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a b s t r a c t

An individual-tree growth model was developed with data from 54 permanent plots of Scots pine (Pinus
sylvestris L.) located in Galicia (northwestern Spain). The study involved two model fitting approaches,
one considering constant growth and mortality rates in the period between two consecutive inventories,
and another considering variable growth and mortality rates in the same period. The individual-tree
eywords:
asal area increment
eight increment
rowth model
ariable growth rate

growth model was based on annual basal area growth, height growth and survival probability. The model
included variables from groups pertaining to tree size, competition and age. Weighted regression was
used as a tool for dealing with missing height observations in model fitting. Evaluation of the model via
simulation of growth and mortality in the period between inventories showed that the variable growth
rate approach provided slightly better results than the constant growth rate approach. The final model

cted d
numb
eighted regression
inus sylvestris L.

was consistent with expe
growth and reduction in

. Introduction

Scots pine (Pinus sylvestris L.) plantations aged less than 60 years
over an area of approximately half a million hectares in northern
pain, and most of the plantations are a legacy of the large-scale
ational afforestation programme carried out in the 1950s and
960s (Crecente-Campo et al., 2009b). Although in some areas of
pain, Scots pine stands have been successfully managed for several
ecades, only a very small proportion of the plantations in Gali-
ia (northwestern Spain) have been managed by application of an
ppropriate silvicultural regime (Rojo et al., 2005). Although a rela-
ively simple stand structure justifies the use of stand-level growth

odels (Diéguez-Aranda et al., 2006a), the application of alterna-
ive management regimes, which increase the small-scale spatial
ariation, would make more detailed spatio-temporal individual-
ree analyses desirable (Palahí et al., 2003). Heavy thinning (32–46%
f stand basal area removed) has recently been proposed as a possi-
le way of maintaining pine productivity, delaying the conversion
o a more natural species composition and structure, and making
uture management of the species in the study area more flexible.

his type of thinning has shown a good balance between the pro-
otion of diversity in tree position, enhancement of individual-tree

iameter growth, and reduction of vertical and horizontal continu-
ty of crown fuels (Crecente-Campo et al., 2009b).

∗ Corresponding author. Tel.: +34 982285900; fax: +34 982285926.
E-mail address: felipe.crecente@usc.es (F. Crecente-Campo).
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iameter growth, height growth, dominant height growth, stand basal area
er of stems per hectare.

© 2010 Elsevier B.V. All rights reserved.

Forest management requires tools that enable prediction of the
development of forest stands under different silvicultural systems.
Such information facilitates decision making by forest owners and
managers, at both stand and forest levels. As management practices
tend to intensify, the need for annual diameter and height growth
and mortality models becomes more apparent. The transition from
a stand level-based growth projection system, as implemented
in yield tables, to individual-tree growth models can be consid-
ered as a fundamental change within forest growth modelling
because there are no predefined limits as regards species mixture,
silvicultural treatments and/or tree age (Hasenauer, 2006). This
type of model may provide good simulation of growth (diameter,
height) for short term projections, provide detailed information
about stand structure (diameter and height distribution, etc.),
and allow consideration of a wide variety of silvicultural treat-
ments/prescriptions.

In order to simulate the effects of intensive management,
shorter time intervals than those currently used in most regional
growth models are required. Variable length growth periods com-
plicate efforts to fit growth and mortality models because observed
growth and mortality rates must be interpolated to a common
length (usually a 1-year or a 5-year growth period), or those
growth periods longer (or shorter in the case of the 5-year growth

period) than the desired model time interval must be disre-
garded (Weiskittel et al., 2007). Another common problem is that
some variables (e.g., height) are not measured in all the indi-
vidual trees in forest inventories, so that different numbers of
observations are obtained for each variable, thus complicating

dx.doi.org/10.1016/j.foreco.2010.08.044
http://www.sciencedirect.com/science/journal/03781127
http://www.elsevier.com/locate/foreco
mailto:felipe.crecente@usc.es
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he growth model fitting process when they are fitted simultane-
usly.

The objective of the present study was to test the effectiveness
f a variable growth rate fitting procedure (Cao, 2000) over a con-
tant growth rate approach, in developing an annual non-spatial
distance-independent) individual-tree growth model for regular
cots pine stands in Galicia (northwestern Spain). A method of
ealing with the problem of different number of observations for
ifferent variables in the simultaneous fitting of the growth and
ortality equations is suggested.

. Materials and methods

.1. Data

In the winters of 1996 and 1997, a network of 155 plots was
stablished in pure Scots pine plantations in Galicia (NW Spain).
he plots were located throughout the area of distribution of this
pecies, and were subjectively selected to represent the existing
ange of ages, stand densities and sites. The plot size ranged from
25 to 1200 m2, depending on stand density, in order to achieve
minimum of 60 trees per plot. All the trees in each sample plot
ere labelled with a number. Cross diameters at breast height (d,

m; 1.3 m above ground level) were measured with callipers, and
he arithmetic mean was calculated. Total height (h, m) was mea-
ured in a 30-tree randomized sample and in an additional sample
ncluding the dominant trees (the proportion of the 100 thickest
rees per ha, depending on plot size). Descriptive variables for each
ree were also recorded, e.g. if they were dead or alive.

After examination of the data a subset of 68 of the initially estab-
ished plots was re-measured in the winter of 2003. The interval
etween the measurements was considered sufficient to absorb the
hort term effects of abnormal climatic extremes. In most cases, an
nterval of 5 years is appropriate for low-growing species (Gadow
nd Hui, 1999). As models are usually built to predict growth under
verage weather conditions (Kangas, 1998), this procedure is useful
or decreasing the coefficient of variation in diameter and height, in
omparison with annual measures. This data was used to develop a
tand dynamic growth model for the species in the region (Diéguez-
randa et al., 2006a).

In 54 out of the 68 remeasured plots, all the trees were correctly
dentified in both inventories, and thus diameter and height growth
ould be calculated. The boundaries of the remaining 14 plots were
lso known, and thus stand variables could be calculated for both
nventories. Data from the tree measurements of the 54 remeasured

lots were used in this study to develop the individual-tree growth
odel for Scots pine.
For each plot, the stand level statistics measured or calculated

ere: t, plantation age (years); N, number of trees per hectare
trees ha−1); G, stand basal area (m2 ha−1); dg, quadratic mean

able 1
tatistics for the model fitting dataset.

Variable 1st inventory

No. of obs. Mean Min. Max. Std.

d (cm) 5447 17.0 5.0 49.2 6.
h (m) 1881 11.1 2.7 22.0 3.
t (years) 54 32.5 15 48 8.
N (trees ha−1) 54 1362 600 2720 421
G (m2 ha−1) 54 33.6 7.2 74.2 12.
dg (cm) 54 17.9 9.9 27.8 4.
hdom (m) 54 12.4 6.1 21.4 3.
SI (m) 54 15.3 7.1 22.3 3.

, diameter at breast height (1.3 m above ground level); h, total tree height; t, stand plan
iameter; hdom dominant height; SI, site index, defined as the dominant height that a sta
y Diéguez-Aranda et al. (2005a).
Management 260 (2010) 1965–1974

diameter (cm); hdom, dominant height (m); and SI, site index (m,
defined as the dominant height that a stand reaches at 40 years, and
determined using the site quality equation developed by Diéguez-
Aranda et al. (2005a)). Summary statistics of the dataset are shown
in Table 1.

2.2. Model development

In individual-tree growth models the components usually iden-
tified are diameter (or basal area) increment, mortality, and
recruitment (Vanclay, 1994). A height increment equation should
be added as an additional component in order to predict volume
growth (an alternative would be the use of a static height–diameter
equation). In the present study preliminary data analysis suggested
that basal area increment was a better dependent variable than
diameter growth, with better residual distribution and a closer rela-
tionship with diameter. No regeneration was observed in the plots
used in the present study, thus the individual-tree growth model
did not need a recruitment equation.

Zeide (1993) showed that it is easier to understand the process
of growth and the structure of growth equations when they are
considered in differential form. He analyzed several growth func-
tions and showed that the differential form of all the equations
analyzed, except Weibull’s, could be expressed in one of the two
following forms:

y′ = k1yptq or ln (y′) = k + p ln y + q ln t (1)

y′ = k1ypeqt or ln (y′) = k + p ln y + qt (2)

where y is the dependent variable, t is age, e is the base of the natural
logarithm, ln is the natural logarithm, k, p and q are the parameters
of the equation, and k1 = ek. These two basic models were further
examined, and individual-tree growth equations were developed
for basal area and height, based on them.

To test whether the inclusion of stand and tree variables and
competition indices could beneficially modify the expansion and
the decline components in these equations, linear transformation of
both was carried out. Some variables and logarithmic transforma-
tions were tested for inclusion in the model with the OLS technique
and the variable selection method “Cp” implemented in the REG
procedure of the statistical package SAS/STAT® (SAS Institute Inc.,
2009). The condition that the models included the variables lny
and lnt or t was imposed. In order to avoid problems related to
multicollinearity, the value of the variance inflation factor (VIF)
was computed for the groups of variables that best predicted the
natural logarithm of basal area and height increment. Those alter-

natives with a VIF larger than 10 were rejected, as suggested by
Myers (1990) and Kutner et al. (2005). The non-linearized form of
the models finally selected was:

ig = a0 da1 Ga2 exp (a3 t + a4 GL) (3)

2nd inventory

dev. No. of obs. Mean Min. Max. Std. dev.

0 4972 20.4 5.0 60.0 6.4
8 1726 13.6 4.7 26.7 3.9
0 54 39.3 21 55 8.1

54 1233 580 2112 358
3 54 42.5 16.2 72.6 11.0
4 54 21.4 11.8 30.9 4.4
7 54 14.8 9.0 23.3 3.6
3 54 15.3 7.4 20.7 3.0

tation age; N, number of trees per hectare; G, stand basal area; dg, quadratic mean
nd reaches at 40 years, and determined by use of the site quality system developed
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h = b0 hb1 db2 exp
(

b3 t + b4 GL

G

)
(4)

here ig is the annual increment in basal area (cm2), GL is the stand
asal area of trees with a diameter equal or larger than the sub-

ect tree (m2 ha−1), ih is the annual height increment (m), ai and
i are the parameters to be estimated, and the other variables are
s previously defined (see Table 1). Diameter at breast height (d)
as used instead of individual-tree basal area (g) in Eq. (3) after

implification of constants.
In order to model mortality, the logistic or logit cumulative dis-

ribution function was used (e.g., Monserud, 1976; Monserud and
terba, 1999; Diéguez-Aranda et al., 2005b; Crecente-Campo et
l., 2009a). The SAS/STAT® LOGISTIC procedure (SAS Institute Inc.,
009) with the stepwise variable selection method was used to
etermine which variables were correlated with mortality. Fitting
tatistics, together with an understanding of the mortality process
Ávila and Burkhart, 1992; Yao et al., 2001), were used to select the
nal variables. The variance inflation factor (VIF) was also calcu-

ated (from the regression on each variable of the rest of variables in
he model), because of the sensitivity of logistic regression to multi-
ollinearity among the predictor variables (Hosmer and Lemeshow,
000). Models with a VIF greater than 10 for any of the variables
ere rejected. The model finally selected was:

s =
(

1 + exp
(

c0 + c1d + c2dg + c3GLmod + c4GL

G

))−1

(5)

here Ps is the annual survival probability, GLmod is a mod-
fication of GL proposed by Schröder and Gadow (1999) (i.e.,
Lmod = GL/(G·IH), where IH = 100/(hdom N1/2)), ci are the param-
ters to be estimated, and the other variables are as previously
efined (see Table 1 and Eq. (3)).

.3. Model fitting

Trees are not usually re-measured every year. If accurate assess-
ent of growth patterns over time is required, the trees should

e measured at short intervals (Parresol, 1995). In the present
tudy, the re-measurement interval was variable, with either 6 or
years between inventories. Two approaches for fitting an annual

ndividual-tree growth model were therefore compared.
The first approach, the constant growth rate (CGR), assumes

onstant growth and mortality rates in the period between inven-
ories for calculation of the annual individual basal area and height
ncrements and for survival probabilities. This method is the Ini-
ial Values method referred to by Cao and Strub (2008). Eqs. (3)
nd (4) were fitted with generalized least squares. Eq. (5) was fit-
ed with maximum likelihood, defining the log likelihood function
LL) (i.e., LL = y0log (Ps) + (1 − y0)log (1 − Ps), where y0 is a dummy
ariable with a value of 1 for a live tree and 0 for a dead tree)
nd then defining the model to fit as 0 = sqrt(− 2LL). In this case
he survival probability was powered to the length of the growth
eriod between the two inventories (e.g., Monserud, 1976; Álvarez
onzález et al., 2004; Diéguez-Aranda et al., 2005b). These three
quations were fitted simultaneously, using the MODEL procedure
f SAS/ETS® (SAS Institute Inc., 2008) and seemingly unrelated
egression (SUR) to account for possibly correlated error compo-
ents, as some terms (e.g., d) were common to all the equations.
ther authors (e.g., Johannsen, 1999; Cao, 2004) have used the

ame parameter estimation method in similar systems of equa-

ions. Although constant growth and mortality rates were assumed
or calculation of the dependent variables, the model is intended
o work on an annual basis, making projections year to year and
pdating stand variables and competition indices on the basis of
odel estimations.
Management 260 (2010) 1965–1974 1967

The second approach, the variable growth rate (VGR), uses the
methodology developed by Cao (2000), in which the left side of
the growth equation was the observed diameter or height at the
end of the growth period, and the right side was a function that
summed the annual ig and ih to the respective values at the start
of the growth period. The survival probability was obtained as a
product of annual survival probabilities (e.g., see Eq. (7) in Cao and
Strub, 2008). This system of equations was also fitted simultane-
ously to account for possible correlated error components, as some
terms (e.g., d) were common to all the equations and depended
on parameter estimates for the years between inventories. These
equations are also intended for working on an annual basis.

One problem usually reported when fitting a system of equa-
tions like the one in this study is that the simultaneous fitting
results in loss of data because heights are measured more infre-
quently than diameters (Nord-Larsen, 2006). However, all the
observations were included in the model fitting in the present
study, by use of weighted regression and some dummy variables.
One dummy variable was required to distinguish between live and
dead trees (y0). Another dummy variable was necessary for each
different period length (in this case only one – y1 – for the 7-year
growth period, i.e., 0 for the trees with 6-year growth period and 1
for the trees with 7-year growth period). Finally, another dummy
variable was required (y2) for those trees for which no height obser-
vation was available (i.e., 1 for the trees with height observation and
0 for the trees with no height observation). An initial height value
of 1 was also assigned to the trees with no height measurement
to allow use of all the observations in the fitting of the remaining
models. Finally, the residuals of the two growth equations were
weighted by y0 (which implies that dead trees were not used to fit
the growth equations), the height growth equation residuals were
also weighted by y2 (which implies that trees with no height mea-
surement were not used to fit the height growth equation), and
the seventh year of annual growth projection and mortality were
weighted by y1 in the VGR approach (which implies that the sev-
enth year of annual growth was not taken into account in the trees
which had a 6-year growth period). This was done by use of the
resid.variable option of SAS/ETS® MODEL procedure (SAS Institute
Inc., 2008), which allows individual weighting of each equation.
Appendix A includes an example of the SAS code used for the VGR
approach.

In the VGR approach, interim values of d and h were obtained on
the basis of predicted values of ig and ih. However, interim values of
G, GL, dg, and GLmod cannot be updated from the predicted values of
d as an intrinsic part of the estimation procedure. Johannsen (1999)
and Cao (2004) used a stand level model to update the values of G in
their fitting processes. As this approach is not possible for GL, Nord-
Larsen (2006) used an iterative approach, and Cao and Strub (2008)
updated it for each year with a summation technique or predicted
it annually. An iterative procedure was also adopted in the present
study. In a first step, annual interpolated values between the obser-
vations in the first and the second inventory of G, GL, dg, and GLmod
were used (similar to the Linear Interpolation method referred to
by Cao and Strub, 2008). The simultaneous system of equations
was then fitted, and parameter estimates obtained. These parame-
ter estimates were then used to simulate the growth and mortality
of the trees located in the 54 plots used in model fitting, from the
first to the second inventory. Various methods can be used to con-
vert the continuous probabilities produced by a mortality model
to dichotomous results (i.e., dead or alive) (e.g., Weber et al., 1986;
Hann et al., 1997; Chen et al., 2008). In the present study a fixed cut-

off (c) approach was used, as it has been shown to perform better
than other approaches in similar studies, and permits flexibility in
threshold selection (Crecente-Campo et al., 2009a). In simulations
with the fitted models, the annual survival probabilities were com-
pared with fixed threshold values between 0 and 1. If the estimated
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Table 2
Parameter estimates and asymptotic standard errors for the basal area and height growth and mortality equations for Scots pine, fitted by the constant growth rate (CGR)
approach and the variable growth rate (VGR) approach (ns = non-significant at 0.05 level).

Parameter CGR VGR

Estimate Approx. standard error p-Value Estimate Approx. standard error p-value

a0 1.662 0.089 <0.0001 1.703 0.096 <0.0001
a1 1.769 0.031 <0.0001 1.795 0.029 <0.0001
a2 −0.7366 0.0216 <0.0001 −0.7353 0.0232 <0.0001
a3 −0.01362 0.00094 <0.0001 −0.01567 0.00089 <0.0001
a4 −0.006100 0.000910 <0.0001 −0.004533 0.000840 <0.0001
q 1.321 0.090 <0.0001 ns
b0 0.1726 0.0104 <0.0001 0.1007 0.0128 <0.0001
b1 −0.1365 0.0349 <0.0001 −0.2273 0.0416 <0.0001
b2 0.4162 0.0331 <0.0001 0.6613 0.0596 <0.0001
b3 −0.009782 0.001133 <0.0001 −0.01127 0.00112 <0.0001
b4 ns 0.1953 0.0421 0.0008
c0 −2.903 0.411 <0.0001 −3.222 0.463 <0.0001
c1 −0.4087 0.0208 <0.0001 −0.3691 0.0191 <0.0001

<0.000
<0.000
<0.000
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c2 0.3007 0.0208
c3 0.4687 0.0344
c4 −3.214 0.472

urvival probability was less than c, the outcome value was “dead”;
therwise it was “alive”. Once the “best” cut-off value was selected,
he annual G, GL, dg and GLmod values obtained in the simulation
ere used as new interim values for model fitting. This procedure
as repeated until parameter estimates converged (i.e., no changes

n the fourth significant digit of the parameter estimates). The crite-
ion for choosing the “best” cut-off value was that the value should
inimize the sum of Akaike’s Information Criterion (AIC; Akaike,

974) values for the estimation of hdom, N and G. This criterion was
sed because these three variables take into account the growth
nd the mortality models together.

The models were initially fitted under the assumption that
he within equation errors were independent and identically dis-
ributed. As only two measures were available for each tree in the
ataset, autocorrelation among measures within a tree do not exist

n the present study. However, some of the models used showed
roblems related to heterocedasticity (the basal area increment
quation) and non-normal errors (all the growth equations). To
eal with these problems, an additional weighting factor was used.
o account for heterocedasticity the residuals from the first fitting
ere used. The error variances were modelled as a power func-

ion of an independent variable (e.g., Hann, 1999; Crecente-Campo
t al., 2009c). For the basal area increment model, the error vari-
nce was modelled with a power function of diameter: �̂2 ∝ dq.
sing the method suggested by Park (1966), squared residuals (ε̂2)
ere regressed against d to obtain an estimate of q, as follows:

ˆ2 = � · dq; this expression was linearized by use of the natural
ogarithm: ln ε̂2 = ln � + q · ln d; parameters were then estimated
y linear least squares regression; the q value was subsequently

ncluded in the weighting factor (w) as: w =
√

1/dq.
Calculation of the weights to account for non-normality also

nvolves a two stage fitting procedure. After the first fitting the next
tep is to “weight down” the influence of data points that produce
esiduals of large magnitude (Myers, 1990, p. 348). This was done
ith Huber (1973) influence function (Myers, 1990, pp. 349–350),

nd testing different values for the bounds of the function (e.g.,
oares and Tomé, 2002; Crecente-Campo et al., 2010). Large resid-
als were weighted by the bound value divided by the absolute
alue of the residual (Z). In the case of the basal area increment
odel, both weights were used together (i.e., w =

√
Z/dq).
The area under the receiver operating characteristic (ROC) curve
as finally calculated for each fitting approach for the mortal-

ty model. This curve relies on false/true–positive/negative tests,
here sensitivity is the proportion of event responses predicted to

e events (i.e., a live tree predicted to be alive) and specificity is the
1 0.2689 0.0189 <0.0001
1 0.4317 0.0443 <0.0001
1 −2.818 0.531 <0.0001

proportion of non-event responses predicted to be non-events (i.e.,
a dead tree predicted to be dead) (SAS Institute Inc., 2009). Accord-
ing to Hosmer and Lemeshow (2000, p. 162), the area under the
ROC curve is a threshold independent measure of model discrim-
ination, where a value of 0.5 suggests no discrimination, 0.7–0.8
suggests acceptable discrimination, and 0.8–0.9 suggests excellent
discrimination.

2.3.1. Model comparison and evaluation
In order to compare the two fitting approaches described in the

previous section, and because the accuracy of the system (i.e., the
individual-tree growth model) is more important than the accuracy
of the individual equations, simulations were carried out with the
68 plots measured in both inventories. Real values of hdom, N and G,
and the diameter and height distributions in the second inventory
were compared with the predicted values (note that these values
were available for all the 68 remeasured plots). For the hdom, N
and G comparisons, four statistical criteria obtained from the resid-
uals were examined: the root of the mean squared error (RMSE),
the model efficiency (similar to the coefficient of determination for
linear regression) (EF), the mean bias (E), and AIC, summarized as
follows:

RMSE =

√∑i=n
i=1(yi − ŷi)

2

n − p
(6)

EF = 1 −
∑i=n

i=1(yi − ŷi)
2∑i=n

i=1(yi − ȳi)
2

(7)

E =
∑i=n

i=1(yi − ŷi)

n
(8)

AIC = n ln

(∑i=n
i=1(yi − ŷi)

2

n
+ 2k

)
(9)

where yi, ŷi and ȳi are the measured, estimated and average val-
ues of the dependent variable, respectively; n is the total number
of observations used (68); p is the number of model parameters;

k = p + 1; and ln is the natural logarithm.

Diameter and height distributions were compared by the
Kolmogorov–Smirnov test (Miller, 1956). This involved determin-
ing the accumulated number of observed (F(xi)) and estimated
(F*(xi)) values per diameter class (1 cm) and height class (1 m) for
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ig. 1. Weighted residuals plotted against predicted values and ROC curve for the
ndividual-tree growth model for Scots pine in Galicia.

ach plot. The following statistic was then calculated for each plot:

= max
∣∣F(xi) − F∗(xi)

∣∣ ∀ 0 ≤ i ≤ n (10)

This value was then compared with a tabulated value that
epends on the number of observations per plot (n) and the signifi-
ance level (˛). If D was greater than this value, the null hypothesis
f equal distributions was rejected.

. Results

All the parameter estimates were highly significant (p < 0.0008),
xcept parameter b4 in the CGR approach; this parameters was
herefore dropped from the model (Table 2). After six iterations no
ifferences in the fourth significant digit were observed for any of
he parameter estimates in the VGR approach. Similar approximate
tandard errors were obtained with both approaches. For the basal
rea increment model, higher values of d led to greater increments,
hile higher values of any of the other variables resulted in lower

ncrements. In the case of the height increment model, higher val-
es of d and GL resulted in greater increments, while higher values
f any of the other variables resulted in lower increments. For the
urvival probability model, higher values of d led to greater survival
robabilities, while higher values of any of the other variables led
o lower survival probabilities.

The plots of weighted residuals against predicted values for the
tted equations (Fig. 1) showed no evidence of heterogeneous vari-
nce over the full range of the predicted values and no systematic
attern in the variation of the residuals after the correction for
eterocedasticity and non-normality. Weighted residuals showed
o trends with explanatory variables (data not shown). The ROC
urve for both fittings were very similar, and the area under the
urve indicated that the model discriminated well (Hosmer and
emeshow, 2000, p. 162) between live and dead trees (Fig. 1). For

he CGR approach, predicted versus observed values of basal area
ncrement resulted in a EF of 0.4995 and a RMSE of 7.370 cm2, and
redicted versus observed values of height increment resulted in
EF of 0.1229 and a RMSE of 0.1337 m. For the VGR approach,

redicted versus observed values of diameter resulted in a EF of
pproach (first line) and the VGR approach (second line) used in fitting the annual

0.9508 and a RMSE of 1.422 cm, and predicted versus observed val-
ues of height resulted in a EF of 0.9303 and a RMSE of 1.072 m.
However these statistics cannot be compared, as different vari-
ables were fitted in each approach. For comparison, predicted
diameter and height were calculated in the CGR approach as: d̂ =√

d2
0 + (t − t0) · ig · 4/� and ĥ = h0 + (t − t0) · ih. These “predicted”

values yielded an EF of 0.9505 and a RMSE of 1.426 cm for diameter,
and an EF of 0.9286 and a RMSE of 1.081 for height; similar to the
ones obtained for the VGR approach.

Results of model evaluation are shown in Table 3 for several
cut-off values. The “best” results (minimum sum of AIC values for
hdom, N G estimation) were obtained with the VGR approach, with
a cut-off value of 0.923. With this fitting approach, 6 plots (8.8%)
failed to pass the Kolmogorov–Smirnov test for the diameter dis-
tribution, while the same was found for the height distribution in
24 plots (35.3%). The RMSE values obtained for the hdom, N and G
estimates were 0.7231 m, 91.82 trees/ha and 2.765 m2/ha, respec-
tively. With the CGR approach, and a cut-off value of 0.900, a slightly
lower RMSE value was obtained for the G estimate (2.666 m2/ha),
but a higher RMSE value was obtained for the hdom (0.8066 m)
and N (92.92 trees/ha) estimates, and 5 plots (7.4%) failed to
pass the Kolmogorov–Smirnov test for the diameter distribution,
while the same was found for the height distribution in 25 plots
(36.8%).

4. Discussion

The use of weighted regression in the present study avoided
the need for height observations in all the trees (which is not
very common in forest inventories), since the height model was
independently weighted and missing values were assigned zero
weights (after assigning an initial value of 1 to the variable, which
is necessary for the program to use the observation in fitting the

other equations). The simultaneous fitting also served to take into
account possible correlated error components in the equations, as
some of the variables used depended on parameter estimates (in
the VGR approach) and were present in more than one equation (in
both approaches). In contrast to individual fitting of the equations
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Table 3
Statistics for the simulation procedure for the 68 plots that were measured twice, using the parameters estimated with the constant growth rate approach (CGR) and the variable growth rate approach (VGR).

Cut-off N G hdom nd nh

RMSE EF E AIC RMSE EF E AIC RMSE EF E AIC

CGR
0.890 92.31 0.9265 −24.03

(10.82)
617.4 2.724 0.9419 −0.6891

(0.3187)
138.3 0.8066 0.9594 0.4003

(0.0826)
−26.74 5 25

0.900 92.92 0.9251 −13.49
(11.16)

618.3 2.666 0.9443 −0.5428
(0.3153)

135.7 0.8066 0.9594 0.4003
(0.0826)

−26.74 5 25

0.910 96.72 0.9192 0.690
(11.79)

623.8 2.681 0.9437 −0.3466
(0.3225)

136.2 0.8065 0.9594 0.4002
(0.0826)

−26.75 8 25

0.920 100.3 0.9132 14.92
(12.08)

628.6 2.657 0.9448 −0.1551
(0.3198)

134.8 0.8065 0.9595 0.4002
(0.0826)

−26.76 10 25

VGR
0.920 91.21 0.9248 −20.28

(10.78)
615.8 2.812 0.9381 −0.9453

(0.3212)
142.6 0.7232 0.9655 0,2682

(0.0814)
−42.08 6 24

0.923 91.82 0.9272 −15.56
(10.97)

616.7 2.765 0.9402 −0.8738
(0.3181)

140.3 0.7231 0.9656 0,2682
(0.0814)

−42.09 6 24

0.925 92.57 0.9260 −11.33
(11.14)

617.8 2.746 0.9410 −0.81.62
(0.3180)

139.4 0.7231 0.9656 0,2681
(0.0814)

−42.09 7 24

0.930 93.84 0.9240 −1.170
(11.38)

619.7 2.729 0.9417 −0.6702
(0.3207)

138.5 0.7231 0.9656 0,2680
(0.0814)

−42.10 10 24

N, number of trees per hectare; G, stand basal per hectare (m2/ha); hdom, dominant height (m); RMSE, root mean squared error; EF, model efficiency; E, mean bias; AIC, Akaike’s information criterion; nd and nh are the number
of plots (out of 68) that failed to pass the Kolmogorov–Smirnov test (˛ = 0.05) for equal diameter and height distributions, respectively. The standard error for the mean bias is shown in parenthesis.
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not shown), this approach results in a decrease in the approximate
tandard errors of the coefficients.

A variable growth rate (VGR) approach (Cao, 2000) worked well
or fitting the simultaneous system of annual diameter and height
rowth equations and the annual mortality equation to data rep-
esent variable length growth periods. Good results have also been
eported for other species (e.g., Cao, 2000, 2004, 2006; Cao et al.,
002; Nord-Larsen, 2006; Weiskittel et al., 2007; Cao and Strub,
008), although none of these authors applied simultaneous fit-
ing of the three components of the model. Results were compared
ith a constant growth rate (CGR) approach, in which the depen-
ent variables were calculated by assuming constant growth and
ortality rates in the period between inventories. The differences

etween the two approaches were very small, perhaps because only
wo different growth length periods were available, and because
he length of the periods was very similar (6 and 7 years). The
se of more different growth periods may result in greater dif-
erences in favour of the VGR approach. The use of more growth
eriods would, however, complicate fitting of the system of equa-
ions in the VGR approach, because a new dummy variable would
e required for each additional different growth period. The use of
ore inventories of the same individuals would complicate the fit-

ing, as autocorrelation between residuals of the same individual
hould be taken into account, although this is not difficult from a
odelling point of view (e.g., Nord-Larsen, 2006; Weiskittel et al.,

007).
The models used in the present study include size variables (d,

), competition variables (G, GL, GLmod), and age (t) in their for-
ulation. Site factors (i.e., site index) were non-significant. Similar

esults were found by other authors. In this sense, Wykoff (1990)
nd Monserud and Sterba (1996) developed basal area increment
odels for individual trees in even- and uneven-aged stands, and

ound that most of the explained variance was due to size fac-
ors (d, crown ratio). The next most important contribution came
rom competition variables, primarily basal area in larger trees
GL). The total variance explained by the corresponding models
as between 20% and 63%, of which only 2–6% was explained by

ite factors. However, they intentionally not used the most tra-
itional growth modelling variables, site index and age (Wykoff,
990; Monserud and Sterba, 1996). In contrast, in some other stud-

es age was found to be important in describing individual-tree
rowth (Pukkala, 1989; MacFarlane et al., 2002; Zhao et al., 2006).
tand age appears appropriate at least in even-aged forests, as it sig-
ificantly contributes to describing the growth of individual trees
ithin different stands.

Site index was a non-significant effect in the growth models in
he present study, which was unexpected, at least for the height
ncrement model. This appears to indicate that the key factor driv-
ng diameter and height growth for Scots pine in the study area is
ompetition rather than site. Nevertheless, the inclusion of tree size
nd age, which are indicators of past growth, in the model, covers
ite effects and other site variables may therefore not be necessary.
f both diameter and age are used together in growth modelling, the
umulative effect of past management may be sufficiently assessed
e.g., Harrison et al., 1986; Quicke et al., 1994; Schröder et al., 2002).

A study on individual tree growth after thinning on Scots
ine in Galicia (Crecente-Campo et al., 2009b) found that the
Lmod index and other indices based on GL were correlated with
iameter growth after different types of thinning. In the present
tudy, GL showed better results than GLmod in terms of predict-
ng basal area growth, but GLmod also exerted significant effects in

he individual-tree growth model, as part of the mortality equa-
ion. Crecente-Campo et al. (2009b) also showed that inclusion of
distance-independent competition index in a diameter growth
odel for the species may be sufficient for considering the effects

f competition on growth. Similar results were found for radi-
Management 260 (2010) 1965–1974 1971

ate pine plantations in Galicia, as distance-dependent competition
indices performed slightly better than distance-independent com-
petition indices for diameter and basal area growth estimation, and
performed much worse for height growth estimation (Crecente-
Campo, 2008). Other authors (e.g., Holdaway, 1984; Pukkala, 1989;
Miina, 1993) also found that a competition index denoting the
social status of a tree within the stand was highly correlated with
increment, which means that trees from the dominant stratum are
expected to reach larger increments than those from other strata.
Conceptually, GL and GLmod indirectly quantify the competition
effect from above (large-sized competitors), whereas stand basal
area indirectly quantifies the competition effect from both above
and below (large- and small-sized competitors) (Zhang et al., 2004).
More detailed information about forest structure (to enable cal-
culation of structural indices) would probably contribute to more
effective models, as has been shown for other species (e.g., Davies
and Pommerening, 2008).

Some individual-tree growth models also included crown char-
acteristics in their formulation (e.g., Cao et al., 2002; Weiskittel et
al., 2007). Crown measurements were not available in the present
study, and no crown models were available for the species in the
study area. It will be interesting to test whether crown attributes
would be beneficial for assessing Scots pine stand dynamics by
modification of the individual-tree equations developed in the
present study.

The evaluation procedure showed that both fitting approaches
worked well, and similar results were obtained. In general, accurate
predictions were obtained for hdom, N and G (as shown by the
values of RMSE, EF and E), with only a small number of plots failing
to pass the Kolmogorov–Smirnov test for the diameter distribution,
although a greater number did so for the height distribution (almost
40% of the plots failed to pass the Kolmogorov–Smirnov test for the
height distribution). However, results for height distributions are
based on a smaller dataset, because heights were only measured in
30-tree randomized sample in each plot, and are therefore of less
importance than the diameter distribution.

The behaviour of the different variables over time is consistent
with biological expectations, with dominant height growth rate,
stand basal area growth rate, diameter growth rate and height
growth rate decreasing as the stand becomes older, and num-
ber of stems per hectare also decreasing with age, as a result of
competition (Fig. 2). Although Fig. 2 shows the evolution of these
variables for a long period (i.e., 50 years), the stands included in
the dataset were quite young (less than 55-years old). Results after
this age should be considered carefully; the main purpose for the
long term simulation (Fig. 2) was to confirm the appropriate bio-
logical behaviour of the model. Validation of the model with older
stands should be carried out in the future, and if necessary, re-
parameterisation for older stands should be done.

It is usually argued that individual-tree growth models provide
good results for short term projections, but the same cannot be said
for long term projections, mainly if annual steps are used, because
small errors at the beginning of the projections could lead to greater
errors after only a few years of simulations. The dataset used in the
present study did not allow different projections to be made, from
short term to long term, or the effects of cumulative errors on the
predictions of the model to be observed. Such validation would be
interesting in the future. However, for short term projections (i.e.,
up to 10 years), the developed model appears adequate.

The ability of the model developed here to handle thinning
effects is associated with the variation in stand variables and com-

petition indices that the removal of some trees causes. The data
used in the present study is a highly representative cross-section
of both the diversity of Scots pine forests and stand management
methods in Galicia. Plots that had been thinned and those that
had not been thinned prior to the first inventory were intention-
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ig. 2. Simulation of the changes in dominant height, stand basal area, number of ste
esults for 68 plots are shown for dominant height, stand basal area and trees per h

lly not distinguished. Plots in which thinnings were carried out in
he middle of the growth period were not used, because the time
f thinning was unknown, and the rates of mortality and growth
ould change after the thinning operation. It was assumed that

eleased trees will respond to post-thinning stand density just as
rees in unthinned stands respond to current stand density. This is
ot to suggest that true thinning effects do not exist (e.g., shock and
rowth reduction from releasing trees with only shade leaves), but
ather that the dominant factors determining subsequent growth
re density (Monserud and Sterba, 1996) and current competition,
s described by GL and GLmod (Schröder et al., 2002). The problem
ith this assumption is that there may be a time lag of some years

efore a released tree is able to adapt to the increased growing
pace. In this case growth would be overestimated in the first years
ollowing thinning (Schröder et al., 2002). It would be interesting
o conduct thinning experiments to evaluate model performance
n relation to thinning effects.

Amongst other factors, tree growth is affected by long term
nvironmental change (Zeide, 1993). However, this factor is not
eflected by the growth equations considered above, which present
ree growth (increment) as a function of tree and stand variables.
o decide whether growth equations should contain a term that
eflects environmental change, the effect of such a term on tree
rowth must be investigated.

. Conclusions

Weighted regression was used to deal with unequal numbers
f observations for the different dependent variables (basal area
rowth, height growth and mortality) in the simultaneous fitting
f an individual-tree growth model. This procedure enabled use of

ll of the observations in model fitting. This is very useful from the
oint of view of fitting, since the height of all trees is not usually
easured in traditional forest inventories. Weighted regression

lso allowed the models to be fitted under conditions of normal
esidual distribution and homogeneous variances.
r hectare, diameter and height by use of the equations fitted with the VGR approach.
e. Results for three different plots are shown for diameter and height.

A variable growth rate (VGR) approach was compared with a
constant growth rate (CGR) approach in the fitting of the annual
growth and mortality equations. Traditional fitting statistics were
limited in order to compare both alternatives. An evaluation pro-
cedure was used instead, and comparisons were made in terms of
dominant height, stand basal area, stems per hectare, and diameter
and height distributions.

In practical terms, Eqs. (3)–(5), with the parameter estimates
shown in Table 2 for the VGR approach, and a cut-off value of 0.923,
are recommended for annual individual-tree growth and mortality
modelling for Scots pine plantations in Galicia. It is also recom-
mended that field studies of individual-tree growth in old pine
plantations are continued. To complete the outputs of the model,
volume can be easily obtained from the existing taper equations
for the species in the study area (Diéguez-Aranda et al., 2006b;
Crecente-Campo et al., 2009d).
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ppendix A

Example of the SAS code used for fitting the simultaneous sys-
em of equations in the VGR approach:
roc model data = dataset
parms a0 a1 a2 a3 a4 a5 b0 b1 b2 b3 b4 c0 c1 c2 c3 c4 c5
ig1 = a0*d 0**a1*G 0**a2*exp(a3*t 0 + a4*GL 0)

d 1 = sqrt(d 0**2 + 4*ig1/constant(‘pi’))
ig2 = a0*d 1**a1*G 1**a2*exp(a3*t 1 + a4*GL 1)

d 2 = sqrt(d 1**2 + 4*ig2/constant(‘pi’))
ig3 = a0*d 2**a1*G 2**a2*exp(a3*t 2 + a4*GL 2)

d 3 = sqrt(d 2**2 + 4*ig3/constant(‘pi’))
ig4 = a0*d 3**a1*G 3**a2*exp(a3*t 3 + a4*GL 3)

d 4 = sqrt(d 3**2 + 4*ig4/constant(‘pi’))
ig5 = a0*d 4**a1*G 4**a2*exp(a3*t 4 + a4*GL 4)

d 5 = sqrt(d 4**2 + 4*ig5/constant(‘pi’))
ig6 = a0*d 5**a1*G 5**a2*exp(a3*t 5 + a4*GL 5)

d 6 = sqrt(d 5**2 + 4*ig6/constant(‘pi’))
ig7 = a0*d 6**a1*G 6**a2*exp(a3*t 6 + a4*GL 6) *y1

d final = sqrt(d 6**2 + 4*ig7/constant(‘pi’))
resid.d final = resid.d final*y0

ih1 = b0*h 0**b1*d 0**b2*exp(b3*t 0 + b4*GL 0/G 0)
h 1 = h 0 + ih1

ih2 = b0*h 1**b1*d 1**b2*exp(b3*t 1 + b4*GL 1/G 1)
h 2 = h 1 + ih2

ih3 = b0*h 2**b1*d 2**b2*exp(b3*t 2 + b4*GL 2/G 2)
h 3 = h 2 + ih3

ih4 = b0*h 3**b1*d 3**b2*exp(b3*t 3 + b4*GL 3/G 3)
h 4 = h 3 + ih4

ih5 = b0*h 4**b1*d 4**b2*exp(b3*t 4 + b4*GL 4/G 4)
h 5 = h 4 + ih5

ih6 = b0*h 5**b1*d 5**b2*exp(b3*t 5 + b4*GL 5/G 5)
h 6 = h 5 + ih6

ih7 = b0*h 6**b1*d 6**b2*exp(b3*t 6 + b4*GL 6/G 6)* y1
h final = h 6 + ih7

resid.h final = resid.h final*y0*y2
logit1 = c0 + c1*d 0 + c2*dg 0 + c3*GLmod 0 + c4*GL 0/G 0
logit2 = c0 + c1*d 1 + c2*dg 1 + c3*GLmod 1 + c4*GL 1/G 1
logit3 = c0 + c1*d 2 + c2*dg 2 + c3*GLmod 2 + c4*GL 2/G 2
logit4 = c0 + c1*d 3 + c2*dg 3 + c3*GLmod 3 + c4*GL 3/G 3
logit5 = c0 + c1*d 4 + c2*dg 4 + c3*GLmod 4 + c4*GL 4/G 4
logit6 = c0 + c1*d 5 + c2*dg 5 + c3*GLmod 5 + c4*GL 5/G 5
logit7 = c0 + c1*d 6 + c2*dg 6 + c3*GLmod 6 + c4*GL 6/G 6
p = (1 + exp(logit1))**(−1)*(1 + exp(logit2))**(−1)*(1 + exp(logit3))**(−1)*

(1 + exp(logit4))**(−1)*(1 + exp(logit5))**(−1)*(1 + exp(logit6))**(−1)
*(1 + y1*exp(logit7))**(−1)

LLi = y0*log(p) + (1-y0)*log(1-p)
zero = sqrt(−2*LLi)
fit d final h final zero/sur
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