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In this paper, we demonstrate the effectiveness of digital stereo images and canopy height models (CHMs) derived
from them for forest height change assessment. Top heights were derived for 199 terrestrial inventory plots from
forest inventories conducted in 2008 and 2013 in a forest near Traunstein, Germany. Semi-Global Matching was
applied to two sets of aerial stereo images, acquired in 2009 and 2012, respectively, to compute CHMs. Subse-
quently, several height percentiles were calculated from the areas in the CHMs that lay within the inventory plot
locations. The maximum CHM value (hmax) had the highest correlation with the field-based canopy top heights
and was selected for use in all further analysis. Periodic annual increments (PAIs) of forest height were calculated
from both the remote sensing and the field data at the inventory plot locations. Scatterplots of the PAIs over top
height revealed similar patterns in the results derived from the two data sets. The inventory plots were assigned to
three height classes representing various forest successional stages – youth, full vigour and old age. The PAI dis-
tributions within the three height classes were significantly different from one another. Our findings suggest
that CHMs derived from repeat aerial image surveys can be a viable tool to measure canopy heights and to
assess forest height changes over time, even for a highly structured, mixed forest in central Europe.

Introduction
Tree height measurements provide valuable insight into the verti-
cal structure of forest stands (Brokaw et al., 1999). In combination
with measurements of diameter at breast height (DBH), tree
heights are often used to estimate growing stock attributes such
as timber volume. Moreover, in both forest practice and forest
science, tree heights serve as indicators of site quality and are
used to quantify yield (Kramer and Akça, 2008). Terrestrial mea-
surements of tree heights within traditional forest inventories,
however, are costly and very time-consuming (Næsset and
Økland, 2002). Also, because these measurements of tree crown
apices are done in scattered inventory plots, data only exist for
small areas of the forest, and little information is available for the
forest areas between the plots. Additionally, most forest inventor-
ies, at least in central Europe, are repeated only every 10 to 20
years, meaning that no new measurements are available for rela-
tively long periods. However, as Holopainen et al. (2014) pointed
out, precise and up-to-date information are indispensable for the
implementation of sustainable forest management practices. To
overcome the common shortcomings of most terrestrial inventor-
ies, i.e. the unavailability of wall-to-wall data and the long periods
where no new data are available, regularly acquired data from
remote sensing technologies capable of capturing the height of
forest canopies could be very useful.

With the advent of LiDAR (Light Detection and Ranging), forest
researchers began to use these data for forest attribute estimation.
As early as 1984, Nelson et al. (1984) reported results for the as-
sessment of tree heights and canopy profiles using a profiling
laser system. Airborne laser scanning systems for use in forestry
became popular during the 1990s. Different studies were con-
ducted to estimate stand height and timber volume using these
data – in the beginning, primarily for boreal forests (e.g. Nilsson,
1996; Næsset, 1997). LiDAR technology and forestry applications
have matured rapidly and moved from the research to the oper-
ational realm (Hudak et al., 2009).

A numberof studieshave been conducted in order to investigate
LiDAR for the estimation of change. McRoberts et al. (2014) pro-
vided an overview of LiDAR-based change assessment studies
and distinguished them into two groups – single-tree studies
and area-based studies. In single-tree approaches for estimating
change, mostly individual crown segments are considered and
height growth is usually assessed using maximum heights within
these crown segments derived from multi-temporal LiDAR data.

Such single-tree studies were published by, e.g. Hyyppä et al.
(2003), St-Onge and Vepakomma (2004), Yu et al. (2004) and
Yu et al. (2006). They concluded that estimation of forest height
change is effective using multi-temporal LiDAR data. Area-based
studies have focused rather more on larger areas such as forest
inventory plots and, in addition to canopy height changes, have
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looked at changes in aggregated forest attributes such as timber
volume or biomass per unit area (McRoberts et al., 2014). In most
of these investigations, characteristics derived from LiDAR height
distributions were used for modelling. Area-based change studies
were described, e.g. by Næsset and Gobakken (2005), Yu et al.
(2008), Hopkinson et al. (2008), Hudak et al. (2012), and Bollandsås
et al. (2013). Despite the rather short time intervals between the
repeated acquisitions dates employed in these studies, the potential
of LiDAR for estimating forest growth in terms of changes in stand
height, basal area or biomass was confirmed.

One drawback of LiDAR systems for monitoring forest stands,
however, is the relatively high cost of data acquisition. In several
European countries, surveying authorities have carried out nation-
wide LiDAR programs commissioned for generating digital terrain
models (DTMs) with high accuracy. For example, the surveying au-
thority in the state of Bavaria, Germany, computed a LiDAR-based
DTM with 1 m resolution for the entire area of the state. However,
regularly scheduled LiDAR acquisitions have, thus far, not been
planned.

In contrast, in many areas, a tradition of conducting periodic
aerial image surveys was established decades ago. Such surveys
began, for example, in Bavaria in 1985 (Stößel, 2009) and are cur-
rently repeated at regular 3-year intervals. The development of
digital aerial cameras (Leberl et al., 2012) and their implementa-
tion in most administrative surveys further simplified the provision
of and improved the availability of aerial imagery. The processing
chain has become completely digital, and due to progress in
computer technology – including new algorithms for image
matching such as Semi-Global Matching (SGM; Hirschmüller,
2008) – dense height data can now be computed from such
imagery (Haala, 2013).

Prior to the introduction of digital cameras for aerial surveys,
analogue photographs (mainly panchromatic and colour-infra-
red) were the primary source data for aerial photogrammetry.
For digital (softcopy) photogrammetry applications (using either
stereoscopic photo interpretation at digital photogrammetric
workstations or automatic image-matching procedures), the
images had to be digitized before use. Some studies, carried out
in the early 2000s, examined the feasibility of using digitized
aerial photographs and conventional automatic image-matching
algorithms (e.g. cross-correlation) to determine forest heights.
Næsset (2002) and Korpela and Anttila (2004) used digitized ana-
logue photographs to generate elevation data for forest stands
in south-eastern Norway and southern Finland, respectively. In
both studies, mean stand heights computed from terrestrial mea-
surements were compared with various percentiles of the image-
based height data. Zagalikis et al. (2005) demonstrated the poten-
tial of digitized aerial photographs in conjunction with existing
terrain data for automatic height extraction of single trees in
Sitka spruce plantations in Scotland.

Due to the existence of a long series of analogue photographs
for different areas, some studies have utilized these data to inves-
tigate forest canopy height dynamics over decades. As examples,
studies from Wales (Miller et al., 2000), Japan (Itaya et al., 2004)
and Canada (Véga and St-Onge, 2008) have all demonstrated
the applicability of historical photographs for the generation of
surface models using image-matching technologies. By applying
these derived surface models to forest change assessment,
these authors were also able to detect vertical growth and gap
dynamics in forest canopies.

However, as White et al. (2013b) stated, height measurements
derived from image matching of aerial images describe the upper
canopy surface only. Thus, to achieve heights above ground, add-
itional bare earth elevations are necessary. LiDAR measurements
have been proven to serve this purpose well, and assuming that
the terrain surface under a forest remains approximately constant
over time, existing LiDAR-based DTMs from topographic mapping
surveys can be utilized for height normalization of image-based
measurements.

Thus, St-Onge and Achaichia (2001) and St-Onge et al. (2004)
evaluated the combination of LiDAR and digital photogrammetry
as a mapping tool for quantifying forest structural characteristics
and individual tree heights. St-Onge and Achaichia (2001) ana-
lysed two CHMs, one using LiDAR only and one using image-based
surface heights normalized against LiDAR ground elevations. They
found that the pattern determined by the variation of stand height
and density were similar from each other. The image-based CHM
was capable to resolve tree clusters and even the crowns of
single trees. Photogrammetric measurements of individual tree
apex heights in combination with LiDAR ground elevations were
used to estimate individual tree heights. Using field-measured
tree heights for evaluation resulted in an average bias of 0.59 m
(St-Onge et al., 2004). In a rigorous comparison of heights from
image-based CHMs and reference LiDAR-only CHMs, it was shown
that high correlations, both at the pixel level (correlation coefficient
up to 0.89) and at the plot level (correlation coefficient up to 0.95),
were achievable (St-Onge et al., 2008b). Characteristics describing
the vertical distribution of the forest canopy surface were largely
similar between the two data sets. Thus, the authors concluded
that aerial images from recurrent surveys in conjunction with
existing LiDAR-based DTMs might be a viable data combination
for monitoring changes in forest structure over time.

As a possible approach for mire ecosystem monitoring, Waser
et al. (2008) presented a workflow for the assessment of forest
area change by means of image-based CHMs, computed from the
combination of digitized aerial images acquired 5 years apart and na-
tional LiDAR data of Switzerland. Moreover, Baltsavias et al. (2008)
demonstrated the great potential of repeat aerial imagery for forest
growth assessment. In this study, dense image matching was
applied to two sets of digitized aerial images acquired 5 years apart
for a test site in western Switzerland. Individual tree heights were
extracted from the image-based CHMs, and growth rates were calcu-
lated for the 5-year period between the acquisition dates of the two
images. Their results encourage further investigation.

As stated above, recent developments in image-matching algo-
rithms and the extensive availability of digital aerial imagery have
stimulated the use of image-based height information for forestry
applications. Example studies were conducted for the detection of
single trees (Hirschmugl et al., 2007), the assessment of forest
canopy heights (Wallerman et al., 2012) and the modelling of
various forest attributes, e.g. basal area and timber volume
(Bohlin et al., 2012; Järnstedt et al., 2012; Nurminen et al., 2013;
Straub et al., 2013a; Vastaranta et al., 2013; Rahlf et al., 2014;
Stepper et al., 2015). Thus, photogrammetry is experiencing a re-
naissance in forest research at the moment. However, up to now,
little work has been done to investigate the efficacy of repeat
aerial surveys, providing high-resolution digital images, for use in
forest height change assessment, particularly for complex forests
in central Europe. Due to the possibilities forcomputing dense mea-
surements of the canopy surface, this tool might prove quite
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effective for acquiring information about the complex dynamics of
forest height structure.

Thus, our primary objective with this study was to scrutinize the
use of digital aerial imagery from regularly repeated surveys for
assessing forest height changes at the plot level for a complex,
highly structured forest in southern Germany. The specific tasks
undertaken in this study were as follows:

† Application of SGM to automatically compute image-based
canopy height models (CHMs) for two image data sets acquired
as part of the regularly scheduled aerial image surveys already
taking place in Bavaria.

† Derivation and comparison of the periodic annual increments
(PAI) of forest height computed from the two CHMs and two
corresponding field inventory data sets at geo-referenced
forest inventory plots.

† Analysis of the PAIs in height for three height classes represent-
ing different successional stages – youth, full vigour and old age.

Materials

Test site

The study is centred on the Traunstein test site, a highly structured
forest near the city of Traunstein in Bavaria, Germany. This forest

has been used as test site for several remote-sensing studies,
e.g. Mette (2007), Schneider et al. (2012), Straub et al. (2013a)
and Straub et al. (2013b). The geographic location of the test site
(�240 ha; latitude: 478 52′ N, longitude: 128 38′ E) is shown in
the inset of Figure 1. Elevations range from 575 to 695 m above
sea level, and the topography is best described as a variation of
flat and undulating terrain interspersed with steeply cut valleys
(cf. main illustration in Figure 1). The commonly occurring soils
are predominantly made up of glacial sediments, and the
climate is characterized by a mean annual temperature of 7.38
Celsius and a mean annual precipitation of 1600 mm, with high
amounts of rainfall in summer. Thereby, good site conditions for
forest growth prevail within the Traunstein test site, and stand
productivity is within the upper third of the central European
range (Moshammer and Pretzsch, 2010). Field measurements
from two consecutive forest inventories carried out in 2008 and
2013 (a description of the field data will follow in the next
section) were available, and as shown in Table 1, the principal
tree species are Norway spruce (Picea abies [L.] Karst.), European
beech (Fagus sylvatica L.) and white fir (Abies alba Mill.).

Major storm events, which occurred in 2007 (Kyrill) and 2008
(Paula and Emma), affected primarily mature spruce stands at
the site. The subsequent regeneration in the wind-throw areas is
now dominated by broadleaf trees. The test-site forest stands

Figure 1 Geographic location of the Traunstein test site in south-eastern Bavaria, Germany. The inset map displays the location of the test site in Germany
(light grey) and that in Bavaria (dark grey), respectively. The main illustration shows the outer boundary of the test site and the spatial distribution of the
forest inventory plots, superimposed on a relief image derived from a LiDAR-DTM.
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are part of the municipal forest which belongs to the city of Traun-
stein and are actively managed to support an uneven-aged mixed-
species forest with the dominant tree species being spruce, beech
and fir. In summary, the forest within the Traunstein test site com-
prises a great variety of successional stages, i.e. heterogeneous
species composition, many different age classes and multi-layered
stands. Thus, the test site is well suited for the investigation of
forest canopy height changes, due to both the presence of good
site conditions for forest growth and the broad range of succession-
al stages with highly variable canopy heights.

Field measurements

Field measurements were made available to us from two terrestrial
inventories that were carried out in August 2008 and July–Novem-
ber 2013 by staff from the Chair for Forest Growth and Yield Science
at the Technische Universität München. The field plots where the
data were collected – 228, in total, within the test site – are laid
out in a regular grid pattern of 100 m×100 m, each meant to
represent roughly 1 ha of forested land (cf. Figure 1). The plot
centres are permanently marked, and during the inventories, a
Trimble Pathfinder ProXT global positioning system (GPS) unit com-
bined with an external Hurricane L1 antenna was used to record
the centre point of every inventory plot. Generally, the GPS mea-
surements achieved accuracies with maximum deviations of
+3 m (R. Moshammer, personal communication, 9 October 2014).

Within each sample plot, all relevant tree attributes (e.g. tree
species, DBH and age class) were recorded for all trees within one
of three concentric circles based on thresholds of DBH. These con-
centric circles and the trees recorded within them are defined by
the following radii ri and corresponding DBH thresholds (in paren-
thesis): 3.15 m (DBH , 10 cm), 6.31 m (10 ≤ DBH , 30 cm) and
12.62 m (DBH ≥ 30 cm). On average (standard deviation in paren-
thesis), 14.3 (6.2) trees and 14.9 (7.6) trees were callipered at each
plot in 2008 and 2013, respectively. The area of the largest circle,
where all trees greater than 30 cm DBH were recorded, is
500 m2. This particular area was used as the reference region for
the linkage to the remotely sensed data in the study. For a more
general description of the concentric sampling method used,
refer to van Laar and Akça (2007).

In addition to the above-mentioned attributes, tree heights
were recorded for several representative trees at each of the inven-
tory plots. All trees were assigned to one of the following vertical
layers: regeneration, understory, overstory or emergent trees (i.e.

trees with crowns that emerge above the rest of the canopy). For
every existing combination of tree species, age class and vertical
layer affiliation occurring at a plot, at least one tree height was
measured. If available, the height of at least two trees per
present combination at each plot was measured foreach of the fol-
lowing species: Norwayspruce (P. abies [L.] Karst.), Scots pine (Pinus
sylvestris L.), white fir (A. alba Mill.), European larch (Larix decidua
Mill.), Douglas fir (Pseudotsuga menziesii [Mirb.] Franco), European
beech (F. sylvatica L.) and English/sessile oak (Quercus robur
L./Quercus petrea [Matt.] Liebl.). Trees with broken treetops were
preferably not selected for height measurement. Thus, depending
on the vertical structure, density and tree species mixture of the
forest, the number of height measurements ranged from 1 to 30
(average: 9.1, standard deviation: 4.7) per plot in 2008 and from
2 to 25 (average: 8.1, standard deviation: 3.7) in 2013. Tree
heights were measured by means of a Vertex IV hypsometer
(Haglöf Sweden, 2007) using ultrasonic distance measuring and
electronic clinometer techniques. Based on the measured distance
to the tree trunk and the angle to the apex, the heights were calcu-
lated trigonometrically. According to the manufacturer’s state-
ment, measurement errors were not expected to exceed 1%. The
height of each treetop was measured three times from the same
vantage point, and the average was recorded as the tree height.
Based on the measured tree heights and DBHs, generalized height-
diameter functions (describing diameter–height relationships)
were adjusted to the respective conditions at each plot. By this
means, tree heights could be modelled for all remaining trees in
the plots for which no terrestrial height measurement was
recorded. Thus, field-measured inventory data, in particular, tree
height data, were available for the years 2008 and 2013.

Aerial image data

All remote sensing data used in our study were provided by the Bav-
arian Surveying Administration. The aerial imagery was acquired in
the years 2009 and 2012 as part of the regularly scheduled aerial
survey of Bavaria, which is updated every three years (Stößel,
2009). The 2009 survey was conducted on 25 April 2009 using
an UltraCam X camera (Vexcel Imaging GmbH, a Microsoft
Company, Graz, Austria) with forward and side overlaps of 65
and 30%, respectively, whereas the 2012 survey was conducted
on 16 June 2012 with an UltraCam Eagle camera with forward
and side overlaps of 75 and 35%, respectively (Figure 2). The
flights were carried out at survey altitudes of 2370 m (2009) and
2830 m (2012) above mean ground level to achieve a ground sam-
pling distance (GSD) of 0.20 m. The data were provided to us as
panchromatic images (PAN, 12-bit radiometric resolution), in con-
junction with the respective camera protocols including the interior
orientation parameters (pixel size, focal length and principal point).
Additionally, we received the results from the aerial triangulations,
i.e. the exterior orientation parameters defining the position and
angular orientation of the images (sensor position: x, y, z; rotation
angles: roll v, pitch f, yaw k). According to the vendor, the image
orientation of the 2012 survey was validated with twelve inde-
pendent ground control points. The RMS accuracyof the orientation
was 14.4, 21.2 and 7.9 cm in the X, Y and Z directions, respectively.
We assume similar accuracies for the 2009 survey, as no independ-
ent accuracy assessment of the image orientation was conducted
for this data set.

Table 1 Tree species composition in the Traunstein test site (given as
percentage of the basal area) calculated using field inventory data
collected in 2008 and 2013

Species 2008 2013

Norway spruce (%) 43 39
White fir (%) 14 16
European beech (%) 22 24
Others (%) 21 21

The table shows that the proportion of spruce decreased by 4 per cent
between the two inventories, whereas both the beech and fir proportions
increased by 2 per cent.
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The characteristics of the two flights are summarized in Table 2,
and image blocks displaying the overlapping stereo images
covering the test site are shown in Figure 2. The dark-grey boxes
indicate the map extent displayed in Figure 1, and the light-grey
areas show the extent of the actual test site.

As height data obtained from image matching of the aerial
stereo images reflect the canopy surface in metres above sea
level, additional bare earth information is necessary in order to
compute canopy heights above ground. For this purpose, we
used a LiDAR-based DTM (1 m spatial resolution) derived from
the official topographic mapping survey in 2010 with a last return
density of 5–6 measurements per square metre (LVG, 2012).

Methods
An overview of the methodological workflow is diagrammed in Figure 3.

Image matching and derivation of CHMs
Image matching was conducted for the two image blocks acquired from
the regular aerial surveys done in 2009 and 2012. For this purpose, we
applied the Semi-Global Matching (SGM) approach to compute a very
densecoverage of heightmeasurements in the areacovered bythe respect-
ive image blocks. The core algorithm of SGM, as developed by Hirschmüller
(2008), aggregates pixel-wise matching costs calculated along 1D paths at
every 458 from a given starting point, i.e. the base image pixel location.
Matching costs measure the dissimilarity between corresponding pixels in
two images – the base and match image – and by penalizing disparity
jumps with additional costs, smooth disparities along the search path are
ensured (Hirschmüller, 2011). The minimum aggregated costs for each
base image pixel are used to create the disparity map for each stereo pair
and, after performing forward intersections, the resulting height measure-
ments are obtained(Gehrke et al., 2010).Thus, the pixel-wise SGM is capable
of computing dense height measurements with reasonable processing
runtime on large images (Haala, 2011).

In this study, we used the Remote Sensing Software Package Graz (RSG,
version 7.44, see Joanneum Research, 2014) to accomplish image matching
with the SGM method. Due to the relatively small side overlap of the stereo
images (cf. Figure 2), only along track stereo image pairs were considered
for computation. In total, 27 stereo image pairs from 2009 and 24 stereo
image pairs from 2012 were processed. Within RSG, dense image matching
was executed separately for each stereo pair. The pixel-wise measurements
at a GSD-resolution of 0.20 m were aggregated to 1 m pixels, assigning the
elevation of the highest measurement to the respective grid cell centre. Sub-
sequently, thesingle stereo image pairs were merged by meansofa probabil-
istic range image fusion approach (Rumpler et al., 2013). Eventually, two
digital surface models (DSM, 1 m resolution) were created – one for each
of the two image blocks (i.e. 2009 and 2012). Finally, CHMs were derived by
subtracting the elevation values of the bare earth DTM from the z-values of
the two DSMs.

As mentioned, e.g. by Hopkinson et al. (2008), both vertical accuracyand
consistency between height measurements collected at two different

Figure 2 Image blocks of the digital stereo images from the aerial surveys conducted in 2009 (a) and 2012 (b) for the Traunstein test site. The dark-grey
boxes in both subfigures indicate the map extent displayed in Figure 1, and the light-grey areas show the extent of the test site.

Table 2 Acquisition parameters of the 2009 and 2012 aerial image
surveys

2009 2012

Camera UltraCam X UltraCam Eagle
Date of flight 25 April 2009 16 June 2012
GSD (m) 0.20 0.20
No. of images 30 27
No. of flight lines 3 3
Forward overlap 65% 75%
Side overlap 30% 35%
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times are crucial to the success of change detection applications, as any
small but systematic error might result in a false assessment of change.
This is especially important in the case of data with short time intervals
between acquisition dates, as were used in our study. To ensure that no sys-
tematic elevation shift existed between the two CHMs, the heights calcu-
lated from each of the two image data sets for six sports fields (i.e.
relatively large areas with very homogenous heights) near the forest area
under investigation were compared. The mean shift in height found for
these control surfaces was 20.12 m (SD: 0.25 m) when the CHM-heights
from 2009 were subtracted from those derived from the 2012 image
data. We considered this to be a marginal shift attributable to random
errors in the data and, therefore, judged the CHMs to be adequately accur-
ate for forest height change assessment. Thus, using the two derived CHMs,
various height percentiles (25th, 50th, 75th, 90th, 95th and maximum) de-
scribing the vertical structure of the canopy surface were calculated for the
area within each of the 500 m2 circular inventory plots.

Identification of suitable inventory plots for height change
assessment
Prior to making any further calculations, it was necessary to examine the
suitability of the field plots for height change assessment. Three different

criteria were used to identify possible outliers among the plots: (1) substan-
tial harvesting that took place between the date of the field inventory and
the corresponding aerial survey, (2) edge effects (i.e. tree crowns located
along the plot boundary were included in the measurements of the
CHMs, but the corresponding stem position was actually outside of the
plot. Therefore, these tree data were not included in the field measure-
ments; see White et al., 2013a), and (3) gross errors from the matching
process. In this study, we specified gross matching errors as one or two
neighbouring pixels of the CHM, which were considerably higher (threshold
.15 m) than the surrounding pixels within the area of an inventory plot.
Based on visual examination of the two CHMs and corresponding
colour-infra-red orthoimages, we identified 11, 8 and 10 plots for substan-
tial harvesting, edge effects and gross matching errors, respectively. Thus,
in total, 29 plots were eliminated from the data set prior to further process-
ing, resulting in 199 inventory plots that remained for the height change
assessment. Example plots for each of the three different criteria are
given in Supplementary data, Figure S1.

Computation of field-based top heights at the plot level

Image-based height measurements primarily characterize the outer enve-
lope of the forest canopy (White et al., 2013b). According to the forest men-
suration textbook of van Laar and Akça (2007), aerial stereo images are

Figure 3 Methodological workflow used to conduct a height change assessment with changes quantified in terms of PAI. (a) Terrestrial assessment: (1)
tree crown heights were measured for representative samples at the respective inventory plots, (2) top heights (H100) were modelled using the height
measurements of trees from the overstory and emergent tree layers, (3) PAI was calculated as the difference between the modelled H100 values for
the two inventory dates divided by the number of shoot elongation periods (which in this case is equal to the number of years between the two
inventories). (b) Aerial image assessment: (1) digital stereo images were acquired in regularly scheduled aerial surveys, (2) CHMs were created by
subtracting LiDAR-derived terrain heights from image-based surface models, (3) PAI was computed as the difference between the maximum height
values (hmax) from the two CHMs divided by the number of shoot elongation periods between the two image dates (in this case, not equal to the
number of years between the images due to seasonal differences between the two acquisition dates).
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suitable for measuring the top height of forest stands. Thus, we selected
this height characteristic for our height change assessment. The top
height (H100) used in this study was defined as the average height of the
100 stems per hectare with the largest DBHs. H100 was computed for
each inventory plot as follows (cf. Algorithm 1): first, all trees assigned to
either the overstory or the emergent tree layer were selected. Second,
the selected tree items (including height and DBH) were replicated by
their respective representation factor RFj of the concentric sampling
(RFj = 10 000/(p · r2

j ), with rj is the radius of the corresponding circle).
Third, the resulting item list was sorted in descending order according to
DBH, and finally, the arithmetic mean of the tree heights (measured or
modelled) was calculated from the first 100 entries. As a result, modelled
top heights (H100) were available for all field plots from both the 2008
and the 2013 inventories.

Descriptive statistics of the field-based top heights (H100) for the years
2008 and 2013 are given in Table 3. The average plot-level top height from
the 199 remaining inventory plots was 27.7 m in 2008 and 28.8 m in 2013.
The high standard deviations hint at the great variability in canopy heights.

Correlation of height percentiles with field-based top heights
As has been shown in various other studies dealing with LiDAR or image-
based height data (e.g. St-Onge et al., 2008a; Straub et al., 2009; Wasser
et al., 2013), upper percentile heights are typically highly correlated with
field-measured canopy heights. To select the height percentile that best
describes field-based top height (H100), we correlated the height percen-
tiles to the field-based top heights from 2008 and 2013 (scatterplot matri-
ces showing the pair-wise correlations between the field-based top height
H100 and the different percentile metrics are given in Supplementary data,
Figure S2). As the data were not normally distributed, we used Spearman’s
rank correlations to analyse the relationships between the field-based H100

values and the CHM-height percentiles at the corresponding inventory
plots. We compared the 2009/2008 and 2012/2013 data sets separately.

The results of the correlation analysis between the field-based top
height H100 and the height percentiles calculated from the CHMs are pre-
sented in Table 4. The upper percentiles from the CHM (90th, 95th and
maximum) yielded correlation coefficients consistently higher than 0.80.
In general, the highest correlations were observed for the maximum
height of the CHM (hmax). The relationship between hmax and H100 is illu-
strated in the scatterplot in Figure 4. Overall, most points over the entire
range of canopy heights are close to the 1 : 1 line, i.e. no considerable
scatter is visible. This confirms that the variable hmax derived from the
image-based CHMs is a suitable predictor for the plot-level top height in
the Traunstein test site. Thus, the variable hmax was selected for the
height change assessment in this study.

Height change assessment at the plot level
Height changes between the two time points were assessed both from the
field measurements and the remotely sensed data. The procedure applied
in this study for the calculation of periodic annual increments (PAIs) of forest
height for the data sets is illustrated in Figure 3. The PAI derived from the
field data (equation 1) was calculated separately for each plot by taking
the difference between the modelled H100 values for the two inventory
dates and dividing it by the number of shoot elongation periods (here
equal to the number of years between the two surveys).

PAI(H100) = H100(2013) − H100(2008)
5

(1)

As displayed in Table 2, the aerial images used here to compute the CHMs
were acquired in different seasons. In accordance with, e.g. Hopkinson
et al. (2008), the fact that shoot elongation is an intermittent rather than
a continual process during the vegetation period must be considered with
regard to height growth assessments. Lyr et al. (1992) found that Norway
spruce, European beech and white fir – the tree species dominating the
stocking in the Traunstein test site – follow the Quercus-type, meaning
that height growth stops quite early in the growing season. To take the dif-
ferent acquisition times into account for our study, we employed pheno-
logical observations (occurrence of flushing) from a nearby level II plot of
the ICP Forests (International Co-operative Programme on Assessment
and Monitoring of Air Pollution Effects on Forests; Beuker et al., 2010). At
this plot, which is dominated by spruce, the growth of new needles
became visible in 2009 in the time period from 28 April to 09 June.
In 2012, this phenomenon was first visible in the time period between
17 April and 22 May (S. Raspe, personal communication, 8 July 2014).
Based on this information, we assumed that the first aerial image acquisi-
tion (25 April 2009) was carried out before the period of rapid tree height
growth in 2009, and the second acquisition (16 June 2012) was carried
out after the 2012 period of rapid tree height growth.

Table 3 Descriptive statistics for the field-based top heights (H100)
calculated from field data recorded in 2008 and 2013

Min (m) Median (m) Mean (m) Max (m) SD (m)

2008 1.5 30.4 27.7 41.2 9.6
2013 3.0 31.4 28.8 42.2 8.8

Statistics were computed based on all 199 inventory plots in the Traunstein
test site, which were deemed suitable for the height change assessment in
this study (see the section ‘Identification of suitable inventory plots for
height change assessment’).

Algorithm 1 Computation of the field-based top height (H100), defined
as the average height of the 100 stems per hectare with the largest DBHs

1 Select the number of plots within the test site, n
2 for i 5 1 to n do
3 Select all measured trees assigned to either the overstory or the

emergent tree layer, m
4 for j 5 1 to m do
5 Replicate j by the representation factor RFj and append to list L
6 end
7 Sort all items in L in descending order according to DBH
8 Select the first 100 entries of Lsort

9 Calculate arithmetic mean of the selection (H100)
10 end

Table 4 Spearman’s rank correlation coefficients between plot-level CHM
percentiles and the modelled H100 top height values (P-values were ,

0.01 for all correlations)

Data set hp 25 hp 50 hp 75 hp 90 hp 95 hmax

2009/2008 0.51 0.63 0.77 0.83 0.86 0.91
2012/2013 0.41 0.55 0.72 0.85 0.87 0.90

All 199 inventory plots in the Traunstein test site which were deemed
suitable for the height change assessment were used (see the section
‘Identification of suitable inventory plots for height change assessment’).
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Thus, with regard to the image-based canopy heights, the PAI was com-
puted by taking the difference between the maximum height values (hmax)
from the two CHMs and dividing it by the number of shoot elongation
periods (here, this number was not equal to the number of years between
the two image data sets due to different acquisition dates during the
year, and their relationship to the maximum height growth periods;
equation 2).

PAI(hCHM
max) =

hCHM
max(2012) − hCHM

max(2009)
4

(2)

Scatterplots were used to analyse the relationship between initial forest
height and height growth. Therefore, the PAI values obtained from the
field measurements and the image-based height data were plotted
against the H100 values computed from the 2008 field inventory data. In
addition, a linear regression line was fitted to the data using least-squares
adjustment.

Comparison of PAI for the different height classes

The guideline for the silvicultural treatment of spruce-dominated forest
stands (Böhm, 2009; Bavarian State Forest Enterprise) provides different
height thresholds for the top height of forest stands to distinguish among
successional stages. Using this reference, we defined the following height
classes based on the 2008 top heights to quantifydifferent growth rates de-
pending on initial tree height: youth: H100 , 12 m, full vigour: 12 m ≤
H100 , 25 m, and old age: H100 ≥ 25 m. Each of the inventory plots was
assigned to one of these classes, and the respective growth rates derived
from the image-based CHMs were examined. A non-parametric Kruskal–
Wallis rank sum test was performed to test for statistical differences
between the subsets, as the normality assumption for ordinary ANOVA

was not fulfilled. Post hoc analysis was conducted using the Wilcoxon
rank sum test.

Results

Estimation of forest height change at the plot level

The overall PAI of forest height was found to be 0.22 m (SD: 0.32 m)
for the field-based data, according to equation (1). Using the
CHM-based measurements, the PAI was computed to be 0.30 m
(SD: 0.53 m) following equation (2). Figure 5 shows scatterplots
of the PAI for each inventory plot vs the H100 (2008) top heights
for both the terrestrial and the aerial image-based assessment.
Visual comparison of the scatterplots and the linear regression
lines fitted to the data reveal similar patterns, i.e. in both cases,
the height growth rates decreased with increasing H100. For inven-
tory plots with a H100 above 25 m, the height growth was only
marginally above zero. The negative growth rates found for some
of the inventory plots can be explained by the fact that some
single trees were removed at these plots during harvesting opera-
tions in the time period between 2008 and 2013. In general, the
PAIs calculated from the image-based CHMs were somewhat
higher than those derived from the field data, especially for plots
with low H100 (2008).

Quantification of growth rates for the individual height
classes

Descriptive statistics of the PAI values for the height classes youth,
full vigourand old age (as defined in section ‘Comparison of periodic
annual increments for the different height classes’) are presented
in Table 5. Due to the greatvariabilityof obtained PAIs, the standard
deviations were high for all classes. For the cohorts youth and full
vigour, the standard deviations were lower than the average PAI;
however, this was not the case for the class old age.

Figure 6 shows boxplots of the PAI values derived from the aerial
image assessment, plotted separately for each of the three height
classes. As could be expected based on forest growth theory (e.g.
Assmann, 1970), the visual examination reveals obvious differ-
ences in the PAI among the three height classes, with a decrease
in PAIs across the sequence from youth to full vigour to old age.
To confirm this initial visual impression, a Kruskal–Wallis test was
applied which revealed significant differences between the three
height change distributions (P-value , 0.01). A subsequent post
hoc analysis using the pair-wise Wilcoxon rank sum test showed
that all pairs of height classes were significantly different from
one another, resulting in P-values consistently below 0.01. More-
over, the boxplots for the three height classes show that the inven-
tory plots assigned to the youth height class had greater variability
in PAIs than those from both the full vigour and the old age height
classes. Although the old age height class comprises the largest
number of observations (about six times more than the other
classes), the interquartile range of PAI values was still rather
narrow. Some outliers, both in the positive and negative range,
are visible and are most likely due to harvesting operations in the
time period between 2008 and 2013. Additionally, some negative
PAI values, predominantly occurring in the old age cohort, might be
due to the loss of leading shoots because of wind or snow damage.

Figure 4 Scatterplot of plot-level hmax values extracted from the CHMs for
the years 2009 and 2012 plotted against H100 – the top heights derived
from the field measurements taken in 2008 and 2013. The scatterplot
shows all 199 inventory plots in the Traunstein test site, which were
deemed suitable for the height change assessment in this study (see the
section ‘Identification of suitable inventory plots for height change
assessment’).
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Discussion

Assessment of forest top heights using regularly acquired
digital aerial imagery

The digital aerial image data used in this study were acquired as part
of the regularly scheduled aerial survey undertaken by the surveying
authority of the state of Bavaria, Germany. Thus, the imagery was
intended for different purposes and was not primarily acquired for
use in forestry applications. The two data sets used in this study
were recorded with different camera types, different image overlaps
and in different seasons. However, due to the fact that the basic
characteristics of all images acquired as part of the regular aerial
survey of Bavaria are similar (e.g. the geometric, spectral and radio-
metric resolutions), the images are very attractive for monitoring
purposes and change assessment studies. Moreover, remote
sensing approaches to vegetation structure analysis have greatly
benefited from the introduction of digital cameras in aerial survey-
ing. Compared with analogue cameras, digital cameras are able to
provide panchromatic images plus multispectral information of
four bands (blue, green, red and near infra-red) and have improved
radiometric properties that allow for better information extraction
and surface model generation.

Despite the above-mentioned differences in the data sets,
detailed surface height models were successfully derived using
SGM, and in combination with an additional LiDAR-based DTM,
high-resolution canopy heights above ground were calculated.
Very dense height measurements of the canopy surface were
obtained for both data sets. High correlations with top heights
from field measurements were achieved for both aerial image
data sets, i.e. comparing the 2009 and 2012 CHM-heights to the

Figure 5 H100 (2008) top heights vs PAIvalues for the 199 inventory plots. The coefficients (a: intercept and b: slope) of the linear regression fits (trend lines)
are given for both the terrestrial assessment (a) and the aerial image assessment (b).

Table 5 Descriptive statistics of the PAI values for three different height
classes youth (H100 , 12 m), full vigour (12 m ≤ H100 , 25 m) and old
age (H100 ≥ 25 m)

Class Min (m) Median (m) Mean (m) Max (m) SD (m) N

Youth 0.18 0.76 1.01 2.73 0.58 22
Full vigour 20.72 0.52 0.53 1.28 0.39 30
Old age 22.18 0.16 0.15 2.83 0.45 147

N corresponds to the number of inventory plots assigned to each height
class.

Figure 6 Boxplots of the PAI values derived from the aerial image
assessment, plotted separately for each of the three height classes youth
(H100 , 12 m), full vigour (12 m ≤ H100 , 25 m) and old age (H100 ≥
25 m). The width of the boxes indicates the relative number of inventory
plots within each height class.
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field-based top heights of 2008 and 2013, respectively (cf. Table 4).
Thus, we conclude that dense matching of stereo aerial images
with SGM in combination with a pre-existing LiDAR-based DTM is
a viable tool for forest canopy height extraction. However, it
should be considered that it was necessary to exclude 29 inventory
plots for the correlation analysis because of edge effects and gross
matching errors, and due to harvesting activities that occurred
between the acquisition dates of the aerial imagery and the re-
spective field surveys. With respect to applications for larger test
sites, gross matching errors could be possibly eliminated automat-
ically by using a median filter (e.g. 3×3 moving window). However,
edge effects and harvesting activities have to be detected manual-
ly. In our study, the maximum height variable extracted from the
CHMs had the strongest correlation to the field-based top
heights. This is in line with the findings of St-Onge et al. (2008a)
and Hopkinson et al. (2008) who found that higher percentiles
usually have the strongest correlations with ground-measured
forest heights. Additionally, in Straub et al. (2009), the upper per-
centiles derived from a LiDAR-based CHM were best correlated
with the top height recorded in terrestrial inventories at the plot
level when investigating a mixed forest in southern Germany.

Repeat aerial image surveys as valuable data sources
for forest height change assessment

The results of our study demonstrate the feasibility of height
growth detection at the plot level in complex, temperate forests
based on data derived from regularly repeated aerial image
surveys. Forest height change was estimated at the plot level by
means of digital stereo images recorded only four growing
seasons apart. Despite the relatively short time interval between
the two image acquisitions, it was possible to determine reason-
able PAIs. As shown in Figure 5, comparable increments with
similar patterns were derived from both the terrestrial and the
aerial image assessments. The difference in PAIs, especially for
plots with low field-based top heights, may be attributed, at least
in part, to the short time interval between the image acquisitions.
We suppose that the calculated PAIs of this short period may be
more affected byannual variations of growth, compared with aver-
aging over longer time periods. In our investigation of the forest
height growth increments for different top height classes that
were assumed to indicate various successional stages, the
highest growth rates were measured for stands in the youth
class. The height increments derived decreased with increasing
stand heights, and statistically significant differences between
the increments of the respective groups were found (average PAI
values for youth, full vigour and old age: 1.01, 0.53 and 0.15 m).

Assmann (1970) emphasized that height growth is influenced
by a number of factors. Among others, these include particular
characteristics of each tree species, i.e. light-demanding and
shade-bearing species show different growth curves, and the
effects of site, meaning that on better sites the culmination of
the growth increment occurs earlier in the life of a tree than it
does on poorer sites. Considering these factors, the PAIs resulting
from our aerial image assessment are reasonable in view of the
annual increases in height reported in the textbook by Assmann
(1970). He presented the following characteristic maximum
height increments for a test site from Hinterberg in the Salzkam-
mergut, Austria: Norway spruce: 0.58 m at age 20, European
beech: 0.41 m at age 23, white fir: 0.40 m at age 33. The Traunstein

test site has good site conditions for forest growth. Thus, the higher
values for tree growth we found for the youth class appear
reasonable.

With respect to the transferability of the method presented here
for height growth assessments of forests in otherecozones and with
different forest management practices, the following factors should
be considered: multi-species temperate forests such as the Traun-
stein forest typically achieve stand heights of 30–40 m at a stand
age of 100 years. This translates to a mean annual growth rate of
0.30–0.40 m per year, or up to twice that of the growth rate of
most boreal forests. Consequently, when using aerial imagery
recorded within very short time intervals for image-based height
change assessment – e.g. four growing seasons as in our study –
measurement errors may potentially exceed growth rates.
However, for fast-growing plantations – e.g. in the subtropics and
tropics – even shorter intervals may be able toyield reliable informa-
tion on height dynamics.

Height change as an indicator of site productivity
and ecosystem diversity

Stand height and height growth over age has long been used as an
indicator of site productivity (Skovsgaard and Vanclay, 2008). As
stand height is rather independent from stand density (e.g.
Assmann, 1970), it can be used even in managed stands as an in-
dicator of site quality and potential productivity. However, as
height is relatively expensive to measure via field surveys, and as
LiDAR data are usually not acquired recurrently, the presented
method for the assessment of canopy heights and height
changes using digital aerial imagery has great potential for provid-
ing information about the state and the dynamics of forests. By
comparing data from different time periods, shifts in stand prod-
uctivity and even long trends in forest dynamics might become
detectable.

Because of known allometric relationships between different
stand variables such as stand height and volume (Enquist et al.,
2009; West et al., 2009), height growth can be used as an indicator
of the site-specific potential volume growth in fully stocked stands.
Comparisons between this potential and the observed volume
growth derived from terrestrial measurements may better reveal
the effects of thinning and other disturbances on productivity,
carbon sequestration and carbon stock in forest stands.

Beyond the detection of stand productivity, stand height and
height dynamics, analyses such as ours may be useful in efforts
to quantify and monitor ecosystem diversity as well (Noss, 1990).
Habitat diversity in forests is largely influenced by the vertical
stand structure, e.g. the foliage height diversity, the canopy com-
plexity and the canopy surface roughness, and its dynamics
(Lefsky et al., 2002; Vierling et al., 2008; Müller et al., 2012; Müller
and Vierling, 2014). Although the image-based height measure-
ments can only describe the outer envelope and give no insights
into the bottom to top structure within forest stands, repeated
measurements of stand height using CHMs computed from
aerial images can provide detailed information about changes of
the canopy surface in space and time. Thus, the approach pre-
sented here may be a viable means of supporting the monitoring
of structural stand dynamics caused by tree growth, silviculture
and other disturbances (Hobi and Ginzler, 2012). Eventually, this
might contribute to monitoring the development of habitats
supplied by forested ecosystems.
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Conclusion
Our study objective was to scrutinize the use of digital aerial
imagery from repeat surveys for assessing forest height changes.
We used aerial imagery acquired in 2009 and 2012 and field mea-
surements recorded in 2008 and 2013 as reference data. CHMs
for a highly structured forest in central Europe were computed
from the two remote sensing data sets by means of Semi-Global
Matching. Using the field data, field-based top heights were calcu-
lated for all inventory plots for the years 2008 and 2013.

PAIs, computed based on both the field and the remote sensing
data, were then compared. The respective scatterplots of PAIs over
top height revealed similar patterns. The inventory plots were
assigned to three height classes representing three forest succes-
sional stages. The PAI distributions from these height classes
were significantly different from one another. Thus, the results of
our study are encouraging and show that repeat aerial image
data can be used successfully for monitoring forest height
changes over time. As the data are recorded in regular time inter-
vals, this approach seems to be very promising for future tasks.

Future research will address the applicability of repeat aerial
image surveys and automaticallyderived height data for modelling
otherchanges in forest ecosystems, e.g. biomass. Moreover, wewill
attempt to assess single-tree height growth over time by means of
image-based CHMs.

Supplementary data
Supplementary data are available at Forestry online.
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