
1. IntroductIon

Tree stem diameter at breast height (dbh) 
and height are main dendrometric attributes 
measured in forest inventory. Measuring dbh 
is easier and more reliable than measuring tree 
height. As a consequence, in forest inventories 
full-tree callipering is carried out on the 
inventoried stand, or on sample plots within 
the stand, while height is measured only for a 
sample of trees within the stand, or within each 
sample plot. To predict height for all the trees 
in the stand (or in each sample plot) statistical 
models are fitted to establish the relationship 
between these two attributes. Usually the 
fitting is carried out at stand or plot level. 

The height-dbh relationship allows for the as-
ses sment of tree volume as well as the description 
of stand and its development over time (curtIs, 
1967). As a result, the relationship between 
tree stem height (h) and dbh (d) is one of the 

most studied in forestry. Literature height-
diameter relationship is copious (e.g. curtIs, 
1967; Wykoff et al., 1982, Larsen and Hann, 
1987; Wang and Hann, 1988; Huang et al., 
1992; Moore et al., 1996; ZHang, 1997; Peng, 
1999; fang and BaILey, 1998; JayaraMan and 
ZakrZeWskI, 2001; ZHang, 2002; teMesgen 
et al., 2007).

Although stem dbh is a suitable predictor 
of stem height, the relationship between these 
two dendrometrical attributes varies from one 
stand to another (caLaMa and Montero, 
2004) and may be not constant over time even 
within the same stand (curtIs, 1967). There are 
also other factors determining the relationship. 
The most obvious among these factors is 
growing space and stand conditions (sHarMa 
and ZHang, 2004): for a particular height, 
trees that grow in high density stands tend to 
have smaller dbh than those growing in less 
dense stands, because of greater competition 
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among individuals (LoPeZ sancHeZ et al., 
2003; caLaMa and Montero, 2004). These 
facts highlight that stand-level attributes are 
required for providing generalized height-
dbh equations able to predict individual tree 
height for forest stands on large territories (e.g. 
at national or subnational) levels maintaining 
projections within reasonable biological limits 
see teMesgen and gadoW, 2004.

Several approaches have been exploited in 
the development of generalized height-dbh 
models. For instance, HarrIson et al. (1986) 
included stand dominant height in their 
height-dbh model. soares and toMé (2002) 
used stand dominant height, maximum dbh, 
and density as predictor variables in addition 
to dbh. LoPeZ sancHeZ et al. (2003) and 
eerIkaInen (2003) used stand dominant 
height, dominant diameter, density, and age 
information in their models to improve model 
accuracy. Similarly, ZakrZeWskI and BeLLa 
(1988) exploited quadratic mean dbh and the 
height of tree with quadratic mean dbh to 
increase model efficiency.

The aim of this work is to develop and test 
generalized h-d models by taking into account 
stand dominant height (Hdom) and stand 
dominant dbh (Ddom) as additional variables 
which may significantly characterize this 
relationship. Hdom and Ddom are usually assessed 
by forest inventories.

2. data

Data used in this study were collected 
during the forest inventory of the Sicily Region 
(Southern Italy). The sampling design adopted 
for performing the regional forest inventory 
was linked to the National Inventory of Forest 
and of Forest Carbon Sinks (see www.infc.it). 
Probability sampling provided consistent data, 
most likely covering the entire range of tree 
and stand attributes. Data collected in robust 
inventory sampling provide a vast source of 
data that could be harnessed regularly and 
effectively to develop broadscale forest models. 
A detailed description of sampling design can 
be found in HofMann et al. (2011) while the 
protocol adopted for measuring tree height 

and dbh at plot level is accounted in INFC 
(2006). For each sample plot, the tree level 
information concerns tree status (live or dead), 
origin (natural or planted), species and dbh 
for all the trees, and tree height for a subset of 
trees for a maximum of ten trees selected per 
plot. The average dbh of the three trees with 
largest dbh in the 530 m2 wide sample plot is 
conventionally considered as Ddom, while Hdom 
is conventionally computed as the average 
height of the same trees. In this note, d and 
Ddom are expressed in cm, h and Hdom in m.

We analysed the data from the most 
widespread species in the region, one conifer 
(Pinus halepensis) and one broadleaf (Quercus 
cerris). The available dataset was constituted 
by 108 plots from stands with prevailing Pinus 
halepensis and 65 plots from stands with 
prevailing Quercus cerris. Calibration datasets 
for model fitting were randomly selected as 
70% of plots for each species. The remaining 
30% of plot for each species were used as 
validation datasets. The mean, maximum and 
minimum values and standard deviation of 
dendrometric variables for both the calibration 
and the validation datasets are reported in 
Tables 1 and 2. 

3. MetHods

The compared h-d models were developed 
from the basic Chapman-Richards nonlinear 
one, which has been frequently used for 
modeling the height-dbh relationship (Meyer, 
1940; farr et al., 1989)

h i =
ˆ a (1 – ebdi)c

s

where  is the predicted stem height for the i-th 
tree, di is the measured stem dbh of the i-th 
tree, and a, b and c are the asymptote, rate and 
shape coefficients respectively.

INFC (2009) proposed the following 
generalization of this model in the form

ĥ = (b1 + b2Hdom) (1- e (b3+b4 Hdom) di)(b5+b6 Hdom)    (1)

In this study the generalization of the 
Chapman-Richards model was carried out 
by also including Ddomto better account for 
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the stand structure. Not more than four 
coefficients were allowed in the tested models, 
in order to keep them parsimonious and to 
likely prevent multicollinearity and eventual 
non-convergence in the nonlinear estimation 
of the coefficients. Moreover, the models were 
constrained so that when di= Ddom then hi= 
Hdom. Thus, the following models were tested: 

(2)

(3)

 

h i =
ˆ (1– eb1di)b2

(1– eb1Ddom)b2
Hdom

h i =
ˆ (1– eb1d1)

(1– eb1Ddom)
Hdom

(b2+b3 Hdom)

(b2+b3 Hdom)

h i =
ˆ [1– e (b1+b2

Hdom

Hdom)d1](b3+b4 Hdom)

[1– e (b1+b2 Hdom)D
dom](b2+b3 Hdom)

(4)

Table 1 –  Summary statistics of the Pinus halepensis dataset.

Variable Mean  Max  Min  Dev.
    standard 

Calibration dataset (N = 428)

h 10.75 23.30 1.30 4.21
Hdom 11.49 19.77 1.72 3.86
d 23.85 56.00 4.50 11.59
Ddom 28.99 53.50 6.25 10.94

Validation dataset (N =166)

h 11.68 23.70 3.20 4.26
Hdom 13.03 20.10 4.47 3.82
d 27.58 54.50 6.00 11.74
Ddom 32.96 53.00 10.83 10.81

Table 2 –  Summary statistics of  the Quercus cerris dataset
Calibration dataset (N= 235)

Variable Mean Max Min Dev.
    standard

Calibration dataset (N= 235)

h 12.16 20.50 4.80 3.75
Hdom 13.07 19.53 5.77 3.46
d 24.90 80.00 8.00 11.79
Ddom 30.50 58.67 10.33 9.67

Validation dataset (N= 117)

h 12.96 22.90 3.20 4.25
Hdom 14.21 21.03 8.43 3.59
d 24.38 105.00 6.00 16.21
Ddom 31.98 94.33 18.83 12.94

From a mathematical point of view, for all 
models the domain is defined for all real num-
bers and no global maximum and minimum 
points are found. Hdom constitutes the horizon-
tal asymptote for models [2] to [4]. There are 
no vertical and oblique asymptotes for each 
models.

Models were fitted by the calibration dataset. 
Model coefficients were estimated by the 
Levenberg-Marquardt algorithm in ordinary 
nonlinear least squares regression with SPSS 
software. No outlier elimination was carried 
out, given the methodological comparative 
purposes of this work.

The predictive potential of the obtained h-d 
models were independently assessed by the 
validation dataset, considering four different 
criteria as references: bias, root mean square 
error (RMSE), Akaike information criterion 
(AIC), Pearson correlation coefficient between 
observed and predicted values (r).

4. resuLts and dIscussIon

Tables 3 and 4 show the regression coefficients 
and relative standard error for models from [1] 
to [4] obtained from the calibration dataset.

For both species, all the t-statistics for the 
coefficients of the model [2] are significant at 
the 0.05 level. For all the other models, with 
the exception of Quercus cerris in model [3], at 
least one coefficient results not significant at the 
0.05 probability level. The range of standard 
error of estimate among the compared models 
is relatively modest: from 1.54 up to 1.60 m for 
Pinus halepensis and from 1.58 up to 1.70 m for 
Quercus cerris.

The validation dataset has been used to 
assess prediction performance of the different 
compared models. Tables 5 and 6 displays the 
fit statistics (bias, RMSE, AIC, r) which vary 
significantly across models for a given species. 
As concerns Quercus cerris, the models 
[2] and [4] have the best and poorest fits, 
respectively. The results are upside down for 
Pinus halepensis: model [2] has the poorest fit 
statistics while model [4] generally performs 
better than the remaining models. Models [1] 
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and [3] produced similar fit statistics. As 
mentioned, all coefficients of model [3] are 
significantly different from zero at least for 
Quercus cerris. The inclusion of an additional 
variable lowers bias and RMSE but it increases 
r and AIC values. For this reason the model 
is not considered best approximating model 
for this species. Model [2] had the smallest 
variation in RMSE and r across species while 
model [4] showed the same results for bias 
and AIC. 

Among the two best fitted models (i.e., the 
model [2] for Quercus cerris and the model 
[4] for Pinus halepensis), the model [4] has 
resulted non significant t-statistics for at 
least two parameters of the model. Since the 
performance gain of this model over model 
[2] is not substantial for Pinus halepensis as 
proved by the validation test, the model [2] 

Table 3 – Regression coefficients and the standard errors of estimate (SEE, expressed in m) for 
the developed models for Pinus halepensis. 

Model b1 b2 b3 b4 b5 b6 SEE 

[1] 0.372 0.983* -0.162* 0.002 -0.089 0.111* 1.600
[2] -0.057* 0.631*     1.546
[3] -0.072* 0.402 0.029    1.545
[4] -0.052 -0.001 0.295 0.036   1.546

* the asymptotic t-statistic for the regression coefficient is significant at 0.05 probability level.

Table 4 – Regression coefficients and the standard errors of estimate (SEE, expressed in m) for 
the developed models for Quercus cerris.

Model b1 b2 b3 b4 b5 b6 SEE 

[1] 0.219 1.012* -0.221* 0.005 -0.533 0.171* 1.699
[2] -0.046* 0.650*     1.705
[3] -0.071* -0.749* 0.114*    1.586
[4] -0.169* 0.005 -0.240 0.090*   1.576

* the asymptotic t-statistic for the regression coefficient is significant at 0.05 probability level.

Table 5 – Model performances assessed by the validation 
dataset for Pinus halepensis.

 Model Bias (m) RMSE (m) r AIC

 [1] -0.536 1.797 0.919 200.516
 [2] -0.586 1.876 0.909 210.933
 [3] -0.569 1.786 0.919 195.462
 [4] -0.042 1.532 0,935 145.665

may be preferred even for this species. The 
plot of residuals vs. predicted heights and the 
plot of predicted vs. observed heights show 
that model [2] appropriately enough fits the 
validation data for both the considered species.

The model [2] provides better performance 
especially in Quercus cerris plots, albeit 
an overestimation of height for the lower 
diameter class can be observed. Validation data 
highlight obvious outliers, in particular for the 
lower diameter class: as mentioned, given the 
comparative meaning of the present testing, 
the outliers were purposely not removed from 
the dataset. 

5. concLusIons

Tree stem height is a relevant attribute for 
forest inventory and even to characterize 
tree, stand, and site conditions. However, 
measuring tree height is less reliably and more 
expensive than measuring tree dbh, so it is 
usually limited to a sample of trees. By relating 
height and diameter, non-measured heights 
can be predicted by suitable height-diameter 
functions. 

The inclusion of stand dominant height and 
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stand dominant dbh into the height-diameter 
function allows to generalize the prediction 
relatively overlarge areas. Dominant diameter 
and dominant height are stand measures 
easily obtained and available so the use of the 
height-diameter model with these attributes is 
suggested to improve the accuracany of height 
prediction.

In this study, the model is developed from 
a robust inventory dataset representing 
the entire conditions of Sicilian forests for 
the selected species. For both conifers and 
hardwoods, the fit statistics and coefficients 
estimation indicated that the model [2] is the 
most suitable for predicting height-diameter 
relationships in Sicily. The suggested model 
allows the natural variability in height within 
diameter class to be mimicked and therefore 
provides realistic height prediction at stand 
level. The height-diameter model developed 
in this study maintains projections within 
reasonable biological limits and in general, 
the presented h-d model seems to hold an 
appropriate level of reliability. However the 
models should be evaluated and, if necessary, 
revisited or calibrated when they are applied in 
different regions. 
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RIASSUNTO

Comparazione tra modelli ipso-diametrici
generalizzati per Pinus halepensis Mill.
e Quercus cerris L. in Sicilia (Sud Italia)

Modelli che esprimono la relazione esistente tra altezza 
e diametro sono stati generalizzati attraverso le principali 
caratteristiche del popolamento forestale (altezza 
dominante, Hdom, e diametro dominante, Ddom). I modelli 
sono stati sviluppati per essere utilizzati su larga scala e in 
presenza di diverse condizioni forestali. Le analisi sono 
state qui condotte per Pinus halepensis e per Quercus 

cerris in Sicilia. Il confronto tra i modelli considerati è 
stato effettuato studiando la distorsione di stima, l’errore 
quadratico medio, il criterio di Akaike e il coefficiente di 
correlazione di Pearson tra i valori osservati e predetti. 
Per entrambe le specie considerate l’equazione che 
meglio descrive la relazione altezza-diametro è: 

h i =
ˆ (1– eb1di)b2

(1– eb1Ddom)b2
Hdom
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