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Abstract: The Hyrcanian forests of Iran are mainly managed with the single-selection silvicultural
technique. Despite significant ecological benefits associated with selection cutting, this type of forest
management leads towards more challenging situations where it is difficult to maintain and practice
successful forestry than in even-aged systems. Therefore, this study provides relevant management
tools in the form of models to estimate low growth levels in Hyrcanian forests. In the present study,
estimation of the population growth rate and then the allowable cut rate of these forests using a matrix
model have been calculated in the Gorazbon district. For this purpose, the data of 256 permanent
sample plots measured during the years between 2003 and 2012, as well as the data recorded about
the trees harvested according to the forestry plan, have been used. As a first step, the most frequently
occurring tree species were divided into four groups (beech, hornbeam, chestnut-leaved oak, and
other species). Compartments of the district were divided into two groups of logged and unlogged
compartments. The purpose of this division was to estimate the allowable cut and compare its
volume with the volumes of observed and predicted allowable cuts obtained from forestry plans.
The results showed that the total operated allowable cut (OAC) in logged compartments was more
than the estimated allowable cut (EAC). In unlogged compartments, the total predicted allowable
cut (PAC) was more than EAC. A comparison of EAC and OAC showed that hornbeam has been
harvested more than its potential. However, chestnut-leaved oak and other species group have
depicted opposite trends. Our models provide important advancements for estimating allowable cut
that can enhance the goal of practicing sustainable forestry.

Keywords: permanent sample plot; matrix model; allowable cut; harvest rate; stable diameter distribution

1. Introduction

Effective forest planning considers the concept of sustainable forest management
while following a documented master plan [1]. Sustainability in natural systems such as
forests can be defined as the production of environmental and socio-economic functions
and services and maintenance of structures over time [2,3]. Hyrcanian forests, as a major
source of commercial wood in Iran [4], perform various functions such as biodiversity,
recreation, soil and water conservation, etc. Therefore, they need to be managed sustainably.
One approach would be to devise a plan for uneven-aged trees occurring in Hyrcanian
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forests. Uneven-aged management of these forests can to be an efficient and effective way
of achieving these goals of sustainability. However, the lack of appropriate tools (e.g.,
combined growth models) for the proper implementation of uneven-aged management
in Hyrcanian forests has delayed the practical and efficient implementation of this sort of
forest planning.

One of the important challenges for forest managers is to define the harvesting rate
while considering the sustainability of forest resources in the long term. For instance,
logging cycles in uneven-aged forests are often specified as 10-years. In order to offset
the harvested volume inventory, an accurate model is needed to estimate allowable cut.
Allowable cut requires estimating harvested volume, determined by an inventory of the
forest, and an estimation of the increment rate, as well as the habitat and the intended
purpose in the forestry plan [5].

Forest growth and increment models facilitate sustainable forest management and
decision-making processes [6,7]. There are different types of forest models for use in
uneven aged and mixed forests including: whole-stand models, diameter-distribution
models, size-class models, and individual-tree models and Matrix models [8].

Significant improvements in computational environments and techniques have led
to improvements and flexibility in forecasting models. For example, matrix models use
transition matrices to estimate the dynamics of Ecol populations based on three main
components including forest growth, mortality, and recruitment [9–11].

Since the 1940s [12,13], researchers have made extensive use of matrix models to study
the dynamics of forest ecosystems [14]. Although matrix models differ in the degrees of
complexity associated with recording forest growth, recruitment, and mortality, they have
been used to estimate forest population dynamics and related C forest dynamics under
different disturbance, management, and climate scenarios [11].

Matrix models are size-class models that predict the population structure of for-
est stands using transition matrix [8,10]. These models are widely used in the field of
forestry [10] since they provide important information on forest stand behavior under
different conditions [15]. Matrix models are utilized for different forestry applications, for
example, in forest ecology for study of natural sequences [16–19] and biodiversity dynam-
ics [20], forest policy [21], for the effects of climate change [22], natural disturbances [23],
logging [24], and tree mortality resulting from logging injuries [25]. Another function of
matrix models is to evaluate the sustainability of different logging regimes [26], which is
also considered in the present study. Matrix model and individual-tree models interact
well with each other through computational equations [27–29]. This feature enables the
researcher to fit either a suitable individual-tree model or matrix model. It is important to
mention that matrix models are preferred for large areas and when detailed information
is limited or scarce (individual-tree models require detailed information) [10,30]. These
two models (matrix model and individual-tree model) are usually combined with good
results in situations where increment models that rely on conditions such as habitat form,
topography and different tree species, etc. are needed [10]. Despite the advantages of
individual-tree models over matrix models, however, due to usual lack of access to de-
tailed forest information and complexity of individual tree models, it is recommended to
use combinations of the aforementioned two models for better results [30–33]. Although
several studies [34–37] have utilized a combination of individual-tree growth and matrix
models, possible combinations of individual-tree increment and matrix models have not
been thoroughly investigated. Projection matrix models show the dynamics of the forest
through the distribution of diameter classes at certain times. Therefore, use of these models
to determine the allowable cut over a given time period is recommended [26,38]. Projection
matrix models represent forest increment in the form of numbers per hectare for each
species by diameter class, thus, providing precise information to the tree markers.

Northern forests of Iran (Hyrcanian forests) have been managed using single-selection
method for decades. Bayat, Pukkala, Namiranian and Zobeiri [5] and Hamidi, et al. [39]
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developed individual-tree growth models, but, due to lack of combining tools such as
growth and increment models with Matrix models, the modeling approach was not efficient.

Hence, the development of a model in which the harvesting rate of each species and
the diameter distribution of the forest stands are estimated will provide decision support
needed for preventing the possible negative consequences of the present management plans
and will provide an appropriate guide to put the forest on a sustainable basis. Accordingly,
the purpose of this study was to estimate the allowable tree cut of Hyrcanian forests by
combining an individual-tree model and a projection matrix model. Our research should
be useful for forest practitioners who are managing forests in similar situations.

In this study, we addressed the following research questions:

1. Can individual-tree increment models and matrix models be combined to reliably
estimate growth rate and allowable cut rate in uneven-aged mixed forests managed
by single-selection silvicultural techniques in Hyrcanian forests?

2. Are the total operated allowable cut (OAC) and estimated allowable cut (EAC) vol-
umes for Hyrcanian forests consistent?

3. How does the estimated volume from the developed individual tree increment/matrix
model compare to the predicted volume according to the Hyrcanian forest plan?

2. Materials and Methods
2.1. Study Area

Kheyroud educational-research forest is located in watershed 45 of northern forests in
Mazandaran province of Iran. These forests range in elevation from zero to 2000 m above
sea level [40]. Kheyroud forests in the forestry plan are been divided into eight districts
including the Gorazbon district, which is third district and has 27 compartments (from
301 to 327). Of the 27 compartments, three (301 to 303) are designated for conservation
and were not measured (Figure 1). This district lies between longitude of 51◦36′30′ ′ to
51◦39′30′ ′ and latitude of 0◦32′36′ ′ to 0◦34′36′ ′. Tree species of the district, according to the
inventory, include Fagus orientalis, Quercus castaneifolia, Carpinus betulus, Acer cappadocicum,
Acer velutinum, Alnus subcordata, and Tilia begonifolia [41]. Multi-purpose and close to nature
forestry is used to manage Hyrcanian forests. The main goal in Hyrcanian forests is wood
production and these forests are the only forests that can produce wood commercially in
Iran. But in the study area, it has not been exploited in most parts and they are not logged
or virgin forest. Just, three compartments including, compartment 305, 306 and 309, have
been exploited [42].
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Figure 1. Cont.
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Figure 1. Iran’s position in the world, Location of the study area in northern Iran, and the network
of permanent sample plots in the form of red dots, respectively (a). Photographs from Hyrcanian
forests (b).

2.2. Data Collection

The data used in modeling were obtained from two inventory periods (2003 and 2012)
with permanent sample plots. In 2003, using a 200 × 150 m rectangular inventory grid with
a random start, 256 permanent circular sample plots with an area of 0.1 ha were installed at
Gorazbon district in the form of a systematic-random sample. Inside the sample plots, the
diameter at breast height (DBH) of all living trees with a diameter more than 7.5 cm were
measured using a caliper, recorded in inventory forms by one-centimeter classes. These
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operations were repeated after nine years. We used the same protocol for inventory and
tree measuring as explained by Bayat et al. [43]. Tree species in forest stands were divided
into four groups: beech (2215), hornbeam (3131), Chestnut-leaved oak (340), and other
species (856). Using the data of these species, a matrix growth model was developed for
four species groups.

Other data used in this study were recorded as specified in the Forestry Plan. Ac-
cording to the forestry plan of Gorazbon district, three compartments 305, 306, and 309
were logged before the inventory of 2012. Since the forestry plan was 10 years and the
inventory period of our study was nine years, the statistics and data related to the forestry
plan were multiplied by 0.9 before being used for modeling or comparison purposes. Thus,
the projection matrix models were developed separately for the logged (305, 306 and 309)
and unlogged compartments (other compartments). The stocking volume per hectare of
each species group was calculated for each compartment (compartments under logging)
using the volume functions developed by Bayat et al. [5]. In the unlogged compartments,
the predicted volume values in the forestry plan were compared with the estimated volume
of the present study. It should be noted that in this study three types of allowable cut have
been computed, which include:

(A) Operated allowable cut (OAC): is the by volume of trees harvested in three compart-
ments of 305, 306 and 309 according to forestry plan.

(B) Predicted allowable cut (PAC): is the amount of tree harvesting predicted when
formulating a forestry plan for the whole district.

(C) Estimated allowable cut (EAC): is the amount of tree harvesting that has been obtained
in the present study.

In the above cases A and C, the number of trees was converted to volume values using
volume functions presented by Bayat et al. [5].

2.3. Projection Matrix Model and Determination of Harvest Rate

Gorazbon district has 27 compartments, three of which are protective and forestry plan
does not include harvesting in them. According to the forestry plan of Gorazbon district,
three compartments 305, 306, and 309 were logged before the inventory in 2012. Logged
compartment means those logged during the inventory period. Projection matrix models
were developed separately for three logged compartments and other unlogged compartments.

Significant improvements in computational environments and techniques have led
to improvements and flexibility in forecasting models. For example, matrix models use
transition matrices to estimate the dynamics of Ecol populations based on three main
components including forest growth, mortality, and recruitment t [9–11].

Different models, including a projection matrix model, are available to predict the
status of a forest stand based on the inventory periods in the permanent sample plots.
In the matrix model, based two inventory periods (t, t + 1), the growth of forest stands
is predicted for year t + 1. The matrix model was proposed by Buongiorno, Peyron,
Houllier and Bruciamacchie [36]. For more information on matrix models and other models
used in mixed and uneven- aged forests, please refer to Burkhart and Tomé [8]. The
general relationship of this model, with modification to determine the harvest rate, is as
follows [44,45]:

Nt+1 = G(I − H)Nt (1)

where Nt+1 is the stem density (ha−1) in class-j at the final time of projection, I is identity
matrix, Nt is the stem density (ha−1) in class-j at the initial time of projection, and H is
diagonal matrix with the actual harvest rate.

In unlogged compartments harvest rate is estimated, but, in logged compartments,
harvested volume is available and is estimated using forestry plan data. We estimated
the forest growth between the two time periods (2003–2012) and used official tariff tables
(volume tables) of the Kheyroud forest were converted into volume functions [5] for
estimating harvested rate.G: transition matrix. This matrix shows how trees grow in a
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forest stand between two periods of time t and t + 1 by applying Equations (2) and (3) (i
denotes species group or species and j indicates diameter class).

G =


G1

G2
. . .

Gn

 (2)

Gi =



1− p1 r2 r3 · · · rm−1 rm
p1 1− p2 0 · · · 0 0
0 p2 1− p3 · · · 0 0
...

...
...

. . .
...

...
0 0 0 · · · 1− pm−1 0
0 0 0 · · · pm−1 1


i = 1, 2, . . . , n j = 1, 2, . . . , m− 1 (3)

where rj is recruitment coefficients (the number of offspring’s living at time t + 1 of pro-
jection that were produced in the interval (t, t + 1) by an average tree in class j at time t).
Pj is transition probabilities between two consecutive pair of diameter classes, which is
separately calculated for each group from the following equation:

Pj =

(
Dj − dj

)(
Dj − Dj−1

) (4)

where Dj represents the diameter of the tree at the end of the period for a tree with diameter
of dj. In Equation (4), instead of the numerator of fraction, the diameter increment of each
tree from every species group can be computed. For this purpose, by using the results of
Salehnasab, et al. [46], the diameter increment of each species group (Equations (5)–(8)) is
placed in the numerator of Equation (4).

Faidcy = exp(−0.223− 0.153Hd,y + 0.484 ln dcy − 0.341
(

dcy

100

)2

− 0.008 ln(BALc,y)− 0.108gm,y) + ecy (5)

Cidcy = exp(0.1− 0.005BALcy + 0.087
(

dcy

100

)
+ 0.28 ln dcy) + ecy (6)

Qidcy = exp(−0.554− 0.49
(

dcy

100

)
+ 0.558 ln dcy + 0.004BALcy − 0.076Hs,y) + ecy (7)

Oidcy = exp(0.099− 0.337
(

dcy

100

)
+ 0.361 ln dcy − 0.002BALc,y − 0.013Hs,y) + ecy (8)

where Fa, C, Q and O are beech, hornbeam, chestnut-leaved oak, and other species, respec-
tively, and idcy is nine-year-old tree c from sample plot y (cm), d is diameter at breast height
(cm), BAL is basal area of the largest trees (m2/ha), gm is mean of the basal area at sample
plot (m2), and Hd is size diversity index, and Hs species diversity index (Table 1).

Table 1. Forest stand status with respect to different characteristics (first period inventory).

Variable Minimum Maximum Standard Deviation

Diameter (cm) 7 188 24.7

The mean of basal area at sample plot (m2) 0.02 0.633 0.1

The basal area of the largest tree (m2/ha) 0 52 8.4

Size diversity index of the sample plot 0 2.468 0.314

Shannon-Wiener index 0 1.8 0.663



Sustainability 2022, 14, 6777 8 of 17

R is recruitment or the number of trees in the first diameter class in the second period;
it is obtained as follows:

R = r2N2 + r3N3 + · · ·+ rmNm =
m

∑
j=1

rjNj (9)

where N is the number of tree species i in the class j per hectare and r is recruitment
coefficients (the number of offsprings living at time t + 1 of projection that were produced in
the interval (t, t + 1) by an average tree in class-j at time t). Past studies about regeneration
rate of four groups of beech, hornbeam, chestnut-leaved oak, and other species were
examined [47].

As can be seen in Equation (1), harvesting disrupts the normal growth of trees since
the natural growth of trees is as follows:

N(t + 1) = GN(t) (10)

which changes the natural transition matrix G to the perturbed G(I − H). Thus, if the
matrices G and G(I − H) are primitive [44], and whenever the dominant eigenvalue of
matrix G is λ0 > 1, the long-term sustainable harvest rates can be determined as the
proportion of trees removed in each class so that the dominant eigenvalue of matrix
G(I − H) is λ = 1 [44]. There are, of course, different harvesting strategies to meet these
conditions. Some strategies focus on the largest diameter class. Thus, with increasing
diameter, the probability of a tree being harvested increases [44]. The strategy used in
this model was to obtain the three main conditions proposed in the study of Torres, Belda,
Pérez, and Fernández [45], which result in a stable diameter distribution. In this strategy,
in order to perform a harvesting operation, the dominant eigenvalue λ of matrix G must
always be greater than one (λ0 > 1), and the harvest from the forest stand will continue as
long as the dominant eigenvalue of matrix G(I − H) is equal to one. Also, through solving
GW0 = λW0 and obtaining to the right eigenvector W0 corresponding to the dominant
eigenvalue λ0 of the matrix G, the stable diameter distribution is defined and then the long-
term dynamic of harvested trees is also achieved. Therefore, by solving the linear system of
GHW0 = (λ0 − 1) W0, the above conditions are rewritten to maintain a sustainable harvest
rate. Finally, using Equation (11), the harvest rate is estimated.

λ0 =
1

1−H
(11)

Then, by dividing the eigenvector (W0) by the number of trees in each diameter
class, the harvest proportion is obtained. In order to validate the projection matrix model,
Chi-square test was used and data were analyzed using MATLAB version 2016 and EXCEL.

3. Results

Table 2 shows the number of trees that were logged in the three mentioned compartments.

Table 2. Number of logged trees in each species group and compartment in Gorazbon district.

Compartments
Number

Number of Marked Trees in Compartments Predicted Allowable Cut in
Forestry Plan (m3)

Beech Hornbeam Chestnut-
Leaved Oak

Other
Species Total Without

Coefficient With Coefficient 0.9

305 73 97 0 7 177 600 540

306 16 216 0 10 246 520 468

309 81 237 0 9 327 1420 1278

Total 170 550 0 26 750 2536 2282.4
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According to Tables 2 and 3, the operated allowable cut was more than the predicted
allowable cut. The highest rate of operated allowable cut (number and volume) was for
hornbeam species and the least rate for chestnut-leaved oak species. According to the
forestry plan, the highest volume of operated allowable cut was for compartment 309.

Table 3. The volume of operated allowable cut (m3) in each species group and compartment in
Gorazbon district.

Species Group
Compartment 305 Compartment 306 Compartment 309 Total

Volume Volume with
Coefficient 0.9 Volume Volume with

Coefficient 0.9 Volume Volume with
Coefficient 0.9 Volume Volume with

Coefficient 0.9

Beech 480.82 432.74 74.79 67.31 632.33 569.1 1187.94 1069.15

Hornbeam 296.75 267.7 586.35 527.72 865.34 778.8 1748.44 1573.6

Chestnut-
leaved oak 0 0 0 0 0 0 0 0

Other species 14.41 12.97 12.1 10.89 46.94 42.25 73.45 66.105

Total 791.98 712.78 673.24 605.916 1544.761 1390.15 3009.83 2708.847

The first step in developing a projection matrix model was to determine the size of the
diameter classes. Considering the high being of maximum diameter in the studied forest
stands which causes an increase in number of diameter classes, the width between classes
was considered 10 cm. The next step was to consider the individual-tree diameter increment
model, which was obtained from the research of Salehnasab et al., [46]. Then, a matrix
model was developed for each species group separately. Given that the chestnut-leaved
oak group has not been logged during the period (Tables 2 and 3), comparisons between
model estimates and operated allowable cut could not be made.

Initially, a growth model was presented for all species groups in the logged compart-
ments (compartments of 305, 306, and 309) to obtain an estimated allowable cut, and thus
a comparison was made between the operated and estimated volumes of allowable cut.
The trees of each species group were divided into different number of diameter classes
according to their diameter class width and their transition matrix was obtained using
Equation (3), with transition probabilities values (PJ) shown in Table 4.

Table 4. Transition probabilities between diameter classes for each species group.

Pj
Unlogged Compartments Logged Compartments (305, 306 and 309)

Beech Hornbeam Chestnut-
Leaved Oak

Other
Species Beech Hornbeam Chestnut-

Leaved Oak
Other

Species

P1 0.1564 0.1981 0.2278 0.2791 0.1433 0.1956 0.2152 0.2502

P2 0.2119 0.2317 0.3070 0.3459 0.1834 0.2313 0.2951 0.3005

P3 0.2418 0.2597 0.3597 0.3729 0.2456 0.2577 0.3587 0.3427

P4 0.2787 0.2842 0.4111 0.3919 0.2785 0.2828 0.4087 0.3724

P5 0.3174 0.3076 0.4602 0.4030 0.3352 0.3075 0.3895

P6 0.3311 0.3268 0.4712 0.4098 0.3610 0.3286 0.4053

P7 0.3343 0.3378 0.4678 0.4046 0.3846 0.3451 0.4088

P8 0.3382 0.3601 0.5097 0.3978 0.3929 0.3598 0.4051

P9 0.3556 0.3725 0.4985 0.3872 0.4000 0.3678 0.4075

P10 0.3298 0.3912 0.3779 0.3674 0.3977 0.3949

P11 0.3293 0.3934 0.3427 0.2529 0.4128 0.3835
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Table 4. Cont.

Pj
Unlogged Compartments Logged Compartments (305, 306 and 309)

Beech Hornbeam Chestnut-
Leaved Oak

Other
Species Beech Hornbeam Chestnut-

Leaved Oak
Other

Species

P12 0.3257 0.3711 0.3113 0.2462

P13 0.3097 0.2949 0.2309

P14 0.2880 0.2787 0.2053

P15 0.2693 0.2525

Then, using the transition matrix, the number trees in diameter classes (Nt+1) was
estimated. Afterwards, Chi-square test was used to evaluate the fitted models. The
results showed that at 0.01 level, there was no significant difference between operated
and estimated Nt+1 by models (in all species groups). Therefore, the resulting model was
accepted and used to calculate the eigenvector.

Using the transition matrix, the highest eigenvalues for all species groups were ob-
tained in both groups of compartments and by using the Equation (11), an estimated
nine-year harvest rate was obtained (Table 5).

Table 5. Eigenvalue, harvest rate and estimated allowable cut for each species group.

The Group of
Compartments Unlogged Compartments Logged Compartments

Species Group Beech Hornbeam Chestnut-
Leaved Oak

Other
Species Beech Hornbeam Chestnut-

Leaved Oak
Other

Species

The largest right
dominant

eigenvalue
1.062 1.079 1.113 1.074 1 0.91 1.121 1.083

The nine-year
harvest rate 0.06 0.073 0.101 0.067 0 - 0.108 0.077

Annual allowable
cut (m3/ha) 1.26 0.55 0.08 0.83 0 - 0.1 0.75

Total of Nine-year
allowable cut (m3) 8237.26 3564.46 537.68 5433.52 0 −830.57 78.62 533.835

Comparison of the results of Tables 3 and 5 (compartments 305, 306, and 309) showed
that a nine-year estimated allowable cut of the present study was equal to operated al-
lowable cut of beech group. Thus, according to the initial assumptions of the study, the
operated allowable cut of beech group was stable.

The results showed that for the hornbeam group volume of operated allowable cut is
much higher than estimated allowable cut and its dominant eigenvalue is 0.91. Whereas,
for chestnut-leaved oak group and other species group, the estimated allowable cut was
higher and the re-computed dominant eigenvalue is more than one.

In order to stabilize the diameter distribution after harvesting, according to the equa-
tion GW0 = λW0, the eigenvector corresponding to the dominant eigenvalue was calculated
for four species groups (logged compartments). This vector represents the permitted trees
for harvesting per diameter class, and thus the diameter distribution of the stand remains
stable over the long-term. Therefore, by having the W0 values and dividing them by
the number of trees in each diameter class (Nt), the harvesting proportion was obtained
per diameter class (Figures 2–4) Here, the harvesting proportion refers to the harvesting
of wood from all diameter classes, not just larger diameter classes or trees. The results
indicated that in the long-term the diameter distribution of the forest stands change.
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Figure 2. Trend of the proportion of operated and estimated harvest in the diameter classes of the
beech group.

Figure 3. Trend of the proportion of operated and estimated harvest in the diameter classes of the
hornbeam group.

Summary of the three logged compartments showed that the sum of operated allow-
able cut (with coefficient of 0.9) and estimated allowable cut of the nine-year model were
2708.847 m3 and 2415.41 m3, respectively. The results of the study depict that the sum of
operated allowable cut of all groups was higher than estimated allowable cut (Table 5). The
dominant eigenvalue of the transition matrix of all groups, with regard to logging, was
estimated to be less than one (0.964). Finally, for three compartments the annual estimated
allowable cut is 3.03 m3/ha.

In the unlogged compartments, the sum of the predicted (with a coefficient of 0.9) and
estimated allowable cut (with a total harvest rate of 0.076) were 18,864 and 17,772.92 m3,
respectively. Predicted volumes are higher than the estimated volumes, for these compart-
ments (unlogged), the annual estimated allowable cut is 2.72 m3/ha.
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Figure 4. Trend of the proportion of operated and estimated harvest in the diameter classes of the
other species group.

The diameter distribution of trees sampled in the study area, for the first and second
measurement periods. follows the typical reverse-J shaped frequency distributions of
uneven-aged forests. The results indicate that exploitation during the period did not cause
damage to the forest and the curve at the beginning and end of the period is almost the
same. (Figures 5 and 6).

Figure 5. The diameter distribution for uneven-aged, mixed forests in year 2003.
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Figure 6. The diameter distribution for uneven-aged, mixed forests in 2012.

4. Discussion

In this study, the allowable cut was estimated based on the net increment rate. Since
this estimation was based on net increment, with the help of matrix models, it is therefore
more reliable than other indirect estimation methods as suggested by Sterba [48]. Dividing
the forest species into four groups, with different values of diameter growth, resulted in
different allowable cut estimates for each species group (Table 5).

The study area was stratified into logged and unlogged areas. Harvest rate for each
species group was estimated to be higher in the logged compartments. Harvesting rate for
the four groups of beech, hornbeam, chestnut-leaved oak and other species in the logged
and unlogged areas were (0, 0.075, 0.108, and negative) and (0.06, 0.079, 0.101, and 0.067),
respectively. Also, the overall harvest rates for the logged and unlogged compartments
were estimated 0.085 (3.03 m3/ha) and 0.076 (2.72 m3/ha), respectively. Due to differences
of species proportions, estimated harvest rates were different for two compartment groups.
The highest harvest rate belonged to chestnut-leaved oak group (0.1 and 0.08 M3/ha per
year). However, due to the volume inventory information at the beginning of the period,
the highest value of harvest rate was for the beech group (1.26 m3/ha per year).

Mohadjer, et al. [49] estimated the allowable cut of different forest types and the
annual harvest for beech-hornbeam type using methods of Meyer were 6.56 and 5.32 m3,
respectively, which has significant differences with the results of the present study. Also,
for the mixed type (which can be compared with the total volume of harvest), the annual
harvest per hectare was estimated to be 3.75 m3/ha, which is more than the findings of
the present study (2.72 m3/ha per year). Therefore, the findings of our study suggest
that, compared to other methods, the projection matrix model estimates allowable cut
lower and closer to the net increment, and thus can prevent the possible consequences of
harvest over increment of the single-selection method. Forest cutting is used as a tool for
forest cultivation (biological production) and wood harvesting (mechanical production)
and leads the forest toward desirable quantitative and qualitative production [50]. To use
this tool properly, it is necessary to accurately estimate the allowable cut [51]. Given such
importance of the allowable cut, for each forest type based on their species and increment
rate and other influential characteristics, it is necessary to perform comprehensive studies
to determine an appropriate method for estimation of allowable cut in any forest area.

In addition, the matrix model helps managers to maintain a stable forest diameter
distribution by presenting the eigenvector corresponding to the dominant eigenvalue. As
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the results of this study showed, tree harvesting in three compartments has caused changes
in the diameter distribution of the stand in the long-term (Figures 2–4). As these figures
show, for both beech and hornbeam species, the proportion of harvested larger- diameter
trees was higher than the permitted values. The presence of thick, old trees makes the stands
more resistant against adverse natural effects. In addition, the single-selection method may
result in structural consequences including homogeneity of canopy structure [52], density
reduction [53,54], reducing the total basal area of stand [55], reducing the number of thick
trees [52,54], and ultimately reducing the forest biomass [56]. Tree marking (for cutting)
in the compartments of a district should fully consider the regeneration, quantitative and
qualitative increase of forest stand’s volume, enhancing the stability of young stands, and
creating, completing and expanding the natural regeneration.

In uneven-aged forest stands, cuttings should contribute to proper or better distri-
bution of trees (horizontal and vertical) in the forest. Therefore, computing a harvest
eigenvector in the diameter classes is a good guide to the tree-markers for cutting purposes.
The findings of this research can be useful for managers who consider optimizing produc-
tion with respect to the potential and specific characteristics of forests [57] in uneven- aged
scenarios. Since cutting is considered as a tool for production and regeneration in natural
forests, the use of suitable allowable cut methods will result in continuity of production,
economic efficiency and sustainability of the forest. Faulty decision-making in manage-
ment of these forest stands can compromise the continuity and sustainability of valuable
industrial species in the natural forests. Although findings from this study are based on
data from one forest area, the research methodology showed be applicable when modeling
other uneven-aged mixed forest types.

To improve the accuracy and reliability of the outcomes, future research may utilize
more accurate data provided by remotely sensed data that has proven efficiency in many
scientific fields [58–61].

5. Conclusions

Since this study for the first time investigated the use of projection matrix models in
Hyrcanian forests, we attempted to introduce the most obvious benefit of these models.
Nowadays, projection matrix models are one of the tools for forest monitoring since they
provide a clear assessment from the primary and secondary status and behavior of the
stand, awareness of forest status helps managers not only in harvesting scenarios but
also in other contexts e.g., forest health so on. applying proper management tools such
as projection matrix models, it will be easier to make pertinent scientific assumptions on
forest management and planning. The results showed that the total operated allowable
cut (OAC) in logged compartments was more than the estimated allowable cut (EAC). In
unlogged compartments, the total predicted allowable cut (PAC) was more than EAC. A
comparison of EAC and OAC showed that hornbeam has been harvested more than its
potential. However, chestnut-leaved oak and other species group have depicted opposite
trends. Our models provide important advancements for estimating allowable cut, and
thus can enhance the goal of practicing sustainable forestry.
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