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Abstract: The remote identification of forest canopy gaps from Digital Elevation Models (DEMs) built from
aerial photographs is potentially a viable alternative to ground-based field surveys. In this study a DEM-based
gap-finding algorithm, given suitable experimentally determined input parameters, yielded canopy gap statistics
for a study area that were consistent with ground-based survey data from the same area. The method could thus
be ‘trained’ to replicate ground-based results for a small test area of beech (Nothofagus) forest, with the potential
for it to be applied to larger areas of forest of a similar type to gather canopy gap data with relatively little
additional field work. The use of a DEM-based method also has the advantage that the results are easily analysed
and mapped using commonly available GIS and cartographic software.
____________________________________________________________________________________________________________________________________
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Introduction
The role of disturbances in forest dynamics has been
widely recognised (Pickett and White, 1985). In some
forests, the disturbance regime is characterized by
large, infrequent disturbances with return periods of
decades to centuries. Examples include catastrophic
fires (Heinselman, 1973), floods (Duncan, 1993),
hurricanes (Foster and Boose, 1995), earthquakes
(Wells et al., 2001), and volcanic eruptions (Turner et
al., 1997). In other forests frequent, less intense
disturbances create small-scale openings in the forest
canopy so that the forest is constantly turning over and
at any one time a significant proportion of the landscape
is in a recently disturbed state (Runkle, 1982).
The formation of such small openings in the forest
canopy (‘gaps’) was recognised early by Watt (1947).
Subsequently, numerous tropical and temperate studies
have demonstrated that such treefall gaps are important
to the population dynamics of forest trees and to forest
composition, structure, and heterogeneity (Brokaw,
1982, 1985a, 1985b; Runkle, 1992; Blackburn and
Milton, 1996; Tanaka and Nakashizuka, 1997; Brown
and Jennings, 1998; Dube et al., 2001; Ott and Juday,
2002).
However, although it is generally accepted that
gaps are important to forest diversity and dynamics,
there has been some debate about the recognition of so-

called ‘gaps’ and how they should be appropriately
defined and measured (e.g., Lieberman et al., 1989;
Runkle, 1992). For example Brokaw (1982) defines a
gap (in Panamanian tropical forests) as “… a hole with
vertical sides extending through all levels down to an
average height of 2 m above the ground”, whereas
Nakashizuka et al. (1995) define gaps (in temperate
deciduous forests in central Japan) as “…sections of
forest canopy lower than 15 m above the ground”.
Clearly the definition of a forest canopy gap is somewhat
subjective, and also varies according to forest type.
Whichever way they are defined, canopy gaps are
generally small (<1000 m2). Conventionally, their size
has been estimated by ground-based measurements of
their length and width and the subsequent calculation
of area based on the formula for a circle or an ellipse
(e.g., Stewart et al., 1991; Runkle, 1992; Bartemucci
et al., 2002). These methods can be time consuming
and physically challenging in difficult terrain, and the
results of ground surveys may also vary according to
the surveyor’s definition of what constitutes a gap
(e.g., Nakashizuka et al., 1995). In addition, very small
canopy gaps, and/or those in which the understorey
vegetation is dense, are often difficult to delineate
from the ground in field surveys. Attempts have been
made to improve the objectivity of ground surveys,
such as the measurement of canopy height at points on
a pre-defined grid (e.g., Brokaw and Grear, 1991) or
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regular line-intersect sampling (Battles et al., 1996),
but, while offering improvements over ground surveys
in which gaps were defined arbitrarily, such methods
still require much time and manual effort, particularly
for larger areas (Nakashizuka et al., 1995).
More recently, attempts were made to reduce the
effort involved in collecting canopy gap data by means
of remote methods—looking at a forest canopy from
above instead of from below. Most commercially
available satellite imagery, while useful for studying
forests at a landscape level (Blackburn and Milton,
1996), is generally too coarse in resolution (i.e., > 5 m
per pixel) for the accurate delineation of individual
tree crowns. The cost of satellite imagery is also high
relative to the small size of most study areas (generally
no more than a few tens of hectares, e.g. Tanaka and
Nakashizuka, 1997; Fujita et al., 2003). Airborne
Laser Scanning (ALS), also known as Light Detection
and Ranging (LiDAR), is an emerging remote sensing
technology that can accurately estimate forest structure
(Lefsky et al., 1999; Lefsky et al., 2002; Lim et al.,
2003) and has significant potential for high-resolution
identification and mapping of forest canopy gaps.
However, the cost of deploying this technology in
New Zealand, whilst falling, is currently too high to be
cost effective for small study areas.
Aerial photography and airborne digital imagery
offer lower cost, alternative sources of high-resolution
canopy imagery, and studies on the measurement of
canopy gap characteristics from these sources have
become more commonplace since the mid-1990s (e.g.,
Nakashizuka et al., 1995; Tanaka and Nakashizuka,
1997; Fox et al., 2000). However, while suitable for
small study sites, the use of manual photogrammetric
techniques for mapping canopy structure over large
areas is generally not considered cost-effective
(Andersen et al., 2003).
More recently, the use of Digital Elevation Models
(DEMs) has been investigated as an alternative to
ground surveys or intensive manual analyses of aerial
photography (e.g., Nakashizuka et al., 1995; Tanaka
and Nakashizuka, 1997; Herwitz et al., 1998; Fujita et
al., 2003). DEMs are computerised representations of
a surface, and can be constructed from a variety of
sources including topographic surveys, satellite
imagery, aerial photographs and digital airborne
imagery. DEMs showing the surface features of a
forest canopy can be easily analysed within Geographic
Information Systems (GIS) software, making the
characterisation of a forest canopy a relatively fast and
easy process. This approach has the advantage of
being able to rapidly collect data on canopy gap
characteristics for extensive areas, with a minimum of
field work. It does not, however, allow the collection
of additional data such as seedling distributions within
gaps.

Nakashizuka et al. (1995) and Tanaka and
Nakashizuka (1997) compared DEMs constructed from
summer and winter imagery for an area of deciduous
forest, and used the apparent elevation differences on
the DEMs (relating to the presence or absence of
leaves) as an indication of the canopy height. However,
New Zealand indigenous forest is not deciduous, so
their method could not be used here. Fujita et al. (2003)
devised a similar method by which they created a
ground DEM from ground measurements and compared
it with a DEM of the canopy top created from aerial
photographs. This approach, whilst useful for evergreen
forests where a ground DEM cannot be created from
winter photography, still requires researchers to visit
almost their entire study site on foot to acquire ground
data.
Our study describes the use of a semi-automated
method, based on a high-resolution DEM constructed
from scanned aerial photographs, to identify and
characterise canopy gaps in an area of indigenous
temperate beech (Nothofagus spp.) forest on New
Zealand’s South Island. Forest canopy gaps were
identified, mapped and measured using an algorithm
that compared the elevation of the interiors of gaps
with the elevation of a “canopy top” surface that was
interpolated from the surrounding forest canopy. The
results in this study were obtained by “training” the
algorithm to replicate a target set of canopy gap data
for the same study site that was obtained from a
previous ground survey (Stewart et al., 1991). The
method is still in its infancy; however, it does have the
potential advantage of being able to be applied to
larger areas of the same forest type, once it has
successfully replicated a target set of data, without
need for the entire site to be visited on the ground.

Methods
Study area
The 10.6 ha study site, at 42° 13'S, 172° 15'E, is located
adjacent to Station Creek, in the Maruia Valley, in the
northwest of New Zealand’s South Island. The site is
situated between 400 and 450 m above sea level, on
recent gravel terraces with soils derived from alluvial
sands and silt (Bowen, 1964). The position of the study
site, adjacent to an access road, is shown in Figure 1.
Mean annual rainfall at Station Creek is 1900–
2000 mm (T. McSeveny, Landcare Research, Lincoln,
N.Z. unpubl. data). Mean monthly air temperatures
range from c. 5°C to 15°C, with an absolute range of
c. –7°C to 32°C (T. McSeveny, unpubl. data). The
study area is under mixed indigenous beech forest,
comprising red beech (Nothofagus fusca) and silver
beech (N. menziesii). The canopy is dominated by
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Figure 1. Location of the study site adjacent to an access road
in the Maruia Valley, northwestern South Island, New Zealand.

large-diameter N. fusca, up to 30 m tall, over smaller
diameter N. menziesii, which have a maximum height
of approximately 25 m (Runkle et al., 1995).
Understorey vegetation at the site is sparse (Stewart et
al., 1991). Fifty canopy gaps were identified and
measured at the site in 1987 by Stewart et al. (1991),
and 48 of these fell inside the study area delineated on
the DEMs used in this study.
Aerial photography and DEM construction
The earliest available aerial photography suitable for
this study was taken in January 1990. We used a single
stereopair which provided colour infrared stereo
coverage of the site at a scale of 1:15 000; these were
scanned at 12.5 µm to produce high-resolution digital
imagery with a ground resolution of 0.19 m per pixel.
The software used to generate the DEM used in
this study was IMAGINE OrthoMAX Version 8.2, a
softcopy terrain mapping and geopositioning package
developed by Vision International (ERDAS
Incorporated, Georgia, USA, 1992). For a DEM to be
generated from stereo imagery, OrthoMAX required
each image to contain a number of points of known
position and elevation. Ground control points used in
this study were surveyed by a differentially corrected
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Global Positioning System (GPS) to a nominal precision
of 1.5 m. A minimum of four control points per image
were collected, using widely dispersed and readily
identifiable features in the field such as road
intersections, logs on the roadside, and points where
roads crossed over streams. These points, in conjunction
with details of the geometry of the camera and lens
used for the photography, were then used by OrthoMAX
to calculate, by triangulation, the camera position and
attitude for each image.
The calculated camera positional data were then
used to build the DEM for the study site by stereomatching features present in both images, calculating
the elevation for the entire study site point-by-point
based on the degree of relief displacement from one
image to the next. ERDAS Incorporated advise that the
best results are gained when a DEM is generated at a
resolution of approximately one-fifth of that of the
original imagery; therefore, with a ground pixel
resolution of 0.19 m in our original imagery, we
generated our DEM at a resolution of 1.0 m.
The quality of the matching process depends, in
part, on the textural quality of the original images
(Betts and De Rose, 1999). At any point where the
images lack sufficient texture to allow a successful
match, the matching algorithm fails and the elevation
for that point is then estimated (interpolated) from
neighbouring points. The accurate representation of
canopy gaps on a DEM can be adversely affected by
interpolation, as gap interiors tend to be in shadow on
the original imagery and therefore often have

Figure 2. Graphic summary of the algorithm used for canopy
gap detection from a forest canopy DEM using Spatial Modeler
(ERDAS® Incorporated, 1992).
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insufficient textural definition for successful pixel
matching in OrthoMAX.
Canopy gap detection
The process of gap detection from the forest canopy
DEM is summarised in Figure 2. The method first
required the construction of a canopy top DEM, in
which a local maximum filter and then a smoothing
(local mean) filter were applied to the forest canopy
DEM to create a new surface that approximated the
level of the top of the forest canopy. The filters,
essentially square roving windows of a specified size
(in pixels), calculated a new elevation value for the
pixel at the centre of each window location based on
the elevation values of the surrounding pixels within
the window. By way of example, using our 1-m
resolution DEM, a 15×15 pixel local maximum filter
was a roving window of 15 m on a side; when it was
applied to the DEM it gave to the centre pixel for each
location the maximum elevation value encountered
within 7 m (the distance from the centre pixel to the
edge of the roving window) of that centre pixel. The
window was then moved by one pixel and the
calculation repeated, and so on, until the window had
been applied to the whole DEM, pixel by pixel. In
other words, the canopy top DEM was derived for the
original DEM such that, for any point on the original
DEM, the canopy top DEM contained the highest
elevation (pixel value) that occurred on the original
DEM within 7 m of that point. The canopy top DEM
can therefore be likened to a surface that could be
obtained by stretching an imaginary blanket over the
original canopy surface.
The filter size was initially chosen to be just larger
in area than the largest gap measured in the ground
survey. This ensured the canopy top DEM did not
include lower elevations from within canopy gaps, and
therefore cause the algorithm to underestimate or fail
to detect some gaps. Further testing showed that a filter
of size about 30% larger than the largest gap recorded
on the ground yielded the best results, as discussed
below.
Following construction of the canopy top DEM,
the elevations in the original DEM were then subtracted
from those in the canopy top DEM to create a difference
image. Elevation differences in the difference greater
than a threshold value were provisionally taken to
represent canopy gaps (Fig. 3).
The difference image was then converted to a
polygon file, in Arc/Info Version 8.1 (ESRI
Corporation, California, U.S.A.), for analysis. The
process of converting the gaps to polygons assigns
each gap a unique identity, and also assigns attributes
containing information on gap area and perimeter for
each gap. This makes it very easy to select gaps and
perform calculations based on their attributes.

Figure 3. Schematic cross-section showing the relationship
between the original forest canopy DEM and the “canopy top”
DEM, and how a canopy gap is represented by elevation
differences between the two.

Small gaps (of area less than 20 m2) were not
recorded in the ground survey on which this study is
based, and, therefore, were similarly removed from the
DEM-derived data set. The ground survey also excluded
highly elongated or irregular gaps that were narrower
than 5 m on a side, irrespective of gap area, on the
premise that they were not significantly influential on
seedling performance on the ground. A useful statistic
for removing small, highly irregular gaps is the ratio
between a gap’s area and its perimeter, a ratio that
decreases with increasing irregularity and decreasing
size. Therefore, for the DEM method, small, irregular
gaps were removed on the basis of their area:perimeter
ratios being below a certain threshold value. Island
polygons (polygons occurring within polygons) were
manually deleted, on the basis that they were likely to
represent one or more isolated trees within a gap that,
while still being lower than the forest canopy, were
still sufficiently high to affect the canopy top DEM
within a gap (during the ground survey, isolated trees
within gaps were similarly ignored).
The threshold values for the size of the filter
window, the elevation differences taken to represent a
gap, and the area:perimeter ratio used to remove small,
narrow gaps, were determined iteratively by trial and
error such that the final gap data statistics were similar
to those gained by the ground survey. The sensitivity
of the results to these three parameters is discussed
below.

Results
The optimised results of running the gap-finding
algorithm on the DEM and summary statistics are
shown in Figure 4 and Table 1 respectively. The
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Figure 4. Canopy gaps in the study site as estimated from the
DEM. The grey tones in the DEM are directly proportional to
elevation (lighter tones have higher elevation); DEM-derived
canopy gaps are shown as white areas outlined in black.

Figure 5. The effect on the DEM-derived results of varying
the three main parameters used in the model: (A) Depth below
canopy top DEM; (B) Width of search window; (C) Area-toperimeter ratio.

Table 1. Ground survey-based gap data and DEM-based gap data for the study site.
____________________________________________________________________________________________________________________________________

Number
of gaps

Mean gap
area (m2)

Median gap
area (m2)

Standard
deviation
of gap area
(m2)

Maximum
gap area
(m2)

40.5
46.5

200.2
224.0

Minimum
gap area
(m2)

____________________________________________________________________________________________________________________________________

Ground-based data
DEM-based data

48
46

79.7
76.2

69.2
65.0

23.6
20.0

____________________________________________________________________________________________________________________________________

variability in canopy-gap size as measured by the
DEM was slightly greater than measured on the ground,
although the total number of gaps and the mean and
median gap size figures agreed well.
Three main parameters controlled the results
obtained in this study (summarised in Fig. 5). First,
DEM gap statistics were affected by the vertical
elevation difference between the canopy top and
original DEMs that was taken to constitute a gap (Fig.
5A). Canopy gaps were generally represented by deep,
steep-sided depressions on the DEM, with variable
side slope angles. Therefore, the abundance and size of
gaps as detected by the DEM method were strongly
influenced by the value of the elevation difference that
was interpreted to be a canopy gap. A large difference

(e.g. 16 m) resulted in underestimates of gap statistics,
while a small difference (e.g. 8 m) led to overestimates.
In the ground survey, a gap was taken to be a drop of
10 m or more from the surrounding canopy, while a
drop of 12 m yielded the best results from the DEM
method.
Second, the size of the search window used for the
local maximum and smoothing filters was important
(Fig. 5B). A small filter (e.g. 9×9 m) enabled the
canopy top DEM to approximate more closely the true
canopy surface, but also caused it to fall into larger
canopy gaps; this led to gaps not being detected, or
large gaps being under-represented, on the difference
image. Conversely, a large filter (e.g. 25×25 m) tended
to over-generalise the canopy surface, frequently
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leading to the interpretation of topographic hollows or
local variations in canopy height as large canopy gaps,
and, consequently, overestimates of canopy gap size
and abundance. Small filters thus tended to result in
small gaps and large filters returned large gaps. A filter
size of 17×17 m, approximately 30% larger in area
than the largest gap recorded on the ground, was found
to be optimal. This represented a tradeoff between the
risk of allowing the canopy top DEM to fall into gaps
by using too small a filter, and the tendency of large
filters to over-generalise the canopy top.
Third, gap statistics were influenced by the chosen
threshold value for the area:perimeter ratio, which was
used to accept or discard small and/or very irregular
gaps (Fig. 5C). This ratio is low for very small and/or
irregular gaps, and increases with gap size and
decreasing irregularity. A low threshold led to more
gaps being retained in the sample, while raising the
threshold reduced the sample in favour of large, less
irregular gaps.

Discussion
These results clearly demonstrate the need for the
DEM method to be trained to replicate a trial set of
ground-based survey data, by experimentally varying
each of these three parameters in turn. Once this
training is successful (that is, a sample set of groundbased gap data has been closely replicated by the DEM
method), this method can then be used to quickly
gather data on canopy gaps over larger areas of the
same forest type for relatively little additional effort.
An advantage of this method is that it is designed
to work on evergreen forests where there is little or no
opportunity for aerial photographic surveys of the
underlying ground surface. Because it is based on
analysing a single DEM of the forest canopy, there is
no requirement for a second DEM of the underlying
ground surface to compare it with (e.g. Nakashizuka et
al., 1995; Tanaka and Nakashizuka, 1997; Fujita et al.,
2003). This means, for the method to be used, only one
photographic survey and one field trip (to establish a
test set of ground gap data and set up ground control
points) would be needed.
This method would also enable researchers to map
changes accurately and objectively in a forest canopy
over time, using repeat photography taken to the same
specifications each time and based on the same set of
ground control points (e.g. Herwitz et al., 1998). Once
a digital dataset of canopy gaps has been produced, it
would also be a relatively simple process to use this in
a GIS software package to calculate other spatial
characteristics of forest canopy gaps such as gap
density, percentage of forest area in gaps, gap shape,
gap spacing, dispersion index for gaps, and gap spacing

statistics (Blackburn and Milton, 1996). In contrast, to
calculate the same attributes manually from a groundbased survey would be a very time-consuming task,
especially for a large area. Having a gaps map already
in digital form also means it is easy to produce hardcopy
maps of canopy gaps and their attributes if required,
using various cartographic facilities now commonly
available within most GIS software packages.
As well as enabling the rapid collection of gap
data over relatively large study sites, the DEM method
also offers efficiencies in modelling applications
because the data are available in high-resolution digital
form that can be easily manipulated using a range of
cartographic and GIS software packages. For example,
the ability to produce a high-resolution DEM of a
forest canopy, together with an accurate map of gap
locations and characteristics, would enable researchers
concerned with seedling performance within gaps to
model light environments at the forest floor by using
these data layers together with available information
on sun angle and cloud cover.
Whilst offering a number of advantages over
manual gap surveying methods and many remote
methods, the DEM method also has some limitations.
For example, the DEM method has been developed on
an almost flat site, whereas much of New Zealand’s
topography is mountainous. Further testing would
therefore be required to test the robustness of the
method with respect to variations in topography. The
current study has also been carried out on a relatively
simple, uniform forest type, dominated by only two
canopy species. However forest canopy morphology
is often highly variable, particularly for mixed
podocarp-hardwood forests or where widespread
natural or anthropogenic disturbance has occurred,
and therefore the DEM method will probably need to
be modified to yield acceptable results in these
situations. In particular, a forest characterised by tall
emergent trees within a matrix of shorter species
would probably require a modified version of the
method due to its reliance on comparisons of the
canopy elevation at a point with the maximum height
of the surrounding canopy (which would be confounded
by the presence of emergent trees). Very large gaps or
areas of major disturbance may also be problematic
because of the canopy top DEM’s tendency to descend
to the floor of very large gaps and therefore lead to
underestimates in overall gap statistics. This is
especially challenging where the range in gap sizes is
very large, because if a filter size is chosen to cope with
the largest gaps it may lead to overestimates of smaller
gaps within the same study area.
The accuracy of canopy gap identification and
characterisation from a DEM built from stereo aerial
photography is likely to be adversely affected by the
effects of interpolation on the DEM surface. With
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OrthoMAX and other texturally based image matching
algorithms, the process of DEM construction from
aerial photography relies on the original images
containing sufficient texture for features to be matched
between images. Areas of low textural definition, such
as within shadows, are usually poorly represented on
DEMs built from aerial photography in this way. This
presents a problem for gap studies in particular because
canopy gap interiors are usually shaded by the
surrounding canopy. As mentioned above, wherever
image matching in OrthoMAX fails, the elevation of
that point is instead interpolated from surrounding
successfully matched points. Interpolation, therefore,
reduces the size and number of gaps detected by the
DEM method because it tends to fill the gaps on the
forest canopy DEM.
Because it is based on aerial photography, the
effects of sun angle on the degree of shading within
gaps (and consequent interpolation during DEM
construction) may be especially problematic for winter
images. Either the method would need to be modified
to accommodate excessive shadowing, or else be limited
to using summer photography only. Bad weather
conditions may also delay the acquisition of aerial
photography.
The recent development of LiDAR offers an
attractive alternative means of acquiring high-resolution
canopy DEM data (Lefsky et al., 1999; Lefsky et al.,
2002). Because LiDAR uses active laser and therefore
does not rely on illumination by natural sunlight
(Shrestha et al., 2000), LiDAR-based aerial surveys
can be carried out at short notice at any time of year,
and data can be collected by day, by night, or in
shadowed areas (Renslow and Gross, 2001). The main
drawbacks with using LiDAR in New Zealand are its
present high cost, and the relative paucity of operators
that offer this technology. However, as the technology
improves and the cost declines, it is expected that
LiDAR will become more widely offered and used in
the near future. Until this occurs, however, LiDAR is
generally regarded as being too expensive to
commission, especially for most small studies (Renslow
and Gross, 2001).

Conclusions
The use of a high-resolution DEM to identify and map
forest canopy gaps has shown positive results,
demonstrating that the method has merit as a means for
rapidly acquiring information on canopy gaps for
considerably less effort than would be required if the
same data was gained by manual field measurements.
The results gained by the DEM method are sensitive to
individual site characteristics, and therefore the method
needs to be trained to replicate a small sample set of
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ground-based data before it can be applied to a larger
area of the same forest type. This training is achieved
by experimentally varying the three main parameters
(canopy gap threshold depth, search window size and
gap area:perimeter ratio) on which the method is
based, until the results so gained give a close match to
the control data set. While initial results are promising,
further work is needed to investigate the robustness of
this method, particularly with respect to topography
and forest composition and structure.
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