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A b s t r a c t

Populus deltoides W. Bartram ex Marshall is one of the most important economically (wood 
production), environmentally (biomass production and carbon sequestration), and fast-growing 
species in plantations. Therefore, this study aimed to investigate biomass, volume, and carbon 
sequestration models according to age by using the stem analysis method in poplar plantations 
in five regions of Guilan province. Measurement features included DBH and the total height of 
all trees in two plots with one hectare area in each region. 30 trees were randomly selected in 
different diameter classes and cut down and the discs were obtained in order to stem analysis. 
The annual rings of discs were counted, ages at different tree heights were obtained, and the 
diameter of the annual rings was measured to determine the annual diameter and volume 
increments. Carbon measurement, volume measurement of wood, and volume conversion to 
weight ratio were calculated. Finally, regression analysis was performed by the relationship 
between volume and biomass growth by age based on the highest coefficient of determination 
and minimum standard error. The results showed that the nonlinear models were able to show 
the highest coefficient of determination (R2 = 0.93–0.99) and the least standard error of the 
relationship between these characteristics. These models can be applied for the annual growth 
assessment of poplar plantations in carbon sequestration and optimal management for achieving 
sustainable development of the various plantations.

Introduction
Tree allometry is the study of the relationships between tree’s stem 

size, physiology, behavior in biology-associated, and differences in the 
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growth rates of the various parts of a tree stem. This allometry repre-
sented by equations in the form of regression models. Models could reflect 
the empirical relationship between biomass and easily measured dendro-
metrical variables of trees. Therefore, Efficient and accurate models for 
growth and yield are fundamental tools in forest sciences and play a key 
role in forest management, planning, and ecological studies. Forests com-
pensate for the urgent need to reduce carbon dioxide at the atmosphere by 
increasing biomass storage. This solution achieved by increasing forest 
cover and plantation. Among the tree species, poplar has remarkable char-
acteristics that make it suitable for plantation. Hence, It has become one 
of the most abundant species used in the world’s forests for environmental 
and economic purposes (Fang et al. 2007). Among the fast-growing tree 
species, poplar becomes a good option for villagers, wood producers, and 
owners of the wood industries due to its fast growth, widespread distribu-
tion, ability to settle in different conditions,  produce timber in the short 
harvest period, not produce large branches and leaves, rapid capital return 
investment, high biomass production mainly in stem, the possibility of 
hybridization, and ease of propagation, the feasibility of simultaneous cul-
tivation with crops, abundant use and extensive in advanced woodworking 
industries as well as rural and traditional uses such as leaf edibility in 
animal husbandry (Guo and Zhang 2010, Mousavi Kopar et al. 2011, 
Eslamdoust and Sohrabi 2017). 

The world’s forest ecosystems influence carbon dioxide absorption and 
provide suitable carbon spin and storage conditions (Nobakht et al. 2011). 
Tree growth is important for storing atmospheric carbon in plants and 
producing biomass. Numerous biomass data and allometric equations 
have recently been collected to predict above-ground carbon in forest trees 
and the need to assess carbon stocks for national greenhouse gas balance 
estimating. It is consequential that accurate allometric equations are 
available to estimate carbon stocks from field inventory data (Arora et al. 
2014). 

Growth means increasing the value of the characteristics (the diame-
ter, height, biomass, and volume) of a living tree over a given period of 
time. It is one of the main biological components of plants, and the stem 
analysis method is a way to study the increment that can accurately eval-
uate the growth characteristics of trees. The principal purpose of this 
method is to calculate species growth in terms of forest management 
effects, competition, insect attack, and air pollution (Elamdoust et al. 
2015). In this method, the tree is cut, split, dried, and weighed to calculate 
biomass accurately. Although it is a complex and high-cost process method 
in the operational phase, its integration into the allometric equations 
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could lead to credible results. These equations are the functions that can 
compute dependent variables through the independent variables, thereby 
converting direct measurements of trees (diameter and height) into other 
variables such as biomass (Parsapour et al. 2013). Regression-based 
approaches are used to construct allometric equations from the generated 
dataset (Malakini et al. 2020). 

Many studies have been done on the growth behavior of woody species, 
especially poplar (Parsapour et al. 2013, Eslamdoust and Sohrabi 2017, 
Eslamdoust 2022). 

Using the regression analysis to find the relationships between bio-
mass production and poplar characteristics to develop different allometric 
models between various parts of trees and their carbon sequestration abil-
ity showed significant correlations to predict biomass for the whole tree’s 
organs (Parsapour et al. 2013). 

Predicting aboveground biomass (AGB) and carbon pools in Hyrcanian 
mixed-beech forests of Iran was measured by destructive sampling method 
(weighing 174 fallen trees and recording diameter at breast height (DBH), 
total height (H), and basic wood density (r) as explanatory variables). 
Developing allometric equations in ANN (Artificial Neural Network) mod-
els showed that the best-designed model for aboveground biomass pre-
dicted in the ANN method had higher accuracy than other allometric 
equations (Vahedi 2016). 

The potential of three fast-growing tree species’ carbon storage in bio-
mass, litter, and soil in south Caspian Sea plantations revealed that  
P. deltoides reached the highest biomass and carbon (81%) into the stem 
(Eslamdoust and Sohrabi 2017). 

Allometric power equations were fitted based on the bark of P. deltoi-
des in Iran and concluded that R2 ranged from 0.89 to 0.90. These allome-
tric equations provided the best fitted for relationships between total stem 
dry biomass, dry bark biomass, and DBH (Eslamdoust 2022). 

An individual-tree diameter growth model was developed using the 
mixed effects regression method for managed uneven-aged stands of Quer-
cus spp. and Pinus echinata Mill. in Highlands of Missouri. The model 
efficiency (R2) was calculated from 0.26 to 0.57 (Lhotka and Loewen-
stein 2011). 

The potential of biomass production and carbon sequestration in the 
poplar plantations in China showed that biomass production did not differ 
significantly from seven to ten years, and trees had the highest biomass in 
the stem and lowest in the leaves. In addition, evaluating and comparing 
the percentage of diameter increment, basal area, height, and volume  
of poplar and swamp cypress by stem analysis method showed that the 
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highest current diameter increment of poplar was obtained at four years  
(5.1 cm), the highest height growth at six years (3.1 m) and the greatest 
volume of poplar (0.094 m3) was at the age of eight and concluded that this 
species to be suitable for economic and environmental plantations (Fang 
et al. 2007). 

The diameter increment, biomass, volume, and carbon sequestration 
were reported by age in a poplar plantation in India. According to the allo-
metric models, Carbon sequestration rates were calculated from 0.5 to 
90.1 mg/ha at the age of 11 by the highest coefficient of determination. In 
consequence, the poplar was introduced as a suitable solution for sustain-
able carbon production and global carbon reduction (Arora et al. 2014) 

It was evaluated that the general or site-specific allometric equations, 
using diameter at breast height (as a predictor) are more accurate for esti-
mating stem volume, stem biomass, branch biomass, aboveground woody 
biomass, and coarse root biomass in 14-year-old poplar plantations. Allo-
metric model selection depended on the objective (yield evaluation, nutri-
ent budget, carbon stocks), tree size, and plantation environmental condi-
tion (Fortier et al. 2020) 

According to reports, Iran ranks 10th in the world in terms of the area 
under plantation (1 001 000 hectares (FAO 2020)). The northern Iran is a 
specific region due to its geographical location in terms of environmental 
and economic capabilities, and P. deltoides plantation has been popular in 
this region in recent decades (Eslamdoust 2022). But there is no specific 
model to estimate biomass and carbon in poplar plantations in Guilan prov-
ince (one of the northern provinces of Iran). Consequently, the present study 
aims to investigate allometric equations of the biomass, volume, and carbon 
sequestration of Populus deltoides by stem analysis, to provide the best-fit-
ted models for estimating these characteristics by age and supply informa-
tion based on local condition of poplar plantations in Guilan province.

Materials and Methods

Study area

Five district plantations of Populus deltoides W. Bartram ex Marshall. 
located in Guilan Province, in the north of Iran are considered in this study 
(Figure 1). The characteristics of the plantations show in Table 1. 
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Table 1 
Characteristics of study areas

District Age Site altitude [m.a.s.l] Area [ha]
1 37 13 89
2 38 70 66
3 37 70 43
4 29 60 48
5 32 -20 38.9

Fig. 1. Geographic location of study areas
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Volume estimation

A single sample plot with one hectare area (100 m ×100 m) was sam-
pled in each district of plantation (Arora et al. 2014, Mohammadi et al. 
2017). The location of these plots was determined randomly inside the 
districts because the every district had homogenous stand condition (such 
as the same DBH classes, height, age and etc.). The diameter at breast 
height (DBH) and height of all trees were measured in each plot. The esti-
mation of stem volume and compartment biomass at the plantation-scale 
often requires that trees of various sizes be felled, dissected into compo-
nents, and weighed or measured. In total, 30 trees were destructively sam-
pled, with regular distribution in diameter classes (Wang 2006, Segura  
et al. 2006). Data of stem analysis from these trees in different diameter 
classes across various site types and conditions were combined with plot 
sample data to calibrate the volume-age, volume increment- age and car-
bon storage- age equations in the whole stand model (Tian et al. 2020). 
The biomass and volume data obtained from these destructive sampling 
procedures are then used to develop allometric equations between a pre-
dictor variable that is easily measurable in the field, is usually diameter at 
breast height (DBH), and response variables, such as stem volume or the 
biomass of a given tree compartment. Then, these relationships are used 
to scale compartment biomass and volume at the plantation level using 
DBH values directly measured on each tree, or on a representative subset 
of trees of the plantation. Thus, the allometric equations selected have  
a direct effect on the volume or biomass estimated at the plantation level.

The cut-down trees were stratified into two biomass compartments: 
stem and branches (with DBH of greater than 10 cm) (Beets et al. 2012, 
Turner et al. 2012). In order to estimate the stem volume, discs are chosen 
from a different height of each tree’s stems. Stems were cut at a height of 
0.3 m from the ground. The trees were felled and cut into logs of acceptable 
merchantable lengths (2.3 m). At the end of each stem section, a disc with 
8 cm thickness was cut and taken to the laboratory for stem analysis. The 
surface of each disc was sanded smoothly in order to reveal the growth rings. 
The rings were analyzed for annual increments (Metsaranta and Bhatti 
2016). Annual diameter increment of tree-ring data is used to estimate the 
annual increment of a tree. Tree ring widths were measured by Digimizer 
graphical program and using dendrochronological methods analysis.

Tree volume is determined based on the tree’s diameter and length. 
The stem is subdivided into sections of which length (L) and basal area (g) 
are measured; the basal area is either taken at the lower end (gl) or the 
upper (gu) end. Then, the following Smalian’s formula is used for volume 
calculation (Zobeiry 1994):
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where:
V	 –  the volume of logs [m3],
gl	 –  the basal area at the lower end of trunk [m2],
gu	 –  the basal area at the upper end of trunk [m2],
L	 –  trunk length [m]. 

Stand volume or stock is calculated by the multiplying volume of each 
age class by the number of trees per hectare.  

The sampled discs were weighed and taken to the laboratory where 
square sub-samples of 4 cm × 4 cm × 4 cm were oven-dried at 100°C to 
constant biomass and the dry mass was determined with an electronic 
balance (Henry et al. 2010). The volume and the dry mass measurements 
were used to calculate the wood density as below:

where:
Dc	 –  critical density [gr/cm3],
W0	–  the dry mass of wood [gr],
Vw	 –  the wet volume [cm3]. 

The percentage of organic carbon in 30 stems and branches disc sam-
ples was determined by combustion in an electric oven (Arora et al. 2014). 
This study considered the carbon stored in live biomass as the stem. The 
amount of carbon sequestrated was obtained when the biomass increased 
by one unit per age. Finally, the conversion factor of volume to weight per 
ton of wood was obtained.

Carbon estimation

To measure carbon from 30 felled trees, some stem and branch discs 
were randomly selected in the diameter classes and transferred to the lab-
oratory for carbon measurement and carbon stored in the tree biomass by 
combustion in the electric oven (Arora et al. 2014, Haidari et al. 2016). To 
measure the percentage of organic carbon, the wood was dried in the oven 
at 105°C for 24 hours (Forouzeh et al. 2008, Ghasemi Nejad Raeini and 
Sadeghi 2018, Naghdi et al. 2021). The discs that were completely dried 
were milled by an electric mill and after weighing the samples with digital 
scales, the samples were placed in the oven and burned for 4 hours at 
600°C (Ghasemi Nejad Raeini and Sadeghi 2018). The burned samples 
were then weighed in the desiccator. By determining the ash weight, ini-
tial weight, and organic carbon/ organic matter ratios (eq. 3), the amount 

𝑉𝑉 = 𝑔𝑔l + 𝑔𝑔𝑢𝑢
2  ∙ 𝐿𝐿 (1)

𝐷𝐷𝐶𝐶 =
𝑊𝑊0
𝑉𝑉𝑤𝑤

(2)



Tooba Abedi, Roya Abedi204

of organic carbon in each part was calculated separately (Ghasemi Nejad 
Raeini and Sadeghi 2018, Forouzeh et al. 2008).

          OC%  =  0.56OM 
where:
OC	 –  organic carbon, 
OM	–  organic material.

Results

The quantitative characteristics of the stands including the mean val-
ues of diameter, basal area, height, and volume are given in Table 2. 
		

Table 2
 Quantitative characteristics of the study areas

District DBH ±se 
[cm]

Basal area ±se
[m2/ha]

Height ±se
[m]

Volume 
[m3/ha]

1 35.04 ± 7.06 19.04 ± 0.04 26.74 ± 5.85 285.33
2 26.59 ± 6.84 19.29 ± 0.03 19.10 ± 4.10 212.29
3 35.67 ± 6.28 7.50 ± 4.9 23.22 ± 3.36 179.36
4 27.59 ± 4.67 13.27 ± 0.02 21.68 ± 1.98 155.58
5 30.68 ± 7.54 10.10 ± 0.04 22.93 ± 4.61 132.48

It was needed coefficients to convert volume to weight in carbon and 
biomass calculations in this study. The derived coefficients are shown in 
Table 3.

Table 3
 Coefficients used in the analysis

Factor Value

Wood density [g/cm3]
The conversion factor of volume and total carbon (t carbon/m3)

0.32
V = 0.1792C

R2  = 0.99

The diameter at the breast height relative to the age is shown in  
Figure 2. The relationship between age and diameter is an exponential 
relationship that is always increasing.

(3)
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The regression analysis of the DBH (D) and the stand age (A) of the  
P. deltoides plantations is shown in Table 4. This regression equations are 
very important because DBH is the most easily measurable parameter in 
the forest that can be obtained by determining its relation to other growth 
parameters. In these equations, after the formation of the points of DBH 
equal to age, the equations that have a higher determination coefficient of 
determination (R2) and lower standard error (SE) are selected as the most 
appropriate equations because they show a better pattern of relationship 
between D-A. Therefore, according to the results, R2 had high values with 
a range from 0.98 to 0.99, and SE was from 0.61 to 0.92. Therefore, the 
achieved models have sufficient high accuracy to show the relationship 
between DBH and Age in the studied stands.

Fig 2. DBH relative to the age in plantations (district 1, district 2, district 3, district 4  
and district 5)
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Table 4
 Dependence of DBH (D) and stand age (A) in P. deltoides plantations

District Equation R2 SE Kind of distribution

1 0.99 0.67 Dr-Hill

2 0.99 0.38 resiprocal-quadratic-YD

3 0.99 0.31 Hoerl

4 0.98 0.69 heat capacity

5 0.98 0.92 Richards

Explanations: D – DBH [cm]; A –  stand age [year]

Stand stock volume in plantations is shown in Figure 3. The volume 
relation to age showed that the highest volume per hectare is 272.7 m3 per 
hectare in district 1 216.2 m3 per hectare in district 2 247.3 m3 per hectare 
in district 3 167.8 m3 per hectare in district 4, and 91.2 m3 per hectare in 
district 5. These volume values occurred at 31, 29, 29, 24 and 21 years, 
respectively. And according to the principle of diminishing marginal 
returns, it has been decreasing since these ages.

𝐷𝐷 = 0.12 + 76.05𝐴𝐴1.13
56.431.13 + 𝐴𝐴1.13

𝐷𝐷 = 𝐴𝐴
(0.47 + 0.06𝐴𝐴 − 0.0007𝐴𝐴2)

𝐷𝐷 = 3.42 + 1.04𝐴𝐴
1 + 0.04𝐴𝐴 − 0.0003𝐴𝐴2

𝐷𝐷 = 2.98 + 0.71𝐴𝐴 − 1.74
𝐴𝐴2

𝐷𝐷 = 24.24
(1 + 𝑒𝑒4.07−0.23𝐴𝐴)0.56

Fig 3. Stand stock volume in study areas (district 1, district 2, district 3, district 4  
and district 5)
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Volume (V) and age (A) regression analysis of P. deltoides plantations 
are shown in Table 5. Regression analysis of the relationship between vol-
ume and age based on the maximum coefficient of determination (R2) and 
minimum standard error (SE) for plantations showed that  R2 was 0.99 in 
all districts and SE ranged from 1.83 (in district 5) to 4.06 (in district 3). 
Equations that have higher R2 are more important because they show 
a better pattern of relationship between volume and age. However, 
all district’s V-A aquations showed the same and high amount coefficient. 
The resulting regression models had sufficient accuracy and were able to 
fit the relationship between these two variables (V-A) with acceptable 
accuracy.

Table 5
 Relationship between volume (V) and age (A) in P. deltoides plantations

District Equation R2 SE Kind of distribution

1 0.99 3.49 Hoerl

2 0.99 2.59 Hoerl

3 0.99 4.06 rational model

4 0.99 1.84 rational model

5 0.99 1.83 vapor pressure model

Explanations: V –  volume [m3/ha];  A –  stand age [year]

The volume increment curve shows the annual volume increment in 
the plantations in Figure 4. The volume increment was 3.04 m3/ha/year at 
the age of 16 years in district 1. The volume increment was 3.9 m3/ha/year 
at the age of 9 in district 2. The annual volume increment has the highest 
amount in this area. Volume increment was 3.07 m3/ha/year at age 9 in 
district 3, and it was 2.43 m3/ha/year at age 10 in district 4. volume has 
2.4 m3/ha/year at age 14 in district 5.

𝑉𝑉 = 0.017(0.87)𝐴𝐴𝐴𝐴3.96

𝑉𝑉 = 0.13(0.89)𝐴𝐴𝐴𝐴0.13

𝑉𝑉 = −9.4 + 5.33𝐴𝐴
1 − 0.05𝐴𝐴 + 0.001𝐴𝐴2

𝑉𝑉 = −6.39 + 3.57𝐴𝐴
1 − 0.07 + 0.002𝐴𝐴2

𝑉𝑉 = 𝑒𝑒18.30+−78.89
𝐴𝐴  − 3.30ln(𝐴𝐴)
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Regression analysis between Annual Volume Increment (AVI) and age 
(A) of P. deltoides plantations are shown in Table 6. Equation’s coefficient of 
determination (R2) ranged from 0.86 to 0.94 in districts and Equation’s stan-
dard error (SE) ranged from 0.19 to 0.34. The highest equation coefficient of 
determination was calculated for districts 1 and 2 (R2 = 0.94; SE = 0.25) fol-
lowed by district 3 (R2 = 0.93; SE = 0.25), district 4 (R2 = 0.92; SE = 0.19), and 
the lowest for district 5 (R2 = 0.86; SE = 0.34). However, all districts had  
a high coefficient of determination and all the models in the regression 
between these two variables (AVI-A) were fitted with sufficient accuracy.

Table 6
 Relationship between annual volume increment (AVI) and stand age (A) 

in P. deltoides plantations

District Equation R2 SE Kind of distribution

1 0.94 0.25 Hoerl

2 0.94 0.25 rational model

3 0.93 0.25 rational model

4 0.92 0.19 exponential plus linear

5 0.86 0.34 Hoerl

Explanations: AVI – annual volume increment [m3/ha/year]; A – stand age [year]

Fig 4. Above-ground volume increment [m3/ha/year] of study areas (district 1, district 2,  
district 3, district 4, district 5)

AVI = 0.83(0.87)𝐴𝐴𝐴𝐴2.01

AVI = 0.21 + 0.16𝐴𝐴
1 − 0.13𝐴𝐴 + 0.008𝐴𝐴2

AVI = 0.09 + 0.29𝐴𝐴
1 − 0.09𝐴𝐴 + 0.01𝐴𝐴2

AVI = 5.09 − 5.60(0.85)𝐴𝐴 − 5.60𝐴𝐴

AVI = 0.08(0.82)𝐴𝐴𝐴𝐴2.18
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The results of the carbon change values by age in the study areas are 
shown in Figure 5. The process of carbon change is dependent on volume. 
The amount of carbon increases with volume. Therefore, the pattern of 
carbon sequestration is similar to the stand volume.

Results showed that carbon values related to age had the highest 
value of 49.7 tons per hectare in district 1, followed by 46.9 tons per hect-
are in district 2 45.1 tons per hectare in district 3 30.6 tons per hectare in 
district 4 and 16.6 tons per hectare in district 5. These carbon values 
occurred at 31, 32, 29, 24, and 22 years, respectively. These ages were sim-
ilar to the amounts of the stand volume in relation to age (Figure 3). 

The results of the regression analysis of carbon dependence (C) and 
the age (A) in the study areas are shown in Table 7. The equations show 
the nonlinear pattern between carbon storage and age in all districts. The 
best equations are the higher coefficients of determination (R2) and lower 
standard errors (SE). All districts had a high coefficient of determination 
(R2 = 0.99). Equation’s standard error (SE) ranged from 0.33 (district 4 
and 5 equations) to 0.63 (district 1 equation). Therefore, all the models in 
the regression between these two variables (C-A) were fitted with suffi-
cient accuracy. 

Fig 5. Carbon storage in stand stock in study areas (district 1, district 2, district 3, district 4, 
district 5) 



Tooba Abedi, Roya Abedi210

Table 7 
Dependence of carbon [ton/ha] and stand age [year] in P. deltoides plantations

District Equation R2 SE Kind of distribution

1 0.99 0.63 Hoerl
2 0.99 0.46 Hoerl

3 0.99 0.54 Hoerl

4 0.99 0.33 rational model

5 0.99 0.33 vapor pressure model

Discussion and Conclusions

In the study of Eslamodoust et al. (2014), the highest volume incre-
ment was reported for poplar at the age of eight, while the highest volume 
increment was nine to ten years old in the present study (Figure 4). This 
can be attributed to site conditions, planting distance, density, and silvi-
cultural operations on the plantation. In a study by Fang et al. (2007), 
biomass analysis showed that higher densities have more biomass. 

Volume increment variations by age appear due to thinning over the 
past years, and data on the thinning rate of the study areas are not avail-
able. Therefore, the thinning operation effects were not considered in cal-
culations of optimal operating age in the present study. 

The allometric equations of biomass estimation for four poplar species 
demonstrated that the tree stems as a dependent variable produced more 
accurate models than other variables. Other features such as DBH, height, 
and bark thickness presented moderate to poor accuracy (Parsapour et al. 
2013). In the present study, stem biomass was computed by the stem anal-
ysis method. Consequently, highly accurate models have been obtained 
with a coefficient of determination greater than 0.99 (Tables 4 to 7). Fang 
et al. (2007) also reported the most accurate models in calculating carbon 
sequestration from stem biomass analysis. 

According to Figure 2, the diameter growth based on age has a sine 
shape diagram. The diameter growth was fit using inventory data from 
the growth of 29–38 years in the study areas. Diameter growth was devel-
oped using stem analysis by a destructive method.

Allometric relationships are often applied in tree biomass model fit-
ting and described by power-high equations. In the present study, power 

𝐶𝐶 = 0.003 ∙ 0.879𝐴𝐴 ∙ 𝐴𝐴3.96

𝐶𝐶 = 0.024 ∙ 0.891𝐴𝐴 ∙ 𝐴𝐴3.17

𝐶𝐶 = 0.37 ∙ (0.9)𝐴𝐴𝐴𝐴2.97

𝐶𝐶 = −1.16 + 0.65𝐴𝐴
1 − 0.07𝐴𝐴 + 0.002𝐴𝐴2

𝐶𝐶 = 𝑒𝑒16.59−78.89
𝐴𝐴  − 3.30ln (𝐴𝐴)

Explanations: C – carbon sequestration [ton/ha]; A – stand age [year]
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functions provided a strong fit (R2 values in the range of 0.93–0.99 and the 
low value of SE) for biomass estimation of P. deltoides. Moreover, the rela-
tionships between stem volume, volume increment, and carbon biomass 
were in specific age to each stand. Therefore, allometric equations that 
ignore stand age may lead to inaccurate estimations of tree biomass. Con-
sistent with this finding, Peichl and Arain (2007) found a relationship 
between allometric equations of aboveground biomass and stand age in 
other tree species. 

Carbon sequestration in plantations is directly related to age (Figure 5). 
Furthermore, the influence of different factors such as types of species, 
stand age, and management activities may have made different results 
from the effect of plantation on carbon (Karami-Kordalivand et al. 2015). 
mortality caused a loss in the carbon of the standing budget (Figure 4) 
(Metsaranta and Bhatti 2016). The modeling of the annual carbon 
uptake by poplar seedlings explained that the linear logarithmic model in 
terms of seedling collar diameter had the highest accuracy (Vahedi et al. 
2015). It was in accordance with the results of the present research that all 
the factors including volume – age, volume increment – age, and carbon – 
age obtained the high coefficient of determination (R2 = 0.99) and low stan-
dard error in the top models. It means that the presented models have  
a high accuracy and indicate a very high correlation between the parame-
ters in the modeling process and the high accuracy of the computations. 
Therefore, it can conclude that these models can be used as allometric 
models and indicators to predict volume, volume increment, and especially 
carbon sequestration values to save time, cost, and non-destructive sam-
pling in future studies. Even, the models can be applied for the annual 
assessment of carbon sequestration of poplar plantations for optimal man-
agement and achieving sustainable development of the plantations. 

In this context, Alemi et al. (1977) have emphasized that the assess-
ment of forest stands over time depending on the accuracy and type of 
used models. Therefore, the presentation of highly accurate models would 
be validated. Parsapour et al. (2013) and Ali et al. (2019) explicated that 
stem biomass provides a high accuracy for modeling this parameter. On 
the other hand, it seems that the incorporation of the stem analysis method 
and allometric equations will lead to the development of high-accuracy 
models that can be easily documented from their results. It can be used in 
annual management decisions such as thinning at different ages of plan-
tations to reach the optimum rotation age. Although the stem analysis 
method is a time-consuming and costly destructive method, its results will 
be highly documented and reliable. Furthermore, this method is performed 
for a specific species or a site for one time, and its results can be usable 
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many times. Comparison between destructive and non-destructive carbon 
sequestration measurement methods showed that the destructive meth-
ods had more acceptable accuracy for carbon sequestration evaluation 
than the non-destructive, and the outputs of all optimized destructive allo-
metric equations have high reliability (Vahedi et al. 2016). These results 
can be easily and accurately available for optimal management and oper-
ation of plantations.

Accepted for print 27.12.2023
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