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Abstract 
Aim of study: The objective of this study is to test the validity of the DBH and total height allometric models fitted to the crown 

polygon data obtained by the application of a crown delineation and individualisation algorithm which uses the geometrical relation-
ships between the points in the original LiDAR point clouds in the Pinus sylvestris L. stands. 

Area of study: The study area is located in the province of Álava in the Autonomous Community of the Basque Country. 
Material and Methods: The crowns are delineated using data from airborne LiDAR point clouds obtained in the 2008 overflight 

of the Basque Autonomous Community. The DBH and total height data for field trees are obtained from the plots in the 4th National 
forest inventory. 

Main Results: For the adjusted total height and DBH models coefficients of determination of 0.87 and 0.74 respectively were 
obtained. The root mean squared errors were 10.67% and 18.97% respectively. The distributions of obtained DBH and total height 
fitted values and the distributions of the DBH and total height of the field trees are very similar except for the DBH below 15 cm. 

Research highlights: For stands of Pinus sylvestris L. in Álava, the geometrical relationships between the points that correspond 
to laser signal echoes obtained with airborne LiDAR sensors can be used directly to delineate approximations of the horizontal 
projections of the crowns of the trees. Although the procedure set out here was developed for stands of P. sylvestris L. in Álava, it 
can be applied to other conifers in regular stands by adjusting the working parameters of the function which delineates the crowns 
on the basis of the point cloud.
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2009; Suarez et al., 2009; Wang et al., 2008). Most of 
these studies use some variant of one of the two opera-
tional mechanisms most widely employed in LiDAR 
(Light Detection and Ranging) inventories: the first entails 
obtaining a digital canopy height model (CHM) as the 
difference between the digital model of the surface and 
the digital terrain model (DTM). In the crown model the 
relative maximum heights are located and considered as 
tree apices, and the crown for each tree is then expanded 
from those maximum figures using various methods. 

The second mechanism uses maximum heights and 
height percentiles from a point cloud compartmental-

Introduction

Over the past 10 years the availability of data obtained 
using airborne laser sensors for the assessment of for-
estry resources has enabled several methods to be devel-
oped that are capable of estimating variables related to 
stand structures (Cuasante & García, 2009; Condes & 
Riaño, 2005; Kini & Popescu, 2004; Palomino, 2009; 
Zhao & Popescu, 2007). Methods have also been devel-
oped using the same data for calculating the characteris-
tic variables of individual trees such as total height and 
individual crown (Koch et al., 2006; Rahnman & Gorte, 
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ised using a grid whose dimensions vary from one 
individual method to another. The cell size in the grid 
used for analysis is usually greater than 200 m2 (Næs-
set 2002; Andersen & Breidenbach 2007; Gobakken & 
Næsset 2008; Breidenbach et al., 2008). Forestry 
variables are obtained for each cell in the grid by re-
gressing the values from the field plots with the de-
scriptive values of the LiDAR point clouds for the same 
plots. The main advantage of using these methods is 
the low pulse density at which they can be used. Some 
authors find that densities as low as 0.1 pulses per 
square meter suffice (Næsset, 1997; Holmgren, 2004).

Under the individual tree approach, some authors 
resort directly to the point cloud to segment the crown 
of each tree and use this information to obtain an esti-
mate of the DBH, total height, volume of wood, basi-
metric area or biomass (Holmgren et al., 2012; Hol-
mgren & Lindberg, 2013; Heurich et al., 2004; Hyyppä 
et al., 2001; Maltamo et al., 2009; Vaunhkonen, 2010; 
Vaunhkonen et al., 2010; Yao et al., 2012). Others in-
troduce modifications and use not just the delineated 
crown of each tree but information on its nearest neigh-
bours too (Breidenbach et al., 2010). There are also 
authors who model the crown of each tree with a revo-
lution curve that varies depending on each species and 
then calculate allometric estimates of the DBH and total 
height (Kopela, 2007; Kopela et al., 2007).

Taking the approach of using the complete data 
cloud, this paper applies LiDAR data from the 2008 
overflight of the Autonomous Community of the 
Basque Country to a new procedure for individualising 
crowns in stands of Pinus sylvestris L. For each crown 
polygon delineated, the DBH and total height of the 
tree in question are estimated by adjusting the regres-
sions whose dependent variables are the field data 
obtained for the plots in the 4th National Forestry Inven-
tory (IFN4) of the province of Álava and whose inde-
pendent variables are the height and crown diameter 
of the polygons delineated.

Material and methods 

The study area is located in the province of Álava 
in the Autonomous Community of the Basque Country. 
Specifically, it comprises the area covered by stands 
of P. sylvestris. According to the Forestry Map of the 
Autonomous Community of the Basque Country 
(CAPV) for 2010, P. sylvestris covers 16,862 ha in 
Álava, a larger surface area than any other conifer in 
the province. The procedure does not discriminate 
between natural and man-made forests.

The field data used were gathered during the field-
work for IFN4, which took place between October 2010 

and June 2011. The measurements taken for each tree 
in the plots considered were: azimuth, distance, DBH 
and total height. According to IFN methodology each 
plot is made up of 4 subplots with a radio of 5, 10, 15 
and 25 meters. In these four subplots, the trees were 
measured with DBH greater than 7.5, 12.5, 22.5 and 
42.5 cm. respectively .This plot inventory design re-
quires the use of expansion factors in order to be able 
to refer the data to the area. When the unit area is the 
hectare the expansion factors are 127.32 for the trees 
with  DBH  between 7.5 and 12.51 cm, 31.83 for the 
trees with  DBH between 12.51 and 22.5 cm, 14.15 for 
the trees with  DBH between 22.51 and 42.5 cm and 
5.09 for the trees with DBH greater than 42.5 cm.  The 
plots where more than 75% of the trees measured were 
P. sylvestris, were selected. The plots where  more than 
80% of the trees measured were conifers and more than 
50% of the total amount of trees measured was P. syl-
vestris, were also selected. Three plots where P. syl-
vestris accounted for only around 70% were also in-
cluded because of the small sizes of those trees which 
were not Pinus. Those selected plots which met the 
above conditions but where the average height did not 
exceed 6 m were then eliminated from the study be-
cause the crown delineation algorithm works by explor-
ing the point cloud in a downward direction to a height 
of 4 m above the ground so as to avoid any distorting 
effects caused by bushes in the final results. Taking 
into account that the LiDAR data were gathered three 
years before the field data, it was decided to leave a 
safety margin of 1 m so that the growth of the trees on 
each plot did not invalidate the minimum height prem-
ise used in developing the working algorithm. Those 
plots which had been thinned between the moment of 
the LiDAR overflight and the taking of the field mea-
surements were also eliminated . On this basis 50 plots 
were selected .On these plots, those trees whose DBH 
was less than 10 cm and whose total height was less 
than 6 m were eliminated. Figure 1 shows the location 
and distribution of the plots selected.

The centres of the plots selected were measured in 
the field using GPS with margins of error of less than 
15 m. During the process it was necessary to translate 
some of the plots to adjust them to their true locations.

The LiDAR data used in this study are from the point 
cloud that resulted from flights over Álava made be-
tween 18/06/2008 and 10/07/2008. A laser scanner 
RIEGL LMS Q560 was used in the data collection. The 
points obtained were processed using TERRASOLID 
TerrMatch V8 and TerraScan V8. The result is an ir-
regular cloud of classified points with an average 
density of 3.18 points/m2. The sensor recorded between 
1 and 5 returns for each laser pulse. Table 1 shows 
LiDAR data gathering parameters.
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The algorithm at the basis of this study was applied 
to each set of points in a plot. This algorithm is written 
as a function in SQL language for use in postgreSQL 
9.2 with the POSTGIS 2.0 add-on, which gives the 
database manager geometrical and other GIS functions. 
The algorithm delineates the horizontal projection of 
each crown as a polygon that takes in all the points 
which impact on each tree. The result takes the form 
of an .shp layer that contains each crown polygon for 
each tree in graphic form and an associated table with 
the following data for each crown: maximum height, 
minimum height, polygon surface area, number of 
points contained and density measured in trees per 
hectare calculated from the centroid of the polygon 
using the 6th tree method (Prodam, 1968).  A further 
column was added with the heading “LiDAR crown 
diameter” which shows the diameter of a circle with 
the same surface area as the crown polygon delineated. 
To reach this result the algorithm divides the point 
cloud into layers half a metre deep and analyses the 
distance from each point to the crown polygons already 
delineated in each layer, in a downward direction. 

The function above mentioned implies that all the 
points of  the slice are projected on its middle horizon-
tal plane In this way the distance in two dimensions is 
measured instead of three dimensions. As previous 
crown polygons have not been created, the points of 
the highest slice should be considered tree apices. 
Around each apex a 0.75m buffer is created. When 
these areas are intersected, they are considered parts 
of the same tree and because of this, they dissolve into 
one polygon. The radio of the buffer is 0.75 m as the 
maximum tree density found for P.sylvestris in the 
study area is 4000 trees/ha . Therefore the minimum 
distance between apices is 1.50 m. approximately. Hav-
ing delineated the crown polygons of the first slice the 
function starts a loop that is repeated with all the points 
of each slice. The points of the next slice are selected. 
All these points and the previously delineated crown 
polygons are projected on the middle plane of the slice. 

The point files (in .LAS format) that contained the 
IFN4 plots selected were compiled, and with the points 
classed as ground, DTMs were drawn up with a resolu-
tion of 0.5 x 0.5 m. The centres of the plots were se-
lected and the LiDAR points within a radius of 60 m 
around each centre were then cropped. Each of the 50 
crops obtained in this way was converted to an “.shp” 
file (shapefile), a format that can be handled by most 
Geographical Information Systems (GIS). The files 
were then normalised by subtracting the reading cor-
responding to the DTM created in the previous step 
from each point. In each crop of normalised points, 
those with heights below 4 m and above 50 m were 
then eliminated. Points with readings below 4 m were 
eliminated because this was considered the lowest level 
at which a distinction could be drawn between bushes 
and trees. Points with heights in excess of 50 m can be 
considered as process errors, as there are no trees that 
high in the study area. The 60 m radius gives an area 
that is large enough to prevent the shift due to transla-
tion of plots from IFN4 from entailing any loss of data. 
Moreover, the edge effect in the working area does not 
affect the delimitation of crowns in the inventory plots. 
Fifty normalised point clouds were thus obtained in 
.shp format, corresponding to the fifty IFN4 plots se-
lected. 
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Figure 1. Location of the study area & plots used to adjust models.

Table 1. LiDAR data gathering parameters

CHARACTERISTIC VALUE

Dates 18/06/2008 - 10/07/2008
Overflight height 900 m.
Distance between flight lines 450 m.
Transverse cover 60%
Terrain sweep line corridor 1039 m.
Scan angle 60º
Pulse Repetition Rate (PRR) 120,000 Hz
Eff. Measurement rate 80,000 Hz
Beam divergence 0.5 mrad
Facets 4
Ground speed 110 Km/h
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which includes all the elements with the same code, is 
drawn. This way each polygon crown grows adapting 
to the cloud points geometry. A working diagram of the 
algorithm is shown in Figure 2.

To determine the threshold distance (OA), the algo-
rithm was run on each inventory plot LIDAR  point cloud 
.During the process, the value of the parameter OA was 
changed to the point where the number of trees which 
was obtained with the algorithm and the number of trees 
in the field plot was the same. Once the OA value for 
each inventory plot was obtained, several regression 
models were elaborated to relate this variable OA with  
variables of the field  plot trees . The model with the 

Using a nearest neighbor algorithm the distance be-
tween each point and its nearest delineated crown 
polygon is measured. When the measured distance is 
bigger than specified threshold, the point is considered 
to be a new apex and a 0.75 m buffer is established. 
The polygons of the new delineated crowns are added 
to the existing polygons. The unselected points  should 
belong to one of the already delineated crown polygon.  
Using once more the nearest neighbor algorithm, the 
nearest crown  polygon is located for each of these 
points. Each of them copies the nearest crown polygon 
identifying code. Once the points have been asigned to 
the nearest polygon code, the mínimum convex-hull 

Figure 2. Crown delineation process using the POSTGRES function.

Loading of point  
file

Selection of points in 1st layer

Buffer

Buffer

Buffer

Distance 
>OA

Join overlap

Centroid

Buffer Crowns before growth
Distance from points to  
crowns before growth

6th tree density calculation

Conversion to SHP

Final crown layer

Assignation of variables to  
each crown polygon

Asignation of ID

Convex Hull growth

Last Layer
Calculation of average 
points in 20 m radius

Final crown polygons
Nº points < 

40% average
Reassignation 

of points

Convex-Hull

yes

yes

noyes

no

no

yes no

N crowns

Selection of points in layer N+1



Forest Systems April 2016 • Volume 25 • Issue 1 • e046

5Diameter & height based on crown individualisation using LiDAR data

Both the trees according to the field study and the 
LiDAR crown polygons were then weighted according 
to the expansion factor for the DBH of the trees in the 
field study in each case (Bravo et al., 2002), divided 
by the smallest of the above factors (5.093). The de-
scriptive statistical data for DBH and total height of 
the whole set of Pinus sylvestris L. in the IFN4 plots 
selected are shown in Table 2.

smaller Root mean square error (RMSE) value and  the 
greater R2 value was selected. The model fulfilled the 
homoscedasticity and not auto-correlation hypotheses.

It can be shown experimentally that over 90% of the 
polygons that contain fewer than 40% of the average 
number of points found within 20 m are false crowns, 
usually caused by the function taking protruding 
branches as new treetops. These branches have no 
crown beneath them that could provide a sufficient 
number of returns, so the number of points is low. Once 
the initial delineation of polygons is completed the next 
step is to correct the data by eliminating these false 
crowns and reassigning their points to the nearest 
crowns. The crowns affected must be re-delineated and 
recalculated to include these points. Once the final set 
of crowns is obtained, the function calculates the den-
sity in trees per hectare of each one using the 6th tree 
method. The final result of this process provides the 
data table for each crown described above.

Each group of crowns delineated is entered in a GIS, 
and the locations of the trees in the plots from IFN4 
are superimposed on it. The centre of each plot is de-
termined in the field with a margin of error of +/- 15 
m, so a 2-D translation of the trees according to IFN4 
is required to get them to coincide largely with the 
delineated crowns by approximation of their heights 
and spatial structure. In this correction, ortho-photos 
from 2008 were also used. Following the correction, 
the location of the centre of the plot is approximated 
accurately enough to provide reliable values for the 
variables. Figure 3 shows an example of the final result 
of the delineation of crowns in a plot with a radius of 
60 m around the centre of an IFN4 plot with trees lo-
cated according to field data, before and after the 
translation process.

Translations were also applied to the trees contained 
in plots, and those crown polygons that exactly matched 
tree locations established in fieldwork were selected. 
Those trees which occupied intermediate positions be-
tween different polygons and those polygons which 
contained more than one tree were not selected. This 
resulted in a selection of 958 trees out of the total of 1477 
contained in the IFN4 plots IFN4 (65%). The Pinus syl-
vestris L. were then selected, giving a total of 916 trees.

Figure 3. Result of crown delineation on plot 285 according to 
IFN4 and the plot after a 2D translation of +8 m on the X-axis 
and -5m on the Y-axis.The circles represent the variable-radius 
plot of IFN.

Table 2. Statistical data for all Pinus sylvestris L. on the plots included in the study & for selected trees

All trees Selected trees 

N Range Min Max Avge St. Dev N Range Min Max Avge St. Dev

DBH 25,931 64.20 10.00 74.20 24.81 9.79 15,239 50.15 10.15 60.30 25.93 9.75
Ht 25,931 28.40  4.00 32.40 12.37 3.98 15,239 23.10  5.70 28.80 12.56 4.06

DBH: Diameter at Breast Height in cm.
Ht: Total height in m.
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LiDAR crown diameter, understood as the diameter of 
a circle with the same surface area as the crown poly-
gon delineated. To correct problems of auto-correlation, 
heteroscedasticity and non-linearity, the five regres-
sions with the largest R2 out of all the combinations of 
variables and their Napierien logs and square roots 
were tried. The models tested are shown in Table 4.

As an additional check, once the regressions were 
calculated for the total heights and the DBH, the equa-
tions were applied to the crown polygons resulting from 
the LiDAR crown delineation in all 50 plots in the 
inventory, weighted for the relevant expansion factors. 
The average DBH and height was calculated for all the 
trees with delineated crowns and the results were com-
pared with the average DBH and total height of trees 
measured in the field, also weighted for their expansion 
factors. The results are shown in Table 5.

The distribution of diameters was checked using 5 
cm diameter class brackets for both the trees from the 
field study and those from the LiDAR survey. The 
distribution results are shown in Figure 4.

Once the positions of the trees in the field study and 
the LiDAR crowns were matched, the regressions for 
DBH and total height were adjusted as functions of the 
variables of the crown polygons delineated.

To determine which variables were relevant in the 
total height & DBH regression the “select regression 
model” function of STATGRAPHIC was used and it 
was checked that the coefficient of determination R2 
did not increase with more than one independent vari-
able. The variables in which that coefficient was the 
largest were used. 

After selection, models with these variables and their 
logs and square roots were tried out. The validity of 
the models tried was checked using the hypotheses of 
homoscedasticity, auto-correlation and non linearity, 
applying the Breusch-Pagan tests (Breusch & Pagan, 
1979), Durbin-Watson (Durbin & Watson, 1971 and 
Reset (Ramsey, 1969).

For the total height model it was found that the coef-
ficient of determination did not increase with more than 
one independent variable. The maximum R2 was ob-
tained with the maximum height of the points contained 
in each delineated crown polygon (LiDAR height). The 
initial linear model, whose dependent variable was the 
field tree height and whose independent variable was 
the LiDAR height, proved to be heteroscedastic and 
auto-correlated, and failed to pass the RESET test for 
non-linearity. Several models were tested in an attempt 
to solve these problems, including logs, squares and 
square roots instead of the original variables. The mod-
els tested are shown in Table 3.

Similar calculations were made to establish which 
model was most suitable for the DBH. It was found 
that the coefficient of determination did not increase 
from two independent variables upward and that the 
maximum R2 was obtained using the maximum height 
of the points contained in each crown polygon and the 

Table 3. Models for total height

MODEL R2 RMSE Breuch-Pagan 
Homoscedasticity test

Durbin-Watson
Auto-correlation test

RESET
Non-linearity test

Hc= a+b*Hl 0.886 1.365 0 0 0
Hc=a+b*Hl+c*Hl2 0.888 1.354 0 0 0
Hc=a+b*Hl+c* Hl 0.888 1.354 0 0 0.90
LNHc=a+LN(Hl) 0.852 0.117 0 0 0
LN(Hc)=a+b*LN(Hl)+c*(LN(Hl))2 0.857 0.116 0 0 0.50
Hc=a+b* Hl 0.871 0.20 0.03 0 0
Hc=a+b*Hl+c* Hl 0.874 0.19 0.13 0 0.63

Hc: total tree height in m.
LN(Hc): Naperian log of tree height in m.
Hl: Maximum height in m of points contained in LiDAR crown polygon.
LN(Hl): Naperian log of máximum height of points contained in LiDAR crown polygon.

Figure 4. DBH distributions for field trees & LiDAR deline-
ated trees.
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where:

OA: value of threshold distance in meters
dph: number of field trees per hectare
After testing multiple relationships between the total 

height of each tree variable (Ht) and the variables for 
the LiDAR crown polygons and combinations of the 
latter, the model selected was the only one that cor-
rected the problems of heteroscedasticity and non-line-
arity, i.e. the one in which the dependent variable is the 
square root of the total height and the independent 
variables are the LiDAR height and its square root. None 
of the models corrects the problem of auto-correlation. 

The following model was selected:

Ht  = 1.2673 + 0.0698*Hl + 0.4087* Hl

R2 =0. 874
RMSE. = 0.19 (1.35 m after the transformation is 

undone) 10.67%
Mean absolute error = 0.14 (0.98 m after the trans-

formation is undone) 7.93%
where:

Ht: total height of each field tree in metres.
Hl: LiDAR height of the tree in metres considered 

as the height of the highest point contained in the crown 
polygon.

To correct the systematic bias introduced when the 
square root transformation is undone, the factor pro-
posed by Duan (1983) must be added.

The match in height distributions was checked using 
3 m height class brackets. The distribution results are 
shown in Figure 5.

Results

The OA value is a function of the number of field 
trees per hectare (dph). 

OA = 16.0833*dph–0.396288

R2 = 0.98
RMSE = 0.0430824
Mean absolute error = 0.0326189

Table 4. Models for DBH

MODEL R2 RMSE Breuch-Pagan 
Homoscedasticity test

Durbin-Watson
Auto-correlation test

RESET
Non-linearity test

DBH=a+b*Hl+c*LN(DCL) 0.738 4.95 0.23 0 0
DBH =a+b*Hl+c* Hl 0.737 4.96 0.09 0 0.041
DBH =a+b* Hl +c* DCL 0.735 4.98 0.35 0 0.052
DBH =a+b* HL+c*LN(DCL) 0.735 4.98 0.70 0 0
DBH =a+b*Hl2+c*LN(DCL) 0.732 5.01 0.001 0 0

DBH: DBH of the tree in cm.
DCL: LiDAR crown diameter in m, understood as the diameter of a circle with the same surface area as the LiDAR crown polygon.
LN(DCL): Naperian log of LiDAR crown diameter in m.
Hl: Maximum height in m of points contained in LiDAR crown polygon.
LN(Hl): Naperian log of máximum height of points contained in LiDAR crown polygon.

Table 5. Average results of regressions

Trees (field study) Trees (LiDAR) Absolute error Relative error 

Total trees 25.931 26.030 99 0.38%
Average diameter (cm) 24.88 25.26 0.38 1.53%
Average height (m) 12.37 12.35 –0.02 –0.16%
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Hl: LiDAR height in metres of the tree considered 
as the height of the highest point contained in the crown 
polygon.

DCl: LiDAR crown diameter in metres, considered 
as the diameter of a circle with the same surface area 
as the crown polygon delineated.

Figure 7 shows the graphs for the field measurement 
individual trees DBH model.

Once the diameter was calculated for each LiDAR 
crown delineated according to the individual tree di-
ameter here, the diameter distribution of trees accord-
ing to the LiDAR survey was found to underestimate 
the number of trees in diameter class 10 cm (-61%) 
and 15 (-12%) though that underestimation is offset 
by an overestimation of the number of trees in diam-
eter classes 20 cm and 25 cm (26% & 30% respec-
tively). 

The height distribution of trees according to the 
LiDAR survey calculated using the total height model 
for individual trees and trees grouped into height class 
brackets of 3 m closely matches the height distribution 
of trees according to the field study, with error levels 
of less than 10% in all brackets except 25.5, where the 
error level is 28%.

To validate the process in an independent sample, 
183 trees were measured which were in three plots 
apart from the already measured. The results of valida-
tion are shown in table 6.

CF = 1/ n* εi
2∑

where n is the number of data and Ɛi is the residue from 
observation i.

For the equation for the square root of the height, 
CF= 0.0378

Once the transformation is undone the equation 
looks like this:

Ht = 0.0378 + (1.267 + 0.06984*Hl + 0.4087* Hl )2

Figure 6 shows the graphs for the field measurement 
individual trees height model.

For DBH the model selected was the only one that 
met the conditions of homoscedasticity and linearity. 
None of the models met the no auto-correlation condi-
tion. The model finally selected was the one in which 
the DBH depends on the square roots of the LiDAR 
height and the LiDAR crown diameter. 

DBH = -25.3810 + 7.1931* Hl  + 14.5527* DCl

R2=0. 735
RMSE. = 4.98 cm. (18.97%)
Mean absolute error (MAE) = 3.96 cm. (15.09%)
where:
DBH: Diameter at breast height of the tree in centi-

metres.
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while our own study covers the whole province of 
Álava: the models are therefore more general in their 
application and necessarily less precise. 

The main problem of the models obtained is that 
they do not meet the requirement of no auto-correlation. 
This is because the results are shown grouped by plots. 
The mean residue and its amplitude are different in 
each plot.

To check whether any variable excluded from the 
height model might help to explain the difference in 
the residues on each plot, the correlations of the resi-
dues from the regression were checked against the rest 
of the variables for the field study and the LiDAR 
survey on each plot. The only one of these correlations 
which was significantly different from 0 was the dif-
ference between field study height and LiDAR height. 
The linear correlation between the regression residue 
and the difference between field study height and 
LiDAR height is almost perfect. It was then checked 
whether this difference was linearly correlated with 
any variable in the field study or LiDAR survey, and 
again no correlations significantly different from 0 were 
found.

The residues do not depend on any of the plot vari-
ables, so the differences between them may stem from 
differences in the reliability of the DTM depending on 
the number of points used to draw them up. This prob-
lem cannot be corrected, and during the point cloud 
normalisation process it will give rise to average resi-
dues with systematic biases which are different for each 
plot, depending on whether the surface of the terrain 
has been interpolated above or below the actual surface.

With regard to the DBH distribution, the diameter 
class 10 and 15 undersestimation  is compensated for 
with the overestimation of the two following diametric 
classes, that is to say, that the procedure tends to  ho-
mogenize the dasometric characteristics of the smaller 
trees . As the wood percentage obtained in the smallest 
trees is low, its influence in the estimation of the stock 
of wood is limited

The height distribution only presents bigger errors 
than 10% in  the bracket of 25.5 m. Although  the error 
level is 28%, in absolute terms, it only affects 109 trees. 
So its influence in the total amount is very small.

Although the procedure set out here was developed 
for stands of P. sylvestriss L. in Álava, it can be applied 
to other conifers in regular stands by adjusting the 

Discussion

No other results based on crown individualisation 
methods have been found for Spanish forest stands, but 
publications have been found concerning stands of 
other species elsewhere.

In Sweden (Holmgren & Lindberg, 2013) a new 
crown delineation algorithm was applied to 6 plots of 
6400 m2 with regular, almost mono-specific stands of 
Picea abies L. In all 2276 trees were measured.  The 
LiDAR data density was 30 points/m2. RMSEs of 3.8% 
for total height and 6.3% for DBH were obtained.

In Finland (Maltamo et al., 2009) 14 plots of P. 
sylvestris were measured in which 133 trees were lo-
cated, with DBH measurements of between 2.2 and 
37.6 cm. and heights of between 19.5 and 27.2 m. A 
crown individualisation algorithm was applied and the 
results were used to estimate total heights and DBH. 
RMSEs of 1.95% for total height and 5.6% for DBH 
were obtained.

Also in Finland, crowns have been reconstructed in 
highly localised studies (Vauhkonen, 2010) using com-
putational geometry on point clouds. Estimates of DBH 
and total height were obtained with data on individu-
alised crowns. The RMSEs were 13% for DBH and 3% 
for total height.

In Scotland (Suarez et al., 2009) field measurements 
and LiDAR data were taken for 12 plots of Picea sitch-
ensis (Bongard) in 2002 and 2006. The densities found 
were between 3 & 4 points /m2 in 2002 and between 
10 & 17 points/m2 in 2006. Crowns were delineated on 
digital crown models using image segmentation pro-
grams. Once the crown of each tree was delineated the 
height and crown surface area delineated were associ-
ated with it. These variables were then used to run 
regressions on field study figures for DBH and total 
height. Only the R2 of the relevant ratios are shown: 
for 2002 the figures are 96% for the height model and 
88% for the diameter model. For 2006 they are 93% 
and 67% respectively. The degrees of error are not 
shown. 

In all the above cases the RMSEs reported for both 
total height and DBH are lower than the 18.97% for 
DBH and 10.67% for height obtained with the method 
described here. It must be considered, however, that 
all the studies indicated obtain their results from sam-
ples that are highly concentrated in terms of space, 

Table 6. Results of the validation plots

Trees (field study) Trees (LiDAR) Absolute error Relative error 

Total trees 182 189 7 3.8%
Average diameter (cm) 34.44 35.49 1.05 3%
Average height (m) 19.66 19.01 –0.65 –3.3%



Manuel-Ángel Valbuena Rabadán, Jacinto Santamaría Peña and Félix Sanz Adán

Forest Systems April 2016 • Volume 25 • Issue 1 • e046

10

References

Andersen HE, Breidenbach J, 2007. Statistical properties of 
mean stand biomass estimators in a LiDAR-bases double 
sampling forest survey design. In: Proceedings of the 
ISPRS workshop laser scanning 2007 and SilviLaser 2007, 
Espoo, Finland, 12–14 Sept 2007, IAPRS, vol XXXVI, 
Part 3/W52, 2007, pp. 8–13.

Bravo F, Del Río M, Pando V, San Martín R, Montero G, 
Ordoñez C, Cañellas I, 2002. El diseño de las parcelas del 
Inventario Forestal Nacional y la estimación de variables 
dasométricas. In: Bravo F, Del Río M, Del Peso C, (eds): 
El Inventario Forestal Nacional Elemento clave para la 
Gestión Forestal Sostenible. Fundación General de la 
Universidad de Valladolid, Spain. 19-35.

Breidenbach J, Kublin E, Mcgaughey R, Andersen HE, 
Reutebuch S, 2008. Mixed-effects models for estimating 
stand volume by means of small footprint airborne laser 
scanner data. Photogramm J Finland 21: 4–15.

Breidenbach J, Naesset E, Lien V, Gobakken T, Solberg S, 
2010. Prediction of species specific forest inventory at-
tributes using a nonparametric semi-individual tree crown 
approach based on fused airborne laser scanning and 
multispectral data. Remote Sens Environ 114: 911–
924. http://dx.doi.org/10.1016/j.rse.2009.12.004

Breusch TS, Pagan AR, 1979. A Simple Test for Heterosce-
daticity and Random Coefficient Variation. Econometrica, 
47: 1287-1294. http://dx.doi.org/10.2307/1911963

Cuasante D, García C, 2009. Estimación de recursos 
forestales con tecnología LiDAR aerotransportada. Apli-
cación práctica en varios montes de la Provincia de Bur-
gos. V Congreso Forestal Español.

Condes S, Riaño D, 2005. El uso del escáner laser aerotrans-
portado para la estimación de la biomasa foliar del Pinus 
sylvestris L. en Canencia (Madrid). Cuad Soc Esp Cienc 
For 19: 63-70.

Duan N, 1983. Smearing estimate: a nonparametric retrans-
formation method. J Am Stat Assoc 78: 605-10. http://
dx.doi.org/10.1080/01621459.1983.10478017

Durbin J, Watson GS, 1971. Testing for serial correlation in 
least squares regression. III. Biometrika, 58: 1–19. http://
dx.doi.org/10.2307/2334313

Gobakken T, Naesset E, 2008. Assessing effects of laser point 
density, ground sampling intensity, and field sample plot 
size on biophysical stand properties derived from airborne 
laser scanner data. Can J Forest Res 38:1095–1109. http://
dx.doi.org/10.1139/X07-219

Heurich M, Persson A, Holmgren J, Kennel E, 2004. Detection 
and measuring individual trees with laser scanning in mixed 
mountain forest of central Europe using an algorithm de-
veloped for Swedish boreal forest conditions. In: Proceed-
ings of the international Conference. Laser-Scanners for 
Forest and Landscape Assessment - Instruments, Processing 
Methods and Applications. Freiburg im Breisgau, Germany.

Holmgren J, 2004. Prediction of tree height, basal area and stem 
volume using airborne laser scanning. Scand J For Res 
19:543–553. http://dx.doi.org/10.1080/02827580410019472

Holmgren J, Barth A, Larsson H, Olsson H, 2012. Prediction 
of stem attributes by combining airborne laser scanning 

working parameters of the POSTGIS function which 
delineates the crowns on the basis of the point cloud. 
It may be of particular interest for managing stands of 
Pinus radiata D. Don, a species which accounts for 
64% of the standing trees in the Autonomous Com-
munity of the Basque Country and 80% of those har-
vested. Future research should check for increased 
precision in models adjusted with data obtained from 
more homogeneous managed and natural forestry situ-
ations consistent with these productive species. 

The delineation function detects secondary máxi-
mum which are not trees but once found they cause a 
delineation of a a new Crown polygon. Although the 
adjustment of OA parameter minimizes this problem 
it cannot solve it completely

For applying the method to stands of broadleaf trees, 
it must be taken into account that the crown delineation 
algorithm needs to find points that can be considered 
as clearly defined apices. Because of the shape of their 
crowns, broadleaf species generally form stands in 
which the points that make up the apices of the crowns 
are not very different from those around them. This 
makes it harder to apply the method to such stands. An 
in-depth adaptation of the algorithm would need to be 
developed before it could be applied in such conditions.

Conclusions

For stands of Pinus sylvestris L. in Álava, the geo-
metrical relationships between the points that correspond 
to laser signal echoes obtained with airborne LiDAR 
sensors can be used directly to delineate approximations 
of the horizontal projections of the crowns of the trees 
from which those echoes were obtained, with no need 
to resort to simplifications such as rasterisation to obtain 
digital models that reproduce the shape of the surface 
area of the canopy formed by the crowns. 

The heights of the trees located by delineating their 
crowns with the procedure described can be estimated 
using the height of each crown polygon above the 
DTM, with “crown height” being understood as the 
height of the highest point according to a model with 
a coefficient of determination of 0.87 with RMSE= 
1.35 m. The DBH can also be estimated using the 
height and diameter of the crown polygon delineated, 
according to a model with a coefficient of determina-
tion of 0.74 with RMSE = 4.98 cm.

The distributions of obtained DBH and total height 
fitted values and the distributions of the DBH and total 
height of the field trees are very similar except for the 
DBH below 15 cm. These diameters are strongly un-
derestimated and they are incorporated to the following 
diametric classes.

http://dx.doi.org/10.1016/j.rse.2009.12.004
http://dx.doi.org/10.2307/1911963
http://dx.doi.org/10.1080/01621459.1983.10478017
http://dx.doi.org/10.1080/01621459.1983.10478017
http://dx.doi.org/10.2307/2334313
http://dx.doi.org/10.2307/2334313
http://dx.doi.org/10.1139/X07-219
http://dx.doi.org/10.1139/X07-219
http://dx.doi.org/10.1080/02827580410019472


Forest Systems April 2016 • Volume 25 • Issue 1 • e046

11Diameter & height based on crown individualisation using LiDAR data

cedure and field data. Remote Sens Environ 80: 88–99. 
http://dx.doi.org/10.1016/S0034-4257(01)00290-5

Palomino MP, 2009. Algoritmo para la localización y esti-
mación de masa forestal a partir de imágenes LiDAR. 
Proyecto fin de master en Sistemas Inteligentes. Facultad 
de Informática. Universidad Complutense de Madrid, 
Spain.

Prodan M, 1968. Forest bimetrics. Pergamon Press. 447. 
Oxford, UK.

Rahman MZ, Gorte BG, 2009. Tree crown delineation from 
high resolution airborne LiDAR based on densities of high 
points. ISPRS workshop Laserscanning 2009. Paris, 
France.

Ramsey JB, 1969. Tests for Specification Errors in Classical 
Linear Least Squares Regression Analysis. J Royal Stat 
Soc B, 31(2): 350–371.

Suárez J, Di Lucca M, Goudie J, Polsson K, Xenadis G, 
Gardiner B, Perks M, 2009. An individual canopy deline-
ation algorithm based on object- oriented segmentation 
and classification. Silvilaser 2009 October 14-16 2009 
– College Station Texas, USA.

Vauhkonen J, 2010. Estimating single-tree attributes by 
airborne laser scanning: methods based on computa-
tional geometry of the 3-D point data. Dissertationes 
Forestales 104. 44 pp. http://www.metla.fi/dissertationes/
df104.htm.

Vauhkonen J, Korpela I, Maltamo M, Tokola T, 2010. Impu-
tation of single-tree attributes using airborne laser scan-
ning-based height, intensity, and alpha shape metrics. 
Remote Sens Environ 114:1263–1276. http://dx.doi.
org/10.1016/j.rse.2010.01.016

Wang Y, Weinacker H, Koch B, 2008. A LiDAR point cloud 
based procedure for vertical canopy structure analysis and 
3D single tree modelling in forest. Sensors, 8: 3938-
3951. http://dx.doi.org/10.3390/s8063938

Yao W, Krzystek P, Heurich M, 2012. Tree species classifica-
tion and estimation of stem volume and DBH based on 
single tree extraction by exploiting airborne full-waveform 
LiDAR data. Remote Sens Environ 123:368–380. http://
dx.doi.org/10.1016/j.rse.2012.03.027

Zhao K, Popescu SC, 2007. Hierarchical watershed segmen-
tation of canopy height model for multi-escale forest in-
ventory. ISPRS Workshop on Laser Scanning 2007 and 
SilviLaser 2007 Espoo September 12-14 2007, Finland.

and measurements from harvesters. Silva Fennica 46(2): 
227–239. http://dx.doi.org/10.14214/sf.56

Holmgren J, Lindberg E, 2013. Tree crown segmentation 
based on a geometric tree crown model for prediction of 
forest variables. Can J Remote Sens 2013, 39: 86-98. 
http://dx.doi.org/10.5589/m13-025

Hyyppä J, Kelle O, Lehikoinen M, Inkinen M, 2001. A 
segmentation-based method to retrieve stem volume es-
timates from 3-D tree height models produced by laser 
scanners. IEEE Trans Geosci Remote Sens 39: 969–975. 
http://dx.doi.org/10.1109/36.921414

Kini AU, Popescu SC, 2004. Treevaw: a versatile tool for 
analysing forest canopy LiDAR data: A preview with an 
eye towards future. Remote Sensing Foundation for GIS 
Applications September 12-16.

Koch B, Heyder U, Weinacker H, 2006. Detection of Indi-
vidual Tree Crowns in Airborne LiDAR Data. Photo-
gramm Eng Rem Sen, April 2006 :357-363.

Kopela I, 2007. Incorporation of allometry in single-tree 
remote sensing with LiDAR and multiple images. In: 
Heipke C, Jacobsen K Gerke M, (eds.). Proceedings of 
ISPRS Hannover workshop 2007 on High Resolution 
Earth Imaging for Geospatial Information. Hannover, 
Germany, May 29–June 1, 2007. IAPRS XXXVI Pt I/
W51, 6 pp.

Kopela I, Dahlin B, Schäfer H, Bruun E, Haapaniemi F, 
Honkasalo J, Ilvesniemi S, Kuutti V, Linkosalmi M, 
Mustonen J, Salo M, Suomi O, Virtanen H, 2007. Single-
tree forest inventory using lidar and aerial images for 3D 
treetop positioning, species recognition, height and crown 
width estimation. In: Rönnholm P, Hyyppä H, Hyyppä, J, 
(eds.). Proceedings of ISPRS Workshop on Laser Scanning 
2007 and SilviLaser 2007, September 12–14, 2007, Espoo, 
Finland. IAPRS Vol. XXXVI, Part 3 / W52, pp. 227–233.

Maltamo M, Peuhkurinen J, Malinen J, Vauhkonen J, Pack-
alén P, Tokola T, 2009. Predicting tree attributes and 
quality characteristics of Scots pine using airborne laser 
scanning data. Silva Fennica 43(3): 507–521. http://dx.doi.
org/10.14214/sf.203

Naesset E, 1997. Estimating timber volume of forest stands 
using airborne laser scanner data. Remote Sens Environ 51: 
246–253. http://dx.doi.org/10.1016/S0034-4257(97)00041-2

Naesset E, 2002. Predicting forest stand characteristics with 
airborne scanning laser using a practical two-stage pro-

http://dx.doi.org/10.1016/S0034-4257%2801%2900290-5
http://www.metla.fi/dissertationes/df104.htm
http://www.metla.fi/dissertationes/df104.htm
http://dx.doi.org/10.1016/j.rse.2010.01.016
http://dx.doi.org/10.1016/j.rse.2010.01.016
http://dx.doi.org/10.3390/s8063938
http://dx.doi.org/10.1016/j.rse.2012.03.027
http://dx.doi.org/10.1016/j.rse.2012.03.027
http://dx.doi.org/10.14214/sf.56
http://dx.doi.org/10.5589/m13-025
http://dx.doi.org/10.1109/36.921414
http://dx.doi.org/10.14214/sf.203
http://dx.doi.org/10.14214/sf.203
http://dx.doi.org/10.1016/S0034-4257%2897%2900041-2

