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Abstract: Timber volume is an important ecological component in forested landscapes. The
application of terrestrial laser scanning (TLS) to volume estimation has been widely accepted though
few species have well-calibrated taper functions. This research uses TLS technology in poplar
(Populus ˆ canadensis Moench cv. ‘I-72/58’) to extract stem diameter at different tree heights and
establish the relationship between point cloud data and stem curve, which constitutes the basis
for volume estimation of single trees and the stand. Eight plots were established and scanned by
TLS. Stem curve functions were then fitted after extraction of diameters at different height, and tree
heights from the point cloud data. Lastly, six functions were evaluated by R2 and RMSE. A modified
Schumacher equation was the most suitable taper function. Volume estimates from the TLS-derived
taper function were better than those derived using the stem-analysis data. Finally, regression analysis
showed that predictions of stem size were similar when data were based on TLS versus stem analysis.
Its high accuracy and efficiency indicates that TLS technology can play an important role in forest
inventory assessment.
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1. Introduction

Timber volume determination is a key element in the wood products supply chain and in
sustainable forest management. One limitation to estimating volume is the lack of an efficient, accurate,
and objective methodology. Taper functions represent the change in diameter in relation to height
along a tree stem [1,2], and are widely used to estimate total stem volume as well as merchantable
volume to a specified top diameter limit [3]. A range of functions has been developed, from simple
equations describing general growth forms to equations specific to particular species [4–10]. However,
few species have well-calibrated taper functions, even those with significant economic value.

Taper functions are conventionally developed through stem analysis; trees are felled and diameters
measured at regular intervals along the stem [10–14]. Aside from requiring considerable time and
effort, sampling is destructive and the process of tree removal imposes changes in forest structure
and function. Terrestrial laser scanning (TLS) provides an alternative to stem analysis and has the
potential to resolve many of these limitations [15]. TLS is a laser-based instrument that measures
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precise range and angular measurements. From this information, various structural metrics can be
calculated, inferred, or modeled.

The application of TLS in forestry is relatively recent, but the method has shown considerable
promise in obtaining highly accurate estimates of tree diameter and height, as well as stem curve [16,17].
TLS could be a useful option for acquiring the data necessary in developing new allometric models [18].
Since the collection and analysis of TLS data are automated and nondestructive, the cost of model
development could be significantly reduced and the disturbance to forest structure minimized. Taper
functions might thus be developed for a much larger number of species, thereby greatly improving
forest stand planning and management.

China is one of the world’s leading countries in terms of forest plantations and at 7.6 million
ha (year 2011 estimates) Poplar (Populus spp.) accounts for about 14% of the total forest area [19].
The ecological characteristics of this species are well described [13,14], but accurate taper functions are
lacking [14]. Estimates of merchantable volume in China’s poplar plantations have therefore been based
on a limited number of local volume tables developed more than three decades ago [15]. Given that
poplar is a predominant plantation species across China and its significance to the world economy [20],
rapid and accurate volume estimation is critical to its effective management. Poplar productivity
has also become an important topic in China over recent years due to changes in government policy
regarding the transfer of land ownership to individuals. These reforms are based on land valuation
assessments that are often contingent on a forest volume inventory. The overall objective of this study
is to investigate whether non-destructive TLS measurements suitable for deriving local taper functions
and merchantable volume. The detailed objectives of this work therefore were: (1) develop a poplar
taper function using TLS point cloud data and the conventional techniques of stem analysis and local
yield tables; (2) compare the fit of both approaches; and (3) compare merchantable volume derived
from each function with local volume tables.

2. Materials and Methods

2.1. Study Area and Field Measurements

The study area is located in a 39.8 km2 hybrid poplar (P. ˆ canadensis Moench cv. ‘I-72/58’)
plantation near Huai1an, Jiangsu Province, China (33˝401 N, 119˝231 E). The plantation was established
progressively between 1990 and 1995; tree age at the time of measurement was 20–24 years.

A total of 8 circular plots with a 15-m radius in size were established at random locations within
the stand. The diameter at breast height (DBH) (1.3 m above ground surface) and height of all trees
with a DBH larger than 5 cm were measured in the plots over the period 27–29 March 2014. DBH was
measured with a standard diameter tape and height using a Vertex hypsometer (Haglöf, Sweden).
The azimuth angle and distance from a given plot center were measured for each tree using a PosTex
laser positioning instrument (Haglöf, Långsele, Västernorrland, Sverige, Sweden).

Plot inventories were conducted prior to laser scanning and stem felling. A total of 198 trees were
sampled in the 8 plots, of which 16 were subject to a stem analysis. In the latter group, half were used
for model parameterization and the remainder for testing model performance.

2.2. Laser Scanning

Laser scanning was undertaken in March 2014 using a Leica Scanstation C10 scanner (Leica
Geosystem AG, Heerbrugg, Switzerland) with a dual-axis compensator and high-resolution camera.
Technical features of the scanner are described in Table 1.
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Table 1. Laser scanner specifications.

Specifications Leica Scanstation C10

Field-of-View (Horizontal ˆ Vertical) 360˝ ˆ 270˝

Range 300 m @90%;134 m @18% albedo (minimum range 0.1 m)
Scan Rate Up to 50,000 points/second

Type Pulsed; proprietary microchip

Plots were scanned using a multi-scan approach from 4 locations: a center station and 3 stations
around the periphery of the plot (Figure 1). Multiple stations are required in order to assemble a
3-dimensional (3D) map of the stems as well as their structure (details in [21,22]). The point cloud data
from each location have different coordinates. This necessitates the use of reference points as a means
for correctly matching coordinate positions [22]. Three Leica vertical targets were placed at the plot
border for data registration. A target provided two registration points at each location at different
heights. At least two registration targets from different locations should be overlapped in order to
facilitate registration. The scan set-up is illustrated in Figure 1.
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Figure 1. An illustration of tree stem, scanning stations, and reference target locations in a 15-m circular
plot. S0 to S4 represent the four scanning locations, and the triangles show the three reference points.

2.3. Stem Analysis

After the TLS scans, two trees in each plot were felled and removed for stem analyses. Trees were
selected randomly in each plot in accordance with the following criteria: (1) visually healthy and
undamaged, with straight, single stems; (2) dominant or codominant; and (3) DBH should be between
arithmetic mean DBH, and the mean basal area-weighted DBH in the plot. Half of the felled trees (n = 8)
were used for model parameterization and the remainder (n = 8) for evaluating model performance.
The stem analysis provided data (DBH, tree height, stem curve) ranging from age 0 (at the top of the
tree) to a maximum of 24 years at the tree base. The age of felled trees was estimated by counting
annual rings from a disc cut at stump height (0.2 m). Additional discs were cut at 1.3 m, and at 2-m
intervals up the stem. Their rings were counted, and the inside-bark diameter was measured. The stem
analysis data were used to reconstruct annual radial and height increments [11].

2.4. Scanning Analysis

The TLS point cloud data were processed using a robust tree mapping method, as follows (further
details in [21]). Stem points were first identified from the TLS data based on spatial distribution
characteristics. A local coordinate system was established for each point in the neighborhood. A point
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neighborhood was defined by its k-nearest points; in this study, k = 100. The axis directions were
indicated by eigenvectors, and the variance of the points along the axes characterized by their
eigenvalues. A stem point was identified if it was on a vertical planar structure, its neighboring
points were along two axes in the local coordinate system, and the normal vector to the surface was
approximately horizontal in the real-world coordinate system.

A series of 3-D cylinders were utilized to model a stem. Stem diameter at a given height was
estimated from the cylinder element at that corresponding height. Tree height was estimated using the
highest and lowest locations in the point cloud.

2.5. Taper Functions

Six taper equations were used to predict inside-bark diameter (d), in relation to height (h):

d2 “ Da0`a1 HpH ´ hqa2`a3D
{H Meng, 1982 [8] (1)

d2 “ a0Da1
pH ´ hq

Ha3

a2

Schumacher and Hall, 1933 [23] (2)

d2 “ a0Dp
H ´ h

H ´ 1.3
q

a1

Yan, 1992 [24] (3)

d2 “ D2p
H ´ h

H ´ 1.3
q

a0

Ormerod, 1971 [25] (4)

d2 “ D2pa0 ` a1p
h
H
q ` a2p

h
H
q

2
q Kozak, 1966 [26] (5)

d2 “ D2pa0 ` a1
H ´ h

h
q Nagashima, 1980 [27] (6)

where D is DBH (cm), H is total tree height (m), and a0, a1, a2, and a3 are fitted parameters.
Stem diameter values extracted from the TLS point cloud data correspond to the outside-bark

diameter. Inside-bark diameters were therefore estimated using the following Equation (7) [13]:

Dinsidebark “ pDoutsidebark ´ 1.0898q{1.0399 (7)

2.6. Evaluation of the Taper Equations

Each of the 6 taper equations was fitted to data for the complete set of trees derived from
TLS, and to 8 of the 16 trees subject to stem analysis. Model fitting was conducted with the
statistical program, SPSS (Version 22; SPSS Inc., Chicago, IL, USA. ISBN1-56827-390-8), using
the Levenberg-Marquardt (L-M) least squares fitting technique, an algorithm for solving generic
curve-fitting problems [28,29]. Two statistical criteria were used to evaluate the fit of the taper
equations, the coefficient of determination (R2), a representation of the degree of association between
the dependent and independent variables, and root mean square error (RMSE), an index of the variance
between observed and predicted values. The objective at this stage was to determine which equations
best fit the TLS and stem analysis data. This was accomplished by scoring equations from 1 to 6 with
the lowest score assigned to the highest R2 and the lowest RMSE. Scores were then simply added.

Two taper functions with the lowest total score (the highest ranking) were then compared to
determine the best equation as follows. The functions parameterized from the TLS data were used to
predict inside-bark stem diameter in relation to age or height. Predictions were compared against the
measured values calculated from the remaining 8 plot trees, and assessed from the average error, s,
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and standard deviation, δ (see [13]). Equations were ranked by each metric (from 1 to 3) and the score
summed. The equation with the lowest score was selected as the most suitable function.

2.7. Plot Merchantable Volume

After selecting the best taper equation, the last step was to compare its predictive capability when
calibrated with the actual stem analysis versus the TLS dataset. In China, poplar merchantable timber
is grouped according to log diameter and length [30], as shown in Table 2.

Table 2. Poplar merchantable volume specifications.

Log Length Minimum Top Diameter
under Bark (cm) Minimum Length (m) Use

Large >26 ě2 Special timber, plywood,
ship-building wood

Mid-length >20–26 ě2 Normal timber, pit wood,
pile timber

Short 6–20 ě2 Civil timber, pulpwood

From the generalized taper function d2 “ f pD, H, hq, the accumulated log length (h) can be
calculated as: hk “ ϕpD, H, d2

kq, where k is the minimum top diameter (Table 2). Merchantable volume
for a given log length (VLk) can thus be calculated as:

VLk “

ż Lk

0

π

40000
rd2phqsdh (8)

The total volume per tree (Vtotal) can be calculated from the definite integral of total tree height:

Vtotal “

ż H

0

π

40000
rd2phqsdh (9)

Finally, the percent merchantable volume in a given stem size class, R, is calculated as:

R “
VLk

Vtotal
ˆ 100% (10)

3. Results

3.1. Summary Data

Table 3 shows the DBH values across all plots. A majority (70%) of stems were between 19 and
34 cm DBH, and the overall distribution was approximately normal. Table 4 shows summary data for
the 8 plots. Mean DBH by plot varied from 24.7 to 33.1 cm, (range 9.1–41.3) and average height from
21.3 to 27.6 m (range 11.3–29.2). The basal area (G) ranged from 12.1 to 15.9 m2¨ha´1.

Table 3. Diameter at breast height (DBH) distribution (n = 198).

DBH (cm) 9–14 >14–19 >19–24 >24–29 >29–34 >34–39 >39–44

Frequency 7 19 33 52 54 30 3
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Table 4. Summary tree attributes by plot (n = 8).

Plot Number 1 2 3 4 5 6 7 8
Number of trees 16 28 32 27 28 18 26 23

Basal area (G) (m2/ha) 12.1 17.4 15.1 13.4 15.6 14.4 13.1 15.9

DBH (cm)
Max 40.8 38.0 33.9 34.8 41.3 38.2 34.6 36.8
Min 17.8 14.8 13.6 10.7 10.7 23.9 9.1 23.4

Mean 29.5 29.0 24.7 24.9 25.1 33.1 25.6 30.7

Tree Height (m)
Max 25.9 29.8 26.5 26.6 26.9 27.6 27.8 29.2
Min 15.0 24.9 12.5 12.5 14.7 19.8 11.3 21.2

Mean 21.3 27.6 21.6 21.8 22.2 24.4 23.5 26.3

Of the 16 trees cut for stem analysis, minimum and maximum DBH and height ranged from
21.7 to 37.9 cm, and 20.6 to 30.0 m, respectively (Table 5).

Table 5. Summary of stem analysis data by tree.

Tree Plot Number Age (Years) DBH (cm) Height (m)

1 1 18 35.2 26.6
2 1 21 35.6 28.2
3 2 24 31.9 29.8
4 2 24 37.5 30.0
5 3 17 27.2 21.3
6 3 17 24.2 22.4
7 4 20 26.1 24.7
8 4 21 22.6 20.6
9 5 22 24.5 22.4

10 5 21 21.7 22.8
11 6 23 34.2 24.9
12 6 22 37.2 27.6
13 7 20 27.6 23.7
14 7 21 34.6 27.2
15 8 19 31.9 29.2
16 8 21 36.8 26.9

3.2. Taper Equation Comparison

From the taper equation comparison using the stem analysis versus point cloud data, Equations (2)
and (5) had the best rankings (based on the highest R2 and lowest RMSE; Table 6). Equations (1), (3),
(4), and (6) were therefore removed from further consideration.

Table 6. Statistics derived after fitting six taper equations.

Model
Stem Analysis TLS Data

RMSE (cm2) R2 RMSE (cm2) R2

1 61.2 0.96 62.1 0.96
2 60.9 0.96 61.8 0.96
3 99.1 0.88 130.7 0.80
4 65.3 0.95 67.5 0.95
5 61.1 0.96 55.2 0.97
6 142.4 0.65 84.3 0.90

These two models were used to predict stem diameters in relation to tree height using parameter
values derived from the TLS and stem analysis data, respectively (Table 7). Model 2 provided a good
fit to measured data, and there was no consistent trend favoring TLS versus stem analysis (Figure 2a).



Forests 2016, 7, 87 7 of 11

Model 5 showed poor predictive capability at tree heights greater than 14 m (Figure 2b). Consequently,
only Model 2 was used in subsequent analyses.Forests2016, 7, 87  7 of 11 
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Figure 2. Predicted stem diameter in relation to tree height, as derived using stem analysis (sta) and
laser scanning data (tls), from Model 2 (a) and Model 5 (b). Also shown are the corresponding measured
(true) values.

Table 7. Comparison of Equation (2) predictions when calibrated with stem analysis versus terrestrial
laser scanning (TLS) data.

Stem Analysis TLS

Parameter a0 a1 a2 a3 R2 a0 a1 a2 a3 R2

Estimate 1.10 2.63 1.70 2.32

0.955

1.62 2.01 1.31 1.47

0.96

std. error 0.12 0.11 0.02 0.11 0.13 0.01 0.01 0.03

95%
confidence
interval

lower
bound 0.86 2.41 1.65 2.10 1.37 1.98 1.29 0.41

upper
bound 1.33 2.85 1.74 2.54 1.89 2.04 1.34 1.52
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3.3. Merchantable Volume Predictions

Rearranging taper Equation (2) gives the upper trunk diameter (hk) according to accepted timber
standards (Table 2):

hk “ H ´ p
d2

k Ha3

a0Da1
q

1
a2

(11)

where H is tree height, D is the breast height diameter, including bark, dk is the upper trunk diameter
according to timber standards (Table 2), and ai are fitted parameters. The merchantable volume (MV)
can now be calculated from the definite integral of Equation (2):

VLk “
Ka0Da1

2
pa2 ` 1qHa3

rpH ´ hpk`1qq
a2`1

´ pH ´ hkq
a2`1

s (12)

where K = Π/40,000, k = 26, 20, and 6 (Table 2), D2 is the breast height diameter without bark, and all
other variables are as described above; ai are fitted parameters.

A comparison of predicted total volume per plot using TLS and stem analysis data versus
local volume tables is shown in Table 8. Local tables always predicted lower volumes than the
two alternatives. With the stem analysis data, differences from the local table predictions were fairly
consistent across plots and varied from 12% to 21% (Table 8). In the case of the TLS taper function,
it made volume predictions that were more similar to the local data, with differences ranging from
1% to 18%. Volume estimates from the TLS-derived taper function were clearly better than that from
the stem-analyses derived taper function in plots 6–8 where there were mainly big trees (Figure 3).
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Figure 3. Percent difference in total volume prediction as compare with local volume table data.

Table 8. Predicted total volume, including bark, ranked by DBH.

Average DBH in the plot (cm) 23.9 24.6 24.9 26.2 29.3 33.4 37.5 37.9
Local volume tables (m3) 0.38 0.41 0.42 0.49 0.66 0.95 1.30 1.34

TLS (m3) 0.44 0.48 0.48 0.55 0.76 0.97 1.43 1.35
Percent difference 15 18 13 13 15 2 10 1
Stem analysis (m3) 0.45 0.47 0.48 0.56 0.77 1.08 1.57 1.55
Percent difference 1 18 14 12 13 17 14 21 15

1 Expressed as the difference from the local volume table predictions [31].

Table 9 shows a comparison of predictions from Model 2 using the TLS and stem-analysis data.
All regressions had correlation coefficients ě97%. The majority of slopes were within 20% of unity,
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except for predictions of merchantable volume and the percent merchantable volumes in medium logs,
which were 0.7 and 0.77, respectively (Table 9).

Table 9. Regression analysis for TLS (x-axis) versus stem analysis (y-axis) predictions from Model 2.

Log Types Small Medium Large

Variable Slope R2 Slope R2 Slope R2

Accumulated log length 1.01 0.99 0.98 0.99 0.90 0.99
Merchantable volume 0.89 0.99 0.70 0.98 1.16 0.99

Percent of merchantable volume 0.99 0.97 0.77 0.99 0.82 0.99

4. Discussion

This study evaluated the feasibility of deriving localized taper function for poplar through
non-destructive automated TLS measurement. The modified Schumacher function (Model 2) provided
the overall best fit, and fitting stem curves with this equation based on TLS data yielded a fit comparable
to stem analysis. This suggests that, at least at the plot level, TLS is a suitable method for estimating
stem taper without the need for destructive sampling.

Taper functions are used when upper stem diameters need to be estimated based on a DBH
and total tree height [32]. A slight but significant improvement in the Schumacher equation was
obtained by using d2 as the dependent variable. After model evaluations, predictions of upper stem
diameters were compared between the two best models, Equations (2) and (5). Model 5 has a variable
exponent which changes continuously along the stem. The stem analysis data, however, showed that
the upper diameters were not normally distributed. That likely reduced its predictive accuracy relative
to Model 2.

Deriving the taper function in a hybrid poplar stand based on TLS yielded a fit comparable to
what was achieved from the stem analyses. However, TLS offers important advantages over the
latter methodology. First, TLS requires less time and labor. Our methodology utilized only a single
scanner, with three targets and tripods for the scanner. Three persons were needed to carry and operate
the instrumentation, with each plot requiring only 2–3 h to complete. A second advantage is that,
in contrast to stem analysis, tree cutting is not required, nor is there a necessity for stem diameter
measurements. Hence, TLS taper functions could be quickly developed for a much larger number
of species, or for the same species under different growth conditions. Furthermore, the point cloud
data provide a detailed 3D representation of the tree stems on the plots. From a series of sequential
measurements, it should thus be possible to accurately characterize changes in stand composition and
structure [21], thereby improving management and planning practices.

A limitation of TLS is that the area of coverage per scan is small. This means a number of
sample plots will be required to properly assess a stand spread over a large area. One approach
to resolving this issue is to combine TLS with multiple-source remote sensing data. Mobile laser
scanning (MLS) [18] and hand-held mobile laser scanning (HMLS) are examples [33]. With this
approach, a scan is conducted from a moving vehicle, while the navigation system, typically based on
a global navigation satellite system and inertial measurement unit, tracks the vehicle’s trajectory and
attitude. This information is used to produce a 3D point cloud from the range data collected by the
onboard scanners [18]. Although there are limitations related to vehicular access (lack of roads and
difficult terrain), this approach has considerably lower costs when compared to another alternative,
airborne laser scanning approach [17].

Our success in the application of TLS to a hybrid poplar plantation was a result, in part, because
trees were of uniform age and spacing, and large enough that stems could be clearly scanned.
In addition, the site was flat and uniformly contoured. These conditions are seldom realized in
natural forests where trees are often irregularly dispersed and with a broad range of growth forms.
This can limit the effectiveness of the scan. Young stands can also be problematic because stem
sizes are small, so their lower portions can be obscured by understory vegetation. Though TLS may
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not be suitable for all stand conditions, the relative ease with which accurate data can be collected
and analyzed highlights its utility as a forest management tool. To solve some of its limitations,
a multi-return TLS or full-wave form TLS could be used to obtain more reflectance laser points.

5. Conclusions

A modified Schumacher equation was the most effective taper function for predicting stem
diameters based on the breast height diameter and total tree height. TLS provided a comprehensive
estimate of stem curve and volume using all stems within a plot. In that regard, its estimates compared
very favorably to those derived from stem analysis. TLS holds considerable promise as a tool in forest
management given its accuracy and the efficiency with which samples can be obtained and analyzed.
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