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Abstract. The shape and structure of branches attached internally to the stem (knots) for loblolly pine
(Pinus taeda L.) trees were modeled. Data on knot shape were obtained from the dissection of branches
taken from 34 22-yr-old sample trees growing under ten different initial spacings. A total of 341 branches
located below the live crown were dissected in the radial/tangential plane. Afterward, a procedure was
implemented to reconstruct the branch diameter perpendicular to the branch pith. This information was
used to develop a model for representing knot shape, which assumed that the live portion of a knot can
be modeled with a one-parameter equation and the dead portion by assuming a cylindrical shape. To study
the variability in shape of individual knots (live portion), the model was fitted to 218 branch profiles using
nonlinear mixed-effects modeling techniques. A graphical analysis indicated that the random-effects
parameter was related to branch diameter. Thus, branch diameter was included as a predictor variable to
reduce between-individual variability in knot shape. Reconstructed knots with smaller diameters were
more cylindrical; those with larger diameters were more parabolic or conical in shape. Analytical ex-
pressions were derived for estimating the volume of knots (live/dead portions) for three types of branch
conditions on simulated trees: 1) live branches; 2) nonoccluded dead branches; and 3) occluded dead
branches. The knot model assumes a substantial simplification of branch morphology, but should be useful
for representing knots as 3-D entities in the stems of loblolly pine trees.
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INTRODUCTION

A knot represents the internal attachment of
first-order branches to the tree stem (Lemieux et
al 2001). Knot frequency, size, and location
along and around the stem are determined by
both the crown and branch dynamics. Silvicul-
tural decisions such as initial planting density
and spacing (Clark et al 1994; Sharma et al
2002; Amateis et al 2004), thinning (Baldwin

et al 2000), pruning (Clark et al 2004), and fer-
tilization (Yu et al 2003) have important effects
on the size of branches and thus on knot dimen-
sions. Clark and McAlister (1998) developed a
new tree grading system for southern pines
based on the number and size of branches in the
lower part of the bole. They found that the in-
clusion of branch variables improved the predic-
tion in expected lumber grade yield. Further-
more, size and location of knots are important
characteristics for determining grade of solid
wood products such as dimension lumber
(Haygreen and Bowyer 1996).* Corresponding author: gtrincad@uach.cl
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From a wood quality perspective, knots are con-
sidered defects that reduce the value of the raw
material, because they decrease the strength and
stiffness of wood intended for structural uses
(Whiteside et al 1977; Briggs 1996; Gartner
2005). Their effect on mechanical properties is
the result of the interruption of continuity and
change in the direction of wood fibers (Grace et
al 1999). Despite their importance in determin-
ing wood quality, first-order branch develop-
ment and knots have not been thoroughly stud-
ied in loblolly pine (Pinus taeda L.). The study
of branch development and knot formation can
permit construction of predictive models for
these variables and enhance the capability of in-
dividual tree growth and yield simulation sys-
tems.

In a simulation framework, knots need to be rep-
resented as 3-D entities. Generally, external in-
formation of branches, such as diameter, azi-
muth, location in a log, and angle of inclination,
are used to project knots internally assuming a
certain geometric shape (eg, Barbour et al 2003).
Sawing simulators such as SEESAW (García
1987) and SIMQUA (Leban and Duchanois
1990) represent the shape of knots contained in
logs as cones. In contrast, in AUTOSAW, the
live portion of a knot is represented with a cone,
and the dead portion, attached to the end of the
cone, is represented with a cylinder (Todoroki
1996). An analytical system of equations to de-
scribe the geometry of a large variety of knot
shapes was reported by Samson et al (1996).
However, despite the flexibility of this system,
the complexity and amount of parameters (ie, 17
parameters) required to represent knots make the
implementation of this model unfeasible for
most practical applications. Lemieux et al
(1997) reported on a reduced expression of this
model that was used to smooth knot data for
Norway spruce [Picea abies (L.) Karst].

The inclusion of knots in the simulation of tree
stems requires a simpler representation of knots
and the capability of maintaining spatial infor-
mation (3-D) of their internal location along the
stem. We present the development of a model
for representing the internal knot shape and

structure of loblolly pine trees. The specific ob-
jectives of this research were to 1) recover in-
formation on knot shape using a destructive
analysis technique; 2) characterize the shape and
structure (live/dead portion) of knots using a
mathematical model; and 3) derive analytical ex-
pressions to predict the volume of individual
knots from the derived model.

MATERIALS AND METHODS

Data

In 1983, spacing trials were established at four
locations (two in the Atlantic Coastal Plain and
two in the Piedmont) by using the experimental
design of Lin and Morse (1975). The study con-
sisted of three replications at each location. Each
replication consisted of row and column spacing
levels of 1.2, 1.8, 2.4, and 3.6 m, which resulted
in 16 treatments with an equal number of trees
per plot but different plot sizes and shapes
(Sharma et al (2002) contains additional details
about this tree spacing study).

Growing stock planted at each location was ge-
netically improved 1–0 loblolly pine seedlings
from a single nursery. During the first 3 yr after
planting, both herbaceous and woody competing
vegetation was controlled. From establishment
to age 5, the diameter at groundline was mea-
sured annually. Beginning at age 5, the diameter
at breast height (DBH) was measured annually.
Through age 10, total tree height, height to live
crown, and crown width were measured annu-
ally for all trees. Measures of crown width were
carried out until age 12. Categorical tree condi-
tion of each individual tree was also recorded.
After age 10, total tree height and height to live
crown were measured biannually, whereas DBH
and tree condition were measured annually.

Data for this research were obtained from the
loblolly pine spacing study located near Appo-
mattox, VA (Piedmont region). During the dor-
mant season of 2004–2005, at stand age 22 yr
old, 34 trees were selected for comprehensive
measurements of whorl characteristics and sam-
pling of whorl sections. Trees with a single stem
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and no record of a visible broken top were se-
lected. The main goal was to collect data to
model the morphology of knots and the dynam-
ics of first-order branches. Among the branch
characteristics of interest were number of
branches per whorl, branch orientation around
the stem (azimuth), angle of insertion with re-
spect to the stem pith (inclination), and diameter
growth. Additional information on whorl num-
ber and location within growing seasons was
available from field measurements and past
measurements on crown recession. Trees were
selected from ten different initial spacings.

Before each tree was felled, DBH outside bark at
1.37 m was measured using a caliper, and a ver-
tical line on the within-row side of the stem was
marked to an approximate height of 2 m. Once
the tree was on the ground, this line was ex-
tended along the length of the stem. This line
served as a reference (azimuth 0°) for determin-
ing the orientation of the sampled whorl sec-
tions. For each sample tree, the stump height
(cm) and distance from stump height to tree tip
(m) were measured. For each visible whorl, the
following variables were measured: 1) height
above ground (m); 2) diameter outside bark
(cm); 3) status; and 4) number of visible
branches or branch stubs in each whorl. The sta-
tus of each whorl section was visually catego-
rized as: live (all branches alive), sound (not all
branches alive), or knot (no branches alive). Af-
ter that, a number of whorl sections (3–5) lo-
cated below the live crown were chosen ran-
domly from each sample tree for subsequent
laboratory dissection. Each whorl section was
labeled for identification and marked on its bot-
tom surface with the position of the reference
line. A total of 217 whorl sections were col-
lected in the field from the sample trees.

Dissection and Measurement of Knots

A dissection technique similar to that reported
by Lemieux et al (2001) was used in this study
to collect information on knot shape. Before dis-
section, each whorl was dried, debarked, and,
when necessary, trimmed to fit on the band saw.

After that, the sample whorl preparation proce-
dure included: 1) identifying and labeling each
visible branch proceeding clockwise from the
reference line; 2) marking the largest branch and
possibly a second branch on the opposite side of
the stem; and 3) marking the top of the whorl
section with the horizontal direction (azimuth)
from the pith to bark of each branch identified in
(1). From the 217 whorl sections, only 198 sec-
tions were suitable for dissection, because some
sample sections could not be identified or were
missing. Only one branch was selected from 42
whorl sections and two branches from 156 whorl
sections for a total of 354 dissected knots. In
addition, a disk was cut from the top and used to
determine branch azimuth with a protractor and
the width of each ring to the nearest 0.002 mm in
the direction of branches selected for dissection.
Ring width was measured using a tree ring mea-
surement system (Velmex, Inc; Bloomfield,
NY). Only 341 knots proved suitable for mea-
surement of ring width, providing the final
sample size for this study.

The sequence of cuts performed on each sample
branch is presented in Fig 1. The distance be-
tween faces of consecutive slices from bark to
pith was approximately 5 mm consisting of
3-mm samples and 2-mm kerf. In each slice, the
distances from the bottom of the whorl section to
the top, pith, and bottom of the knot were mea-
sured (vertical direction). Using the pith of the
branch as a reference, another diameter mea-
surement of the knot was made in the horizontal
direction.

Reconstruction of Knot Profiles

The dissection procedure allowed measurement
of knot diameters in the radial/tangential (R/T)
plane from the stem pith. However, these mea-
surements were not perpendicular to the main
branch axis. A procedure was implemented to
reconstruct the “true” branch diameters at a
given branch age, which is defined as the branch
diameter measured perpendicular to the branch
axis. It was necessary to determine the number
of years a branch was alive to identify the live
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and dead portions later during the dissection of
branches. The height of the whorl was used to
determine the tree age when the whorl was cre-

ated, and data on crown recession were used to
estimate the number of years a branch was alive.
This information was used in conjunction with
the ring width measurements to estimate the
stem diameters during the period in which a
branch was alive. Given this information, the
radial measurements of dissected branches (bark
to pith) were referenced to actual stem radii. In
Fig 2a, line B represents the radius of the stem
and line A represents the radius of the stem at
the estimated time of branch death. For this ex-
ample, the branch was determined to be alive for
a period of 10 yr given the crown recession data.
Correspondingly, line A denotes the radial ex-
tent of the first 10 rings measured from the pith.
The measurements taken on each knot were
smoothed by fitting a growth curve to the diam-
eter measurements and a linear regression curve
to the branch pith (Fig 2b–c). The growth curve
was a modified Weibull equation (Yang et al
1978):

y = � �1 − exp�−� x��� (1)

where y is the measured branch diameter parallel
to the stem pith in mm; x is the knot length in
mm; and �, �, and � are estimated parameters.
We assumed � � 1 to reduce the number of
estimated parameters (exponential equation).

To recover information on the live portion of a
knot, the growth curve was fit only to points
located to the left of line A (Fig 2b). Only
branch samples with a minimum of five points to
the left of line A were considered as adequate for
this curve fitting and subsequent analyses. A to-
tal of 233 knot samples fulfilled this condition.
Of the 233 samples, 15 did not converge when
fitting the exponential function and were not
used in subsequent analysis.

Fitting a linear regression equation to branch
pith points provided information on the inclina-
tion angle of branches with respect to the stem
pith (Fig 2c). Because this procedure assumed
that the angle of inclination of branches is con-
stant over time, a statistical analysis was applied
to adequately test this observation. The statisti-
cal analysis involved fitting a quadratic model

Figure 1. Procedure used for dissecting branches: (a) iden-
tification of target branches, (b) tangential cut for consistent
positioning of the sample on the band saw, and (c) sawing
branch into approximately 3-mm slices parallel to stem pith.
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and testing for the significance of the quadratic
term.

The growth curve permitted interpolation of the
branch diameters in the R/T plane (parallel to the
stem pith) for each age (Fig 3a). The reconstruc-
tion permitted recovery of increases in diameter
with branch age. However, it assumed that the
branch pith passed through the center of the
branch. Based on the smoothed branch profile
and location of interpolated points, the true
branch diameter for a given age perpendicular to
branch pith was derived (Fig 3b). For each age,
the calculation consisted of fixing the top point
and passing a perpendicular line through the
branch pith. Then, the intersection of this line
with the bottom line of the smoothed branch
profile defined the lower part of the branch for a
given age. These reconstructed branch profiles
were used later as basic information for model-
ing knot shape.

Model Development

Past research modeled knot geometry by project-
ing internal branches as cones (García 1987;
Leban and Duchanois 1990) or assuming the live
portion was a cone and the dead portion a cyl-
inder (Todoroki 1996). Here, we considered that
the live portion of a knot can be modeled with a
simple mathematical equation and the dead por-
tion by assuming a cylindrical shape. An addi-
tional assumption was that knots (not external
branches) produced in fast-growing plantations
have insignificant curvature, eg constant incli-
nation from pith to bark. A simple equation to
model the live portion of a knot is:

r�l�
2

R2 = � � l

L��

0 � l � L (2)

where r(l) is the radius (mm) of the live portion
of a knot at length l (mm); R is the maximum
radius (mm) of the live portion of a knot; L is the
total length (mm) of the live portion of a knot;
� is the taper parameter; and � is the shape
parameter. If � � 1, 2, or 3, the geometrical
shape generated by Eq 2 is a paraboloid, cone, or

Figure 2. Measured (a) branch profile, (b) fitted growth
curve to the diameter measurements, and (c) estimated lin-
ear regression through the branch pith.
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neiloid, respectively (Husch et al 2003). The
model of the live portion of a knot meets two
conditions: r(l) � 0 when l � 0 and r(l) � R
when l � L. The first condition is imposed by

the model and the second condition can be met
by making � � 1. Therefore, the final model can
be expressed as:

r�l�
2 = R2� l

L��

0 � l � L (3)

Thus, knowing the total length of the live por-
tion of a knot (L) and its maximum radius (R), it
is possible to estimate the branch radius r(l) at
any point inside the stem. Additionally, the vol-
ume of this portion of a knot can be estimated by
applying integral calculus:

V = � R2�
0

L � l

L��

dl (4)

It should be noted that the shape of the live part
of a knot is determined by only one parameter
(�), and the equation is highly tractable math-
ematically. A similar formulation (Eq 2) has
been adopted when modeling stem form profiles
(eg, Kozak 1988).

Volume Estimate for Branches Internally
Attached to the Stem

A practical implementation of a knot model re-
quired derivation of a series of expressions to
estimate the volume of branches attached inter-
nally to the stem (knots). The calculation of vol-
ume for the live and dead portions of any given
knot was also considered. The following sec-
tions develop volume estimates for three types
of branch conditions: 1) live branches; 2) non-
occluded dead branches; and 3) occluded dead
branches (Fig 4).

Knot volume for a live branch. Determination
of the spatial location of a live knot and its di-
mensions (diameter and length) required the co-
ordinates of the branch origin O � (XO, YO,
ZO), branch inclination (�, vertical angle in de-
grees with respect to stem pith), branch azimuth
(�, horizontal angle in degrees), branch diameter
(2R = |

→
SP |, Fig 4a), and stem radius r at the point

where the branch arises at the stem pith M �
(XM, YM, ZM). Branches from the same whorl
were assumed to have the same origin O. The

Figure 3. Smoothed (a) branch profile with interpolated
branch diameters at a given branch age in the radial/
tangential plane and (b) smoothed branch profile with
branch diameters perpendicular to branch pith.
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origin was located in the center of the stem pith
at a given height (ZO) above the ground, so the
values for XO and YO were equal to zero, eg
O � (0, 0, ZO).

Internal knot length was the Euclidian distance
|
→
OM| between the point (0, 0, ZO) and the point
M where the branch arises at the stem pith (XM,
YM, ZM). The coordinates for point M and sub-

sequent knot length were calculated using the
branch inclination (�), branch azimuth (�), and
the stem radius r at the height where a branch
arises by using a taper equation. Thus, the coor-
dinates where the branch pith arises from the
stem were determined from the following rela-
tionships:

XM = r sin���,

YM = r cos���,

ZM = ZO + r tan�90-��.

To facilitate calculations, it is recommended to
use the same units (mm) in each of the three axes
(X, Y, Z). Furthermore, to facilitate derivation of
an approximation formula for the knot volume,
the following variables were defined (see Fig
4a):

�OM
→

� = �XM
2 + YM

2 + �ZO − ZM�2�1�2,

�MQ
→

� =
�SQ
→

�

tg���
=

R

tg���
,

L = �OQ
→

� = �OM
→

� + �MQ
→

�,

l = �NP
→

� ≈
�SP
→

�

tg���
=

2 R

tg���
.

The approximate volume of the live branch con-
tained in the internal part of the stem, referred to
as the knot volume of the live portion (VLP), was
computed as:

VLP = � R2 �
0

L � l

L��

dl − VL (5)

where an approximation for the volume of the
limb (VL) was obtained using the following for-
mula:

VL ≈
� R2 L

2�� + 1�
�1 − ��L − l��L��+1� (6)

Thus, the volume of the live portion (VLP) of the
knot was estimated using the following approxi-
mate formula:

Figure 4. Type of branch conditions on simulated trees (a)
live branch, (b) nonoccluded dead branch, and (c) occluded
dead branch, where r and r’ represent the stem radius at the
height a branch arises from the stem bole.
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VLP ≈
� R2 L

2�� + 1�
�1 + ��L − l��L��+1� (7)

For subsequent derivations of different branch
conditions, the number of location points was
expanded, but the definition of variables already
used was maintained.

Knot volume for a nonoccluded dead branch.
The geometrical representation of a live branch
and the necessary location of points required to
calculate its volume were presented in Fig 4b.
The following additional variables were needed
to characterize spatially a nonoccluded dead
branch:

�OM
→

�� = �XM�
2 + YM�

2 + �ZO − ZM��
2�1�2

�M�Q�
→

� =
�S�Q�
→

�

tg���
=

R

tg���
,

L� = �QQ�
→

� = �OQ�
→

� − �OQ
→

�

= �OM�
→

� + �M�Q�
→

� − �OQ
→

�,

l� = �N�P�
→

� ≈
�S�P�
→

�

tg���
=

2 R

tg���
.

The volume of the live knot portion of a nonoc-
cluded dead branch was obtained using Eq 4
as:

VLP =
� R2L

�� + 1�
(8)

and the volume for the dead portion of the knot
(VDP) was approximated with:

VDP ≈ � R2 �L� − �l��2�� (9)

Furthermore, an expression for the total volume
of the knot (VT) was obtained by adding the
volumes of live and dead portions:

VT = � R2�L��� + 1� + L� − �l��2�� (10)

Knot volume for an occluded dead branch. The
volume for the live portion of an occluded
branch (Fig 4c) was calculated using Eq 4 and
the dead portion by applying the formula for a
cylinder:

VDP = � R2L� (11)

Thus, the total volume of the knot was estimated
using the following formula:

VT = � R2�L��� + 1� + L�� (12)

The proposed knot model allowed recovering
efficiently the shape and volume of internal
branches without increasing the amount of data
generated for each branch during the simulation
process. Only a dynamic update of the 3-D lo-
cation of each point according to branch condi-
tion is required to make the necessary calcula-
tions (Fig 4).

Model Fitting and Validation

Knot profile data represent multiple observa-
tions from the same branch (see Fig 2c), violat-
ing the assumption of independent observations
required in regression analysis (Judge et al 1985;
Neter et al 1998). Under a well-specified model,
the parameter estimates are still unbiased. How-
ever, the variance can be underestimated affect-
ing confidence intervals and hypothesis testing
(West et al 1984; Schabenberger and Pierce
2001). A more efficient method to obtain param-
eter estimates involves using nonlinear mixed-
effects modeling techniques. The proposed
model under this framework is:

rij
2

Ri
2 = � lij

Li
��i

+ �ij 0 � lij � Li (13)

where rij represents the jth (j � 1, . . . , ni)
radius measurement at a length lij for the ith
knot (i � 1, . . . , n). The within-individual
errors were assumed homoscedastic, normally
distributed, and uncorrelated random variables
with mean 0 and variance 	2. In a preliminary
analysis, the between-individual variation was
accounted for by the use of a mixed-effects
parameter:

�i = � + bi (14)

where � and bi are the fixed- and random-effects
parameters, respectively. Subsequently, the esti-
mated random-effect parameters (bi) were re-
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lated to other knot variables to incorporate co-
variates to explain additional between-individual
variation in shape (Pinheiro and Bates 1998).
Alternative model formulations were compared
using twice the negative log-likelihood
[–2ln(L)] and the Akaike’s Information Crite-
rion (AIC) defined as:

AIC = −2 ln�L� + 2k (15)

where L � likelihood function and k � number
of parameters. The model with the smallest val-
ues for the goodness-of-fit criteria was consid-
ered the best.

The parameter estimates were evaluated by
double cross-validation; the 218 branch profiles
were randomly and equally split into model
building and validation data set. Then, the pa-
rameters were re-estimated in the validation data
set, and their stability was compared with the
parameters obtained from the model-building
data set. Using similar procedures for each data
set, measures of precision and bias were com-
puted and compared. The error statistics used
corresponded to the mean absolute error (preci-
sion):

�E� =
�
i=1

n

�yi − ŷi�
n

(16)

and mean error (bias):

E =
�
i=1

n

�yi − ŷi�

n
(17)

where yi is the observed value, ŷi is the predicted
value, and n is the total number of observations.
After evaluation of prediction error, both data
sets were combined and a final set of parameters
was estimated using the entire data set making
use of all available information (Myers 1990).

RESULTS AND DISCUSSION

Testing for Knot Curvature

One of the most important assumptions of the
proposed model is that the internal branch incli-

nation of knots can be assumed constant. This
assumption was evaluated by fitting a separate
quadratic equation to the branch pith for each
knot profile considering only the live portion
(see Fig 2c):

yi = �0 + �1 xi + �2 xi
2 + �i (18)

and testing for the significance of the parameter
�2 (H0: �2 � 0 vs H1: �2 
 0). The test statistics
was:

t* =
b2

s	cjj

(19)

where b2 is the estimated parameter, s is the
estimated error variance, and cjj is the jth diago-
nal element of (X’X)–1 for the quadratic model
(Myers 1990). The null hypothesis was rejected
if |t*| > t(1-�/2),(n-3). For a significance level (�)
of 0.01, the null hypothesis H0: �2 � 0 was
accepted for 192 of the 218 branch profiles.
Even for those cases for which the parameter �2

was significant, the curvature of the live portion
of the knot was not severe. Based on this evi-
dence, the inclination of knots inside the stem
was assumed to be constant and a linear regres-
sion was considered appropriate to smooth the
knot data.

Knot Profile Model

The fit of the model for both the model-building
and validation data sets showed that parameter
estimates were not different. However, in both
cases, the random-effects parameter was posi-
tively related to the maximum branch radius (Fig
5). Thus, the original model was modified to
represent the effect of maximum branch diam-
eter on the shape parameter �i. The vector of
nonlinear mixed-effects parameters was mod-
eled assuming the following form:

�1i = �0 R�1+�1i (20)

where �0 and �1 are fixed-effects and b1i is a
random-effects parameter, respectively. Accord-
ing to the fit statistics, this model fit better for
only the validation data set. However, the struc-
ture of this model was maintained because the
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relative knot profiles appear to be clearly related
to the maximum branch radius (Ri).

The validation of the model showed different
behavior for both data sets. Comparatively, a
larger bias was observed for the building data set
using the parameter estimates obtained using the
validation data set. The bias in percentage was
close to 1% tending to overestimate observed
values. In terms of precision, both data sets pre-
sented similar values.

A final set of parameters for the proposed model
was obtained by combining both data sets (Table
1). All parameter estimates were significant and
a graphical analysis showed that the model rep-
resented adequately the mean trend of observed
knot profiles (Fig 6). Modeled knot profiles with
smaller maximum branch diameters (R) tend to
be more cylindrical than those with larger
branch diameters, which presented a more para-
bolic or conical shape.

Model Implementation

The presented model permits modeling of dif-
ferent knot shapes while maintaining spatial in-
formation on internal location of live and dead
portion of knots. As an example of application,
let us consider that both the spatial location of
knots as well as their dimensions within a whorl
are required. The branch whorl is located at a
stem height of 11 m on a simulated tree that has
a DBH of 18 cm and a total tree height of 22 m.

This numerical example considers that the whorl
contains three different types of branches,
namely a live branch, a nonoccluded dead
branch, and an occluded dead branch (Table 2).
Both dead branches were assumed to die at the
same age; however, one of them is occluded
(Branch C).

The location of branches in a 3-D space can be
recovered using a taper equation (Table 3). The
upper stem diameters for Branch A were ob-

Figure 5. Relationship between the random effect parameter bi and the maximum branch radius Ri for the (a) fitting and
(b) validation data sets.

Table 1. Parameter estimate and goodness-of-fit for the entire data set.

Estimate SE T Pr > |T|

Parameter
� 0 0.03777 0.00951 3.97 <0.0001
�1 1.17380 0.10730 10.94 <0.0001

Variance components
	2

� 0.00158 0.00007 22.52 <0.0001
	2

b1
0.06733 0.00747 9.01 <0.0001

Goodness-of-fit
−2LL −3702
Akaike’s Information Criterion −3694
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tained using the Max and Burkhart (1976) taper
equation considering the following parameter
values: b1 � –3.0257, b2 � 1.4586, b3 �
–1.4464, b4 � 39.1081, a1 � 0.7431, and a2 �
0.1125. The estimated stem diameter inside bark
at a stem height of 11 m is 10.39 cm.

Information on spatial location and angle of in-
sertion of each knot is used to compute the nec-
essary variables for estimating the volume of
each knot (Table 4). The value of the shape pa-
rameter �i is computed for each branch using Eq
20 and parameter estimates given in Table 1.

Figure 6. Observed and modeled relative knot profiles for different values of maximum branch radius (R) in millimeters.

Table 2. Branch characteristics for a simulated whorl composed of three branches.

Brancha Type
Azimuth,

� (degrees)
Inclination,
� (degrees)

Branch
diameterb (mm)

Stem radius (cm)

r r’

A Live 45 45 35 — —
B Nonoccluded 285 60 20 2.8 —
C Occluded 190 80 15 2.8 4.0
a See Fig 4 for additional details on the definition of each variable.
b Maximum branch diameter located in the live portion of a knot.
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Finally, the volume of the live and dead portions
can be easily calculated using formulas given
previously for each branch type (Table 5).

CONCLUSIONS

The procedure selected for dissecting branches
allowed for recovering information on knot
shape in an R/T plane. However, to get consis-
tent information on branch growth (eg mono-
tonically increasing branch diameter), a smooth-
ing process was required. The equation used to
smooth the data corresponded to a modified
Weibull function, in which an adequate fitting
was obtained when at least five observations per
knot were available. In total, 15 knot samples
(6.4%) failed to converge when fitting the Wei-
bull function. A simple linear regression model
was adequate to smooth branch inclination.
Most of the dissected branches exhibited little or
no pronounced curvature. The procedure used to
smooth the raw data and reconstruct the branch
profiles helped to enhance the pattern and avoid
noise resulting from possible measurement er-

rors. Recovering information on branch growth
by using information of past crown recession
and measurements of ring width of a disk taken
above the whorl was shown to be feasible. How-
ever, no evaluation or comparison with other
dissection techniques was performed. Further
comparative studies on dissection techniques
that evaluate accuracy, time, and operational
implementation may be helpful.

The knot model developed can represent a vari-
ety of shapes, and it allows users to readily de-
rive analytical formulas for volume calculations.
The diameter of the branches was related to their
shape. Branches presenting smaller diameters
were more cylindrical. Those with larger diam-
eters were more parabolic or conical.

The use of a taper equation and additional infor-
mation on angle of insertion (inclination) and
horizontal orientation (azimuth) of branches al-
lowed specification of knot spatial locations in-
side the stem. A numerical example showed the
required steps for implementing the proposed
knot model in an individual tree growth simula-
tion system.
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Table 3. Spatial location of simulated branches.

Branch

Origin (cm) Live portion (cm) Dead portion (cm)

XO YO ZO XM YM ZM XM’ YM’ ZM’

A 0.0 0.0 1100 3.67 3.67 1105.20 — — —
B 0.0 0.0 1100 −2.70 0.72 1101.62 −5.02 1.35 1203.00
C 0.0 0.0 1100 −0.49 −2.76 1100.49 −0.69 −3.94 1100.71

Table 4. Variables required for computing knot volume.a

Branchb |
→
OM | |

→
MQ | L l |

→
OM� | |

→
MQ� | L� l�

A 7.35 1.75 9.10 3.50 — — — —
B 3.23 1.62 4.85 1.44 6.00 0.72 1.87 1.44
C 2.84 0.49 3.34 0.26 4.06 0.71 1.43 0.26
a All values are in centimeters.
b Values to compute volume are in bold.

Table 5. Computed knot volumes for the live and dead
portions for the simulated branches.

Branch Type �i

Volume (cm3)

Live
portion

(LP)

Dead
portion
(DP) Total

A Live 1.09 28.59 — 28.59
B Nonoccluded 0.73 13.74 5.65 19.39
C Occluded 0.40 4.21 2.53 6.74
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