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a  b  s  t  r  a  c  t

Inter-annual  canopy  growth  is  one  of  the  key  indicators  for assessing  forest  conditions,  but  the
measurements  require  laborious  field  surveys.  Up-to-date  LiDAR  remote  sensing  provides  sufficient
three-dimensional  morphological  information  of  the  ground  to  monitor  canopy  heights  on a  broad  scale.
Thus,  we  attempted  to  use  multi-temporal  airborne  LiDAR  datasets  in the  estimation  of  vertical  canopy
growth,  across  various  types  of  broad-leaved  trees  in  a large  urban  park.

The  growth  of  broad-leaved  canopies  in  the  EXPO  ’70  urban  forest  in  Osaka,  Japan  was  assessed  with
19  plots  at the stand  level  and  39  selected  trees  at the  individual-tree  level.  Airborne  LiDAR  campaigns
repeatedly  observed  the  park in  the  summers  of  2004,  2008,  and  2010.  We  acquired  canopy  height
models  (CHMs)  for each  year  from  the height  values  of  the  uppermost  laser  returns  at  every  0.5  m grid.
The  annual  canopy  growth  was  calculated  by  the  differences  in CHMs  and  validated  with the  annual
changes  in  field-measured  basal  areas and  tree heights.

LiDAR  estimations  revealed  that  the  average  annual  canopy  growth  from  2004  to 2010  was
0.26  ± 0.11  m  m−2 yr−1 at the plot  level and  0.26  ± 0.10  m m−2 yr−1 at the  individual-tree  level. This  result
showed that  growing  trends  were  consistent  at different  scales  through  2004 to 2010  despite  uncertainty
in  estimating  short-term  growth  for  small  crown  areas at the individual-tree  level.  This  LiDAR-estimated

canopy  growth  shows  a moderate  relation  to field-measured  increase  of  basal  areas  and  average  heights.
The estimation  uncertainties  seem  to result  from  the  complex  canopy  structure  and  irregular  crown
shape  of  broad-leaved  trees.  Challenges  still remain  on  how  to incorporate  the  growth  of  understory
trees,  growth  in  the  lateral  direction,  and  gap  dynamics  inside  the  canopy,  particularly  in  applying
multi-temporal  LiDAR  datasets  to the large-scale  growth  assessment.

©  2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Tree growth is an important indicator in assessing the vigor con-
itions of plants in urban forested areas. To estimate the growth,
eriodic fieldwork is required for the measuring increased tree

eights (Hogg et al., 2005), the size of foliage (Dobbertin, 2005),
tems (Poage and Tappeiner, 2002; Tappeiner et al., 1997; Waring
t al., 1980), shoots (Takahashi, 2003), and roots (Reich et al., 1980)
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chool of Environmental Studies, Seoul National University, Seoul 08826, Republic
f Korea. Tel.: +82 2 880 8860; fax: +82 2 885 2096.
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at every single tree. However, those methods are often laborious
and inefficient for large-scale surveys, and therefore the application
of remote-sensing data is required.

Up-to-date airborne light detection and ranging (LiDAR) remote
sensing is a highly useful method for the growth assessment of
tree canopies on a large scale. The small-footprint airborne LiDAR
data, which are acquired by recording three-dimensional coordi-
nates for tens of thousands of laser pulses per second reflected
from the target, provides three-dimensional morphology informa-
tion of ground targets with an accuracy of dozens of centimeters.

Previous studies applied this capability in the estimation of tree
height (Dean et al., 2009; Næsset and Økland, 2002; Popescu, 2007),
crown diameter (Popescu and Zhao, 2008), and species identifica-
tion (Brandtberg, 2007; Holmgren and Persson, 2004) on the basis

dx.doi.org/10.1016/j.ufug.2016.02.007
http://www.sciencedirect.com/science/journal/16188667
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Table  1
Previous studies for canopy growth assessment using multi-temporal LiDAR datasets.

References Study materials & site
location

LiDAR observation years &
sensors

Field campaigns &
estimation scales

Accuracy/validation

St-Onge and Vepakomma
(2004), Vepakomma
et al. (2008, 2010,
2011)

Mixed boreal forest
dominated by balsam firs,
paper birch (Canada)

1998, 2003 by Optech
ALTM 1020 & 2050,
respectively

No field data, validation
using high resolution
images in 1998, 2003

Successful identification and
characterization of temporal
changes in forest gaps

Næsset and Gobakken
(2005)

Boreal forest dominated by
Norway spruce, Scots pine
(Norway)

1999, 2001 both by ALTM
1210

1999 (and the tree heights
in  2001 were modeled) 133
plots & 56 stands

Poor predictions by LiDAR for
the modeled in-situ growth in
tree height, basal area, and
volume

Yu et al. (2004) Boreal forest dominated by
Norway spruce, Scots pine
(Finland)

1998, 2000 both by
Toposys-1

2002 (and the tree heights
were estimated back to
1997) 91 trees in 3 plots &
20 stands

Discrepancy in estimating tree
heights of approximately 5 cm
at stand level and 10–15 cm at
plot level

Yu et al. (2006) Boreal forest dominated by
Norway spruce, Scots pine
(Finland)

1998, 2003 by Toposys-1 &
2, respectively

2002 (+2004, and the tree
heights were estimated
back to 1997) 82 trees

R2 = 0.681 RMSE = 0.433 m
(N = 82) in tree height growth

Hopkinson et al. (2008) Temperate mature red pine
plantation (Canada)

2000, 2002, 2004, 2005 by
ALTM 1225, 2050, 3100 &
3100, respectively

2002, 2005 126 trees
within 19 plots

Poor relationship between the
growth in tree heights by field
measurement and LiDAR
estimation

This  study Diverse broadleaved plants
in an urban forest (Fig. 1,
Japan)

2004 and 2008, 2010 by
ALTM 2050, Riegl
LMS-Q560, respectively
(Table 4)

2008, 2010 and 2012 526
trees in 19 plots at stand
level, plus 39 trees at
individual tree level

Successful agreement among
growing rates through 6 years
and moderate relationship
between LiDAR-estimated
height growth and increase of
in-situ basal area
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f LiDAR data obtained from a single operation. Accordingly, by
sing multiple observations of LiDAR, we could detect changes in
he morphology of vegetated ground on a large scale (i.e., esti-

ate canopy growth in wide areas) in a more accurate and efficient
anner than ground survey.
Because of this potential, previous studies used multi-temporal

iDAR datasets to estimate the changes in canopy structure. Yu
t al. (2004) estimated the growth of trees in boreal forests dur-
ng the selected two years on the basis of the differences in two
iDAR-derived heights acquired in 1998 and 2000. Vepakomma
t al. (2010, 2008) applied two LiDAR datasets to detect gap dynam-
cs in forests, and attempted to assess tree growth not only in
he vertical direction but also in the lateral direction (Vepakomma
t al., 2011). However, the estimation accuracy for LiDAR-derived
rowth is still uncertain (Næsset and Gobakken, 2005), especially in
bservation intervals shorter than 3 years (Hopkinson et al., 2008).
n addition, the multiple LiDAR operations may  be limited by the
ost for flights and the repeated laborious field surveys necessary
o validate the growth. Table 1 shows that the previous studies
mply limitations based on the lack of validating field data, statis-
ically and chronologically corresponding to LiDAR observations.
n addition, the targets of former studies are limited in the cases
f coniferous forests. Broad-leaved canopy often shows a largely
ifferent morphology from the coniferous canopy (Koukoulas and
lackburn, 2005), having more continuous, closed, and irregular-
haped upper crowns than conifers (Song et al., 2013). Therefore,
e also should highlight the morphological changes (i.e., growth

ssessment in this study) of the broad-leaved canopy detected by
ulti-LiDAR.
The goal of the study is to clarify the usefulness of

ulti-temporal LiDAR datasets, for the growth assessment of
road-leaved canopies. Using multiple LiDAR datasets in the sum-
ers of 2004, 2008, and 2010 for an urban park, we attempted to

how the growing trends in broad-leaved canopy at the individual-

ree level, as well as at the plot level. The LiDAR-estimated growth
as validated with the increment of the field-measured basal area,

nd the potentials and uncertainties were quantified.
2. Method and materials

2.1. Study materials

The EXPO ’70 Commemorative Park in Osaka, Japan (Fig. 1) was
selected for this study because the forested zone in this urban
park included various types of broad-leaved vegetation. Most of
the trees planted on bare ground in 1972 grew well and pro-
duced a lush urban forest (Morimoto et al., 2006). Nineteen plots,
dominated by broad-leaved species (Fig. 1, Table 2), were set for
plot-level growth assessment from 2004 to 2010. The locations
of the plots were carefully identified on the map  by in-situ sur-
vey with Differential GPS instrument. For the measurement of
basal areas, we selected a total of 526 trees taller than 7 m in
height across all the plots. We  measured the diameter at breast
heights (DBHs) in 2008 and 2012, respectively, and calculated the
increase of basal areas. Our assumption was  that LiDAR-estimated
canopy growth could be validated with the change in basal areas
of those large trees. We  excluded sub-canopy trees lower than 7 m
because they were rarely observed from aircraft, and the height
growth of those shorter trees could not be incorporated in our
LiDAR-derived canopy height models (CHMs) (see Section 2.2).
Field measurement of tree heights was not used for the validation of
our growth results, because the accuracy of field-measured heights,
especially in cases of large trees, was  inadequate to compare
with LiDAR measurements providing accuracy within dozens of
centimeters.

In addition, we surveyed 39 flowering cherry trees (Cera-
sus × yedoensis ‘Somei-yoshino’) for the growth assessment at the
individual-tree level (Table 3). The DBHs were measured and used
to calculate basal areas in 2010 and 2012. To identify the spatial
extent of individual-tree canopies, we  manually drew the crown
boundary polygons without mutual overlap and projected them
onto the LiDAR images. Because of the irregular crown shape of

deciduous broad leaves (Song et al., 2013), we  could not apply
the automatic crown-delineation technique (Yu et al., 2004) in this
step.
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Fig. 1. Study site. In the right-hand side block, closed circles with numbers and ovals with letters indicate the locations of plot-based (Table 2) and individual-tree-based
survey  (Table 3), respectively.

Table 2
Summary of field data used in the plot-based analysis (broad-leaved species dominated only N = 19).

Plot ID Dominant species GPS-measured
area (m2)

Assessed
no. of trees

Field-measured basal area

2008
(m2 ha−1)

2012
(m2 ha−1)

Increase
(m2 ha−1)

Increase
(%)

1 Quercus phillyraeoides A. Gray 220.21 38 0.67 26.70 3.70 13.85
2  Quercus phillyraeoides 148.99 18 0.18 9.98 1.94 19.48
3  Cinnamomum camphora (L.) Presl, Quercus glauca Thunb. ex Murray 229.26 29 2.05 80.93 8.45 10.44
4  Castanopsis cuspidata (Thunb. ex Murray) Schottky, Quercus glauca 225.30 28 1.50 58.79 7.69 13.08
5  Ulmus parvifolia Jacquin, Celtis sinensis Pers. var. japonica (Planch.)

Nakai
98.55 15 0.26 24.24 2.11 8.69

6  Quercus glauca, Machilus thunbergii 180.97 36 0.87 42.88 5.40 12.60
7  Castanopsis sieboldii (Makino) Hatusima ex Yamazaki et Mashiba,

Celtis sinensis var. japonica
106.24 37 1.10 93.28 10.34 11.08

8  Quercus glauca, Quercus phillyraeoides 225.02 45 0.85 33.23 4.52 13.59
9  Quercus phillyraeoides 105.45 59 0.62 49.33 9.21 18.67
10  Quercus acutissima Carruthers 224.11 10 0.51 20.21 2.62 12.96
11  Quercus serrata Thunb. ex Murray 224.50 11 0.42 17.40 1.23 7.10
12  Quercus acutissima, Cerasus jamasakura Sieb.ex Koidz 223.34 20 0.59 24.47 1.75 7.15
13  Quercus glauca, Cinnamomum camphora 226.25 46 1.05 41.40 5.04 12.18
14  Quercus glauca, Ligustrum japonicum Thunb. 230.72 25 0.79 29.60 4.78 16.16
15  Castanopsis cuspidata, Machilus thunbergii 230.72 21 1.08 41.11 5.71 13.88
16  Machilus thunbergii,  Quercus glauca 220.89 25 0.87 35.54 3.76 10.57

401.3
406.5
375.0
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17  Quercus serrata, Prunus jamasakura 

18  Quercus serrata, Prunus jamasakura 

19  Cinnamomum camphora 

.2. LiDAR data collection and processing

The LiDAR dataset was acquired by two types of airborne sen-
ors (Table 4). The LiDAR operations were carried out three times,
n October 4, 2004 by use of the ALTM 2050 (Optech Co., Ltd.) and on

ugust 22, 2008 and August 24, 2010 by use of the LMS-Q560 (Riegl
aser Measurement Systems GmbH). The laser pulses were classi-
ed into the returns from the ground and from the canopy above

able 3
ummary of field data used in the individual-tree-based analysis (Cerasus × yedoensis “So

Crown area (m2) DBH(cm) Basal area

2010 2012 2010 (cm2) 

Mean SD Mean SD Mean SD Mean SD

49.73 28.00 39.66 13.49 41.14 14.08 1373.64 88
4 25 0.97 22.56 1.70 7.53
0 10 0.35 7.99 0.69 8.65
0 28 3.14 76.19 7.61 9.98

the ground by application of Terrascan software (Ver.12, Terrasolid
Co., Ltd.). The ground returns were used for deriving the digital ele-
vation model (DEM), and the above-ground canopy returns were
used for digital surface model. And the CHM of each year was com-
puted from the difference between the DEM and the digital surface

model. The models in 2004, 2008, and 2010 were produced by
taking the maximum z-value at every 0.5 m × 0.5 m grid from the
point clouds of laser pulses in each dataset. By this CHM method

mei-yoshino”, N = 39).

2012 (cm2) Increase (cm2) Increase (%)

 Mean SD Mean SD Mean SD

8.13 1480.15 957.59 106.51 109.13 7.51 5.54
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Table  4
The performances of LiDAR sensors used in 2004 (Optech ALTM2050) and in 2008
and 2010 (Riegl LMS-Q560) observations.

Sensor Optech ALTM2050 Riegl LMS-Q560

Scan angle 0–±5.3◦ 0–±30◦

Beam divergence 0.19 mrad 0.5 mrad
Operating altitude 1000 m 300 m
Footprint diameter 19 cm 15 cm
Laser repetition rate 50,000 Hz 150,000 Hz
Scan frequency 67 Hz 80 Hz
Flying speed 130 kn 50 kn
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Table 6
The result of LiDAR-estimated height and annual growth at the individual-tree level.

Tree top height (m)

2004 2008 2010

Mean SD Mean SD Mean SD

8.36 1.28 8.58 1.10 8.83 1.12

Average crown height (m)

2004 2008 2010

Mean SD Mean SD Mean SD

3.85 0.85 5.34 1.09 5.38 1.18

Growth of crown per year (m m−2 yr−1)

2004–2010 2008–2010 2004–2008

Mean SD Mean SD Mean SD

0.26 0.10 0.02 0.19 0.37 0.14

Table 7
Pearson r of canopy growth in the vertical direction during study periods.

Plot level (N = 19) Individual tree level
(N = 39)

Growth 2004–2010 2008–2010 2004–2010 2008–2010

2008–2010 0.922 – 0.462 –
2004–2008 0.986 0.846 0.806 −0.153

Note: All the correlations were significant at p < 0.01 level except for the character
in  gray.

T
T

Laser wavelength 1064 nm 1550 nm
The density of laser pulses 11.3 returns m−2 51.8 returns m−2

Hopkinson et al., 2008; Næsset, 1997; Popescua et al., 2002), the
oint-clouds type of discrete LiDAR records for the canopy area
as converted into the continuous raster image of upper canopy
eights. We  calculated the difference among the CHMs for assessing
anopy growth in the vertical direction.

.3. Growth assessment

The plot-level canopy growth was assessed on the basis of the
verage height, which was estimated from the mean values of each
HM within the plot boundaries in Section 2.1. The inter-annual
ifferences in average canopy heights from CHMs were correlated
ith the changes in basal areas of 526 broad-leaved trees in the
lots. At the individual-tree level, we obtained maximum (i.e., tree-
op) and average heights of trees from CHMs, within the 39 tree-
rown boundaries identified in Section 2.1. These LiDAR-derived
ree heights were compared with the variation of the DBHs and
asal areas from 2004 to 2008 and 2010.

. Results

.1. The LiDAR-measured canopy growth

The LiDAR-estimated average annual canopy growth at the plot

evel was 0.26 ± 0.11 m m−2 yr−1 from 2004 to 2010. A similar
rowth rate was obtained in the periods of 2008 to 2010 and 2004 to
008 (Table 5). In the individual-tree-based estimation, the canopy
rew an average of 0.26 ± 0.10 m m−2 yr−1 from 2004 to 2010, but

able 5
he result of LiDAR-estimated height and growth at the plot level.

Plot ID (Table 2) Average height (m)  

2004 2008 2010 

1 10.02 10.74 11.16 

2  10.17 11.54 12.08 

3  14.49 16.37 17.22 

4  13.10 14.34 15.03 

5  10.07 10.86 11.25 

6  12.45 13.61 14.18 

7  13.92 14.97 15.48 

8  8.96 10.54 11.35 

9  10.50 11.71 12.14 

10  12.74 14.73 15.60 

11  10.18 10.44 10.57 

12  14.52 14.84 15.15 

13  11.43 11.91 12.20 

14  11.36 12.11 12.84 

15  12.48 13.47 14.19 

16  12.67 13.96 14.66 

17  12.22 12.83 13.30 

18  9.66 10.15 10.52 

19  18.81 19.87 20.43 

Average growth per year (m m−2 yr−1) 

Standard deviation (m m−2 yr−1) 
the growth rate in shorter periods was 0.02 ± 0.19 m m−2 yr−1 and
0.37 ± 0.14 m m−2 yr−1 during 2008–2010 and 2004–2008, respec-
tively (Table 6).

The plot-level growth during the periods of 2004–2008,
2008–2010, and 2004–2010 were strongly correlated with one
another (r > 0.8, p < 0.01, N = 19) (Table 7, Fig. 2a). At the scale of
individual trees, the growth trend was not clear for every period
(Table 7), although the growth during 2004–2010 was  highly corre-

lated with the 2004–2008 growth (r = 0.806, p < 0.01, N = 39; Fig. 2b).

Average growth (m)

2004–2010 2008–2010 2004–2008

1.14 0.42 0.72
1.90 0.54 1.36
2.73 0.86 1.87
1.93 0.69 1.24
1.18 0.39 0.78
1.73 0.57 1.16
1.56 0.51 1.06
2.39 0.81 1.58
1.65 0.43 1.22
2.86 0.87 1.99
0.38 0.13 0.25
0.63 0.31 0.32
0.77 0.29 0.48
1.48 0.73 0.75
1.71 0.72 0.98
1.99 0.70 1.29
1.08 0.48 0.60
0.87 0.38 0.49
1.62 0.56 1.05

0.26 0.27 0.25
0.11 0.10 0.12
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Fig. 2. LiDAR-estimated growing trends in (a) plot-based assessment (N = 19) and (b) individual-tree-based assessment (N = 39) between 2004 and 2008 and 2004 and 2010.

Fig. 3. The relation between LiDAR-estimated annual height growth and the increa

Table 8
Pearson r between the LiDAR-estimated height growth and the increase of in-situ
basal area.

Increase of field-measured
basal area

Plot level
(N = 19)

Individual tree
level (N = 39)

LiDAR-estimated
growth

2004–2010 0.411* 0.381**

2008–2010 0.350* 0.137**

2004–2008 0.419* 0.333**

3

b

T
A

* p < 0.1, grey character p > 0.1.
** p < 0.05.
.2. Validation and the uncertainty of LiDAR estimations

Table 8 shows a significant and moderate linear relation
etween the LiDAR-estimated height growth and the increment of

able 9
verage tree height at the plot level reported in Sasaki et al. (2007).

Field-measured average tree height (m)  

Plot ID 1972 (at planting) 1982 1995 

1 1.0 4.3 6.7 

2  1.0 2.6 4.3 

3  2.0 4.2 8.1 

4  2.7 5.4 7.0 

6  2.7 5.4 7.2 

12  3.7 6.9 7.0 

13  3.3 4.7 8.0 

14  2.8 5.9 6.5 

15  3.5 4.5 7.3 

16  3.5 5.1 7.6 

17  2.5 6.2 8.8 

18  2.5 4.9 7.9 

Average value 2.6 5.0 7.2 
se of in situ basal area at the plot level (a) and at an individual-tree level (b).

the field-measured basal area (Pearson’s r = 0.33–0.42, p < 0.1). The
relation is stronger in power regressions (Fig. 3). However, these
weak correlations are a result of uncertainties in estimating canopy
heights, as described in Fig. 4.

The ideal distribution of measurements in Fig. 4 appears above
the 1:1 line, and the open circles indicate that heights in 2010
were shown at the highest, followed by filled circles (heights
in 2008) and filled triangles (heights in 2004). Fig. 4a shows
that the plot-level growth of average height through the study
period follows the ideal trend, indicating the canopy heights
in the order of 2010 (open circles) > 2008 (filled circles) > 2004
(filled triangles). This growing trend is also seen in Fig. 4b, for the
growth of average tree height at the single-tree level. However,

some of the trees were higher in 2008 than in 2010 (shown in
the several filled circles higher than vertically corresponding
open circles), whereas all the estimated heights in 2008 and 2010
were higher than the corresponding heights in 2004 (shown in all

Growth of field-measured tree heights per year (m yr−1)

2004 1972–1982 1982–1995 1995–2004

6.4 0.33 0.18 −0.03
5.2 0.16 0.13 0.10
9.0 0.22 0.30 0.10
8.2 0.27 0.12 0.13
8.5 0.27 0.14 0.14
9.3 0.32 0.01 0.26
7.1 0.14 0.25 −0.10
7.6 0.31 0.05 0.12
8.3 0.10 0.22 0.11
8.9 0.16 0.19 0.14
9.6 0.37 0.20 0.09
8.9 0.24 0.23 0.11
8.1 0.24 0.17 0.10
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Fig. 4. Comparison of estimated canopy heights in 2004, 2008, and 2010, which
were acquired from (a) the average heights in each plot area, (b) the averages, and
(c)  the maximum values (i.e., tree-top height) in each individual tree crown.

c
t
h
p
t

of CHMs in vertical direction, although trees grow in various direc-
tions. But the growth in lateral direction is also clearly shown in the
ircles above the dashed 1:1 line with filled triangles). More of
hese uncertain cases were found in the estimation of tree-top
eight (Fig. 4c). The circles appearing below the 1:1 line imply the

ossibility that their heights in 2008 or 2010 decrease even lower
han 2004.
n Greening 16 (2016) 142–149 147

4. Discussion

4.1. The growing trends

Consistent growing trends in the plot-level canopy heights
(Table 5, Section 3.1) show a partial discrepancy with the result
of a previous field survey (Sasaki et al., 2007) for the same corre-
sponding plots, depending on the periods (Table 9). Field-measured
heights of plants since 1972 in the selected long-term monitoring
plots show the decrease in the annual growing trends, aver-
aging from 0.24 m yr−1 during 1972–1982 to 0.10 m yr−1 during
1995–2004. However, note that this previous trend includes all
the trees in the plots, not only the upper canopy layer but also
the sub-canopy and understory trees. That might be the reason
for the discrepancy between average field-measured tree heights
in 2004 (Table 9) and LiDAR-estimated upper canopy heights
in 2004 (Table 5). Considering the complex vertical structure of
broad-leaved canopies, we focused on the change in the heights of
upper-layer canopies rather than the change in sub-canopy stories.
Canopy structures can be retrieved from the vertical distribution
of LiDAR returns by use of statistical variables (e.g., percentile
height, coefficient of variation, kurtosis, or skewness) (Jaskierniak
et al., 2011; Næsset and Gobakken, 2005; van Aardt et al., 2006).
However, Bater et al. (2011) argued against the reproducibility of
sub-canopy structure retrieved by last returns, even in the condi-
tion of same-sensor specification and no forest dynamics, such as
growth or gaps. Therefore, in using a multi-temporal LiDAR dataset
acquired by different sensors and configurations, the LiDAR vari-
ables should be more stable in describing any changes of upper to
lower canopy structure.

4.2. Causes of LiDAR-estimation uncertainty

The reasons of uncertainties in the growth estimation when
LiDAR is used, particularly at the single-tree level (Section 3.2),
seems to be based on following cases: (1) The uppermost part of
the crown was missed. (2) The shoot elongation was not always in
the vertical direction. (3) The specification of the LiDAR sensor was
insufficient for detecting the apex within the crown. (4) The crown
area was small, and accordingly the estimation accuracy per unit
area was  much more affected by the situations of (1)–(3) than by
plot-level assessment. First, the branches in the upper canopy can
be easily broken by strong wind, heavy rain, snow, or birds. In such
case, the tree-top height is not always higher in the latest year than
in previous years. Second, because not every growth of shoots elon-
gates vertically, they do not always result in the increase of tree-top
height (Yu et al., 2004). This tendency can be seen more in broad-
leaved canopy than in conifers because of the relatively irregular
crown shape. Third, the detection accuracy of LiDAR for the tree-top
depends on the sensor performance, such as the sampling density
of laser returns, the size of the laser footprint, and the threshold to
record the laser signal as a return (Bater et al., 2011). Moreover, the
LiDAR may  find it difficult to detect the tree-top if the uppermost
part consists of low-density leaves with sparse shoots. Last, these
uncertain parts have more influence on the accuracy of estimating
individual-tree heights than plot-scale heights, because the uncer-
tainty per unit area caused by cases (1)–(3) appears remarkable
when the estimation area is small (Section 3.2).

4.3. Lateral canopy growth

The growth estimation in this study was  limited in the changes
image for calculating the difference in CHMs (Fig. 5). The boundary
of crowns shown with high difference values in Fig. 5b may be the
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ig. 5. Example of lateral growth and gap shown in the difference between LiDAR-d
b)  Image obtained by CHM in 2010 minus CHM in 2004.

esult of shoot elongation in the lateral direction during 2004 to
010. On the contrary, the “minus growth” part indicates a gap (St-
nge and Vepakomma, 2004; Vepakomma et al., 2008), probably
reated when a large branch was broken.

To exclude those pixels where the value is unacceptable as ver-
ical growth, the crown area for growth assessment should be
arefully identified by referring to the image in former year and
ltering those exceptions with an adequate threshold (Yu et al.,
004). However, these object- and site-specific situations remain
s some of the limitations in growth assessment, especially in
arge-scale processing. Vepakomma et al. (2008) underlined the
mportance of LiDAR-detected lateral growth in monitoring gap
ynamics, because it clearly showed the temporal changes at the
ap edge in boreal coniferous forests. Therefore, the broad-scale
iDAR data analysis should be focused on how to incorporate the
rowth in the other direction with the vertical change at the single-
ree level, as well as at the stand level in the case of a broad-leaved
anopy.

. Conclusion

This study assessed the vertical growth of broad-leaved
anopies from the difference in CHMs derived by multi-year LiDAR
atasets. Trends in the LiDAR-estimated growth of average canopy
eight agreed well with one another over the study periods at
he individual-tree level as well as at the plot level, except for
he short-term assessment from 2008 to 2010 of the single-tree
rowth. The LiDAR-estimated growth was validated by a moder-
te and significant relation with the increment of field-measured
asal area, although larger uncertainties remained in the estimates
t the individual-tree level than at the plot level. This may  be the
esult of the tree-top part being broken by agents such as by wind
r birds, the growth was not always in the vertical direction but in
he lateral direction, or the performance of LiDAR was inadequate
o detect the apex of the tree crown (i.e., tree-top height). Despite
his limitation, LiDAR-estimated growth still has high potential in

onitoring canopy growth and gap dynamics on a large scale and in
roviding key spatial information for the management of forested
reas. Future study may  apply these multi-LiDAR datasets to mon-
toring changes in aboveground biomass or canopy structure on a
road scale.
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