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a b s t r a c t

An annual individual tree survival and growth model was developed for pure even-aged stands of mar-
itime pine in Portugal, using a large data set containing irregularly time-spaced measurements and con-
sidering thinning effects. The model is distance-independent and is based on a function for diameter
growth, a function for height growth and a survival function. Two approaches are compared for modeling
annual tree growth. The first approach directly estimates a future diameter or height using well-known
growth functions formulated in difference form. The second approach estimates diameter or height using
a function in differential form estimating the increment over a year period. In both approaches, the func-
tion parameters were related to tree and stand variables reflecting the competition status of the tree as
well as of a thinning response factor. Variable growth and survival rates were assumed in the modeling
approaches. An iterative method was used to continuously update tree and stand attributes using a cut-
off to convert the survival probability for a living or a dead tree. The individual tree diameter growth
model and the survival probability model were fitted simultaneously using seemingly unrelated regres-
sion (SUR). Parameters of the height function were obtained separately as the number of observations for
height was much lower than the number of observations for diameter, which may affect the statistical
inference and the estimation of contemporaneous cross-equation error correlation inherent to the system
of equations. PRESS residuals were used to evaluate the predictive performance of the diameter and the
height growth functions. Additional statistics based in the log likelihood function and also in the survival
probability were computed to evaluate the survival function. The second modeling approach, which inte-
grates components of growth expansion and decline, performed slightly better than the first approach. A
variable accounting for the thinning response that was tested proved to be significant for predicting
diameter growth, even if the model already included competition-related explanatory variables, namely
the basal area of trees larger than the subject tree. However, this thinning response factor was not signif-
icant for predicting height growth.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Maritime pine (Pinus pinaster Ait.) is the most important Portu-
guese conifer species occupying an area of 885,000 ha (Autoridade
Florestal Nacional, 2010). In the last century, the area of maritime
pine in Portugal reached 1.3 million ha in the decade of 60, main-
taining this level until the beginning of the decade of 80. During
this period, many industries related to the exploitation of the mar-
itime pine succeeded and grew rapidly. Mainly as a result of forest
fires, the area of maritime pine decreased to less than 1 million ha
in the last two decades but it still remains relevant to the national
economy.

The Portuguese national forest strategy (Direcção Geral dos
Recursos Florestais, 2006) proposed a specialization of the Portu-
guese forest territory according to three main functions: wood pro-
duction, multifunctional systems and protected areas. Wood
production is mostly related to pure even-aged stands of two spe-
cies, the maritime pine and the blue gum (Eucalyptus globulus La-
bill.). Sustainable forest management of these productive areas
requires adequate prediction of wood stocks and growth.

Individual tree growth and yield models are especially useful
for management planning because they are capable of simulating
a wide variety of management activities, particularly thinning
(Clutter et al., 1983). They often describe annual changes in growth
and survival of individual trees providing detailed information
about stand structure, thus being very useful when linked to other
models such as systems of equations predicting total and
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merchantable volume or systems of biomass equations for carbon
stocks estimation as well. In Portugal, these last models have al-
ready been developed for maritime pine (Nunes et al., 2010; Faias,
2009). However, no individual tree growth model is available for
this important tree species.

Available data sets for fitting individual tree models frequently
have measurement intervals greater than 1 year and many times
these intervals are irregularly spaced. Also, thinning can occur be-
tween measurements. This causes difficulty when modeling annual
tree growth and survival. Individual tree growth depends on stand
variables which are usually taken into account by expressing some
of the model parameters as a function of stand variables. This im-
plies the need to fit individual tree growth models on an annual ba-
sis (the model time step), so that the development of stand
variables can be taken into account. The linear growth assumption
for interpolating tree growth during time step intervals greater
than 1 year is almost always inconsistent with the mathematical
function used to estimate growth and can introduce bias in the
projections (McDill and Amateis, 1993). These authors introduced
two interpolation methods as an improvement to the constant rate
method in diameter growth modeling. The concept was further ex-
tended by Cao et al. (2002) to more than one tree variable. How-
ever, these interpolation methods still considered a constant
survival rate for the growth period. Cao (2000) proposed a method
to account for variable rates of both tree survival and diameter
growth, using an iterative technique to update interim values of
stand-related explanatory variables in the model. This methodol-
ogy was successfully used by Crecente-Campo et al. (2010) to mod-
el Scots pine growth in Galicia (Spain). An alternative requiring less
computational efforts and performing equally well consists in pre-
dicting stand attributes using a stand-level model (Cao, 2004; Cao
and Strub, 2008). This last method has the disadvantage of depend-
ing on the quality of the stand level models used.

In this study, an annual individual tree survival and growth
model is developed for pure even-aged stands of maritime pine
in Portugal, using data with irregularly spaced measurement inter-
vals and considering thinning effects. The central components of
the model are the equations for diameter growth, height growth
and survival. Variable growth and survival rates are assumed in
the modeling approach. The model is distance-independent and
will be useful for intensively managed areas of pure even-aged
stands of maritime pine.

2. Materials and methods

2.1. Data

The data set used to develop the individual tree survival and
growth model were from thinning experiments in a total of 145
permanent sample plots. The experiments, established between
1981 and 1998 in pure even-aged stands dating back from the dec-
ades of 1960 and 1970, cover a broad range of the maritime pine
distribution area in Portugal (Fig. 1). Plot sizes ranged between
500 and 1000 m2 (mostly 1000 m2) and the number of measure-
ments per plot varied between a minimum of two and a maximum
of 10. All trees in the plots were measured for diameter at breast
height (d) and a record whether the tree was alive or dead was
made. Total height (h) was measured on the dominant trees (100
largest in dbh trees per hectare) and also on some sample trees
by diameter class. There are different treatments concerning thin-
ning intensity that goes from low to heavy thinning, including no
thinning, and also situations of increasing and decreasing thinning
intensity. All thinnings were from below but taking into account
the quality of the trees for industry, namely stem shape, branchi-
ness, broken tops, forking. This implies that, even if the thinning

is from below, some large trees are also thinned, especially in the
thinnings at young ages.

There were 40367 observations for fitting the individual tree
diameter growth model and 20520 observations for the individual
tree height growth model. The time intervals between two consec-
utive measurements ranged from 1 to 5 years. Summary statistics
of the data are presented both at the tree and stand level (Table 1).

2.2. Models

The individual tree growth model here developed includes com-
ponents for the increase of stem diameter and total tree height.
Two modeling approaches were compared. In the first approach,
both diameter and height were expressed as a function directly
estimating a future diameter or height. In this approach, several
well-known growth functions were tested in the difference form,
relating the parameters to site, stand variables and distance-inde-
pendent competition indices.

Fig. 1. Location of the thinning experiments.

Table 1
Summary statistics for the fitting data set.

Variable Unit Obs. Mean SE Minimum Maximum

Tree level
d cm 40367 12.7 6.6 0.5 45.5
h m 20520 8.1 4.7 1.3 27.5

Stand level
N trees ha�1 145 1540 828 300 6330
G m2 ha�1 145 23.5 16.8 0.21 59.06
dg cm 145 13.2 5.4 1.2 31.6
hdom m 145 11.4 4.6 2.5 25.3
t years 145 23 8 5 43

d – tree diameter, h – tree height, N – number of trees per hectare, G – stand basal
area, dg – quadratic mean diameter, hdom – dominant height, t – stand age.
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