
Introduction

The natural distribution area of cork oak (Quercus
suber L.) extends across in the countries of the western
Mediterranean basin, covering a total area of over
2 million hectares between latitudes 33°N and 45°N
(Pereira, 2007). Cork oak forests and woodlands currently
occupy considerable areas in Spain (475,000 ha) and
Portugal (713,000 ha) as well as in Morocco (348,000
ha), Algeria (230,000 ha) and Tunisia (90,000 ha)

(Pereira, 2007). They can also be found at a smaller scale
in areas of France (68,000 ha) and Italy (65,000 ha) (Fig. 1).

In addition, cork oak plays a key role in the econo-
mies of the regions in which it is found, not only due
to the direct economic benefits from cork production,
but because of indirect benefits derived from activities
associated with this type of forests such as hunting and
cattle grazing or other forest products, for example,
firewood, acorns, etc. In addition, the cork oak forests
are also valued for their ecological role in mitigating
desertif ication and soil erosion, as well as for their
contribution to the preservation of biodiversity and
carbon storage (Cañellas et al., 2008).
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Abstract

Seven simple and advanced dynamic polymorphic functions were considered to develop a dominant height growth
model for Spanish and Tunisian cork oak forests. Data from 115 stem analyses performed in two regions in each country
were used to fit the equations. Parameter estimates were obtained using the Dummy variable method. Both numerical,
graphical and biological consistency were used to compare alternative models. The dynamic equation finally selected
was derived from the Hossfeld model by considering the shape parameter to be related to site productivity. An analysis
of the dominant height growth patterns between the two countries indicated that the same dominant height growth
model was valid for both countries. This dominant height growth model allows estimation of dominant height with a
level of reliability of at least 83% from an age of 15 years for a prediction interval of less than 40 years.
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Resumen

Modelo dinámico de crecimiento en altura para monte alcornocal (Quercus suber L.) españoles y tunecinos

Para desarrollar un modelo de crecimiento en altura dominante para monte alcornocal en España y Túnez se han
probado siete funciones polimórficas simples y dinámicas. Para ello se han utilizado datos procedentes de 115 análi-
sis de troncos realizados en dos regiones distintas de cada país. Para estimar los parámetros se utilizó el método de
las variables ficticias. Los modelos fueron comparados de forma numérica y gráfica. La ecuación dinámica final-
mente seleccionada fue derivada a partir de la ecuación de crecimiento de Hossfeld considerando el parámetro de for-
ma como relacionado con la productividad de la estación. El análisis del patrón que sigue el crecimiento en altura do-
minante en ambos países indica que el mismo modelo de crecimiento en altura dominante es valido para ambos países.
Este modelo de crecimiento en altura dominante nos permite estimar la altura dominante con una fiabilidad de más
de un 83% a partir de los 15 años para un periodo de predicción menor de 40 años.
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Cork oak stands can be differentiated into open cork
oak woodlands (low tree density, called «dehesas» in
Spain and «montados» in Portugal) and cork oak forests
(higher tree density) according to ecological, silvicul-
tural and productive characteristics (Montero and
Cañellas, 1999; San Miguel et al., 1992; Pereira, 2007).
Although cork is the main product of open cork oak
woodlands, they also provide grazing for domestic and
wild livestock. These different uses are regulated by
reducing the number of trees per hectare. Cork oak
woodlands present an open structure with a density of
20-100 trees per hectare, 10-50% canopy cover and a
well developed understory of annual grasses. Cork oak
forests, on the other hand, have a higher density (over
200 trees per hectare) and a substantial understory of
shrubs such as Arbutus unedo, Phillyrea angustifolia,
Erica sp., Cistus sp., etc. The main product is also cork,
so the management of these stands is oriented towards
optimizing this production.

In order to facilitate inventory updates and growth
projections it is very important to adequately characte-
rize site quality in these forests. This information allows
applying management plans and ensures sustainable
forest management. In even-aged management systems
site quality can be assessed developing site index
models. A wide variety of methods have been emplo-
yed in the construction of these models. According 
to Clutter et al. (1983), three general methods can be
used for developing site index curves: the guide curve
approach, the parameter prediction method and the

algebraic difference approach. The latter permits the
development of models based on dynamic equations,
with the advantage, among others, of greater flexibility
as well as being more parsimonious (e.g. Cieszewski
and Bailey, 2000; Cieszewski, 2001, 2003; Krumland
and Eng, 2005).

Dynamic equations can be derived by using base-
age invariant methods such as the algebraic difference
approach (ADA) or the generalized algebraic difference
approach (GADA). The ADA method is founded on
the replacement of a base-model site-specific parameter
with its initial-condition solution, the dynamic poly-
morphic site models derived by this method had single
asymptotes for all productivity sites and can be also
defined as simple polymorphic models (Cieszewski et
al., 2006). The GADA method is a generalization of
the ADA and can be used to derive the same models as
those derived from the ADA but with the advantage
that the base equations can be expanded according to
various theories about growth characteristics (e.g.
asymptote, growth rate), allowing more than one para-
meter to be site-specific, and permitting the derivation
of more flexible dynamic equations (Cieszewski and
Bailey, 2000; Cieszewski, 2001, 2002, 2003). It includes
the ability to simulate concurrent polymorphism and
multiple asymptotes, so the models derived by GADA
method can also be defined as advanced polymorphism
(Cieszewski et al., 2006).

The implementation of a base-age invariant
dominant height growth model in the sense of Bailey
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Figure 1. Natural distribution of Quercus suber L. in the Mediterranean Basin and 
location of the studied regions in Tunisia and Spain.



and Clutter (1974) involves the use of dynamic equa-
tions along with the estimation of the model parameters
using a base-age invariant method, which does not
depend on the arbitrary base age and allows the use of
all the data available. An effective system for parameter
estimation needs to be based on identifying individual
trends represented in the data (Bailey and Clutter,
1974; García, 1983; Cieszewski et al., 2000; Cieszewski,
2003). These trends can be modeled by conside-
ring local and global parameters. Local parameters
vary among individuals and global parameters are
common to all individuals. In practice, both base 
age specif ic methods and base-age invariant me-
thods can be used, but the latter assume that the data
measurements always contain environmental as well
as measurement errors (both on the left and the 
right sides of the model) which must be modeled
(Cieszewski, 2003).

The dominant height growth models available for
defining site quality in the distribution area of cork
oak are very scarce (Chaar et al., 2005; Sánchez-
González et al., 2005; Tomé et al., 2001). The first and
only attempt at modeling height growth for dominant
trees in Spanish cork oak forests was carried out by
Sánchez-González et al. (2005) using the dynamic and
polymorphic equation derived by McDill-Amateis
(1992) from the Hossfeld (1822) model by considering
only one parameter to be site-specific. In Tunisia the
dominant height model available for cork oak was de-
veloped by Chaar et al. (2005) using the algebraic
difference approach through Amaro’s et al. (1998)
modification of Lundqvist-Korf model (Korf, 1939;
Lundqvist, 1957). This model was not accurate enough
and had the inconvenience of overestimating dominant
height at earlier and advanced ages for which there
were insufficient data. In addition, this model is ana-
morphic meaning that all the dominant height curves
have the same parameters, excepting the asymptote.
Among the desirable attributes of site equations (Bailey
and Clutter, 1974; Cieszewski and Bailey, 2000;
Cieszewski, 2002, 2003) one of the most frequently
listed criteria is polymorphism meaning that the shape
of the curves varies from site to site.

The aims of this study are to developed an improved
dominant height growth model for Tunisia and to
obtain a common model for Mediterranean cork oak
forests including data from Spain and Tunisia by using
the difference equation method. In addition, the do-
minant height growth patterns and the differences
between the two countries has been analyzed.

Material

Study area and data

Stem analysis data from Spanish cork forests were
collected in two of the country’s most important cork
producing areas and can be considered representative
of higher density Spanish cork oak forests (Sánchez-
González et al., 2005): the Natural Park of «Los Alcor-
nocales» in the South, and Catalonia in the North-East.
85 sample trees were selected, 45 in the Natural Park
of «Los Alcornocales» and 40 in Catalonia.

In Tunisia, stem analysis data were collected in the
Snoussi and Jouza regions, located in the Kroumirie-
Mogods, an area in the northwest of the country. This
area is the most important one in terms of forest pro-
duction. The area of the Ain Snoussi forest is 3,230 ha
(Direction Générale des Forêts, 1983) and that of the
Jouza forest is 5,867 ha (Direction Générale des Forêts,
1986). 82 healthy sample trees, were selected in 99
plots.

A total of 57 trees from the Spanish sample and 58
from Tunisia were used to fit the model. The rest of the
trees were discarded for initial model selection and
parameter estimation since only stump and breast
height data was available.

The following variables were measured for each
sample tree in both countries: diameter at breast height
(cm), crown projection diameter (m) measured in two
perpendicular directions, and bole and tree heights (m)
measured with a tape-measure on the felled tree.
Table 1 shows the characteristics of the sample trees
in each country.

In each country, sample trees deemed to be do-
minant, healthy and rot free, were selected in even-
aged stands with different site conditions. Trees were
felled as close to the ground as possible. Sectioning
was carried out by cutting disks at the base of the tree,
at a height of 50 cm, at breast height (1.30 m), and at
50 cm intervals along the stem. In the Tunisian sample,
sectioning trees was only carried out up to bole height.
The rings were counted on each disk and tree age was
determined as the number of rings on the base disks.
The age at each height level was calculated as the
difference between tree age and the number of rings at
that level.

Tree height at a given age (obtained from stem ana-
lysis data) (Carmean, 1972; Fabbio et al., 1994) was
not corrected because it was considered that since height
growth in cork oaks is very slow, the possible error
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produced as a consequence of considering the crosscut
height as the maximum reached by the tree that year
would be imperceptible.

Methods

Dominant height growth modeling

Candidate functions

A total of seven simple and advanced polymorphic
dynamic models were formulated. Table 2 shows the
different dynamic functions used as candidate dominant
height growth models in the parameter estimation pro-
cess. Three base equations previously used for cork

oak dominant height-age modeling in Spain and Tunisia
were considered: the Lundqvist-Korf (Lundqvist,
1957; Korf, 1939) equation, the Richards (1959) func-
tion and the Hossfeld model, in particular the base
equation was Hossfeld IV (Kiviste, 1998).

Model C1 was formulated considering only one pa-
rameter to be site-specific from the Lundqvist-Korf
(Lundqvist, 1957; Korf, 1939) base equation, being
polymorphic with a common asymptote. Model C2 was
derived by Cieszewski (2004) from the same base
equation considering the asymptote as an exponential
function of the unobserved site variable X and the
shape parameter as a linear function of the inverse X.
The resulting model is polymorphic with variable
asymptotes changing with site productivity.
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Table 1. Mean, standard deviation and range of the main characteristics of the sample trees in the studied areas

Area nf nd Variable
Fitting data set

Min Max Mean Std Dev

AS 34 25 d 11.78 54.11 24.97 9.41
h 3.00 13.00 7.33 2.82

Crown 2.00 11.00 5.46 2.20
Age 43 131 90 20.88
N 125.00 1,625.00 586.54 314.89
G 3.05 109.89 32.27 21.24

JOU 24 d 5.41 55.07 20.24 11.94
h 3.40 12.50 7.67 2.93
hf 1.15 6.90 3.82 1.76

Crown 1.25 7.90 3.80 1.83
Age 44 107 81 21.55
N 67.55 261.66 148.45 72.38
G 7.19 67.58 23.14 19.75

CAT 27 13 d 11.14 60.48 24.61 12.98
h 4.70 12.00 7.78 1.66
hf 1.60 3.60 2.40 0.59

Crown 1.79 9.40 4.72 2.32
Age 30 158 60 31.89
N 102.3 500.2 260 30.1
G 3.9 31.2 13 25.3

PNLA 30 15 d 10.82 26.10 17.83 4.74
h 4.30 9.70 6.59 1.38
hf 1.50 5.73 2.88 1.12

Crown 1.55 4.95 3.08 1.03
Age 34 65 44 7.80
N 72 350 220 35.2
G 4.2 32.6 14 38.4

AS: Ain Snoussi. JOU: Jouza. CAT: Catalonia. PNLA: Natural Park of «Los Alcornocales». nf: number of sample trees in the fit-
ting data set. nd: number of sample trees not included in the fitting data set (trees with only two height-age pairs). d: diameter at
breast height (cm). h: tree height (m). hf: bole height (m). Crown: mean crown diameter (m). Age: number of rings at stump do-
minant height (years). N: number of trees per hectare (stems · h–1.; G: basal area (m2 · ha–1).



Models C3 and C4 were derived from the Richards
(1959) base equation. The first one was formulated consi-
dering only one parameter to be site-specific. In this case,
is a simple polymorphic model. The fourth model, de-
rived by Krumland and Eng (2005), is an advanced
polymorphic model which considers more than one
parameter as a function of site productivity and more
specifically, expresses the asymptote as an exponential
function of X and the shape parameter as a linear func-
tion of the inverse of the unobserved site variable X.

Models C5 and C6 were derived from the Hossfeld
IV equation (1822). C5 was formulated considering

only the shape parameter to be site-specif ic being,
therefore, polymorphic with a single asymptote. C6
provides polymorphic curves with variable asymptotes
and was derived by Cieszewski (2001) by replacing the
asymptote with a constant plus X and the shape para-
meter with the inverse of X.

The last model evaluated, C7, was derived by
Cieszewski (2003) from the cubical transformation of
the Hossfeld IV function (1822) with the exponent in
the denominator reduced by 1. The resulting advanced
polymorphic model was derived by considering the
maximum yield parameter as a linear function of X and
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Table 2. Candidate equations for dominant height growth modelling

Citation source
Function

and base size-site-time Solution for X with initital values (t0, Y0) Dynamic equation
code
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the half-saturation parameter as a function of the inver-
se of X.

Parameter estimation

Among the different base-age invariant parameter
estimation techniques available, the Dummy variable
method was deemed suitable for our purposes. This
method is described in Cieszewski et al. (2000) and
uses an initial height as a starting value for the site-
specific parameter for each tree, assuming all measure-
ments of a particular tree to have the same starting
value. The initial height must be substituted by a sum
of terms containing a site-specif ic parameter and a
dummy variable for each tree. During the fitting pro-
cess the initial height is estimated simultaneously along
with all the global parameters and the sum of terms
containing the site-specif ic parameters and dummy
variables collapses for each tree into a single parameter
unique to each one.

In order to address the occurrence of serial corre-
lation resulting from repeated measurements taken
from the same tree, which is a situation common to
stem analysis, the error term was modeled using an
x-order continuous autoregressive error structure
[CAR(x)]. This error structure permits the applica-
tion of the models to irregularly spaced, unbalanced
data (Gregoire et al., 1995; Zimmerman & Núñez-
Antón, 2001). The CAR(x) expands the error terms as
follows:

[1]

where eij is the jth ordinary residual on the ith indivi-
dual (i.e., the difference between the observed and the
estimated height of tree i at age measurement j), Ψx = 1
for j > 1 and is zero for j = 1, ρ is the x-order autore-
gressive parameter to be estimated, tij-tij-x is the time
distance separating the jth from the jth-x observations
within each individual (tij > tij-x) and εij is now the error
term under conditions of independence. To test for the
presence of autocorrelation and the order of the CAR(x)
to be used, graphs representing residuals versus lag-
residuals from previous observations for each tree were
examined visually. The heterocedasticity was analyzed
by plotting residuals against predicted values. If ne-
cessary weighting factors should be applied to work
under conditions of homocedastic residuals distri-
bution.

The Dummy variable method including the CAR(x)
error structure was programmed using a SAS macro
which uses the SAS/ETS MODEL procedure (SAS
Institute Inc., 2004), allowing for dynamic updating
of the residuals. The Marquardt algorithm, which is
most useful when the parameter estimates are highly
correlated (Fang and Bailey, 1998; Parresol, 2001),
was used for fitting the models.

Model selection

The evaluation of the models was based on nume-
rical and graphical analyses of the residuals. Four sta-
tistics were examined: the bias, which reflects the
deviation of the model with respect to observed values;
the root mean square error (RMSE), which analyses
the precision of the estimates; the coefficient of deter-
mination for nonlinear regression (R2) and Akaike’s
information criterion differences or delta AIC (∆i). The
expressions may be summarized as follows:

[2]

[3]

[4]
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where yi and ŷi are the measured and estimated values
of the dependent variable respectively, n is the total
number of observations used to f it the model, p is 
the number of model parameters, ryiŷi is the correla-
tion coeff icient for a linear regression between the
observed and predicted values of the dependent
variable (Ryan, 1997), AICi is the value of Akaike’s
information criterion (Akaike, 1974) for model i,
AICmin is the minimum of the different AICi values. As
a rule of thumb, a ∆i < 2 suggests substantial evidence
for the model, values between 4 and 7 indicate that the
model has considerably less support, whereas a ∆i > 10
indicates that the model is very unlikely (Burnham and
Anderson, 2002).

Another important step in evaluating the models was
to perform graphical analyses on both the residuals
and the appearance of the fitted curves overlaid on the
trajectories of the dominant height growth for each
individual. The biological sense of the models through
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its asymptotic value, which had to be realistic, was also
evaluated; as well as the curves shape. Besides, the
behavior of the models outside the range of the values
of the modeling data was assessed.

The characterization of the model error was ana-
lyzed simultaneously using a validation technique.
Since an independent validation data set was not
available, a self-sufficient resampling type validation
method (multiple cross-validation) was used. Thus, the
models were fitted n times, leaving out each tree once,
so that the number of fittings was equal to the number
of trees. The residuals obtained in the multiple cross-
validation were used to calculate the bias, RMSE, the
model eff iciency (MEF, equivalent to the R2 in the
fitting phase) and Akaike’s information criterion diffe-
rences or delta AIC (∆i). Although this approach does
not really constitute a method for model validation
(Vanclay and Skovsgaard, 1997; Pretzsch et al., 2002;
Huang et al., 2003), it has been used as an additional
criterion for selecting the best model (Myers, 1990).

Comparison of dominant height growth
models between countries

First a dominant height growth model for each country
was selected. Then, the question of whether significant
differences existed between the growth patterns was
assessed. This comparison was made using two tests
based on the likelihood-ratio method, the non-linear
extra sum of squares (Draper and Smith, 1981;
Ratkowski, 1983) and the Lakkis-Jones test (Khatree
and Naik, 1995). The likelihood ratio methods are the
most appropriate in nested methods where a set of
parameters are shared by two models (Gregoire et al.,
1995). Both methods require the fitting of a full model
where a different set of parameters is needed for each
of the regions considered, along with a reduced model
with a common set of parameters for all regions. The
full model is obtained by expanding the parameters
with n-1 dummy variables, n being the number of
regions involved.

The non-linear extra sum of squares method uses
the following statistic:

[6]

where SSEf and SSEr are the sum of squares error for
the full and reduced model respectively; and dff and dfr

are the degrees of freedom for the full and reduced
model respectively. The F statistic is compared with
an F-distribution for degrees of freedom of v = dfr– dff

and u = dff . If F > Fcrit, then a model is required for
each region.

The Lakkis-Jones test uses the L statistic:

[7]

where n is the total number of observations and SSEf

and SSEr are the sum of squares error for the full and
reduced model respectively. If homogeneity of para-
meters exists then –2.ln(L) follows a Chi squared
distribution with v degrees of freedom.

Results

Dominant height growth modeling

The analysis of residuals versus lag-residuals within
the same tree indicated that all models required a first
order continuous autoregressive error structure, CAR(1),
to account for autocorrelation. The fitted curve shapes
were not signif icantly altered in comparison to the
models fitted without considering such correction. The
sole purpose of autocorrelation correction was to
prevent underestimation of the covariance matrix of
the parameters, thereby making it possible to carry out
the usual statistical tests (West et al., 1984).

Tables 3 and 4 show the results obtained by fitting
the candidate equations. Models C2 and C7 did not
meet the convergence criterion, even when the number
of maximum iterations was increased, the convergence
criteria was decreased, or the initial parameter values
were changed, so these models were considered further.
Table 4 shows only those models with all parameters
significant at the 5% level tested (including the site-
specific parameter for each tree). All of them explained
more than 95% of the total variance in the fitting and
validation phases (Table 4) and provided a band of
residuals scattered randomly around zero with homo-
geneous variance and no trends. The bias and root mean
square error of dominant height growth is analyzed by
age classes in Figure 2. Models performed in a similar
way for all ages. The poorest behavior corresponded
to ages beyond 55 due to the reduced number of obser-
vations for that age class.
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Figures 3 and 4 show the graphic appearance of the
curves of models with every parameter statistically
significant for Tunisian and Spanish data respectively.
In Figure 3 it can be appreciated that models C3, C5
and C6 behaved similarly and described that data ade-
quately. Figure 4 shows the graphic behavior of models
C3 and C5 overlaid on the trajectories of observed
Spanish values over time. It can be appreciated that
model C3 showed a rapid increase in growth for the
best quality while the growth culmination in this curve
was achieved at a relatively young age, which is 
not according to the empirical knowledge on cork oak
(Montero and Cañellas, 1999). These models were
therefore rejected.

When f itting the equations for the two countries
combined, equation C5 proposed by McDill and
Amateis (1992), again presented the best performance
of all the equations.

Comparison of dominant height growth
models among countries

The values of the non-linear extra sum of squares F
test and the Lakkis Jones test are presented in Table 5.
The results revealed that, at a significance level of 5%,
the null hypothesis of parameter homogeneity cannot
be rejected for comparison between countries or bet-

292 M. Sánchez-González et al. / Forest Systems (2010) 19(3), 285-298

Table 4. Values of the goodness-of-fit statistics for fitting and cross-validation phases for the analyzed models

Fitting phase Cross-validation phase
Model

Bias RMSE R2 ∆∆AIC Bias RMSE R2 ∆∆AIC

Tunisia C3 0.10 0.48 0.95 5.38 0.10 0.48 0.95 0.004
C5 0.10 0.48 0.95 5.35 0.10 0.48 0.95 0.000
C6 0.10 0.47 0.95 0.00 0.10 0.47 0.95 1.006

Spain C3 0.04 0.35 0.97 0.58 0.04 0.35 0.97 0.063
C5 0.04 0.35 0.97 0.00 0.04 0.35 0.97 0.000

Tunisia and Spain C3 0.07 0.41 0.96 0.43 0.07 0.41 0.96 0.42
C5 0.07 0.41 0.96 0.00 0.07 0.41 0.96 0.00

Table 3. Parameter estimates, corresponding standard errors and P-values for the models analyzed

Model Para-
Tunisia Spain Tunisia and Spain

meter
Estimate

Standard
t value

Approx.
Estimate

Standard
t value

Approx.
Estimate

Standard
t value

Approx.
Error Pr. > |t| Error Pr. > |t| Error Pr. > |t|

C1 b1 3,121.24 7,599.20 0.41 0.6816 314.19 259.40 1.21 0.2265 733.66 681 1.08 0.2817
b3 0.16 0.06 2.69 0.0077 0.26 0.05 5.23 < 0.0001 0.21 0.04 5.52 < 0.0001
ρ1 0.92 0.02 50.36 < 0.0001 0.85 0.02 37.64 < 0.0001 0.90 0.01 68.15 < 0.0001

C3 b1 21.78 5.21 4.18 < 0.0001 15.15 1.57 9.62 < 0.0001 17.80 1.79 9.94 < 0.0001
b3 1.25 0.09 13.95 < 0.0001 1.52 0.08 18.61 < 0.0001 1.38 0.06 23.91 < 0.0001
ρ1 0.91 0.02 49.19 < 0.0001 0.85 0.02 37.35 < 0.0001 0.90 0.01 65.84 < 0.0001

C4 b1 0.01 0.00 1.66 0.0975 0.01 0.00 3.62 0.0003 0.008 0.003 3.09 0.0021
b2 1.29 1.07 1.21 0.2281 1.24 1.05 1.18 0.2389 –0.30 0.53 –0.57 0.5676
b3 3.69 0.78 4.75 < 0.0001 3.72 0.47 7.96 < 0.0001 4.11 0.18 23.43 < 0.0001
ρ1 0.91 0.02 49.17 < 0.0001 0.86 0.02 37.97 < 0.0001 0.90 0.01 66.91 < 0.0001

C5 b1 30.70 8.95 3.43 0.0007 19.16 2.37 8.08 < 0.0001 23.49 2.88 8.17 < 0.0001
b3 1.24 0.08 15.75 < 0.0001 1.46 0.06 23.67 < 0.0001 1.35 0.0472 28.47 < 0.0001
ρ1 0.91 0.02 49.20 < 0.0001 0.85 0.02 37.35 < 0.0001 0.90 0.0136 65.85 < 0.0001

C6 b1 30.89 7.20 4.29 < 0.0001 20.12 4.49 4.48 < 0.0001 25.12 3.79 6.63 < 0.0001
b2 –1947.98 774.90 –2.51 0.0125 –317.79 1,116.90 –0.28 0.7761 –901.66 823.4 –1.1 0.2739
b3 1.28 0.07 17.14 < 0.0001 1.45 0.06 22.53 < 0.0001 1.35 0.05 28.66 < 0.0001
ρ1 0.91 0.02 47.90 < 0.0001 0.85 0.02 37.22 < 0.0001 0.90 0.01 65.84 < 0.0001



ween the regions of each one, indicating that a single
model could be used for both countries.

The analysis of the variability of the modeling effi-
ciency and the relative error against age and against
prediction interval for separate countries (full model)
and combined countries (reduced model) are shown in
Figure 5. The results confirm that a single dominant
height growth model could be used for Tunisian and
Spanish cork oak forests.

Discussion

In this study, base age invariant dominant height
growth models for Tunisian and Spanish cork oak

forests were developed. The methodology applied lead
to models that complied with the two conditions re-
quired to be considered as base age invariant: (1) the
models specifications are algebraic since they make
use of dynamic equations derived by the ADA (Bailey
and Clutter, 1974) and GADA approach (Cieszewski,
1994; Cieszewski and Bailey, 2000), and (2) the models
parameters were estimated regardless of the choice of
the base age by using the dummy variable approach
(Cieszewski, 2004). Other base-age invariant growth
models have been proposed for other Mediterranean
oaks such as Quercus ilex (Gea-Izquierdo et al., 2008)
and Quercus pyrenaica (Adame et al., 2006), as well
as for modeling cork growth (Sánchez-González et al.,
2008).
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Table 5. Comparison between countries and regions using the nonlinear sum of squares (F) and the Lakkis-Jones statistics (L)

Region compared
Number

SSEf SSEr F P > F L P > L
of trees

Both countries 93 15.25 15.53 0.40 0.81 1.71 0.79
Tunisia 44 8.58 9.27 1.62 0.21 3.42 0.18
Spain 49 5.50 5.83 1.31 0.28 2.77 0.25

SSEf: error sum of squares for the full model. SSEr: error sum of squares for the reduced model. P > F: probability for F to be 
under a F distribution with dfr-dff degrees of freedom. P > L: probability for L to be under a χ2 distribution with dfr-dff degrees of
freedom.

Figure 2. Bias and root mean square error (RMSE) in domiant height estimations by 10-year age classes for models with all para-
metrs significance at a 5% level in each country: Tunisia (a), Spain (b) and both countries (c).
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Figure 3. Fitted curves obtained using Tunisian data for site indices of 9, 7, 5, 3.5 and 2 m at a reference age of 40 years overlaid
on the trayectories of the observed dominant heights over time for models C3, C5 and  C6.
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Figure 4. Fitted curves obtained using Spanish data for site indices of 9, 7, 5, 3.5 and 2 m at a reference age of 40 years overlaid
on the trajectories of the observed dominant heights over time for models C3 and C5.
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The simple polymorphic models (models C1, C3
and C5) described the data as well as advanced poly-
morphic ones (models C2, C4 and C6) (Table 4 and
Fig. 3 and 4). A similar result was reported by Diéguez-
Aranda et al. (2006) when developing a site index model
for Loblolly pine plantations in USA. Although poly-
morphism and multiple asymptotes are two desirable
characteristics of site equations (Cieszewski, 2002),
the second one has importance when the behaviour of
the curves is not suitable for the range of ages that
would be used in practice, and if the single asymptote
is achieved within the rotation period of the species.
In cork oak stands, today’s management plans usually
consider rotation periods between 100 and 150 years
(Pereira, 2007), which is considered the upper limit for
quality cork production. As shown in Figures 3 and 4,
the asymptotes are achieved after 150 years except for
model C3 fitted to Spanish data, which was rejected.
GADA models are more flexible and better described
a wide variety of height-age trends, but in practice con-
vergence of GADA models is hard to obtain as shown
in several previous studies (Sánchez-González et al.,
2008). This could be due to the fact that GADA are
more sophisticated model forms that probably require
a more exhaustive description of growth processes by
the data.

Among the seven dynamic equations evaluated for
describing the dominant height growth in Spanish cork
oak forests, the ADA formulation derived by McDill
and Amateis (1992) from the Hossfeld model by consi-
dering the shape parameter as related to site produc-
tivity (C5) was selected. This model was found to be

the best, taking into account both biological and statis-
tical considerations. In a previous work, Sánchez-
González et al. (2005) recommended the same equation
for Spanish cork oak forests. Although the models were
built using different approaches, their behavior is quite
similar (Fig. 6b).

Figure 6a, shows the comparison between the domi-
nant height growth curves obtained in this study and
those obtained by Chaar et al. (2005) for Tunisian cork
oak forests. Both models were plotted using a reference
age of 40 years. The predictions of the model proposed
in this study are more realistic than those of the model
derived by Amaro et al. (1998) considering the asymptote
as site-specific and proposed by Chaar et al. (2005),
which is currently recommended for dominant height
growth estimation in Tunisian cork oak forests. This
anamorphic and static model was fitted only to trees
from the Ain Snoussi region using a base-age specific
method and does not describe the data adequately. By
contrast, the dynamic model (C5) developed in the
present study was fitted using data from both regions
(Jouza and Ain Snoussi) and a base-age invariant method
for parameter estimation, providing a good description
of the trends in the data.

To compare the differences in dominant height growth
models between the two countries, two tests were con-
ducted based on the likelihood-ratio method, the non-
linear extra sum of squares and the Lakkis-Jones test.
This methodology has been proposed to evaluate the
interregional variability in the dominant height growth
pattern of other Mediterranean species such as Pinus
pinea (Calama et al., 2003), Pinus pinaster (Álvarez

Dominant height growth model for Spanish and Tunisian cork oak forests 295

Figure 5. Relative error of dominant height predictins by age classes (above plot) and by prediction interval classes (below plot)
for the full and reduced model using the selected model C5.
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González et al., 2005; Bravo-Oviedo et al., 2007) and
Quercus pyrenaica (Adame et al., 2006). The results
obtained from the intra-country regional comparison
(Table 5) point to the suitability of a single model for
Spain, as previously reported by Sánchez-González et
al. (2005) when developing a dominant height growth
model for Spanish cork oak forests using a base-age
specific method. The same result has been obtained
for Tunisian regions. With regard to the inter-country
comparison (Table 5), the results reveal that no signi-
f icant differences exist between the two countries,

hence the use of a single model for Spain and Tunisia
would appear to be appropriate. Figure 5 shows that
there are no differences in the reliability of the predic-
tions in the full and the reduced model, being above
85% for ages over 15 years, increasing to nearly 93 %
for ages over 35 years.

The development of a single dominant height model
for Spanish and Tunisian cork oak forests allow us to
classify stands according to site quality. This tool is
necessary to schedule the most suitable silvicultural
treatments for these forests and forecast their conse-
quences. Besides, this site index model is the first step
towards elaborating a complete growth model for
Tunisian cork oak forests such as ALCORNOQUE
v1.0, an integrated growth and yield model at indivi-
dual tree level for Spanish cork oak forests (Sánchez-
González et al., 2007).

Based on the results presented above, the general
form of the dominant height growth model proposed
for Spanish and Tunisian cork oak forests is:

[8]

where H0 is the dominant height (m) at age t0 (years)
and H is the dominant height (m) at age t (years). The
mean error made by this model when estimating total
dominant height of trees not included in the fitting data
set (trees with only two dominant height-age pairs),

H =
23.49
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Figure 6. a) Comparison of the Tunisian curves for site indices of 9, 7, 5, 3.5 and 2 m at a reference age of 40 years for the static
equation proposed by Chaar et al. (2005) —dashed lines—and the dynamic equation proposed by this paper (model C5) —solid
lines—. b) Comparison of the Spanish curves for site indices of 9, 7, 5, 3.5 and 2 m at a reference age of 40 years for the equation
proposed by Sánchez-González et al. (2005) —dashed lines— and the equation proposed by this paper (model C5) —solid lines—.
Both plots overlaid on the trajectories of the observed dominant heights over time.
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Figure 7. Site index curves generated by the dynamic equation
C5 for site indices of 9, 7, 5, 3.5 and 2 m at a reference age of
40 years overlaid on the trajectories of the observed dominant
heights over time from both countries.
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was –0.38 m. It should be emphasized that the mean
prediction interval was more than 80 years.

The graphical representation of equation [8] is
shown in Figure 7. Site index can be calculated from
the selected equation, by replacing t by the reference
age (index age was taken as 40 years), and H0 and t0 by
the observed dominant height and age in the subject
stand. Site index is defined as the top dominant height
reached at 40 years of age and then five quality classes
are defined: 9 m for quality I, 7 m for quality II, 5 m
for quality II, 3.5 m for quality IV and 2 m for quality
V. The selection of base age was made taking into
account the reliability in heights predictions from
different base ages and their corresponding observed
heights (Diéguez-Aranda et al., 2006). A base age of
40 was superior for predicting height at other ages with
a minimum reliability (plot not shown). The scarcity
of data at older ages advise against using a reference
age older than 50 years.
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