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Forest stand density diagrams help forest managers and practitioners more effectively
manage stand density and tree occupancy to meet specific silvicultural goals. Therefore,
creating such auxiliary silvicultural tools for different stands is essential. To our knowledge,
no relative density graphs or diagrams have been developed for mixed stands in Tiirkiye. This
study aimed to develop a stocking diagram for mixed Scots pine (Pinus sylvestris L.)-Kazdag:
fir (Abies nordmanniana subsp. equi-trojani) stands. In the study, statistical relations between
stocking percent and diameter increment in selected sample plots were also determined, and
these statistical relations were compared with the "stand basal area-diameter increment
relations” in the same sample plots. Stand stocking percent was found to be more descriptive
than absolute density measurement units (i.e., basal area) in defining stand density in mixed
Scots pine-Kazdag fir stands. The resulting stock diagram may allow more effective use of
stand growing space to achieve various silvicultural goals, including regeneration, thinning,
and wildlife protection in mixed Scots pine- Kazdag fir stands. Depicting various density
measures including basal area, trees per ha, and stand stocking percent, the findings of this
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1. Introduction

Mixed stands have several advantages over pure ones
[1]. The mixture of trees in stands generally makes the
stands more durable and resistant to wind, drought,
insects, diseases, and frost [2]. These forests may also
provide richer habitats for wildlife. The stands with
mixture are often preferred over pure ones for
recreational and aesthetic purposes. Moreover, these
stands improve carbon storage [3], the amount of plant
nutrients in the soil [4]), biodiversity [5], ecosystem
functioning [6], and stand productivity [7]. More optimal
use of soil resources in mixed stands increases and
stabilizes the productivity of forests. Thus, they can
reduce the adverse effects of global warming [8].

Tiirkiye is very rich in terms of tree species diversity.
Approximately 41% of the total forested area in Tiirkiye
consists of mixed stands, which shows a substantial
mixed forest area in the country. Due to the large mixed
stands acreage in Tiirkiye, Turkish forests are considered
"rich" in biodiversity [9, 10]. The tree species in this
region form various mixtures and form economically
[11], ecologically, and socially essential forests. Scots

study would facilitate the tree density management in mixed Scots pine- Kazdag fir stands.

Pine (Pinus sylvestris L.) and Kazdag Fir (Abies
nordmanniana subsp. equi-trojani) are considered
among the most valuable tree species in Tiirkiye. These
species form mixed stands in large areas of their natural
distribution. These species' mixtures may offer
extraordinary economic and ecological richness [12].
Considering the importance and advantages of mixed
stands, it has been observed that the interest of scientists
and practitioners in establishing and maintaining mixed
stands has recently increased [13, 14]. Therefore, the
sustainability of these stands must be secured [15].
Although mixed stands are considered more
advantageous than pure stands, management, and
natural regeneration in mixed stands consisting of tree
species exhibiting different levels of shade tolerance (e.g.,
Scots pine and fir) are considered more difficult than
management and natural regeneration in pure stands of
the same species [2]. Therefore, density-growth
relationships within mixed stands should be revealed in
more detail, especially for mixed stands. Due to the
difficulties in the management and regeneration of mixed
stands, the number of species may decrease in some
mixed stands in Tirkiye, and as a result, mixed stands
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may turn into pure ones [15]. This reveals the
importance of sustainability in mixed stands.

During the establishment of forests and their
successful maintenance, forest engineers are generally
interested in controlling the density of individuals in a
unit area [16]. For the successful management and
maintenance of all forests, especially mixed ones, stand
density and the growth potential of trees at varying
densities must be well understood and determined.
Stand density affects many variables such as increment,
photosynthesis, seedling and tree quality, growth,
decomposition, soil moisture, wildlife animals, and fire
frequency [2, 17, 18, 19, 20]. Therefore, determining
stand density accurately and in detail forms the basis of
silvicultural decisions. Especially in mixed stands, if the
density is not well determined and understood,
silvicultural treatments may cause the trees in the stand
not to respond as expected to these interventions. They
may cause the ratio of the mixture in the stand to change
or cause loss of the mixture. Moreover, shelter-wood
methods are generally used in many forests in Tiirkiye,
and canopy closure is mainly utilized in the treatments
made using this method. Through a succession of partial
cuttings, this method allows a new generation of trees to
spontaneously establish itself under the shade of older
trees. However, stand density measurements are used
more widely and effectively in modern forestry practices
worldwide than canopy closure. Since closure is a
parameter that practitioners generally decide visually,
and the decision on canopy closure may vary from
person to person, thus it may create some disadvantages
in practice [21].

Stand density is usually indicated through absolute
density measures such as stand basal area (SBA)
(m2/ha), stand volume (m3/ha), or number of trees per
ha [22]. Absolute stand density is quantitative, defined
by one or more physical characteristics of a stand.
Another definition of stand density is relative stand
density (RSD), which is a measure of a forest stand's
present density (i.e., base area or stand density index) in
relation to a maximum level [16]. The use of various
RSDs, including stand density index and stand stocking
percent, has increased considerably worldwide. RSD
measurements compare absolute density to a reference
and show additional information about density in the
stand [23]. Previous studies have established various
methods to express RSD [24]. RSD measurement units
(i.e., density index and stand stocking) are considered
better indicators of stand growing space than absolute
stand density measurement units (i.e., SBA, volume, and
number of trees/ha) [16, 25]. RSD can generally be used
with various graphs and diagrams. A stand Stocking
Diagram, which shows the stand's stocking percent, is
one of the most frequently used silvicultural tools in
forest management [16, 26]. Stocking diagrams have
become one of the most preferred RSD criteria due to
their simplicity and ability to provide much information
about the stand.

Various RSD charts and diagrams have been
developed for pure stands of many tree species
worldwide, while RSD determinations for mixed stands
are limited. One of the reasons for this is that mixed
forest areas are scarce in many developed countries.

There are few density charts and diagrams based on RSD
in Tirkiye. No relative density graphs or diagrams have
been developed for mixed stands in Tirkiye, which are
rich compared to world averages. Considering the
ecological and economic importance of mixed Scots pine-
fir stands in Tirkiye and the advantages of RSD over
absolute density measures, it is thought that creating an
RSD diagram for mixed Scots pine-Kazdagi fir stands is
very necessary for the sustainability of these stands. It is
evident that due to the disadvantages of the canopy
closure and the widespread use of RSD diagrams and
graphs, the mixture in mixed stands in Tirkiye may
change. Therefore, this study aimed to create a stand
stocking diagram for mixed Scots pine-Kazdag fir stands
of the Kastamonu region, northern Tiirkiye. Since both
tree species occupy large forested acreages within
Kastamonu region, and their mixtures mostly prevail in
this region, Kastamonu region was selected as the
research area. In the study, the statistical relations
between stocking percent and diameter increment in
selected sample plots were also determined, and these
statistical relations were compared with the "SBA-
diameter increment relations” in the same sample plots
to reveal whether it is more descriptive than SBA.

2. Method
2.1. Study area

This research was carried out in mixed Scots pine-
Kazdag fir stands within the borders of the Kastamonu
Regional Directorate of Forestry. The study area is
located within the natural distribution range of mixed
Scots pine-Kazdag fir stands. The first step in creating
stand density diagrams is determining the average
maximum density (AMD) values in normal stands. AMD
represents maximum level of competition among trees
[23]. What is meant by a normal stand is that existing
trees occupy the entire growing area of the stand. In
these stands, stand density usually fluctuates around an
equilibrium level at which additional growth is balanced
by mortality elsewhere in the stand [16].

First, it should be noted that previous studies in the
literature have determined that the effect of stand age,
habitat conditions, and site quality on the AMD degree of
the stand is not statistically significant [25]. Therefore, it
will not matter in which location, elevation, aspect, etc.,
the mixed Scots pine-Kazdagi fir stands where
measurements were made in this study [25]. However,
care was taken to take the sample plots in this study in
regions where these mixed stands naturally spread to
represent their natural distribution area.

2.2. Study design

It should be noted that common approaches and
methods which were well-accepted in the literature were
followed during the creation of the stocking diagram.
Measurements made in sample plots of different sizes in
mixed Scots pine-Kazdagi fir stands were used to
determine the AMD. It has been defined in previous
studies that the number of plots used to determine the "
AMD varies between 200 and 400 [26, 27, 28]. A total of
502 sample plots data were used in this study.
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Approximately 100 of these sample plots were measured
during field studies, and other sample plot data were
obtained from the General Directorate of Forestry
database. Although the plots were randomly installed in
the field, and selected from the database, special care was
given to distribute the plots across the natural range of
the mixed Scots pine- Kazdagi fir stands. The data of the
plots from which the data used to create the stock
diagram were obtained are shown in Table 1.

The study aimed to select the plots to determine the
AMD values required to create the stand stocking
diagram from highly dense stands. In addition, care was
taken to ensure that the Scots pine-fir ratio in the trial
areas was at least 90% regarding SBA.

2.3. Measurements and calculation

In the plots in the mixed Scots pine-Kazdagi fir stands,
the diameter at breast height (dbh) of all trees larger than
7.9 cm in dbh was measured with a caliper and recorded.
Tree diameter values and species information are given
in plots from the Directorate's database. Using the
diameter values of the trees in the sample plots, the SBA
of the plots was calculated (equation 1), and each basal
area value was converted into hectares for unit area SBA
calculation.

SBA = ¥((dbh;*) (0.00007854)) (eq. 1)

where dbhi is the diameter at breast height of the ith. The
number of trees measured in the plots was also
converted into hectares. The quadratic mean diameter
(QMD) value was also calculated for each plot (equation
2). QMD is a central tendency measure that is thought to
be more suitable than the arithmetic mean for defining a
set of measured trees [29]. Since trees with large
diameters have a greater impact on stand density (for
example, in terms of SBA), QMD should be used instead
of average diameter in density calculations [29].

QMD = «/(Z(%’”Z) (eq. 2)

where N refers to the number of trees in the plot.

Table 1. Descriptive statistics for the sample plots. SD is
the standard deviation.

Variables Min. Max. Mean SD

SBA (m? / ha) 9.63 88.79 415 14.4
Number of trees (ha) 150 2033 770 315
QMD (cm) 13.76 58.34 27.01 5.55

As mentioned above, the AMD values of stock
diagrams can be obtained by measurements made in fully
stocked stands. Therefore, only the fully dense sample
plots were used to determine the AMD values. The
following steps were followed to determine fully stocked
plots. First of all, the "stand density index" (SDI) was
calculated for each plot. Reineke's formula [24] was used
in this calculation (equation 3).

SDI = (N)(QMD/10)1605 (eq.3)

Then, each plot's relative stand density (RSD) was
determined, as described by Solomon and Zhang [27].
The RSD value of a plot is calculated by dividing the SDI
value of the relevant plot (SDIp) by the maximum SDI
(SDImax) among all plots (equation 4).

Solomon and Zhang [27] recommend that sample
plots with RSD values greater than 0.7 should be
considered fully stocked. Previous studies have stated
that natural stem exclusion generally occurs at RSD
values of 0.7 and above [29]. Among all the measured
sample plots, those with an RSD of 0.7 and above were
selected, and AMD values were calculated using these
plots. In previous studies, the number of fully stocked
plots used to calculate AMD varied between 9 and 115
(average 26) [23, 25, 28]. This study determined that the
RSD value of 55 plots was more significant than 0.7. The
relevant plots are given in Table 2.

After determining the fully stocked plots, the
following steps were followed to determine the AMD
values. First, the relationship between the number of
trees per hectare and QMD values of the 55 selected fully
stocked plots was examined [23, 25]. Reineke [21] stated
that the relationship between these two parameters is
linear on a logarithmic scale (equation 5). Therefore, this
relationship was taken as the basis in previous RSD
studies.

Log(N) = b4 by (logQMD) (eq.5)

where bo and b1 values are regression coefficients. The bo
and b: coefficients were calculated using fully stocked
plots with the help of equation 5. The Reduced Major Axis
Regression method used in previous studies was selected
[14, 24, 29]. After calculating the regression coefficients,
AMD (i.e.,, number of trees/ha) values were calculated for
each 10 cm diameter class between 10 and 55 cm, again
with the help of equation 5. Then, SBA for each 10 cm
diameter class was calculated using equation 1.

Finally, using all values obtained for all diameter
classes between 10 and 70 cm, the AMD (i.e., 100% stand
stocking) curve was obtained and drawn on the diagram
with the help of the SigmaPlot program [30]. Stand
stocking levels below 100% were determined as a
proportion of the AMD (using N and SBA values with the
same QMD). For example, for the 15 cm diameter class, at
100% stand stock, SBA is 25 m2/ha and N is 900 trees/
ha. By multiplying these SBA and N values by 0.9, SBA and
N values in 90% stand stocking were calculated for the
15 cm diameter class. In this way, all stocking percent
curves were obtained up to 20% stand stocking.

2.4. Comparison of relative density with absolute
measures

As mentioned above, it has been stated that RSD
metrics usually give better results than absolute
measures in expressing a stand’s growing space [31, 32].
To determine whether this situation is also valid for the
stocking diagram created for Scots pine-Kazdag fir
stands, the following steps were followed;
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e 30 of the sample plots measured in the study were
selected. We made sure that these plots had not
been treated for at least ten years.

e Increment cores were taken from the all trees in
these sample plots with the help of an increment
borer at breast height (i.e., 1,3 m from ground), and
then the diameter increment for the last ten years
was determined.

e These 10-yearincrements were subtracted from the
current diameters (without bark) and the diameters
of the trees ten years ago in the plots were
calculated. The increment data combined both
species.

e SBA and QMD values from 10 years ago were
determined for each plot. Additionally, the created
stocking diagram calculated the standard stocking
percent of the plots.

Two density measures (i.e., percent stocking and
SBA) were compared for predicting diameter growth
based on standardized regression coefficient predictors
(betas); a larger absolute beta value means a larger
impact on the prediction [33]. A mixed-effect regression
model was used in this analysis. In this model, diameter
growth was selected as the dependent variable, SBA and
stock percentage were chosen as independent variables
(fixed-effect variables), and the plots were selected as
the random effect variable [34]. Standardization is a
method that facilitates interpretation when comparing
the effects of different variables across different units
within a sample [34]. Standardization was completed,
and the coefficients were standardized using the
“standardize” function in the R programming language
[35]. While these standardized coefficient estimates
represent the increase in the standard deviation of the
dependent variable with a one-unit increase in the
standard deviation of the independent variable [36],
unstandardized coefficients represent the change in the
dependent variable when the independent variable is
changed by one unit [33]. The comparison is between
changes in standard deviations; the greater the beta, the
more the independent variable contributes to the
prediction of the dependent variable [33].

3. Results and Discussion

Data for sample plots selected as fully stocked (i.e.,
RSD value greater than 0.7) are given in Table 2. While
the SBA varies between 55 and 89 m2 / ha in fully stocked
sample plots, the number of trees per ha of these plots is
between 533 and 2033. The QMD value in the relevant
plots varied between 18 and 43 cm (Table 2).

Table 2. Descriptive statistics about the selected fully
stocked sample plots. SD is the standard deviation.

Variables Min. Max. Mean SD

SBA (m? / ha) 55.67 88.79 66.67 6.83
Number of trees (ha) 533 2033 1175 330
QMD (cm) 18.83 4254 27.79 4091

The relationship between the number of trees per
hectare and QMD is linear on a log-log scale (Figure 1).
The slope of the 100% stand stocking level by OLS

regression (-1.59) was determined to be very close to
Reineke's universal slope of -1.605 [24].
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Figure 1. Relationship between the number of trees and
QMD in fully stocked plots on a log-log scale

The stocking diagram created for mixed Scots pine-
Kazdag fir stands is shown in Figure 2. The diagram
graphically shows the relationships between the
variables of stand stocking, QMD (cm), N, and SBA (m? /
ha). The stocking diagram combines absolute density
(i.e., SBA and number of trees per ha) and relative density
(i.e., percent stocking) in a single graph. Using any two
variables among these variables makes it possible to
obtain the value of a third variable for a mixed Scots pine-
Kazdag fir stand. For example, suppose the average
diameter of a mixed Scots pine-Kazdag fir stand is 25 cm
and the number of individuals per hectare is 800. In that
case, it is easily determined that the stocking percent of
this stand is 60%, and the SBA is approximately 38 m? /
ha. To give another example, in a stand with an average
diameter of 20 cm and the number of trees per hectare of
1000, the stocking percent is approximately 54% (Figure
2).

On the stocking diagram created for mixed Scots pine-
Kazdag fir stands, the 100% stocking level covers the
QMD range of 15 to 55 cm. The 100% stocking level in the
diagram varies between 54-85 m? / ha SBA, depending
on the QMD (Figure 2).

The AMD line represents 100% stand stocking. This
means that the stand's growing space occupancy or
density is 100%. It is accepted that trees in stands at this
density level have minimum growing space and can
barely survive. Gingrich [25] stated that stands
exceeding the 100% stock level are considered
overstock, and as tree mortality occurs due to growth
and density in these stands, the stands tend towards the
100% stock level. In stock diagrams, stocking levels
between 100% and approximately 30% are considered
full-stocking. In other words, trees are assumed to
occupy the entire growing area in this range.
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As stated before, it has been noted that relative
density measures (i.e, stand stocking) are considered
better indicators of representing growing space in the
stand than absolute stand density measures (i.e., SBA,
volume, and number of trees/ha). This is likely because
the trees' growing area (or occupation area) at a given
absolute density (e.g, SBA) in a stand may vary
depending on the average diameter of the stand. To
exemplify this on the Scots pine-Kazdag fir stock
diagram, let's consider two stands with the same density
in terms of SBA, let the SBA of these two stands be 40 m?2
/ ha, and assume that the average diameter is 30 cm in
one of the relevant stands (stand A) and 20 cm in the
other (stand B). Since these two stands are the same in
terms of SBA, the practitioner or land manager may tend
to make the same intervention in these two stands in
thinning or other silvicultural interventions. However,
when we evaluate the density of these two stands in
terms of stocking percent, we can determine that the
stocking percentage of stand A is 58% and stand B's is
68% (Figure 2). Therefore, these stands may differ due to
the different stocking levels (i.e., relative density)
between Stand A and B, growth and mortality rates, cone
yield, microclimatic conditions, litter decomposition, etc.
In other words, the intensity of silvicultural
interventions to be made to these two stands may not be
the same and may differ.

When the results of comparing SBA and stand
stocking in terms of representing the growing space were
analyzed, it was determined that the stocking percent is
a better indicator than SBA for representing the diameter
increment in mixed Scots pine-Kazdagi fir stands in the
Kastamonu region (Table 3)."

Table 3. Descriptive statistics about the selected fully
stocked sample plots. SD is the standard deviation.

Models SD p-value beta
Increment=2.819-SBAx 0.026 0.001 <0.001 0.94
Increment =3.213-Stoking x 0.0246 ~ 0.0007  <0.001 0.97

The tree size-stand density relationship is one of the
most critical components of stand structure.
Appropriately identifying size-frequency relationships is
essential for silvicultural interventions, growth and
increment models, and carbon budgets [37]. Absolute
density measurements, such as SBA and number of trees
per hectare, are commonly used when allocating growing
space for trees in a stand. However, it is stated that the
growing space for a particular SBA or number of trees
varies depending on the average tree diameter [25, 38].
Stands with larger mean tree diameters represent a
lower percentage of stocking at a given SBA than stands
with smaller mean tree diameters [25]. Therefore,
relative density measurements such as stocking
percentage may offer higher precision in growing space
allocation than SBA, number of trees per hectare, and
volume.

The growth and yield of Scots pine and Kazdag: fir
juveniles in the following years is related to the gradual
reduction in stand density [2]. Since the diameter
increase of trees of these species is also associated with
stand density [39], it would be helpful to use the stocking
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percent in these mixed stands. In addition to determining
the density of the stand, the stocking diagram also
provides insight into the current and changing stand
structure of the stand while estimating growth or when
harvesting. For example, in a stand with a certain number
of individuals per hectare and average diameter, how
many individuals need to be cut to bring the density to
the desired level can be easily determined on the
diagram.

Vacchiano et al. [40] stated that natural stem
exclusion begins at approximately 65% stock levels in
stocking diagrams. In other words, when the stand stock
reaches these levels, a reduction can be made in the stand
density through thinning, and the stand density can be
easily controlled from appropriate density ranges by
using the stock diagram. In addition to stand stocking
diagrams, different tools reveal relative stand density.
One of these is “Density Management Diagrams” (DMD).
However, unlike stocking diagrams, DMDs do not specify
SBA. For this reason, the lack of SBA, one of the most
commonly used stand density measurements in forestry,
can be considered one of the disadvantages of DMDs [41].
If a DMD is available for a particular species, the purpose
of stock diagrams is not to replace the DMDs but to
complement them [40].

As stated above, the effect of habitat characteristics,
location, and site quality on tree size-density
relationships is non-existent or negligible [25, 42].
Therefore, using equations developed using the data set
collected outside Kastamonu may not hinder the
applicability of the diagram for mixed Scots pine-Kazdagi
fir stands in Tiirkiye. The stocking diagram created in this
study may be used in all relevant stands throughout its
natural distribution area. However, it should be noted
that potential measurement errors were possible, and
data from the database may be subject to errors, which
may make the reliability of the diagram arguable for
some managers and decision-makers.

4. Conclusion

Due to its ease of use, this diagram will be a useful tool
for making silvicultural interventions within the natural
distribution areas of mixed Scots pine-Kazdag stands.
The diagram can be used to determine a stand's average
growing space based on two of three measurements:
SBA, number of trees per hectare, and average tree
diameter. As a result, growing space (i.e., space occupied
by trees) can be successfully used to more effectively
achieve  specific  silvicultural goals, including
regeneration, wood production, thinning, and wildlife
purposes.

The situations where stock diagrams are used most
effectively are in intermediate interventions. The target
stand condition and the highest and lowest stand
stocking limits are required to plan a thinning
intervention using stocking diagrams. The highest and
lowest stand stocking limits should be used to maintain
full-site occupancy while avoiding density-related
mortality. While the upper high limit is determined as 65-
70% stand stocking, where density-related mortality
usually begins, the low limit is where full site occupancy
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is achieved and canopy closure occurs. Although the
stand stocking level at which closure occurs varies
depending on the species, it is generally accepted at 35-
40% stocking levels.

In addition to thinning interventions, regeneration
can be planned using stocking diagrams. In those stands,
the shelter-wood method wusually begins with a
preparatory cut, followed by a seeding cut, a light cut, and
a final removal. Therefore, when regeneration efforts are
started, a density reduction to below 35-40% stock levels
can be considered, as the aim is to fall below the full
canopy closure level with preparatory cuttings.

Due to the advantages mentioned in this study,
creating stocking diagrams for different tree species and
different mixed stands in future research in different
regions of Tirkiye, which has a rich forest structure in
terms of species diversity and mixture, will contribute to
more successful interventions by supporting absolute
density measures.
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