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Abstract Site productivity, defined as the produc-
tion amount of the stand at a specific age, has a sig-
nificant impact on the growth of the stand and site
index is used as an indicator of site productivity. The
objective of this study is to develop ecoregion-based
dynamic site index models for Scots pine (Pinus syl-
vestris L.) stands in the Kastamonu and Sinop regions
of Tiirkiye. The mixed-effects modeling approach
allowing for the inclusion of ecoregions in the mod-
els was used to develop dynamic site index models,
and the models derived from seven base models were
tested. The best model was selected based on statis-
tical criteria. As a result of statistical analyses and
graphical examinations, the King-Prodan model was
found to yield the best predictive results in terms of
growth patterns. The site index model based on the
King-Prodan method produced a coefficient of deter-
mination (R%) of 0.977. The statistical criteria for this
model are as follows: Akaike information criterion
(AIC) of 4931.052, Bayesian information criterion
(BIC) of 4968.933, root mean square error (RMSE)
of 1.218, and mean error (ME) of —0.036. The F-test
was used to test whether there was a statistically
significant difference in dominant heights between

F. Saglam (D<) - O. E. Sakici

Department of Forest Engineering, Faculty of Forestry,
Kastamonu University, 37150 Kastamonu, Tiirkiye
e-mail: fsaglam @kastamonu.edu.tr

0. E. Sakici
e-mail: oesakici @kastamonu.edu.tr

ecoregions. The results demonstrated that the domi-
nant heights exhibited statistically significant dif-
ferences among the ecoregions. Consequently, it is
of paramount importance to utilize ecoregion-based
dynamic site index models in order to achieve reliable
and accurate predictions.

Keywords Dominant height - Height growth -
Ecoregions - Mixed-effects modeling - Pinus
sylvestris L

Introduction

Forest site productivity refers to the production
capacity of a stand at a specific age and can also be
defined as the combination of physical and biologi-
cal factors that determine a site’s capability to support
stand growth (Giinel, 1981; Skovsgaard & Vanclay,
2008). Site characteristics, which significantly affect
growth, are influenced by factors such as climate,
soil, topography, and the site’s geographical location
(Eler & Carus, 2006).

The site index, which is an indicator of stand pro-
ductivity, is the dominant height value of a stand
at a base age (Adame et al., 2006; Barrio-Anta &
Diéguez-Aranda, 2005; Cieszewski & Strub, 2008;
Kalipsiz, 1998; Mensah et al., 2022). Base age is a
fundamental component of the site index models
developed for the estimation of stand yield potential.
Dynamic site index models, characterized by standard
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base-age invariance, ensure that height predictions
remain unaffected by variations in base age, thus
yielding successful predictions. They also have bio-
logically realistic growth patterns. Two approaches
are used to develop these models: the Algebraic Dif-
ference Approach (ADA) and the Generalized Alge-
braic Difference Approach (GADA) (Cieszewski,
2001; Cieszewski & Bailey, 2000; Diéguez-Aranda
et al., 2006; Seki & Sakici, 2017).

The Algebraic Difference Approach, one of the
approaches in developing site index models with
base age-related invariance, was introduced to for-
estry literature by Bailey and Clutter (1974). In ADA,
first, a base growth equation that can reveal the age-
height relationship of the stands is selected. Then, it
is algebraically rearranged according to a parameter
of the growth model. Using this approach, site index
models with either a multi-asymptote-anamorphic
shape or a single asymptote-polymorphic shape can
be developed. However, in terms of desirable bio-
logical presumptions, it is important to develop poly-
morphic and multi-asymptote site index models. To
achieve this, algebraic adjustments in the base growth
model should be made depending on at least two
model parameters. Another approach in the develop-
ment of site index models, which facilitates the crea-
tion of both polymorphic and multi-asymptote site
index models while maintaining standard base-age
invariance, is the Generalized Algebraic Difference
Approach (GADA) developed by Cieszewski and
Bailey (2000). In general, it is stated that the mod-
els developed using GADA yield reliable predictions
and demonstrate compatibility with desirable biologi-
cal presumptions (Cieszewski et al., 2007; Diéguez-
Aranda et al., 2006; Ercanli, 2010). The desirable pre-
sumptions are expressed by a number of researchers
(Cieszewski & Bailey, 2000; Diéguez-Aranda et al.,
2006; Ercanli, 2010; Kahriman et al., 2018; Seki &
Sakici, 2017) as follows: polymorphism, multiple
asymptotes, base-age invariance, sigmoid growth pat-
tern (curves form a wide s shape), and passing the
origin (h=0 m for r=0).

Tiirkiye has quite a different climate, topography,
and ecological characteristics, leading to notable
regional variations. When this situation is evaluated
regarding forestry, a tree species can spread across
extensive areas characterized by markedly different
climates and site conditions. Generally, increment
and growth relationships differ between regions and
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ecoregions. Therefore, in situations requiring statisti-
cal differentiation, it is always preferable to develop
models (ecoregion-based models or ecoregional mod-
els) specific to different ecoregions. Such regional-
ized models allow for individual ecoregions to be
analyzed and can provide more reliable predictions
on a regional basis (Huang, 1994; Huang et al., 2000;
Klos et al., 2007).

When examining studies on ecoregion-based
growth models, ecoregion-based site index models
were developed by Calama et al. (2003), Alvarez-
Gonzalez et al. (2005), and Adame et al. (2006).
The dummy variable method was used to test the
ecoregional differences of the models developed in
these studies, and it was revealed that the ecologi-
cal differences had significant effects on the growth
predictions. In employing this method, both full and
reduced model structures are required to examine
ecoregional differences, with comparisons between
models conducted using the F-test. While the full
model structures have different parameter values
for each ecoregion, the reduced model has common
parameter values. In general, full model structures
are constructed with dummy variables; however, it
is crucial to investigate this structure with mixed-
effects models. Repeated measurements taken from
the same tree or over time are often used in forest
modeling. These measurements often exhibit auto-
correlation, which means they violate the assump-
tion that error terms are independent (Xu, 2012).
Increasingly, mixed-effects models have been used
as a means to overcome the autocorrelation problem
(Fang & Bailey, 2001; Xu, 2012). Mixed-effects
models can also provide a valuable perspective on
incorporating differences among sampling units
into models. Chenge (2021) stated that mixed-
effects modeling is increasingly prominent due to
its ability to account for variability in tree height
predictions (the similar situation for site index mod-
els) across different subjects (e.g., forest type/sites,
species, sample plots, clusters, as well as ecore-
gions for in this study). In the development of base
site index models, though the mixed-effects mod-
eling approach has been used in some studies (Lee
et al., 2021; Nigh, 2015, 2017; Nothdurft et al.,
2006; Senilliani et al., 2019; Sharma & Reid, 2018;
Sharma et al., 2015; Wang et al., 2007, 2008, 2011,
2017; Westfall et al., 2017; Xu, 2012; Zhu et al.,
2019), the use of this approach in the development
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of dynamic site index models has been relatively
constrained (Fang & Bailey, 2001; Garcia-Espinoza
et al., 2019; Meng et al., 2009; Ni & Liu, 2008).
Scots pine (Pinus sylvestris L.) is one of the most
important species ecologically and economically in
Tiirkiye. Scots pine, the pine species with the widest
distribution in the world (Dagdas et al., 2019), also
has an important distribution in Tiirkiye (1.41 million
ha) (GDF, 2021). Scots pine, which has a very wide
distribution both throughout Tiirkiye and in Kasta-
monu and Sinop regions, also grows under varied
ecological conditions and plays a key role in protect-
ing soil and water resources and reducing the negative
effects of climate change in its distributed areas. For
Scots pine, Alemdag (1967) constructed site index
tables. For the Kastamonu region, a dynamic site
index model was developed by Senyurt and Ercanli
(2013), based on 50 stem analysis data obtained by
Senyurt (2011). For Scots pine, which distributes
under significantly different ecological conditions, it
is important to develop ecoregional-based dynamic
site index models based on new modeling techniques.

In this study, the aim is to develop ecoregion-based
dynamic site index models for Scots pine stands dis-
tributed in Kastamonu and Sinop Regional Directo-
rates of Forestry, where ecoregions formed by the
integration of various ecological factors are also used
as a base in modeling. In addition, a new approach
using mixed-effects modeling has been tried in the
development of ecoregion-based models.

Material and method
Study area

This study was conducted on pure Scots pine stands in
the Kastamonu and Sinop regions of northwest Tiir-
kiye (Fig. 1). Forest areas cover approximately 65% of
the study area, and Scots pine stands spread over an
area of approximately 50,772 ha, which exhibit vary-
ing ecological characteristics, density levels, sites, and
ages (Fig. 1). The study area is located in the Black
Sea Region, and according to the data of the General
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Fig. 1 Study area
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Directorate of Meteorology, the average annual pre-
cipitation is 500.3 mm for Kastamonu Province and
705.3 mm for Sinop Province (URL-1, 2021).

Ecoregions

According to Atalay (2014), the Kastamonu and
Sinop regions are located in the “Black Sea Cli-
mate Region,” which is divided into five subregions
(ecoregions, given below). In this ecological classi-
fication, the climate, soil, bedrock, topography, and
biotic factors were considered.

e Ecoregion 1. Humid mild broad-leaved forest sub-
region

e Ecoregion 2. The black sea coastal mountains
humid cold coniferous forest subregion

e Ecoregion 3. Subhumid cold coniferous forest sub-
region of backward black sea plateau and mountains

e Ecoregion 4. Dry forest shrub subregion of back-
ward black sea region

e Ecoregion 5. Mountain grass subregion

The distribution of pure and productive Scots
pine stands across ecoregions is shown in Fig. 2. It
is evident that these stands are predominantly con-
centrated within the three ecoregions spatially. In
terms of distribution areas, the regions could be
ranked from Ecoregion 3 encompassing 36,286.1 ha,
to Ecoregion 1 encompassing 6645.6 ha, and to
Ecoregion 2 encompassing 6322.6 ha. Conversely,
the areas with pure and productive Scots pine stands
in Ecoregion 4 and Ecoregion 5 are relatively small.
For this reason, it was deemed appropriate to con-
duct this study on Scots pine stands in Ecoregion 1,
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Fig. 2 Distribution of Scots pine stands in the study area to ecoregions
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Ecoregion 2, and Ecoregion 3, which collectively
represent approximately 97% of the distribution.

Data collection

The material for this study comprised stem analy-
sis data obtained from a total of 268 dominant trees
selected from Scots pine stands and distributed
across ecoregions with varying site conditions. Stem
analysis was conducted on these 268 sample trees,
which were chosen from dominant or co-dominant
trees representing the respective sites, to develop the
site index models. These sample trees needed to be
either dominant or co-dominant free-growing trees,
showing no clear signs of growth abnormalities or
damage. The sample trees were felled as close to the
ground as possible, and cross-sections were taken at
different cutting heights from the bottom to the top
of the trees. Descriptive statistics of sample trees
according to ecoregions are given in Table 1.

Candidate models and statistical analysis

In order to develop generalized dynamic site index
models, the models (Bertalanffy-Richards, Hoss-
feld, King-Prodan, Schumacher, Bailey-Clutter, and
Lundgqvist-Korf) arranged by Cieszewski (2002),

Cieszewski (2004), Krumland and Eng (2005),
and Trim et al. (2020) were selected (Table 2). The
base growth model called Bertalanffy-Richards is
also referred to as Richards in some sources and
Chapman-Richards model in others (Garcia, 2008;
Vanclay, 1994).

The data used in developing the site index mod-
els were obtained from the stem analysis. Since these
data consist of height values in consecutive periods,
they have time series data features. An issue encoun-
tered in time series data is autocorrelation, wherein
errors are correlated with each other, presenting
an undesirable scenario. The fact that the errors are
related to each other contradicts the assumption of
regression analysis (Ercanli et al., 2014; Grégoire
et al., 1995). For this reason, a mixed-effects mode-
ling approach is often recommended in the literature
to eliminate the effect of the autocorrelation prob-
lem on the predictions. Autoregressive (AR(p)) and
autoregressive moving average (ARMA(p,q)) struc-
tures were incorporated into the mixed-effects mod-
els, and depending on the improvement in statistical
criteria, it was decided which of AR (1) or ARMA
(1,1) structures would be used (Fang & Bailey, 2001;
Pinheiro & Bates, 2000; Sharma & Reid, 2018; Wang
et al., 2017; Xu, 2012).

In the development of the models, ecoregions were
evaluated as “random effects”, that is, “subject” since

Table 1 Descriptive
statistics for sample trees

N Minimum Maximum Mean Standard
deviation
Ecoregion 1
Tree diameter (d, 3, cm) 61 20.0 66.0 37.4 8.8
Tree height (h, m) 61 13.0 27.1 20.3 3.8
Tree age (¢, year) 61 36 173 88 36.2
Ecoregion 2
Tree diameter (d, 3, cm) 60 18.2 90.2 34.0 14.5
Tree height (h, m) 60 11.1 353 20.6 7.5
Tree age (¢, year) 60 30 186 90 549
Ecoregion 3
Tree diameter (d, 3, cm) 147 17.7 71.5 39.2 10.4
Tree height (h, m) 147 11.5 32.0 22.5 5.3
Tree age (t, year) 147 31 185 104 33.2
Total
Tree diameter (d, 3, cm) 268 17.7 90.2 37.6 11.4
Tree height (h, m) 268 11.1 353 21.6 5.7
Tree age (¢, year) 268 30 186 97 41.2
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Table 2 Base and dynamic Model
site index models

Base model

GADA model

Ml Bertalanffy-Richards
h=by(1 —exp(~by7))”
M2 Hossfeld
h = b(l
14b, 172
M3
M4 King-Prodan
h=—_
T by+byro
M5 Schumacher
h= exp(bo + blt’l)
M6 Bailey-Clutter
h= exp(bo + bltbz)
GADA7 Lundqvist-Korf

h= boexp(—blt‘bl)

h = exp(X,)[1 — exp(—ar)] (b+1/%)

X, = %((mho —bLy) + 1/ (Inky — bL,)* - 4L0>
Ly =1n(1 - exp(—afy))

a+X,

h= o=

Xy =1 [ho —a- \/(h0 —a)’ + 4bh0t0—°]

a+X|
h — 0 -
14+bX,t
hy—a
Xy = —2
0™ 1-bhytyc
a
T X+ X
[
(%)
XO = —
cHy?

h=exp(X, + (a+bX,)t™!)

_ Inhy—aty™!
Xo = 1+bry "
h = exp(a+ X, + bX,t)

_ Inhy—a
0™ Tbrye

h= exp(XO)exp[—<b1 + ;-z)t—bs]

Xo = 5 (aty™ + Inky + Ly)

Ly = \/ (aty= + Inhy)” + 4biy¢

by, by, and b,, parameters of base models; a, b, ¢, parameters of site index models obtained with
GADA; h and hy, height and dominant height; 7 and #,, age and base age

it was investigated whether there were significant dif-
ferences in terms of dominant heights between ecore-
gions. The “nlme” package in the R program was
used in the development of the models (Pinheiro &
Bates, 2000; R Core Team, 2021).

Model selection

Initially, all possible combinations of the random
effects parameters were fitted and the best combina-
tion was determined using Akaike information cri-
terion (AIC = —2LL + 2p), and Bayesian informa-
tion criterion (BIC = —2LL + plogn, where n is the
number of observations, LL is the log-likelihood of
the fitted model, and p is the number of model param-
eters). After determining the best combination for the
models, the coefficient of determination (R?), AIC,
root mean square error (RMSE), and mean error (ME)
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were used to select the best model using the relative
ranking suggested by Poudel and Cao (2013). Then,
estimations were made with the model with signifi-
cant parameters and satisfactory in terms of statisti-
cal criteria, and the distributions of the residuals were
examined.

~ 2
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where #;, iz\i, and Ei represent the observed, estimated,
and average height values, respectively, and n the
number of observations.

In order to check the compatibility of the mixed-
effects dynamic site index models with the desir-
able biological attributes, the age-height relation-
ships related to the estimations made by the models
should be examined. For this purpose, relative error
(RE%) values for various base ages were calculated
and assessed to determine the most appropriate base
age. RE% values were calculated using Eq. 4.

\/2?=1<hi _i’\i>2/(”_l7) 4)

h

RE% = 100

where £, ﬁi, and h represent the observed, estimated,
and average height values, respectively; n is the num-
ber of data; and p is the number of parameters in the
model.

In addition, one of the factors that should be con-
sidered when deciding on the base age is that the base
age value should not be greater than the rotation age
of the tree species (Goelz & Burk, 1992).

Testing ecoregion differences

The “Non-Linear Sum of Extra Squares Test,” also
known as the F-test, was used to determine whether
there were differences between the ecoregions in
terms of dominant heights. This test requires both
“full” and “reduced” model structures. The model
structure referred to as the “reduced model” uses the
same parameter values for all ecoregions examined,
whereas the “full model” uses different parameter
values for each ecoregion (Pillsbury et al., 1995). Full
model structures are usually presented using dummy
variables. However, in this study, a new approach was
adopted: mixed-effects modeling was used to reveal
the full model structures. In order to reveal ecore-
gional differences, ecoregions were introduced into
the models as “random effects”, that is, “subject” in
the mixed-effects modeling approach. The parameters
with the most successful random effects on the mod-
els were estimated for three ecoregions with the help
of the “nlmeStruct” and “random.effects” functions
in the “nlme” package in the R. This enabled the full
model structure to be obtained, which was used to test
the differences between the ecoregions (Mehtitalo,

2013; Pinheiro & Bates, 2000). The test statistic for
the nonlinear sum of extra squares employed to assess
the ecoregional differences is as follows (Eq. 5)
(Neter et al., 1996; Pillsbury et al., 1995):

(SSEg — SSEy)/(DFy — DF ;)

F ==
(SSE/DFy) )

In the equation, SSE, and SSE . represent the sum
of squares of error of reduced and full site index
models, respectively, and DF zandDF, represent the
degrees of freedom of reduced and full site index
models, respectively.

F-distribution was used to interpret the F-value
in revealing ecoregional differences. It is concluded
that dominant heights for ecoregions are statistically
different when the p-value is less than 0.05 (Pills-
bury et al., 1995). As a result, in case of differences
between ecoregions, full model structures with dif-
ferent parameters for each ecoregion should be used
instead of reduced models.

Results and discussion

In order to develop site index models, a series of com-
binations of random effects parameters were tested
in order to determine the most appropriate mixed-
effects modeling approach. The model’s convergence
was provided for the initial five models and random
effects parameter combinations were evaluated. In the
last two models (M6 and M7), some combinations
have not been resolved, and some combinations have
non-significant parameter values. In this context, 3
different random effects parameter combinations were
evaluated for M1 and M5, and 7 different combina-
tions of random effects parameters for M2, M3, and
M4. Finally, three random effects parameter com-
binations for M1, M4, and M5 and 6 random effects
parameter combinations for M2 and M3 are provided
for the solution. Random effects parameter combina-
tions for the models are given in Table 3. When the
relevant table is examined, the “b” parameter for
M1 and M2, the “a” parameter for M3 and M5, and
the “c” parameter for M4 gave the most satisfactory
outcomes.

Once the most successful random effects parameter
combinations for the five models were identified, the
models were evaluated to determine the best site index
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Table 3 Random effects

o Model Random effect AIC BIC Relative rank-  Total Total ranking
parameter combinations for parameters ing
site index models
AlIC BIC
M1 a 5523.245 5544.891 3.00 2.08 5.08 3.00
b 5520.360 5542.006  2.31 1.00 3.31 1.00
a,b 5514.902 5547.372 1.00 3.00 4.00 1.78
M2 a 5392.268 5419.326 1.01 1.01 2.02 1,01
b 5391.841 5418.899 1.00 1.00 2.00 1.00
c 5568.439 5595.497 6.00 6.00 12.00  6.00
a,b 5394.626 5432.507 1.08 1.39 2.46 1.23
a,c 5394.504 5432.385 1.08 1.38 2.46 1.23
a,b,c 5399.734 5453.849 1.22 1.99 3.21 1.61
M3 a 5369.412 5396.470 1.00 1.00 2.00 1.00
b 5375.015 5402.073 1.14 1.14 2.28 1.14
c 5570.874 5597932 6.00 6.00 12.00  6.00
a,b 5373.412 5411.293 1.10 1.37 2.47 1.23
a,c 5373.099 5410.979 1.09 1.36 2.45 1.23
b, c 5376.145 5414.026 1.17 1.44 2.60 1.30
M4 a 5563.279 5590.337 3.00 3.00 6.00  3.00
b 5372.174 5399.232 1.03 1.03 2.06 1.03
c 5369.397 5396.455 1.00 1.00 2.00 1.00
M5 a 6624.847 6646.494  2.13 1.00 3.13 1.00
b 6626.806 6648.452  3.00 1.47 4.47 3.00
a,b 6622.316 6654.785 1.00 3.00 4.00 230
Table 4 The rankings for the site index models
Model Random AIC BIC RMSE R* ME Relative ranking Total Total ranking
effects )
parameters AIC BIC RMSE R ME
M1 b 5520.360 5542.006 1.275 0975 -0.037 1.48 147 141 1.34 125 695 1.38
M2 b 5391.841 5418.899 1.225 0976 -0.013 1.07 1.07 1.06 1.05 1.00 525 1.04
M3 a 5369.412 5396.470 1.217 0977 -0.020 1.00 1.00 1.00 1.00 1.07 5.07 1.01
M4 c 5369.397 5396.455 1217 0977 -0.016 1.00 1.00 1.00 1.00 1.03 5.03 1.00
M5 a 6624.847 6646494 1.778 0950 -0.385 5.00 500 500 500 5.00 25.00 5.00

model (Table 4). When Table 4 is examined, it is seen
that the models generally have close relative rankings,
while the M5 model is the model with the highest
ranking. According to the statistical success criteria, it
is seen that the M3 and M4 models had almost equal
rankings. However, the statistical success criteria of the
M4 model had relatively lower values. Consequently,
the M4 model was selected as the best model.

To eliminate the effect of autocorrelation on model
estimation, various error structures were included
in the model. Autoregressive (AR(1)) and moving
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average (ARMA(1, 1)) were included in the model
and the error structure to be included in the model
was decided based on the improvement in statistical
criteria. For this purpose, the M4 model (M4c), which
includes the “c” parameter with random effects; the
Md4c.ar model, which tests the AR(1) error structure;
and the M4c.arma model, which tests the ARMA(1,1)
error structure added to the M4c model were evalu-
ated in terms of statistical criteria (Table 5).

Upon examining Table 5, it was observed that
adding ARMA error structure to the mixed-effects
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Table 5 The rankings of error structures related to site index models

Model AIC BIC RMSE R? ME Relative ranking Total  Total ranking
AIC BIC RMSE R* ME

M4c.arma  4931.052 4968933 1.218 0977 -0.036 1.00 1.01 3.00 2.00 2.82 9.83 1.00

M4c.ar 4934.136  4966.605 1.218 0977 -0.038 1.01 1.00 3.00 2.00 3.00 10.01 3.00

M4c 5369.397 5396.455 1217 0977 -0.016 3.00 3.00 1.00 2.00 1.00 10.00 2.85

Table 6 Parameters and

A e Parameter Parameter value AIC BIC RMSE R? ME
statistical criteria for the
M4c.arma model a 1.3368 4931.052 4968933 1218 0977  —0.036
b —25.9291
c 1658.4054
63, 310.3310
o? 1.2167
Table 7 Parameters of Parameter Parameter value Ecoregion 1 Ecoregion 2 Ecoregion 3 Reduced
ecoregions from M4c.arma
model and reduced model a 1.3368 1.3368 1.3368 1.3368 1.2237
parameters ~25.9291 ~25.9291 ~25.9291 ~25.9291 ~11.6073
1658.4054 1307.9770 2057.6080 1609.6310 956.6950
Table 8 F-test results for Model Ecoregions  Reduced model Full model n F-values p
the M4c.arma model
SSE DF SSE DF
M4c.arma 1-2-3 2858.643 1652 2445.149 1648 1655 69.673 <0.001
1-2 1585.205 796 1222.164 793 799  78.520 <0.001
1-3 2048.313 1289 1813.274 1286 1292 55.564 <0.001
2-3 2083.769 1216 1854.860 1213 1219 49.899 <0.001

dynamic site index models resulted in a significant
increase in statistical criteria success. Ithe M4c.arma
model is superior to the M4c.ar and M4c models.
Consequently, the M4c.arma model was selected as
the final model. The mixed-effects model structure
of the final model is presented in Eq. 6. The param-
eters and statistical criteria are provided in Table 6.
Table 7 provides the parameters for each ecoregion
and reduced model parameters estimates with com-
mon parameters for the ecoregions.

. (i)
h= ! Xy = — ©6)
b+ (c+uy) Xy + Xor* (c+uy) +1p

The F-values presented in Table 8 were calcu-
lated to evaluate the efficacy of ecoregional models
and to determine whether an ecoregional model-
ling approach is necessary. Examination of the table
revealed that the dominant height development of
Scots pine stands in all ecoregions within the Kasta-
monu and Sinop regions showed statistically signifi-
cant differences from one another (p<0.05). It was
thus demonstrated that the ecoregion-based dynamic
site index model yielded superior predictions in com-
parison to the reduced model.

The residuals of the developed dynamic site index
model (M4c.arma) are presented in Fig. 3. Upon
examination of Fig. 3, it becomes evident that the
error values associated with the predictions generated
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Fig. 3 Residuals for
ecoregion-based dynamic
site index models
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by the M4c.arma model exhibit a random distribu-
tion and are devoid of any discernible trend. This is
a crucial because the absence of a discernible trend
in residuals aligns with the assumptions of regression
analysis. This is an essential criterion for the success
and suitability of the model.

In this study, seven models were evaluated in order
to develop ecoregion-based dynamic site index mod-
els for Scots pine stands in the Kastamonu and Sinop
regions. Among these models, M4c emerged as the
most promising. In order to eliminate the effect of
autocorrelation in model predictions, error structures
were added to the model and examined. The results
indicated that M4c.arma yielded the most satisfactory
outcomes.

@ Springer

Figure 4 was created by considering the relative
errors for different ages in order to determine the base
age. Upon examination of Fig. 4, it becomes evident
that the lowest relative errors are observed after the
age of 90. As stated in the study by Diéguez-Aranda
et al. (2006), the base age should not exceed the rota-
tion age of the subject tree species for it to be a useful
indicator of the silvicultural treatments to be applied
to the stands. In light of the aforementioned consid-
erations, it is appropriate to determine the base age as
100, taking into account the age range with the lowest
relative errors.

The compatibility of the ecoregion-based mixed-
effects site index models with the desirable bio-
logical attributes was examined through the use of
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Fig. 4 Relative error for
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graphics. In order to achieve this objective, the base
age (100 years) and three site index values (30.5,
23.5, and 16.5 m; site class I, 11, and III, respectively)
were employed to plot curves through the models.
In order to ascertain the change in the mean annual
increment (MAI) and the change in the site index
curves, the 200-year change was analyzed graphi-
cally, separately for the three ecoregions, taking into
account the three site index values (Fig. 5).

The compatibility of the M4c.arma model with
desirable biological presumptions was evaluated.
This evaluation included examining how the M4c.
arma model varies with age and ecoregions, whether
it exhibits a sigmoid growth pattern in age-height
relationships depending on site productivity, demon-
strates polymorphism, features multiple asymptotes,
and shows a decrease in age required to reach the
maximum mean annual increment (MAI) as site pro-
ductivity increases. In this context, the examination
of Fig. 5 reveals that the site index curves of the M4c.
arma model for each ecoregion exhibit satisfactory
biological characteristics, including a sigmoid growth
pattern, polymorphism, and multiple asymptotes.
Furthermore, it is evident that the Md4c.arma model
also provides the attribute of “the maximum value
of the MAI and the decrease in the age to reach this
maximum value depending on the improvement in
the site productivity” for all ecoregions (Cieszewski
& Bailey, 2000).

For the dynamic site index models, the “c” param-
eter had random effects and took different parameter
values for the ecoregions. In order to examine the

differences in dominant height development between
ecoregions, the M4c.arma model was used to graphi-
cally examine 200 years of height development for
each ecoregion (Fig. 6). The graphs also include
estimations of the reduced model, which provides
estimations without consideration of ecoregional dif-
ferences. It is understood that there are general dif-
ferences between ecoregions in terms of dominant
height. It is seen that these differences are more evi-
dent due to the stronger competition for site class I.
Comparisons of dominant height differences between
ecoregions for site class III show smaller differences
than those observed for site classes I and II. Although
these differences were relatively minor until the base
age, they became more pronounced after this point.

In Ecoregion 1, the dominant heights are observed
to be higher than those of the other ecoregions until
the base age. However, after this point, the dominant
heights are found to be less than those of the other
ecoregions. Conversely, dominant heights for Ecore-
gion 2 are lower than those for other ecoregions up
to the base age but higher thereafter. To summarize
briefly, in terms of dominant height estimations, the
rankings are as follows: Ecoregion 1 is the highest,
followed by Ecoregion 3, and Ecoregion 2 before the
base age, and Ecoregion 2, Ecoregion 3, and Ecore-
gion 1 from high to low after the base age. The domi-
nant height values from the reduced model, which
does not account for ecoregion differences, are simi-
lar to those for Ecoregion 3 but quite different from
those for Ecoregion 1 and Ecoregion 2. Using ecore-
gion-based mixed-effects dynamic site index models,
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the dominant heights were predicted for each ecore-
gion and Bias and Bias(%) values were calculated
(Table 9).

Upon examination of Table 9, it can be observed
that the bias is positive and relatively minor when
the ecoregion-based mixed-effects dynamic site
index models are employed in the appropriate
ecoregion. The bias for the predictions made using
reduced site index models that do not take into
account the differences between ecoregions and
have common parameter values for ecoregions is
low for Ecoregion 1, whereas it is rather high for
Ecoregion 1 and Ecoregion 2. The utilization of a

@ Springer

mixed-effects dynamic site index model specific to
a given ecoregion in a different ecoregion results in
the generation of highly biased values. The high-
est degree of bias was observed when the models
of Ecoregion 1 and Ecoregion 2 were used inter-
changeably. This can be attributed to the fact that
the dominant height developments in these two
ecoregions are markedly disparate from one another.

Alemdag (1967) prepared site index tables
for Scots pine, while Senyurt and Ercanli (2013)
developed a dynamic site index model for Kasta-
monu province. The ecoregion-based mixed-effects
dynamic site index model and the other site index
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Tab!e 9. Prediction errors Model form  Applied n Average Average pre- Bias (m)  Bias (%)
for site index models ecoregion observed heights dicted heights
(m) (m)
Reduced El 436 9.5 9.0 0.47 5.01
El 9.4 0.09 0.91
E2 8.5 1.01 10.64
E3 8.9 0.58 6.17
Reduced E2 363 9.5 10.0 —0.50 —-5.27
El 10.6 —-1.16 —-12.25
E2 9.4 0.05 0.55
E3 10.0 —0.50 -5.25
Reduced E3 856 10.4 10.5 —0.06 -0.58
El 11.1 —-0.72 —-6.92
E2 9.8 0.60 5.77
E3 10.4 0.00 0.03

models developed in the aforementioned studies
were subjected to a graphical comparison, with a
view to examining the extent of the differences in
predictions between ecoregions (Fig. 7).

As illustrated in Fig. 7a, it is seen that the dif-
ferences in the change of site index curves for
Ecoregion 1 are less in the study by Senyurt and
Ercanli (2013) in comparison to the study by
Alemdag (1967). Differences after the base age
are smaller with Senyurt and Ercanlt (2013) for
site class I, but Alemdag (1967) shows less vari-
ation for site class III. In Fig. 7b, the estimations
of Ecoregion 2 are examined. It is observed that

while the difference between the estimations
produced by M4c.arma and those produced by
Alemdag (1967) is relatively minor, the differ-
ences increase significantly when Senyurt and
Ercanli (2013) are considered, particularly after
the base age. For Ecoregion 3, discrepancies
between the M4c.arma model and literature mod-
els are less before the base age but become more
pronounced afterward, particularly in compari-
son to the study by Senyurt and Ercanli (2013)
(Fig. 7c). Following a graphical examination, it
was observed that there were differences in the
predictions of the models for each ecoregion.
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Fig. 7 Predictions of site index models for Ecoregion 1, Ecoregion 2, and Ecoregion 3

These differences may arise from whether the
data used in the development of the models take
into account the ecoregion differences or the dif-
ferences in the site index model structures devel-
oped, as well as the modeling approach used.

Conclusion

The results of this study indicate that the dominant
heights of all ecoregions in the Scots pine (Pinus
sylvestris L.) stands of the study area exhibited sta-
tistically significant differences from one another
(p<0.05). Consequently, the use of an ecoregion-
based and mixed-effects dynamic site index model
has been demonstrated to provide a superior predic-
tion to the reduced model. The models developed for
this study yielded reliable predictions for the regions

@ Springer

and species from which the data were obtained. Fur-
thermore, the utilization of ecoregion-based site
index models in the appropriate ecoregions was of
significant importance in terms of the reliability of
predictions and the minimization of prediction errors.
In contrast, predictions made without considering
ecological differences using dynamic site index mod-
els tend to show increased errors.
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