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Abstract

Tree height is one of the most important variables in estimating growing stock volu-
me, carbon stock, site quality, tree growth and yield. Because measurement of tree 
height is labor-intensive and time consuming, height-diameter models are generally 
used for height estimates. In this study, twenty existing nonlinear height-diameter 
models were fitted and evaluated for Calabrian pine (Pinus brutia Ten.) and Crime-
an pine (Pinus nigra J.F. Arnold subsp. pallasiana (Lamb.) Holmboe) in the Cemaller 
region, northwestern Türkiye. The best results were obtained with the 3-parameter 
logistic type model for both species, accounting for about the 79% and 84% of the to-
tal variance in height-diameter relationships of Calabrian pine and Crimean pine, re-
spectively. The fitted simple height-diameter models with diameter at breast height 
as an independent variable can now be used to estimate total tree heights for both 
species. As a side result, there was significant difference in height-diameter relation-
ship between the two species. The height-diameter models developed in this study 
can provide accurate height estimates for growth and yield assessment, when tree 
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height measurements are not available and the height-diameter relations of the tar-
get region as in this study region.

Zusammenfassung

Baumhöhe ist eine der wichtigen Variablen zur Abschätzung von Vorrat, Kohlen-
stoff, Bonität, Baumwachstum und Ertrag. Da das Messen der Baumhöhe aufwändig 
und kostenintensiv ist, werden häufig Baumhöhe-Durchmesser-Modelle verwendet, 
um Baumhöhen zu schätzen. In dieser Studie wurden zwanzig nichtlineare Höhen-
Durchmesser-Modelle für Kalabrische Kiefer (Pinus brutia Ten.) und Schwarzkiefer 
(Pinus nigra J.F. Arnold subsp. pallasiana (Lamb.) Holmboe) in der Cemaller Region 
im Nordwesten der Türkei getestet. Für beide Baumarten haben wir die besten Er-
gebnisse vom 3-Parameter-Logistik-Modell erhalten, das 79 % und 84 % der beob-
achteten Varianz erklärte. Dieses einfache Höhen-Durchmesser-Modell verwendet 
Brusthöhendurchmesser als unabhängige Variable und kann für Schätzungen der 
Baumhöhe der zwei untersuchten Baumarten verwendet werden. Wir konnten einen 
signifikanten Unterschied zwischen der Höhen-Durchmesser-Beziehung der zwei 
Baumarten beobachten. Die Höhen-Durchmesser-Modelle aus dieser Studie erlau-
ben die Schätzung von Baumhöhen, falls Messungen der Baumhöhe nicht verfügbar 
sind und die Höhen-Durchmesser-Beziehungen in der Anwendungsregion ähnlich 
sind wie jene in dieser Studie.

1 Introduction

Tree height (h) and diameter at breast height (d) are two fundamental variables in 
forestry. These variables are widely used for determining tree volume, developing 
growth and yield models, estimating site index, describing vertical and horizontal 
structures of a forest stand, and so decision making in forest management (Clutter et 
al., 1983; Calama and Montero, 2004; Temesgen and Gadow, 2004; van Laar and Akça, 
2007; Baral et al., 2020; Subedi et al., 2021). Although these variables are the basis of 
forest inventory, measurement of h of standing tree is more difficult, time consuming 
and expensive than d measurement (Baral et al., 2022), especially in mountainous 
regions (van Laar and Akça, 2007; Seki and Sakici, 2022a). Besides, measurement of 
h would introduce more error than d measurement, especially in dense stands (Wil-
liams et al., 1994). For these reasons, unmeasured tree heights are usually estimated 
using an appropriate h-d model (Huang et al., 1992; Koulelis et al., 2018).

Simple h-d models, including only d as an independent variable, is often suitable for a 
region with uniform stand characteristics. Although there is a strong correlation bet-
ween h and d, this relationship may vary by tree species and stand characteristics in 
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larger areas with heterogeneous stand structures. For example, it was reported that 
h-d allometry of Jarrah species (Bhandari et al., 2021) and growth of Oriental beech 
(Yücesan et al., 2015) were affected by thinning. For this reason, some other covaria-
tes have been used in addition to d in h-d models (often referred to as generalized 
h-d models) to increase the success of height estimation, in many studies where it is 
not possible to explain h-d relationship with a single curve (Weiskittel et al., 2011). 
Stand variables used in the generalized h-d models are diverse such as quadratic 
mean diameter, stand density, mean height, dominant height, dominant diameter, 
etc. (Vargas-Larreta et al., 2009; Sonmez, 2009; Misir, 2010, Ercanlı, 2015; Çatal and Ca-
rus, 2018, Lebedev, 2020). The time, cost and labor required to use these two model 
forms are of course different from each other. Unlike a simple h-d model, generalized 
h-d models require more field measurement effort, time and cost. That is the reason 
of why simple h-d models are seen more suitable for practical applications (Han et al., 
2021), and have been chosen to estimate tree heights in environments with homoge-
neous stand characteristics (Carus and Çatal, 2017; Carus and Akguş, 2018).

Because forest inventory is expensive in many countries, numerous studies have 
examined alternative methods usually enhanced by remote sensing resources such 
as terrestrial and aerial LİDAR (Mäkelä and Pekkarinen, 2004; Meyer et al., 2013; 
Vatandaşlar and Zeybek, 2020). Although promising results were obtained by most of 
the studies, poor accuracies for height estimation were also detected in some cases. 
For example, while handheld laser scanning technology met the accuracy standards 
for most stand measurements, stand height was estimated poorly in some studies 
(Cabo et al., 2018; Vatandaşlar and Zeybek, 2020). Besides, most of these studies con-
ducted at local scale with specific forest types, species and topography. Therefore, 
accuracy of these new techniques should be proved for different forest types, species 
and topographic conditions. By revealing the full potential of such tools for the wide 
range of forest types and topographies, forest managers will be able to profit from 
them in operational level. Especially, many studies conducted in Türkiye underlined 
the need of further analyses for diverse forest types with high amount of sample si-
zes (Vatandaşlar and Zeybek, 2021; Zeybek and Vatandaşlar, 2021; Narin et al., 2022). 
Besides, there is also still need for conventional ground measurement in forest inven-
tories for investigating qualitative variables including stem quality, and quantitative 
variables such as tree/stand age which can’t be determined easily in natural forests. 
Moreover, access to such technologies is difficult and expensive, especially for deve-
loping countries like Türkiye. Therefore, it can be said that ground measurements in 
forest inventory and allometric equations to estimate tree attributes are still essential, 
at least today.

Calabrian pine (Pinus brutia Ten.) and Crimean pine (Pinus nigra subsp. pallasiana 
(Lamb.) Holmboe) are the most widely distributed coniferous tree species in Türkiye, 
with total areas of about 5.3 million ha (22.9% of total forest area) and 4.2 million ha 
(18.2% of total forest area) (GDF, 2021). They are also important and valuable conife-
rous species in Turkish forestry due to their high wood quality. Despite the high eco-
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logical and economic importance of these tree species, a limited number of studies 
have investigated the h-d relationships of them (Çatal, 2012; Özçelik and Çapar, 2014; 
Özçelik et al., 2014; Carus and Çatal, 2017; Çatal and Carus, 2018; Ercanlı, 2020, Seki 
and Sakici, 2022a). Moreover, these studies were conducted in many different geo-
graphical regions of Türkiye. Therefore, a usable h-d model is not available for many 
regions where these species are distributed.

Cemaller is one of the important regions of northwestern Türkiye where Calabrian 
pine and Crimean pine naturally grow together. Pure and mixed stands of these two 
pine species occupy approximately 75% of the total region and are mostly managed 
for wood production. However, there is no existing h-d models for both species. Sin-
ce the above-mentioned models were developed for geographically different and 
remote locations, it is highly likely that they will result high biases in predicting tree 
height in the Cemaller region. This shortcoming leads extra inventory costs for plan 
makers, practitioners and scientists. Besides, foresters have been using a single-entry 
volume equation (GDF, 2015) which includes only d as a predictor variable to esti-
mate individual tree volumes in the region. Because, measuring h in this region with 
steep topography is laborious, and there is no available h-d model. For this reason, 
a suitable h-d model can provide the use of double-entry tree volume equations in 
the region. There is a need of robust h-d models to estimate heights of these species 
for forest managers, plan makers and scientists in the region. Therefore, the primary 
objective of this study was to develop h-d models using d as a predictor variable for 
estimating h of Calabrian pine and Crimean pine in the Cemaller region. Besides, this 
study also investigated whether h-d relationship differs depending on species in the 
sampled sites.

2 Materials and methods

2.1 Study area and data description

The study was conducted in pure and mixed stands of Calabrian pine and Crimean 
pine in Cemaller Forest Chiefdom (FC) within the boundaries of Karabük Forest En-
terprise in Zonguldak Regional Directorate of Forestry, northwestern Türkiye (Figure 
1). The climate of the region is semi-arid, mesothermal, excess water in winter and 
moderate ocean (sea) type. Annual precipitation in the region varies between 400-
800 mm, with mean annual temperature of about 13.4 °C. Soil types derived from 
clayey gypsum and sandy limestone are common in the study area (GDF, 2015).
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Figure 1: Study area.

Abbildung 1: Untersuchungsregion.

The total area of the studied FC is about 10800 ha, and the selected pine species 
cover approximately 75% of the total area. All of the Cemaller FC forests are in the 
state ownership. Although there are ecological (soil conservation) purposes in very 
small locations, a large part of the studied FC forests is managed for economic (wood 
production) purposes. According to forest management plan for Cemaller FC, the site 
quality of the forest stands located in the whole FC is low-moderate according to site 
index classifications for Calabrian pine (Alemdağ, 1962) and Crimean pine (Kalıpsız, 
1963). Calabrian pine and Crimean pine stands are managed with rotation ages of 
about 50 and 100 years, respectively. Namely, 10- and 20-years age-class methods are 
applied to Calabrian pine and Crimean pine.

Elevation of the Cemaller FC approximately varies from 300 to 1400 m. While Crimean 
pine alone forms pure stands at high altitudes (approximately 800-1400 m), both spe-
cies grow in pure and mixed stands at altitudes lower than about 800 m. In this study, 
the elevation intervals where Calabrian pine and Crimean pine grow together were 
selected to investigate. Besides, care was taken to ensure that the sampled stands 
were naturally regenerated stands (not planted). All the sampled stands were even-
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aged with no evidence of major disturbances such as forest fire, storm damage, di-
sease and insect.

The data used in this study consisted of measurements of trees standing on forty 
temporary sample plots (TSPs) from pure and mixed stands of Calabrian pine and Cri-
mean pine. Circular sample plots were set as 400, 600 and 800 m2 for crown closures 
of ≥71%, 41%–70% and 11%–40%, respectively. In each sample plot, d of all living 
trees greater than 7.9 cm and h of 14-16 trees representing different d and h classes 
were measured using a caliper (with an accuracy of 0.1 cm) and electronic clinometer 
(Haglöf EC-II) (with an accuracy of 0.1 m), respectively. The sampled forest stands are 
naturally regenerated and even-aged stands representing an available range of stand 
characteristics such as the quadratic mean diameter (11.7 – 34.4 cm), basal area (9.20 
– 37.68 m2 ha-1) and relative density (2.91 – 6.91). A total of 608 h-d measurements 
(257 and 351 individuals for Calabrian pine and Crimean pine, respectively) were ob-
tained. The statistics for the sample trees, including minimum, maximum, mean, and 
standard deviation (SD) values of d and h, are summarized in Table 1.

Table 1: Summary statistics of the sample trees. Dbh is diameter at breast height, h is tree height, n number 
of observations, SD is standard deviation.

Tabelle 1: Zusammenfassung der Probebäume. Dbh ist Brusthöhendurchmesser, h ist Baumhöhe, n 
Anzahl Bäume, SD ist Standardabweichung.

 

The available tree h-d data were randomly divided into two group: model develop-
ment (85%) and model validation (15%) for each species. The scatterplots showing 
the relationship between d and h for each group and species are shown in Figure 2.
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Figure 2: Plots of tree height (h) against diameter at breast height (d). Black and gray dots indicate model 
fitting and validation data, respectively.

Abbildung 2: Darstellung von Baumhöhe (h) versus Brusthöhendurchmesser (d). Schwarze Punkte 
zeigen Schätzdaten, graue Punkte die Validierungsdaten.

2.2 Height-diameter models

As underlined in previous studies, nonlinear models are much more accurate than 
linear models in representing h–d relationship of individual trees (Sharma, 2016; Han 
et al., 2021; Bolat et al., 2022). After the recommendations of previous studies and the 
preliminary examination of the data used in this study, 20 different nonlinear can-
didate h–d models that are frequently used were selected (Table 2). All the models 
were fitted by nonlinear regression analysis using the MODEL procedure within SAS/ 
ETSTM statistical package (SAS Institute Inc., 2004).
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Table 2: Candidate h-d models. ε is the error term.

Tabelle 2: Getestete h-d-Modelle. ε ist der Fehlerterm.

2.3 Model evaluation and validation

In this study, four goodness–of–fit statistics were used: adjusted coefficient of deter-
mination (Radj

2), bias ( ), absolute mean deviation (AMD), and root mean square error 
(RMSE). The statistics were calculated as follows:



	 Height–diameter allometry of two commercial pine species� Seite 273

where, , ,  are observed, estimated and mean height values, respectively, n is the 
number of data used for fitting.

The relative ranking system proposed by Poudel and Cao (2013) was used to determi-
ne the relative position of each fitting model. The relative ranks were calculated using 
following formula (Poudel and Cao, 2013; Sun et al., 2019).

where Ri is the relative rank of model i (i=1, 2,…, m), m is the number of models fitted, 
Si is the corresponding goodness-of-fit statistic of model i, Smin and Smax are the best 
and worst values of Si, respectively. Afterward, all ranks for each model were summed 
and re-ranked to determine overall ranks. The lowest (1) and highest (20) ranks refer 
to the best and worst models, respectively. In addition, paired t–test was utilized for 
the estimated and observed tree heights for model validation data set.

2.4 Comparison of height-diameter relationship between species

The selected best model was fitted to each species separately and then to both spe-
cies combined. The nonlinear extra sum of squares method was used to examine 
whether h-d allometry differs between Calabrian pine and Crimean pine. This met-
hod has generally been used to investigate differences among the geographically 
different regions (Pillsbury et al., 1995; Huang et al., 2000). Besides, it has also been 
used to examine differences among the species (Corral Rivas et al., 2004; Özçelik and 
Dirican, 2017) and clones (Rodríguez et al., 2010). The test statistic is given as follows:
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where F* follows an F-distribution, SSER and SSEF are the error sum squares associa-
ted with the reduced model (with the same set of parameters for two species) and 
full model (with a different set of parameters for each species based on dummy va-
riables), respectively. dfR and dfF are the degrees of freedom of the reduced and full 
model, respectively.

3 Results

The parameter estimates and their corresponding approximated standard errors for 
the twenty models are given in Table 3. All of the model parameters were found to 
be significant at p<0.05, excluding parameter β2 of M5 and β3 of M20 for both species, 
and parameter β1 of M18 for Calabrian pine.
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Table 3: Parameter estimates and in parentheses associated standard errors for models fitted. “ns” shows 
nonsignificant results at the 0.05 level.

Tabelle 3: Modellparameter und in Klammern deren Standardfehler für die getesteten Modelle. „ns“ 
zeigt nicht signifikante Ergebnisse auf Niveau von 0.05 an.

Goodness-of-fit statistics including adjusted coefficient of determination, bias, abso-
lute mean deviation, and root mean square error for each tree species and for each of 
the twenty models are given in Table 4. All the models seem to fit well, explaining 76-
79% and 81-84% of the total variance in h–d relationships of Calabrian pine and Cri-
mean pine, respectively. Besides, RMSEs were calculated between 1.7726 and 1.8948 
for Calabrian pine and between 1.6862 and 1.8048 for Crimean pine.
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Table 4: Goodness-of-fit statistics (and relative ranks) of the fitted models. For abbrevations please see text.

Tabelle 4: Statistiken zur Anpassungsgüte und Rangfolge der getesteten Modelle. Für Abkürzung 
siehe Text.

Relative ranks of each evaluation statistics by tree species are also seen in Table 4. 
According to overall ranks, M2 which is logistic type and 3-parameter h-d model sug-
gested by Pearl and Reed (1920) was found superior for Calabrian pine (overall rank of 
1.00) and Crimean pine (overall rank of 1.00). Besides, M18 (overall rank of 20.00) and 
M12 (overall rank of 20.00) were the worst models.
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Figure 3: Plots of observed and estimated heights and residuals versus estimated heights and diameters at 
breast height for Calabrian pine (a, c and e) and Crimean pine (b, d and f) for model M2.

Abbildung 3: Darstellung der beobachteten und der geschätzten Höhe (a, b), der Residuen versus 
geschätzten Höhe (c, d) und der Residuen versus Brusthöhendurchmesser (e, f ) für Kalabrische Kiefer 
(a, c, e) und Schwarzkiefer (b, d, f ) für Modell M2.
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Patterns of residuals for estimated heights by the best model (M2) and the plots of 
observed and estimated heights were drawn (Figure 3). As seen in the figure, the 
model ensured indiscriminate patterns of residuals around zero with homogenous 
variance for both species. However, after high values of predicted Calabrian pine, the 
variation of biases was a bit higher for possible reason of the number of tall sample 
trees is less than the number of sample trees in other height classes.

According to goodness-of-fit statistics, M2 showed the best results for both species. 
The nonlinear extra sum of squares method, executed using M2, indicated significant 
difference (p<0.0001) in h-d relationship between the species (Table 5). The graphical 
representation of the height trends of the species in the M2 based on fitting data set 
is shown by Figure 4. The height growth of Calabrian pine is higher in all diameter 
classes compared to Crimean pine. Differences between the measured and estima-
ted height values by M2 were compared using validation data set and paired–sam-
ples t-test. The estimated and measured height values were found statistically same 
(p>0.05) for the both species.

Table 5: Analysis of statistical difference between the two studied species using the nonlinear extra sum of 
squares test for model M2.

Tabelle 5: Analyse des statistisch signifikanten Unterschiedes zwischen den zwei untersuchten 
Baumarten mittels nonlinear extra sum of squares Tests für Modell M2.
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Figure 4: Scatter plot of observed tree height (h) against diameter at breast height (d). Curves fitted with 
model M2 are drawn along with observations. Black and gray colors represent Calabrian pine and Crimean 
pine (modeling data sets), respectively.

Abbildung 4: Streudiagramm von Baumhöhe und Brusthöhendurchmesser. Kurven zeigen Ergebnisse 
von Modell M2 an. Schwarze Punkte und graue Punkte zeigen jeweils die Daten für Kalabrische Kiefer 
und Schwarzkiefer.  

The final mathematical forms of the M2 for both species are given as follows:
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4 Discussion

4.1 Comparison between developed h-d models and models in the literature

Due to ecological and economic importance of pine species used in this study, some 
studies have been carried out to investigate the h-d relationships of Calabrian pine 
(Özçelik and Çapar, 2014; Özçelik et al., 2014; Carus and Çatal, 2017; Çatal and Carus, 
2018) and Crimean pine (Çatal, 2012; Özçelik et al., 2014; Ercanlı, 2020; Seki and Sakici, 
2022a). Some of the models developed in these previous studies, covering different 
regions of Türkiye and local areas, are simple models containing only d or general-
ized models including stand variables in addition to d. As in this study, only simple 
models with d as a predictor variable were selected for comparison. Height–diameter 
curves developed in this study were compared with the previous curves graphically 
(Figure 5). The height curve fitted for Calabrian pine in this study (Figure 5a) is quite 
different from the curves fitted for Calabrian pine stands in different regions (Özçelik 
et al., 2014; Carus and Çatal, 2017). It should be noted here that the parameters of Öz-
çelik et al. (2014) curve were obtained based on the ecoregion which is more familiar 
to Cemaller region. When the paired sample t-test was applied for measured height 
values (validation data set) and estimated height values by M2 and previous models 
developed for different regions, M2 showed the satisfactory and acceptable results 
(p>0.05). However, height estimations by the other models were found statistically 
different from observed ones (p<0.05).

 

Figure 5: Comparison of h-d curves for Calabrian pine (a) and Crimean pine (b) obtained from Model 2 (this 
study) and published studies. Grey dots represent validation data of this study.

Abbildung 5: Vergleich der h-d-Kurven für kalabrische Kiefer (a) und Schwarzkiefer (b) von Modell 2 
(diese Studie) und publizierte Studien. Graue Punkte zeigen Validierungsdaten dieser Studie.
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Figure 5 shows that the curve fitted for Crimean pine in this study differs considerably 
from the curves of the other two studies (Çatal, 2012; Özçelik et al., 2014). Crimean 
pine stands examined in this study have not optimal conditions for the ecological 
demands of this species, in compared with the others. Crimean pine individuals ex-
amined in this study have a rather lower height growth potential than the indivi-
duals examined in the other two studies. Even though Crimean pine can grow up 
to 30-40 m in height under optimal conditions (Farjon, 2010; Seki and Sakici, 2017), 
Crimean pines examined in this study had maximum about 20 m height in Cemaller 
region. Therefore, it can be concluded that study area with altitude ranges of 572 
and 673 m does not ensure optimal conditions for Crimean pine height growth. Be-
sides, Özçelik et al. (2014), Seki and Sakici (2022a, 2022b) reported that there were 
significant differences of h-d relationship and growth rates of Calabrian and Crimean 
pines among the ecologically different regions. Therefore, it is not surprising that the 
growth trends and allometric relationships of trees that spread in geographies with 
quite different ecological characteristics differ from each other. In addition, differen-
ces in model forms used in previous studies and used in this study are also one of the 
potential main reasons for this diversity.

It is not surprising that the curves fitted in previous studies conducted in the sout-
hern regions of Türkiye differ from the curve fitted in this study conducted in the 
northern part of Türkiye. Moreover, it is a well-known fact that climate, management 
history, nature and range of data used for modeling, site characteristics (e.g., espe-
cially site productivity) of the sampled forest stands influence tree allometry and 
growth dynamics (Baral et al., 2022; Koulelis et al., 2022; Seki and Sakici, 2022b; Wu et 
al., 2022). The sampled stands of this study consist of natural forests, while Calabrian 
pine (Carus and Çatal, 2017) and Crimean pine (Çatal, 2012) stands investigated in the 
previous studies consisted of planted forests. Differences in growth potentials of the 
trees growing in natural and planted sites are expected fact. Also, fitting data of Carus 
and Çatal (2017) consisted of maximum d of 30.1 cm for Calabrian pine, and Çatal 
(2012) used maximum d of 25.0 cm for Crimean pine. This difference of data set used 
in existing study and the previous ones might be one of the most effective factor 
differentiating the shape of curves after these diameter classes. Besides, the curve of 
Carus and Çatal (2017) showed lower height growth patterns in compared with this 
study. Considering that the Calabrian pine stands sampled by these researchers were 
located at an average altitude of 1150 m and this average is quite high for potential 
growth of this tree species, this situation seems normal. Çatal (2012) sampled the 
higher productive Crimean pine forest stands in compared with this study. And this 
situation naturally led to the height growth of the stands investigated by this resear-
cher being higher than that of this study.

Comparing with this study, the curves of Calabrian pine and Crimean pine developed 
by Özçelik et al. (2014) showed higher height growth potential. Mean annual precipi-
tation of the region where Özçelik et al. (2014) studied ranges from 604 to 1241 mm, 
while it ranges between 400 and 800 mm in Cemaller region. These differences in 
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precipitation of two regions could be considered one of the major factors effecting 
the curves fitted in existing study and fitted by Özçelik et al. (2014). Because, precipi-
tation is one of the key factors positively affecting tree growth (Mondek et al., 2021; 
Koulelis et al., 2022), and high rainfall in the previous study area may have provided 
better growing conditions for the Crimean pine stands located there.

4.2 Robustness of the developed h–d models

In this study, twenty different h-d models were fitted and evaluated for Calabrian 
pine and Crimean pine. Most of the models showed satisfying results. However, M2 
suggested by Pearl and Reed (1920) was selected as the best predictive model accor-
ding to ranking system. The fitted model ensured biologically realistic shape such as 
S-shaped which is also suggested by Yuancai and Parresol (2001). The fitted model 
can be used by practitioners and forest managers to obtain accurate height estimates 
for these species located in the Cemaller region. Especially, the use of these models 
does not require any additional measurements other than diameter at breast height 
of the subject trees.

As in this study, robustness of the logistic type h-d model suggested by Pearl and 
Reed (1920) has been proven in many studies. This model was found superior to its 
counterparts for Tatarian maple in Hungary (Misik et al., 2016), Scots pine in a wide 
range of ecological zones (Mehtätalo et al., 2015), Velvet maple in Iran (Navroodi et al., 
2016), gmelina in Nigeria (Ogana, 2018), Maritime pine in Spain (Ogana et al., 2020). 
However, in some studies, this model has not been found superior enough in compa-
red with its counterparts (Mugasha et al., 2013; Deng et al., 2019). This situation would 
imply that the performance of a function is linked with model capability of capturing 
the variation in the ecological system of the study area of the data. Therefore, choo-
sing a suitable function which would fit data well is the first step of modeling studies.

4.3 Usage of the developed models

Height-diameter models are of great importance in reducing inventory cost and la-
bor. These models, which basically have two types, simple (including d as an inde-
pendent variable) and generalized (including d and stand characteristics as indepen-
dent variables), allow forest practitioners to accurately predict tree height. Simple 
h-d models like the one developed in this study allow estimation of h with only d 
measurements. Especially for h predictions in small regions with homogeneous stand 
characteristics, it would be more appropriate to use simple models that do not requi-
re additional measurements. The h-d models developed in this study can be used in 
the Cemaller region, and they are not suitable to be used in different regions. Namely, 
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these models should not be used for h estimation of individuals that are located in 
high productive forest stands. In case of using these models for different regions a 
new validation will be required.
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