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Abstract

In this study we developed a dynamic growth model for Scots pine (Pinus sylvestris L.) plantations in Galicia (north-western
Spain). The data used to develop the model were obtained from a network of permanent plots, of between 10 and 55-year-
old, which theUnidade de Xestión Forestal Sostible (Sustainable Forest Management Unit) of the University of Santiago de
Compostela has set up in pure plantations of this species of pine in its area of distribution in Galicia. In this model, the initial
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stand conditions at any point in time are defined by three state variables (number of trees per hectare, stand basa
dominant height), and are used to estimate stand volume, classified by commercial classes, for a given projection age.
uses three transition functions expressed as algebraic difference equations of the three corresponding state variab
project the stand state at any point in time. In addition, the model incorporates a function for predicting initial stand ba
which can be used to establish the starting point for the simulation. This alternative should only be used when the sta
yet established or when no inventory data are available. Once the state variables are known for a specific moment, a d
function is used to estimate the number of trees in each diameter class, by recovering the parameters of the Weibul
using the moments of first and second order of the distribution (arithmetic mean diameter and variance, respectively).
a generalized height–diameter function to estimate the height of the average tree in each diameter class, combined w
function that uses the above predicted diameter and height, it is then possible to estimate total or merchantable stand
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1. Introduction
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options as input variables, and constitute important
tools for decision-making in sustainable forest man-
agement. Most of these models are empirical and can
be organized around three types representing a broad
continuum of model classes: whole stand models, size
class models and individual tree models (Davis et al.,
2001).

The choice of the type of model to develop
depends on both the purposes of its application and
the resources available (Vanclay, 1994). These fac-
tors also determine the data needed and the resolu-
tion of the estimates. Although individual tree models
provide more detailed estimates, the complexity and
the amount of input data increase from whole stand
models to individual tree models (Gadow and Hui,
1999; Davis et al., 2001). Among the three model
types described, whole stand models are generally
recommended for the management of forest planta-
tions (Garćıa, 1988; Vanclay, 1994), because they rep-
resent a good compromise between generality and
accuracy of the estimates. In addition, the large state
vectors that individual tree models require are likely
to contain mostly redundant information, with con-
sequent losses in precision (overparametrization), as
well as being costly or the values being impossible to
obtain accurately from routine field sampling (Garćıa,
1994).

Nevertheless, some whole stand models provide
rather limited information about the forest stand (in
some cases only stand volume) (Vanclay, 1994; Porté
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densities and sites in the area of study. These data allow
the construction of static models, which may provide
good results in unthinned or scarcely thinned stands
(Garćıa, 2001). A second inventory of these plots pro-
vides information about the trajectories of the main
stand variables over time. These data allow the con-
struction of dynamic growth models, which predict
rates of change, i.e. increments in any stand variable.
Integration of these equations (or summation when
using discrete time) provides a better description of the
development of the stand over time than static models
(Garćıa, 1988).

Several growth models for Scots pine (Pinus
sylvestris L.) stands have been developed in Spain:
Garćıa Abej́on (1981), Garćıa Abej́on and Ǵomez
Loranca (1984), Garćıa Abej́on and Tella (1986), Rojo
and Montero (1996), andBravo (1998)developed yield
tables for the main ecoregions in the Spanish natural
stands;Rı́o and Montero (2001)developed a dynamic
stand growth model for theCentral System Moun-
tains and theIberian System Mountains, for both nat-
ural stands and plantations; andPalah́ı et al. (2002,
2003)developed a dynamic stand growth model and
a distance-independent individual-tree growth model
for natural stands in north-eastern Spain. Preliminary
studies (Mart́ınez Chamorro et al., 1997) showed that
the growth pattern of the plantations of Scots pine in
Galicia (north-western Spain) was significantly dif-
ferent from those corresponding to the rest of Spain,
mainly because of dissimilar ecoregional conditions.
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2. Material and methods

2.1. Data

The data used to develop the model were obtained
from three different sources. Initially, in the winters
of 1996 and 1997, a network of 155 plots was estab-
lished in pure Scots pine plantations in Galicia. Most
of these plantations were established using 2-year-old
bare root planting stock, spaced 2 m apart. Early mor-
tality was generally 5–10%, but no replacement of dead
plants was made because of the high initial density. Lit-
tle weeding was carried out and few pre-commercial
thinnings were applied. The sites are of moderate fer-
tility and soil depth, and in most cases at elevations
above 800 m. Summer droughts are not common in
these areas.

The plots were located throughout the area of dis-
tribution of this species in the area of study, and were
subjectively selected to represent the existing range of
ages, stand densities and sites. The plot size ranged
from 625 to 1200 m2, depending on stand density, in
order to achieve a minimum of 60 trees per plot. We
adopted this procedure because the plots were estab-
lished for developing a whole stand model and an ade-
quate number of trees is required to accurately estimate
yield and growth. All the trees in each sample plot were
labelled with a number. Two measurements of diame-
ter at breast height (1.3 m above ground level) at right
angles were made using callipers, and the arithmetic
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which very intensive silvicultural treatments were car-
ried out, a subset of 68 of the initially established
plots was re-measured in the winter of 2003. These
plots were selected for the dynamic components of the
model. The interval between the measurements was
considered sufficient to absorb the short-term effects
of abnormal climatic extremes. In most cases, an inter-
val of 5 years is appropriate (Gadow and Hui, 1999).

The first two sources of data were the two inven-
tories carried out in 1996–1997 and 2003. The stand
variables calculated for each inventory were: age (A,
in years), dominant height (H, in meters) defined as
the mean height of the 100 thickest trees per hectare,
stand basal area (B, in m2 ha−1), number of trees
per hectare (N), and relative spacing index in percent
(RS). The latter variable was obtained for each plot as
RS = 10, 000/(H

√
N) (Wilson, 1946).

Mean, maximum, minimum and standard deviation
for each of the main stand variables (for both invento-
ries) are shown inTable 1.

Apart from the two inventories, two dominant trees
were destructively sampled at 114 locations (where cut-
ting was allowed) in the winters of 1996 and 1997.
These trees were selected as the first two dominant
trees found outside the plots but in the same plan-
tations within ±5% of the mean diameter at 1.3 m
above ground level and mean height of the dominant
trees. The trees were felled leaving stumps of aver-
age height 0.11 m; total bole length was measured to
the nearest 0.01 m. The logs were cut at 2–2.5 m inter-
v 1 m
i nted
a ed to
a s do
n ted
h this
b -
c t

T
S secon

V

imum .

S
D
S
S 00
R

ean of the two measurements calculated. Total h
as measured in a 30-tree randomized sample a
n additional sample including the dominant trees
roportion of the 100 thickest trees per hectare, dep

ng on plot size). Descriptive variables of each tree w
lso recorded, e.g. if they were alive or dead.

After examination of the data for evidence of pl
nstalled in poor-extreme site conditions and plot

able 1
ummarised data corresponding to the plots from the first and

ariable 1st inventory (155 plots)

Mean Maximum Min

tand age (years) 32.7 48 12
ominant height (m) 12.1 22.6 4.0
tand basal area (m2 ha−1) 34.3 74.2 4.2
tems per hectare 1433 2720 6
elative spacing index (%) 26.1 80.7 12.2
als along the first 4–5 m of bole length and at
ntervals thereafter. The number of rings was cou
t each cross-sectioned point, and then convert
ge above stump height. As cross-section length
ot coincide with periodic height growth, we adjus
eight-age data from stem analysis to account for
ias usingCarmean’s method (1972), and the modifi
ation proposed byNewberry (1991)for the topmos

d inventories used for model development

2nd inventory (68 plots)

S.D. Mean Maximum Minimum S.D

7.8 39.7 55 21 7.8
4.3 15.5 24.0 9.0 3.9

14.4 44.6 72.6 16.2 11.3
425.5 1247 2112 580 340.0

12.1 20.0 42.3 11.0 5.6
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Table 2
Summary statistics of the sample of 228 trees used for model
development

Variable Mean Maximum Minimum S.D.

No. logs 10.7 21 6 2.9
d (cm) 22.8 36.5 8.7 5.7
h (m) 10.8 20.7 4.2 3.9
hst (m) 0.11 0.21 0.03 0.03
v (m3) 0.246 0.815 0.016 0.178
Age (years) 33.0 50.0 12.0 7.7

d: diameter at breast height over bark (cm);h: total tree height (m);
hst: stump height (m);v: total tree volume over bark (m3) above
stump level.

section of the tree. A test of six methods of estimating
true heights from stem analysis data (Dyer and Bailey,
1987) showed that Carmean’s algorithm provided the
most accurate estimates. Log volumes (stem parts with
merchantable size) were calculated by Smalian’s for-
mula. The top of the tree was considered as a cone. Tree
volume above stump height was aggregated from the
corresponding log volumes and the volume of the top
of the tree. The third source of data corresponds to the
228 trees felled. Summary statistics, including number
of logs, mean, minimum, maximum and standard devi-
ation of each of the main tree variables, are shown in
Table 2.

2.2. Model structure

This section describes the simulation of growth and
dynamics of Scots pine plantations using the proposed
model. The basic structure of the dynamic stand growth
model is shown inFig. 1. The model is based on the

state-space approach (Garćıa, 1994), which is adequate
for systems that evolve in time, as takes place in forest
systems, and makes use of state variables and transi-
tion functions. The stand conditions at any point in
time are defined by three state variables (dominant
height, number of trees per hectare and stand basal
area), and are used to estimate stand volume, classified
by commercial classes. The model uses three transition
functions expressed as algebraic difference equations
of the three corresponding state variables, which are
used to project the future stand state. Once the state
variables are known for a given time, the model is
disaggregated mathematically using a diameter distri-
bution function, which is combined with a generalized
height–diameter equation and with a taper function to
estimate total and merchantable stand volumes. Stand
growth is subsequently calculated by subtraction.

The state of a system at any given time may be
roughly defined as the information needed to deter-
mine the behaviour of the system from that time on;
given the present state the future does not depend on
the past. In other words, it is assumed that two stands
with the same values for these variables would behave
in practically the same way, no matter how they hap-
pened to reach that state (Garćıa, 1994). Therefore, the
first question is how to characterize the state of the sys-
tem at any point in time. The state must be such that,
to a sufficient degree of approximation, future states
are determined by the current state and future actions,
and any quantities of interest can be estimated from
t te
v into
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plest one that describes the biological phenomena and
remains consistent with the structure and function of
the actual biological system (Milsum, 1966). A two
dimensional vector including dominant height (H) or
age (A) and stand basal area (B) as explanatory vari-
ables may be sufficient to describe the state of the stand
at a given time (Pienaar and Turnbull, 1973), so that the
advantage of including an additional variable may not
be justified (Decourt, 1974; Garcı́a, 1988). Neverthe-
less, in situations covering a wide range of silvicultural
regimes, the inclusion of an additional variable such as
the number of trees (N) is necessary (Garćıa, 1994;
Amateis et al., 1995;́Alvarez Gonźalez et al., 1999).
After thinning or pruning, it may take some time for
trees to fully occupy the additional space that has been
made available to them. It might be expected that,
immediately after the intervention, a stand would grow
less than another not recently treated stand with the
sameH, B andN. To account for this, a fourth variable
representing relative site occupancy or canopy closure
has been found to be useful in some instances, espe-
cially where very heavy thinning and pruning take place
(Garćıa, 1990).

The transition functions must possess some obvi-
ous properties: (i) consistency, meaning no change for
zero elapsed time; (ii) path-invariance, where the result
of projecting the state first fromA0 to A1, and then
from A1 to A2, must be the same as that of the one-
step projection fromA0 to A2; (iii) causality, in that a
change in the state can only be influenced by inputs
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dominant height growth and site index (S, defined as the
dominant height of the trees at a specific base age) mod-
els are defined as special cases of the same equation.
Although true site productivity may not be fully repre-
sented by site index, it is the most widely accepted and
probably the simplest method for estimating site pro-
ductivity. Two algebraic difference equations derived
from the Sloboda (1971)and McDill and Amateis
(1992) differential functions, and five algebraic dif-
ference forms derived from the Bertalanffy–Richards
(Bertalanffy, 1949, 1957; Richards, 1959), Korf (cited
in Lundqvist, 1957) and Hossfeld (cited inPeschel,
1938) growth functions were evaluated to model dom-
inant height growth. These algebraic difference equa-
tions are base-age invariant and polymorphic, and
one of these has multiple asymptotes. All of the
models have been widely used to develop height/age
curves (e.g.Garćıa, 1983; Cieszewski and Bella, 1989;
Elfving and Kiviste, 1997; Trincado et al., 2002;
Calama et al., 2003).

Data from stem analysis and dominant height of the
sample plots measured twice were combined and used
for modelling. Several data structures can be used to
fit a model expressed in algebraic difference form. All
possible growth intervals (Borders et al., 1988) typi-
cally produce fitted models with a better predictive per-
formance as compared to, for example, forward moving
first differences (Goelz and Burk, 1992; Huang, 1999).
Therefore, this structure was selected for developing
the site quality system. To correct the inherent auto-
c sed,
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ions. To fit these functions, it is necessary to make
f data from plots installed in stands from different s
nd of different ages, and densities, measured at

wice; hence, interval or permanent plots are neces
Gadow and Hui, 1999).

The following sections describe how we develo
ach of the three transition functions and the disag
ation system.

.3. Transition function for dominant height
rowth

The difference equation method (Clutter et al., 1983)
as used to develop a site quality system, in which
orrelation of the longitudinal data and structure u
utocorrelation was modelled by expanding the e

erm using the proposal ofGoelz and Burk (1992
996):

ij = f (Hj, Ai, Aj, β) + eij with

ij = ρei−1,j + γei,j−1 + εij (1)

hereHij depicts prediction of heighti by usingHj

heightj), Ai (agei), andAj (agej �= i) as predictor vari
bles;β is the vector of parameters to be estima
ij is the corresponding error term; theρ paramete
ccounts for the autocorrelation between the cu
esidual and the residual from estimatingHi−1 usingHj

s a predictor; theγ parameter accounts for the autoc
elation between the current residual and the res
rom estimatingHi usingHj−1 as a predictor; andεij are
ndependent and identically distributed errors. In u
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all possible differences, the number of observations
is artificially inflated and the corresponding standard
errors for the parameters are therefore too small. Thus,
the standard errors were corrected by

√
n(apd)/n(fd),

wheren(apd) is the number of observations using all
possible differences andn(fd) is the number of obser-
vations if using only first differences (Goelz and Burk,
1996). This provided consistent estimates of the param-
eters and their standard errors. Fitting was carried out
by modelling the mean and the error structure simulta-
neously using the SAS/ETS® MODEL procedure (SAS
Institute Inc., 2000a), which allows for dynamic updat-
ing of residuals.

2.4. Transition function for reduction in tree
number

We developed an equation for predicting the reduc-
tion in tree number due to density-dependent mortality,
or self-thinning, which is mainly caused by competition
for light, water and soil nutrients within a stand (Peet
and Christensen, 1987). Density-dependent mortality
reflects lowered vigour and decreased growth rate, and
is at least partially predictable (Murty and McMurtrie,
2000). This equation is especially important if only
low intensity thinnings are carried out, as was the case
of the studied stands, which were mostly located in
unthinned stands or stands thinned lightly from below
(A- or B-grade of severity—Smith et al., 1997).
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N
= αNβf (S)δA (5)

whereK is a constant,S site index, andα, β, andδ the
model parameters.

Eq.(2) is the simplest assumption and considers the
instantaneous mortality rate as a constant quantity. This
approach was used byTomé et al. (1997)and is appro-
priate for use in populations where the proportional
mortality rate is constant for all ages, site indices and
stand densities (Clutter et al., 1983).

On the other hand, Eqs.(3)–(5)consider the mortal-
ity rate related to number of trees per hectare, age and
site index (Clutter and Jones, 1980; Pienaar and Shiver,
1981; Bailey et al., 1985; Da Silva—cited inVan Laar
and Akça, 1997; Pienaar et al., 1990; Zunino and
Ferrando, 1997; Woollons, 1998;́Alvarez Gonźalez
et al., 2004). These equations differ only in the form in
which the effect of age is included. The effect of site
index was incorporated in the general form:

f (S) = c0 + c1S
c2 (6)

Parameter estimates were obtained by ordinary least
squares using the Gauss–Newton’s iterative method
(Hartley, 1961) of the SAS/STAT® NLIN procedure
(SAS Institute Inc., 2000b).

2.5. Transition function for stand basal area
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Stand basal area growth was also modelled u
lgebraic difference equations. In this method, in
andA are assumed to provide sufficient informat

bout the growth trajectory of the stand, although
nclusion of other variables in the equation (e.g.
ndex) is also possible and sometimes necessary.
he use of an algebraic difference equation to pro
tand basal area over time requires the knowledg
he initialB at ageA, which may generally be calculat
irectly on the basis of inventory data. Otherwise,
revious use of an initialization equation to estim

he initial B is required.
Therefore, the stand basal area growth syste

omposed by two sub-modules: one for stand b
rea initialization and another for projection. The in
ral form of growth functions was used to develop

nitialization sub-module, while the stand basal a
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projection sub-module was fitted using algebraic dif-
ference equations.

The initialization sub-module was fitted using data
from 223 plots (155 from the first inventory and 68
from the second one). The projection equation was fit-
ted using pairs of data from the 68 plots measured twice.
Compatibility between both sub-modules was ensured
(i) by deriving the algebraic difference equations from
the growth functions or vice versa; and (ii) by estimat-
ing independently the projection function parameters,
substituting their values into the initialization function,
and then fitting it to obtain the estimates of the remain-
ing parameters. This form of proceeding gives priority
to the projection function, and it was selected because
it was considered that the model projection would be
most frequently used to estimate stand basal area from
any given initial stand conditions obtained from a plan-
tation inventory.

Eight algebraic difference equations obtained from
the available literature (Clutter, 1963; Bennett, 1970;
Borders and Bailey, 1986; Pienaar and Shiver, 1986;
Souter, 1986; Pienaar et al., 1990; Hui and Gadow,
1993; Forss, 1994) and their corresponding integral
forms, and six algebraic difference equations derived
from the integral forms of the Bertalanffy–Richards
(Bertalanffy, 1949, 1957; Richards, 1959) and Korf
(cited in Lundqvist, 1957) functions were used for
model development. Taking into account the actual
relationship between stand basal area and site qual-
ity, site index was included as an explanatory variable
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frequently used in forest growth models because of its
flexibility and simplicity (Maltamo et al., 1995; Ŕıo,
1999; Kangas and Maltamo, 2000; Torres-Rojo et al.,
2000). Expression of the Weibull density function is as
follows:

f (x) =
( c

b

) (
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b

)c−1

e−((x−a)/b)c (7)

wherex is the random variable,a the location parameter
which defines the origin of the function,b the scale
parameter, andc the shape parameter that controls the
skewness.

The Weibull parameters can be obtained using dif-
ferent methodologies, which can be classified in two
groups: parameter estimation and parameter recovery
(Hyink, 1980; Vanclay, 1994). Several studies (Cao
et al., 1982; Reynolds et al., 1988; Borders and
Patterson, 1990; Torres-Rojo et al., 2000) have found
that the parameter recovery approach provides better
results than parameter estimation, even in long-term
projections.

The parameter recovery approach relates stand vari-
ables, generally stand basal area, dominant height and
number of trees, to percentiles (Cao and Burkhart,
1984) or moments (Newby, 1980; Burk and
Newberry, 1984) of the diameter distribution, which
are subsequently used to recover the Weibull param-
eters. Nevertheless, the moment method is the only
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he SAS/STAT® NLIN procedure (SAS Institute Inc.
000b) over the logarithmic transformation of the eq

ions to avoid problems associated with the esti
ion of standard errors of the coefficients due to
roscedasticity.

.6. Disaggregation system

.6.1. Diameter distribution
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ariance and skewness coefficient, respectively). A
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following expressions were used:

var = d̄2

Γ 2
(

1 + 1
c

) (
Γ

(
1 + 2

c

)
− Γ 2

(
1 + 1

c

))

(8)

b = d̄

Γ
(

1 + 1
c

) (9)

whered̄ is the arithmetic mean diameter of the observed
distribution, var its variance, andΓ the Gamma func-
tion.

Once the mean and the variance of the diameter
distribution are known, and taking into account that
Eq. (8) only depends on parameterc, the latter can be
obtained using iterative procedures. Parameterb can
then be calculated directly from Eq.(9). Considering
that the disaggregation system is developed for inclu-
sion in a stand growth model, only the arithmetic mean
diameter requires to be modelled, because the variance
can be directly obtained from the arithmetic and the
quadratic mean diameter (dg) using the equations in
Fig. 2.

Thus, the arithmetic mean diameter was modelled
using the following expression (Frazier, 1981):

d̄ = dg − eXβ (10)

whereX is a vector of explanatory variables (e.g. dom-
inant height, number of trees per hectare, age) that
c time
a the
s to
b ns of
a tic
m e-
t ery
a 84;
K

stem
i

2
ec-

e e in
e ela-
t ause
o ul-

Fig. 2. Diagram of the disaggregation system.B = stand basal
area; N = number of trees per hectare;dg = quadratic mean
diameter; d̄ = arithmetic mean diameter; var = diameter variance;
nCD = number of trees per hectare in the diameter class;d = diameter
at breast height of the average tree in the diameter class.

tural state of the stands, a single height–diameter rela-
tionship cannot well represent all situations. More-
over, the height–diameter curve of an even-aged stand
varies with age (Curtis, 1967; Assmann, 1970; Speidel,
1983; Lappi, 1997); that is, trees of different ages but
with similar diameters belong to different sociological
classes.

A practical alternative is the use of a generalized
height–diameter relationship, which predicts the height
of a tree as a function of its diameter at breast height
and one or more stand variables (e.g. dominant height,
quadratic mean diameter, dominant diameter, number
of trees per hectare, stand basal area) which take into
account some basic characteristics common to all the
local height regressions that represent each individ-
ual stand (Gadow and Hui, 1999; Staudhammer and
LeMay, 2000).

Nine generalized height–diameter relationships that
predict the dominant height of the stand (H) when the
haracterize the state of the stand at a specific
nd must be obtained from any of the functions of
tand growth model, andβ is a vector of parameters
e estimated. This procedure insures that predictio
verage diameter (̄d) are always lower than quadra
ean diameter (dg), and has been widely used in diam

er distribution modelling using the parameter recov
pproach (Cao et al., 1982; Burk and Burkhart, 19
noebel et al., 1986).
The diagram of the proposed disaggregation sy

s shown inFig. 2.

.6.2. Height estimation for diameter classes
Once the diameter distribution is known, it is n

ssary to estimate the height of the average tre
ach diameter class. A local height–diameter r

ionship may be used for this. Nevertheless, bec
f the heterogeneity of site conditions and silvic
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diameter at breast height of the subject tree (d) equals
the dominant diameter of the stand (d0) were used for
model development (Mønness, 1982; Gaffrey, 1988;
Tomé, 1988; Cãnadas et al., 1999; Nilson, 1999). The
equations ofGaffrey (1988)andNilson (1999)were
modified to ensure the above-mentioned compatibil-
ity. These equations include exponential terms in the
form 1/d − 1/d0, 1− d/d0 or (1− eb0d)/(1 − eb0d0), or
multiplicative terms such asd/d0.

Parameter estimates were obtained by ordinary least
squares using the Gauss–Newton’s iterative method
(Hartley, 1961) of the SAS/STAT® NLIN procedure
(SAS Institute Inc., 2000b).

Practical use of the generalized height–diameter
equation requires estimation of dominant diameter,
which is difficult to project (Lappi, 1997). Therefore, it
must be estimated from the diameter distribution. The
remaining explanatory variables can be easily obtained
at any point in time from dominant height, number of
trees per hectare and stand basal area transition func-
tions.

2.6.3. Total and merchantable volume estimation
Once the diameter and height of the average tree in

each diameter class are estimated, the total tree volume
can be calculated directly using a volume equation. If
required, a volume ratio equation may be used to esti-
mate the volume to a certain height or diameter as a
percentage of total volume (Burkhart, 1977; Cao et al.,
1980; Clutter, 1980; Reed and Green, 1984). Alterna-
t me
fi ted
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t r,
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v table
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u ded

by Diéguez-Aranda (2004). The advantage of compat-
ible systems is that they allow the use of a very simple
and common volume equation (e.g.v = a0d

a1ha2, v =
a0 + a1d

2h) if only total volume is required, thereby
simplifying the calculations.

Data on diameter at different heights and total stem
volume from 228 destructively sampled trees were used
for fitting a compatible system. To correct the inherent
autocorrelation of the longitudinal data used, and tak-
ing into account that observations within a tree were
not equally distributed, the error term was expanded
using an autoregressive continuous time model CAR(x)
(Zimmerman and Ńuñez-Ant́on, 2001). The main pur-
pose in using this error structure was to obtain con-
sistent estimates of the parameters and their standard
errors.

Fifteen equations were tested for comparison
(Diéguez-Aranda, 2004). The fittings were carried out
by simultaneously optimizing total tree volume, diam-
eter at different heights and the error structure using
the SAS/ETS® MODEL procedure (SAS Institute Inc.,
2000a).

Aggregation of total (v) or merchantable (vi) tree
volume times number of trees in each diameter class
provides total (Vtotal) or merchantable stand volume
(Vclasif), respectively.

The diagram of the total and merchantable volume
estimation system is shown inFig. 3.

2.7. Selection of the best equation in each module

rent
m mer-
i eria
o oef-
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R ro-
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t ean
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o have
b
r ss
o ould
s
1

on-
s

ively, merchantable volume from the stump to so
xed top diameter limit or bole length may be estima
rom a taper equation, by integrating it over a spec
eight of the tree. The latter is the most commonly u
pproach (Kozak, 1988; Newnham, 1992; Riemer et
995; Castedo Dorado andÁlvarez Gonźalez, 2000; Bi
000; Novo et al., 2003).

A volume equation and a taper function are num
cally consistent if the total volume of a tree calcula
sing the volume equation is the same as the vo
alculated by integrating the taper equation over
otal height of the tree. In this case, the equations co
ute a compatible system (Demaerschalk, 1972; Clutte
980; Rustagi and Loveless, 1991). Sometimes, th
olume equation can be replaced by a merchan
olume equation, which provides the total volumev)
hen the total height (h) is used as an input variable. A
p-to-date review of compatible systems is provi
The comparison of the estimates of the diffe
odels fitted in each module was based on nu

cal and graphical analyses. Two statistical crit
btained from the residuals were examined: the c
cient of determination for nonlinear models (R2) (see
yan, 1997, pp. 419 and 424), which shows the p
ortion of the total variance of the dependent vari

hat is explained by the model; and the root m
quare error (RMSE), which analyses the accura
f the estimates. Although several shortcomings
een stated against the use of theR2 in nonlinear
egression (Neter et al., 1996), the general usefulne
f some global measure of model adequacy w
eem to override some of those limitations (Ryan,
997).

The importance of validation to those who c
truct and use models is well recognized (Gentil and
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Fig. 3. Diagram of the total and merchantable volume estimation system.d = diameter at breast height of the average tree in the diameter class;
H = dominant height;d0 = dominant diameter;h = total tree height;di = top diameter at heighthi; hst = stump height;hi = height above ground
level to top diameterdi; lt = log length;v = total tree volume above stump level;vi = merchantable tree volume, the volume above stump level
to a specified top diameterdi; nCD = number of trees per hectare in the diameter class;Vtotal = total stand volume;Vclasif = merchantable stand
volume.

Blake, 1981; Reynolds, 1984; Mayer and Butler, 1993;
Rykiel, 1996; Vanclay and Skovsgaard, 1997; Huang
et al., 2003). Therefore, the validation of each module
was based on the analysis of the same statistical cri-
teria but the residual of each observation (tree or plot,
depending on the data set) was obtained by refitting the
model without that observation. This technique, gener-
ally referred to asn-way cross-validation, is not really
a true validation using an independent data set, but it is
often useful as an additional criterion for selecting the
best model.

Apart from these statistics, one of the most effi-
cient ways of ascertaining the overall picture of model
performance is by visual inspection. Therefore, graph-
ical analyses, consisting of examination of plots of
observed against predicted values of the dependent
variable and of plots of studentized residuals against
the estimated values, were carried out. These graphs
are useful both for detection of possible systematic dis-
crepancies and for selecting the weighting factor (Neter
et al., 1996). Specific graphs suitable for each of the dif-
ferent components of the model were also examined.
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2.8. Overall validation of the model

In addition to the validation of each component
of the dynamic growth model, overall validation of
the whole model was carried out. It must be tak-
ing into account that validation of a growth model
is complicated because it consists of several submod-
els that may be estimated independently or simul-
taneously using different techniques (Huang et al.,
2003).

The use of an independent data set is the preferred
method of model validation (Pretzsch et al., 2002;
Huang et al., 2003; Kozak and Kozak, 2003). As new
data for model validation were not available in this
study, observed state variables from the first inventory
of the 68 plots measured twice were used to estimate
stand basal area and total stand volume at the age of
the second inventory, including all the components of
the whole stand model. These variables were selected
because (i) stand basal area is perhaps the most impor-
tant variable in planning thinning operations, and (ii)
estimation of stand volume involves all the functions
included in the whole stand growth model and is closely
related to economical assessments.

In order to evaluate whether the model performs
acceptably well when used for prediction of stand basal
area and stand volume, a critical error, expressed as a
percentage of the observed mean, was computed re-
arrangingFreese’s (1960)χ2

n statistic (Reynolds, 1984;
Robinson and Froese, 2004):

E

w ata
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variables stand basal area and stand volume was carried
out.

3. Results and discussion

3.1. Transition function for dominant height
growth

The algebraic difference form of the differential
function proposed byMcDill and Amateis (1992)
resulted in the best compromise between biological
behaviour and goodness-of-fit statistics, producing the
most adequate site index curves (Fig. 4). Therefore,
it was selected for height growth prediction and site
classification:

H2 = 51.39

1 −
(

1 − 51.39
H1

) (
A1
A2

)1.277 (12)

where H1 and A1 represent the predictor dominant
height (m) and age (years), andH2 the predicted dom-
inant height at ageA2.

In selecting the base age, 40 years was best for pre-
dicting dominant height at other ages (Diéguez-Aranda
et al., 2005a).

To estimate the dominant height (H2) of a stand for
some desired age (A2), given site index (S) and its asso-
ciated base age (Ab), S andAb must be substituted into
Eq.(12) for H1 andA1, respectively:

H

F years
o e-tree
o

crit. =

√
τ2

n∑
i=1

(yi − ŷi)2/χ2
crit.

ȳ
(11)

heren is the total number of observations in the d
et,yi the observed value, ˆyi its prediction from the
tted model, ¯y the average of the observed valueτ
standard normal deviate at the specified prob

ty level (τ = 1.96 forα = 0.05), andχ2
crit. is obtained

or α = 0.05 andn degrees of freedom. If the spe
ed allowable error expressed as a percentage o
bserved mean is within the limit of the critical err

heχ2
n test will indicate that the model does not g

atisfactory predictions; otherwise, it will indicate t
he predictions are acceptable.

Apart from this statistic, inspection of plots
bserved against predicted values of the depen
2 = 51.39

1 −
(

1 − 51.39
S

) (
Ab

A2

)1.277 (13)

ig. 4. Site index curves for heights of 5, 10, 15 and 20 m at 40
verlaid on the trajectories of observed values over time. Sam
r plot measurements joined by lines.
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Similarly, to estimate site index at some chosen base
age, given stand height and age,S andAb must be sub-
stituted into Eq.(12) for H2 andA2, respectively:

S = 51.39

1 −
(

1 − 51.39
H1

) (
A1
Ab

)1.277 (14)

3.2. Transition function for reduction in tree
number

The equation that provided the best results was
(Diéguez-Aranda et al., 2005b):

N2 = (N−1.5896
1 + 1.138× 10−9(S/1000)

× (A2
3.3079− A1

3.3079))−1/1.5896 (15)

whereN2 is the predicted number of trees per hectare
at ageA2, N1 the number of trees per hectare at ageA1,
andS the site index (m) estimated using Eq.(14) for a
reference age of 40 years.

This equation implies that the relative rate of change
in the number of trees is proportional to a power func-
tion of age. Eq.(15)may be applicable in stands where
the initial stand density was similar to those of the plots
used in this study, and where no thinnings or only light
thinnings have been carried out; otherwise, it is bet-
ter not to consider reduction in tree number, especially
a s
o time
f

F over
t and
2 ines.

3.3. Transition function for stand basal area
growth

The following modification of the Korf (cited in
Lundqvist, 1957) function was selected for stand basal
area initialization:

B = 92.40 e−(1593/S)A−1.369
(16)

whereB is the predicted stand basal area (m2 ha−1) at
ageA, andS the site index (m) estimated using Eq.(14)
at a reference age of 40 years. Eq.(16) will work well
in situations in which the silvicultural practices applied
were similar to those carried out in the stands where the
experimental data used were collected. It should only
be used when no inventory data are available.

The corresponding function for stand basal area pro-
jection was:

B2 = 92.40

(
B1

92.40

)(A1/A2)1.369

(17)

whereB2 is the predicted stand basal area (m2 ha−1)
at a given projection ageA2, andB1 the stand basal
area (m2 ha−1) at ageA1, which are used as initial
values of the projection function expressed in alge-
braic difference form. These variables provided enough
information about the growth trajectory of stand basal
area. Similar results were obtained byBennett (1970),
Clutter and Jones (1980), Bailey and Ware (1983), and
M ns
o time
a

F erved
v 3, 18
a

fter thinning operations.Fig. 5shows the trajectorie
f observed and predicted number of trees over

or different initial densities.

ig. 5. Trajectories of observed and predicted stem number
ime. Model projections for initial stockings of 1100, 1500, 1900
300 stems per hectare. Same-plot measurements joined by l
urphy and Farrar (1988). Stand basal area predictio
verlaid on the trajectories of observed values over
re shown inFig. 6.

ig. 6. Basal area predictions overlaid on the trajectories of obs
alues over time. Initial values obtained for site indexes of 9, 1
nd 25 m. Same-plot measurements joined by lines.
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3.4. Disaggregation system

3.4.1. Diameter distribution
The equation selected for predicting arithmetic

mean diameter and for use in the parameter recovery
approach was:

d̄ = dg − e−1.294+0.000187N+0.0363H (18)

whered̄ is the predicted arithmetic mean diameter (cm),
dg the quadratic mean diameter (cm),N the number of
trees per hectare, andH the dominant height (m).

3.4.2. Height estimation for diameter classes
The model that provided the best results was a mod-

ification of the function proposed byGaffrey (1988),
obtained after (i) substitution of the quadratic mean
diameter by dominant diameter, and (ii) removal of one
parameter and its associated variable, as it was not sig-
nificantly different from zero:

h = 1.3 + (H − 1.3) e7.197((1/d0)−(1/d)) (19)

whereh is the predicted total height (m) of the subject
tree,d its diameter at breast height (cm), andH (m) and
d0 (cm) dominant height and dominant diameter (aver-
age values of the 100 thickest trees per hectare) of the
stand where the subject tree is included, respectively.

3.4.3. Total and merchantable volume estimation
of

t atible
s .
T tions
e een
s nts:

•

el
the

β = b1−(I1+I2)
1 bI1

2 bI2
3 α1 = (1 − p1)

(b2−b1)k
b1b2

α2 = (1 − p2)
(b3−b2)k

b2b3 r0 = (1 − hst/h)k/b1

r1 = (1 − p1)k/b1 r2 = (1 − p2)k/b2

c1 =
√

a0da1ha2−k/b1

b1(r0 − r1) + b2(r1 − α1r2) + b3α1r2

• Merchantable volume equation:

vi = c2
1h

k/b1(b1r0 + (I1 + I2)(b2 − b1)r1

+ I2(b3 − b2)α1r2 − β(1 − qi)
k/βαI1+I2

1 αI2
2 )

(21)

• Volume equation:

v = a0d
a1ha2 (22)

The obtained parameter estimates were:

a0 7.047× 10−5

a1 1.846
a2 0.9320
b1 1.523× 10−5

b2 3.121× 10−5

b3 2.699× 10−5

p1 0.1039
p2 0.6116

The following notation was used:d = diameter at
breast height over bark (cm);di = top diameter at height
hi over bark (cm);h = total tree height (m);hi = height
a
h
s
t eter
d ts
t n-
v a
i

3

per
h tory
o lues
f
( ect
t ater,
E am-
For total and merchantable volume estimation
he average tree in each diameter class, the comp
ystem proposed byFang et al. (2000)was selected
his system assumes that tree bole has three sec
ach with a constant form factor that differs betw
ections. It is constituted by the following compone

Taper function:

di = c1

√
h(k−b1)/b1(1 − qi)(k−β)/βαI1+I2

1 αI2
2 (20)

where

I1 = 1 if p1 ≤ qi ≤ p2; 0 otherwise,

I2 = 1 if p2 < qi ≤ 1; 0 otherwise

p1 and p2 are relative heights from ground lev
where the two inflection points that assumes
model occur
,

bove the ground to top diameterdi (m); hst = stump
eight (m);v = total tree volume over bark (m3) above
tump level;vi = merchantable volume over bark (m3),
he volume from stump level to a specified top diam
i; a0, a1, a2, b1, b2, b3, p1, p2 = regression coefficien
o be estimated;k =π/40,000, metric constant to co
ert from diameter squared in cm2 to cross-section are
n m2; qi = hi/h.

.5. Overall validation of the model

Observed dominant height, number of trees
ectare and stand basal area from the first inven
f the 68 plots measured twice served as initial va

or the corresponding transition functions (Eqs.(12),
15) and (17), respectively). They were used to proj
he stand state at the age of the second inventory. L
q.(18)was used for estimating arithmetic mean di
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Fig. 7. Plots of observed against predicted values of stand basal area (left) and stand volume (right). The solid line represents the linear model
fitted to the scatter plot of data and the dashed line is the diagonal.R2 is the coefficient of determination of the linear model, and theF value and
its associated probability are the results of the simultaneousF-test for intercept = 0 and slope = 1.

eter, which allowed calculation of the variance of the
diametric distribution. Eqs.(8) and (9)were used to
recover the Weibull parameters, which allowed esti-
mation of the number of trees in each diameter class.
Eqs.(19) and (22)were used to estimate the height and
the total volume of the average tree in each diameter
class, respectively. Aggregation of total tree volume
times number of trees in each diameter class provided
total stand volume.

Fig. 7 shows observed against predicted values of
stand basal area (left) and stand volume (right) obtained
following the above procedure. The linear model fitted
for each scatter plot and the coefficient of determination
showed good behaviour for both variables. The simul-
taneousF-test for intercept = 0 and slope = 1 showed
no bias and provided no reason for rejecting the null
hypothesis.

A critical error of 10.9 and 15.3% was also obtained
for stand basal area and total stand volume, respec-
tively. Considering the required accuracy in forestry
growth modelling, where a mean prediction error of
the observed mean at 95% confidence intervals within
±10–20% is generally realistic and reasonable as a
limit for the actual choice of the acceptance and rejec-
tion levels (Huang et al., 2003), we can state that the
model provides satisfactory predictions for the avail-
able data. Nevertheless, the model should be tested and
modified, if required, as new data become available.

3

ges
b less

than 10-year-old should not be made, since for younger
ages erratic height growth may lead to erroneous classi-
fications. However, the model may be used with caution
for ages above 55 years until more data are recorded and
used to test or refit the model, because the behaviour
of the different components was evaluated and found
logical for ages close to the rotation length (for the best
results, approximately 70–80 years) (seeFigs. 4–6).

The most important limitation of the model is that it
does not consider the later effect of thinning and prun-
ing before the trees fully occupy the additional space
that has been made available to them. Thus, it is rec-
ommended that thinning trials are carried out, and that
measurements of dominant height and stand basal area
growth are made, and the reduction in tree number per
hectare in old pine plantations are monitored to confirm
or modify the relationships in a data set corresponding
to a longer period.
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Garćıa Abej́on, J.L., 1981. Tablas de producción de densidad vari-
able paraPinus sylvestris en el Sistema Ib́erico. Comunicaciones
INIA Serie: Recursos Naturales, no 10.
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Rı́o, M. del, 1999. Ŕegimen de claras y modelo de producción para
Pinus sylvestris L. en los Sistemas Central e Ibérico. Tesis Doc-
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retzsch, H., Biber, P., Durský, J., Gadow, K.v., Hasenauer, H
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