation. However, there was little
difference between the low and medium resolution scans at any given site and position (Fig.
2). That is, the density profile was affected by where we placed the scanner, but not the
resolution of the scan we performed.

In general, there were no consistent differences between the density profiles of the
nine pillars (as assessed using the average of all eight scans at all eight sites) that would
suggest the density profiles were affected by the higher density of laser scans in the central
pillar. However, in a number of cases where there was vegetation close to the scanner, the
central pillar had much higher densities in the 1-3 m height range. This artefact was absent in
most of the scans, suggesting the calculated density profiles were not biased by differences in
laser density as long as there was no vegetation close to the scanner. Visual observations and
the results from the four scanner positions (Fig. 2) support the fact that variations in density
profiles capture spatial variation rather than biases between the nine pillars (Fig. 3).

Although we scanned targets as part of the medium resolution scans, they were not
utilised in our analysis. This was mainly because scans needed to be processed individually to
cater for the biases in point density caused by proximity to scanner (see methods), and it was
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not possible to perform such corrections if scans were combined such that beams were
originating from multiple points in the combined image. However, it is possible to process
images separately and then combine them together afterwards (unpublished data).

We still needed to assess the feasibility of targets to assess the cost effectiveness of
different TLS scanning options (our secondary goal), and in particular the practicality of
deploying targets in habitats with dense understoreys (a concern raised by Dassot et al. 2011).
Scan time was affected by factors such as vegetation density, site access and operator
experience, but to scan sites with four medium resolution scans and targets took ~90 minutes
per site, whereas four low resolution scans without targets took only ~20 minutes. The
difference in scan time was minimal (~6 and 2 minutes per scan respectively), but targets
needed to be scanned separately and individually from each of the four positions and this
substantially added to the setup time.

Aggregating density profiles to coarse height ranges (i.e. 0–0.5 m, 0.5–1 m, 1–2 m, 2–
5 m, 5–10 m, 10–30 m) reduced the amount of information on vegetation structure and made
the differences between sites less obvious (compare Fig. 2 and Fig. 4). Nevertheless, this was
necessary to compare the profiles against our three observers, as it was not feasible for visual
observers to estimate density in fine height classes. The three observers predicted vegetation
densities with average RMS errors of 17.5%, 31.2% and 21.6% respectively relative to the
laser scanner (Fig. 5). The scanner was not necessarily predicting near surface densities
accurately due to uneven surfaces and dense vegetation (see methods), but excluding the
lower layer had little effect on these errors (16.2%, 32.1% and 21.9% respectively).
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Discussion
THE BENEFITS AND LIMITATIONS OF TLS
In this study we developed a method to produce vegetation density profiles for different
ecological habitats that varied in vegetation structure. Although we quantitatively assessed
the method against visual observations, it should be stressed that there were apparent
shortcomings of both methods and neither should be considered a true representation of
vegetation structure. Therefore, this discussion examines the benefits and limitations of each
method with reference to our results.

The primary benefit of TLS is that it can produce complex three-dimensional density
profiles of vegetation structure. It was possible to examine finer resolution height classes (e.g.
Fig. 2) and more spatial variation (e.g. Fig. 3) than was feasible with visual estimates (Fig. 5),
and there was less subjectivity. While previous studies have highlighted that betweenobserver variability is a major shortcoming of visual estimates of canopy cover (Gorrod &
Keith 2009; Gollan et al. 2012), our results suggest this may be at least in part due to the
inherent spatial variability of vegetation that can be quantified with TLS.
Another benefit of TLS is that it is a more accurate method of predicting height than
our visual estimation technique. Indeed, some of the errors between TLS and observers
appeared to be a direct result of observers underestimating the height of vegetation, as there
was often an overestimation of vegetation in the 5–10 m height class and an underestimation
in the 10–30 m height class (Fig. 5). This source of error in visual estimates could potentially
be reduced if telescopic poles were utilised to determine more accurately the heights at each
site. Other studies have also noted that lidar scanning can increase the accuracy of vegetation
height estimates (Pirotti 2011), but heights can sometimes be underestimated by TLS if the
density of points in the upper canopy is low (Durrieu et al. 2008).
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In developing our method, we also noted several shortcomings of TLS. First, the
scanner and the targets had to be placed in relatively open positions within a given habitat,
and this introduced a bias in where we were assessing canopy cover. Visual estimates were
not as affected by this as we could move around to look at vegetation from different
positions, and even deduce the density of vegetation in places that were not visible—a
subjective approach that is not possible with TLS. It was apparent that TLS was usually
underestimating density relative to observers (Fig. 5), and this may be partially because the
laser scanner was biased towards open areas. We also noticed that that TLS overestimated
density in the 1–3 m height range in the central column if there was vegetation close to the
scanner.

The second shortcoming with TLS, at least in our analysis, is that it was not able to
distinguish reliably between the ground surface and low vegetation. While full waveform or
multiple return scanners are more likely to get a return from the surface, it is still difficult to
determine if returns at slightly higher heights than this are from an uneven ground surface,
loose rocks, woody debris, low vegetation, or small positional errors. Due to this issue, our
estimates of the densities in the lowest layer, and possibly more on steeply sloped land, could
be erroneous. This is not an issue for forestry applications if only large trees are of interest,
but might be important for ecological applications if the density of shrubs and low ground
covers are important. One potential solution to this is to use visual estimates for the lowest
layers of vegetation, but rely on TLS for majority of the vegetation profile. It has been
suggested that the strength of the reflected laser beam may be used to distinguish between
leaves, woody structures or the ground (e.g. Côté et al. 2009). However, that was not tested in
this study and it is not clear how accurate such a method would be using only one wavelength
of laser beam (as opposed to a method such as hyperspectral remote sensing, Lillesand &
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Kiefer 2000). Full-waveform sensors may also have greater ability to distinguish different
target types (e.g. Jupp et al. 2009), but further research is needed to determine how well they
can separate low vegetation from other objects.

A third shortcoming concerns the closed-room correction we applied to cater for
beams that passed through the canopy without generating a return (a similar approach to that
used by Danson et al. 2007). Unfortunately, there are also situations where beams do
encounter an object, but are not reflected with sufficient strength to be detected by the
scanner (Danson et al. 2007). This is problematic because we assume these beams passed
through the canopy when they did not. This will result in an underestimation of vegetation
density, and may be another reason why TLS gave lower densities than visual observers in
our study.

A fourth limitation of TLS is applicable to analyses or methods that rely on targets to
co-register multiple images for the same site. There have already been doubts raised about the
feasibility of using targets in forested environments (Henning & Radtke 2006), and our
opinion is that it is not feasible across a broad range of habitats without introducing an
unacceptable bias towards open understoreys to guarantee targets will be visible from
multiple scanner positions. We identified there was a ~75% time saving (20 minutes versus
90 minutes) when doing four low resolution scans without targets instead of four medium
resolution scans with targets, and this saving would improve the feasibility of using TLS at
many different sites. If we need to produce accurate images of trees (e.g. Côté et al. 2009,
2012) then targets may be necessary, but if we are only interested in producing density
profiles then we can treat different scanner positions and columns as replicate estimates
without having necessarily to co-register them into one combined image. Laser densities are
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configurable (not limited to low, medium and high) and future studies could investigate the
trade-off between point densities and scan time in more detail. However, the scan time was
not the major difference between our two scanning strategies, as target placement and
scanning was the major time consuming task.

Not all of these limitations will be apparent for all potential applications. For
example, in open understorey habitats the need to place the sensor in open areas will not
necessarily introduce a bias. Similar, if the user is only interested in the structure of trees for
forestry applications, then the errors in ground vegetation may not be a serious issue.
However, many of these issues need to be addressed to make methods more appropriate for
broader ecological research and applications.

APPLICATIONS OF DENSITY PROFILES

Density profiles can be interpreted to produce traditional metrics such as vegetation height
and cover, but also contain extra information on how vegetation density changes in threedimensional space. This opens up new opportunities in how vegetation is incorporated into
ecological research and management. For example, incoming solar radiation is intercepted by
tree canopies, but the amount reaching the surface is affected by both the height and total
cover (Breshears & Ludwig 2010). Incorporating density profiles into these analyses could
improve our ability to model sub-canopy radiation levels and consider the combined effect of
different layers. Similarly, near-surface temperatures and humidities are also affected by
canopy cover, but the height of the vegetation also needs to be considered (Ashcroft & Gollan
2012). Using density profiles to determine the total net effect of the whole canopy structure
on surface microclimates and energy balances is an important future application.
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Another potential application of density profiles is for vegetation monitoring or
aboveground carbon assessments. Examination of the whole profile might detect changes that
are not apparent in simple metrics such as height and LAI. Density profiles could also be
utilised in studies of how vegetation structure directly affects the habitat suitability for
different species (James & Wamer 1982; Gunnarsson 1990). For example, different species
may be sensitive to the structure or cover at a certain preferred height in the canopy
(Shanahan et al. 2011), and density profiles allow researchers to focus on the cover at
different heights for different species. Density profiles could also be used to assess bushfire
hazard, for example, by detecting ‘ladder fuels’ that allow ground fires to reach the upper
canopy (Lefsky et al. 2002). Density profiles provide more information on canopy structure
than provided by traditional metrics, and these are just some of the potential applications that
are yet to be fully realised by ecologists.
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Appendix S1. Colour photographs of the eight sites scanned in this study.
Appendix S2. R code for producing density profiles.

Fig. 1. The method for produced density profiles consisted of dividing the scan into 5 m by 5
m pillars (e.g. vertical lines in figure), estimating ground level using the lowest return in each
pillar, and then dividing each pillar into prisms of 25 cm height (e.g. horizontal lines in
figure). Each point in the TLS data was converted to a ray, and broken into segments of equal
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length to the height classes (25 cm). The density in each prism was then calculated by
determining the proportion of segments that were reflected (see methods for full details).
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Fig. 2. The density profiles produced from low-resolution (‘Low’) and medium (‘Med’)
resolution scans at four positions (last number in legends) within eight sites (first number in
legends). The raw output in 25 cm height classes has been aggregated to 1 m height classes.

Fig. 3. The density profiles produced from the nine different pillars form the medium
resolution scan at the second position of the second site. These are the components of the
average density profile ‘Med22’ in Fig. 1. The raw output in 25 cm height classes has been
aggregated to 1 m height classes.
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Fig. 4. The density profiles produced from low-resolution (‘Low’) and medium (‘Med’)
resolution scans at four positions (last number in legends) within eight sites (first number in
legends). The raw output in 25 cm height classes has been aggregated to broader height
classes for comparison with visual observers.
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Fig. 5. The density profiles estimated by three observers in comparison to the average density
profile produced by TLS at eight sites. The raw TLS output in 25 cm height classes has been
aggregated to broader height classes for comparison with visual observers.
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