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Abstract The present study aimed to predict the growth rate of the common
urban trees using mathematical equations for the right plantation location in the
landscape. Ginkgo biloba, Liquidambar styraciflua L., Parrotia persica, Zelkova
carpinifolia, Acer negundo, and Fraxinus rotundifolia Mill. were selected from city
of Rasht, Guilan province, in the northern part of Iran. The study used age as the
independent variables and height, trunk height, and crown diameter as the
dependent variables. The correlation among the variables were analyzed by
different regressions (linear, logarithmic, exponential, power, and polynomial).
The results showed that polynomial regression functions provided the best
determination coefficient to predict the growth parameters with respect to age in
the urban green spaces for aesthetic purposes and also, to reduce costs, tackle
interference with transit, urban equipment, and finally developing ecosystems
sustainably. Polynomial regression functions can be used to predict tree growth in
new urban green spaces in terms of environmental factors and age.
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INTRODUCTION

A major side-effect of urban development is the exacerbation of environmental
pollution that, in turn, contributes to the destruction of intra-urban green spaces and
their land-use (Bahram Soltani, 2016). Lifestyle change and its complexity and human
relationships have necessitated the changes in lifestyle (Lotfi et al., 2010). Nowadays,
the green-space land use is of significant importance due to its impacts on the physical,
mental and social health of citizens (Yaripour and Hadizadeh Zargar, 2015). Trees can
contribute to improving the efficiency of this land use by the key role they play in green
spaces. Green spaces that accompany the network of urban roads and thus, they appear
as a green network in aerial images are regarded as green elements that act on the
macro scale. In urban designing, adequate space should be allocated to the green
spaces - i.e. the spaces where plants with certain habitat needs can growth safely
(Bahram Soltani, 2016). It is essential to consider adequate space for plants during
their planting. For example, adequate space should be assigned to long-living trees as
this is important in secondary designing of flooring and gardening of the urban spaces.
The designing of plants is effective with respect to the diversity and quality of texture,
color, denseness, and scent that it creates and increases the use of environment
unexpectedly (Majedi et al., 2010).

Recent decades have witnessed the burse of interest in growing trees with the
expansion of green spaces. On the one hand, this can be explained by the fact that
trees help to meet many ecosystems needs and benefits such as cooling, filtering
harmful particles in the air, and providing aesthetic elements at the local level (Mullaney
et al., 2015; Escobedo et al., 2011). On the other hand, urban trees expose losses such
as their falling and damage to traffic road and the breaking of branches which can
impose extra costs and jeopardize public safety (Mcpherson and Muchnick, 2005). Given
the advantages and disadvantages, it is very interesting for urban planners and
managers to consider urban trees and their space requirements. First, it is necessary
to identify the future space needs of the existing trees at certain ages. Second, it is
important for future planning to determine the growing space needs of tree species
before their planting in a certain place. Eventually, data on tree growth should be
provided for horticultural activities to assure public safety (Quigley, 2002). Although,
forest trees have been subject to extensive research, few studies have focused on the
development of the space for urban trees (individual and open trees). In addition, just
some studies have compared the allometry and biomass of forest and urban trees
(Mchale et al., 2009).

Nowadays, the increasing population of cities has led planners to explore different
scenarios for organizing and comforting citizens (Jamei and Rajagopalan, 2018). One
of the cases that urban officials consider for the comfort of citizens is the urban green
space (Mattijssen et al., 2017; Aalbers and Sehested, 2018). The importance of urban
green space may only become apparent over time and is obvoius to everyone (Riechers
et al., 2019). Trees are a vital element of urban green space (Carifianos et al., 2019;
Hami et al., 2019). How trees are planted in urban areas is of particular importance to
urban microclimates (Moser-Reischl et al., 2019). The effects of tree planting on urban
space include temperature regulation, increased biodiversity, air quality, flood
prevention, air carbon storage, and noise pollution reduction (Reis and Lopes, 2019).

Trees are highly diverse and each one has a meaning and symbolizes something
specific. Some trees are deciduous and some are evergreen. This gives a city various
views for the citizens over a year (Hedman, 1985). Trees make urban spaces more
beautiful and organize the scattered structure of these spaces. Trees and other plants
species have dramatic diversity and each plant has its own meaning and concept and
is a symbol of a particular subject. Some trees are deciduous and some are evergreen,
and this gives different views to urban spaces over a year. Trees like gingko (Ginkgo
biloba), sweet gum (Liquidambar styraciflua L.), Persian iron wood (Parrotica persica),
Caucasian elm (Zelkova carpinifolia), Boxelder maple (Acer negundo), and ash
(Fraxinus rotundifolia Mill) are important for urban landscapes. The present research
aimed to predict the growth rate of these six species by mathematical equations for the
better use in the green spaces of the city of Rasht, Iran. Given the importance of this
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issue, the present study explored the growth rate of the major trees in urban green
spaces to plan their application.

MATERIALS AND METHODS

The research is an applied study in terms of methodology, a comparative study in
terms of objective, and in-person study in terms of observation. The study focused on
six ornamental plant species in the green spaces of Rasht including gingko (Ginkgo
biloba), sweet gum (Liquidambar styraciflua L.), Persian iron wood (Parrotica persica),
Caucasian elm (Zelkova carpinifolia), Boxelder maple (Acer negundo), and ash
(Fraxinus rotundifolia Mill). The measured parameters included age, total height (from
the ground to the apex of the highest vertical branch), trunk height (from the ground
to the lowest leaves of the crown), crown height and diameter (the average diameter
in the directions parallel and perpendicular to the trunk), and the inter-plant spacing of
the trees (Figure 1). The height of the extremely tall trees was measured using an
inclinometer by the Pythagorean Theorem. So, the inclinometer was used to determine
the slope from the apex of the tree to the horizon and from the tree base to the horizon.
Then, they were placed in the following equation to obtain the tree height:

H=B (Tg a-Tg )

In which, “"H"” is the plant height, "B” is the horizontal distance to the tree in cm,
“TgB” is the slope percentage of the tree base, and “Tga” is the slope percentage of the
tree apex. The age was determined from the planting time of the tree as per the official
statistics and expert opinions. In cases where the age of the trees was not available, it
was approximately calculated from the equation of tree circumference as below:

The number Pi
Tree perimeter

Tree diamter =

Tree age = tree diameter x tree growth factor

Total height (from the ground to the apex of the highest vertical branch), tree
trunk height (from the ground to the lowest crown leaves), crown height, and crown
diameter (the average diameter in the directions parallel and perpendicular to the
trunk) and the inter-plant spacing were measured by a simple and laser-equipped ruler.
Tree growth factor varied with the tree and it was measured as regression by Zhanga
et al. (2004) method (Figure 1).

Figure 1. Measurement dimensions for each tree. a) total height, b) crown
height, c) trunk height, d) crown diameter (Karimian, 2015).
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The number of studied trees varied from 30 to 50 in which different regression
fitting models (linear, polynomial, exponential, and logarithmic) were tested.

To explain the regression relationship, the coefficients of variation, explanation
and width of the origin were used. In the meantime, for each regression graph that had
a higher coefficient of explanation was considered as the basis for regression prediction
(R?). Considering that the relationship between age and total plant height was of special
importance to us, its regression relationship with the graph was shown.

The studied trees were randomly selected from the trees grown in the green
spaces of Rasht. They were sampled during the green growing season. The regression
fitting models (linear, polynomial, exponential, and logarithmic) were performed in the
MS-Excel software package.

RESULTS

Among the studied trees, Caucasian elms had the highest average age of
27.53 years and Persian iron woods had the lowest one with 4.6 years. The highest and
lowest average heights were related to Caucasian elms and Box elder maples with plant
heights of 23.47 and 3.72 m, respectively. Caucasian elms had the highest average
crown diameter (11.47 m) too, whereas the lowest was 2.23 m related to sweet gums
(Table 1).

Table 1. The brief results of the descriptive statistics for age, total height, trunk height, crown height,
and crown diameter of the studied trees.

Trees Index Diameter of Crown height Trunk height Total height Age
crown

Ginkgo biloba Average 344 260 213 473 1513
Standard 072 060 0.80 134 340

deviation
MSE 351 266 227 491 1550
Parrotica persica Average 227 523 272 795 460
Standard 037 185 0.64 246 225

deviation
MSE 229 554 279 831 511
Liquidambar styraciflua L. Average 223 293 218 512 1227
Standard 031 045 096 137 172

deviation
MSE 225 297 238 529 1238
Zelkova carpinifolia Average 1147 5.00 1847 2347 2753
Standard 449 095 313 404 380

deviation
MSE 1229 5.09 1872 238 2779
Fraxinus rotundifolia Mill Average 617 502 335 837 1917
Standard 076 149 0.86 230 399

deviation
MSE 621 523 346 867 1956
Acer negundo Average 302 130 242 372 637
Standard 0.68 052 082 096 203

deviation
MSE 3.09 140 255 384 667

Gingko (Ginkgo biloba)

The highest coefficient of determination for recognizing and predicting height
growth with respect to age in the gingko trees was related to the polynomial regression
(Figure 2) (in which it was 0.8481. This regression had the highest determination
coefficient (0.8242) for identifying and predicting truck growth prediction in terms of
age, too. Also, the polynomial regression provided the best prediction of crown diameter
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growth with respect to age, showing a determination coefficient of 0.6918 (Table 2).

Height (m)
D

R?=0.8481

y =0.0103x2 + 0.0578x + 1.3803

.....

15 20

Tree age

25

Figure 2. Regression diagram between age and total tree height (Ginkgo

biloba).

Table 2. Regression equations for Ginkgo biloba trees.

Parameters Type of equation regression equations R2
Age x total height Linear y=0.3597x-0.714 0.8303
Polynomial y=0.0103x?+0.0578X+1.3803 0.8481
Exponential y=1.3365e%0807x 0.8012
Logarithmic y=4.526In(x)-7.4399 0.7405
Power y=0.2726x10455 0.7577
Age x trunk height Linear y=0.2071x-1.0004 0.779
Polynomial y=0.0098x2-0.0799x+0.99 0.8241
Exponential y=0.4204¢e0-1024 0.7345
Logarithmic y=2.5558In(x)-4.7377 0.6683
Power y=0.0591x1:306 0.6728
Age x crown diameter Linear y=0.1724x+0.8347 0.6711
Polynomial y=0.0059x2-0.0015x+2.0412 0.6918
Exponential y=1.5593g0-050% 0.6568
Logarithmic y=2.1461In(x)-2.3264 0.5859
Power y=0.6021x0-6406 0.5855

Note: R2: Coefficient of determination, x and y: regression line equation. There is a significant relationship (positive correlation) between age and
total tree height, crown diameter and trunk diameter in Ginkgo biloba. That is, with age, according to the regression formula, the total height of
the tree, crown diameter and diameter also increase. The value of R2 specifies the degree of this correlation. Given that in 5 types of regression
formulas, the R2 polynomial coefficient is the highest, this formula is used for prediction. That is, by increasing 1 X unit (age), the amount of
height, crown diameter and trunk diameter are determined according to the regression formula.

Persian iron wood (Parrotia persica)

The logarithmic regression turned out to perform the best in predicting plant
growth with respect to age with a determination coefficient of 0.9192 (Figure 3). The
best regression to predict truck height against age was polynomial. Its coefficient of
determination was found to be 0.8368. Also, the highest coefficient of determination
(0.8794) for determining and predicting crown diameter in terms of age was for the
polynomial regression (Table 3).
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Figure 3. Regression diagram between age and total tree height (Parrotia
persica).

Table 3. Regression equations for Parrotia persica trees.

Parameters Type of equation regression equations R?
Age x total height Linear y=1.0014x+3.3438 3.8378
Polynomial y=-0.1331x2+2.4412x+0.189 0.9129
Exponential y=4.0509g01344x 0.7162
Logarithmic y=4.8317In(x)+1.1299 0.9192
Power y=2.9103x0-6724 0.8443
Age x trunk height Linear y=0.2418x+1.6042 0.7271
Polynomial y=-0.0417x2+0.6932x+0.6152 0.8368
Exponential y=1.7041¢0-0946x 0.6494
Logarithmic y=1.192In(x)+1.0329 0.8336
Power y=1.3415x04778 0.7805
Age x crown diameter Linear y=0.1508x+1.5729 0.8659
Polynomial y=0.0084x2+0.0603x+1.7713 0.8794
Exponential y=1.6791e0%0627 0.8651
Logarithmic y=0.6495In(x)+1.3499 0.7568
Power y=1.5259x0-2721 0.7678

Note: R2: Coefficient of determination, x and y: regression line equation. There is a significant relationship (positive correlation) between age and
total tree height, crown diameter and trunk diameter in Parrotia persica. That is, with age, according to the regression formula, the total height
of the tree, crown diameter and diameter also increase. The value of R2 specifies the degree of this correlation. Given that in 5 types of regression
formulas, the R2 polynomial coefficient is the highest, this formula is used for prediction. That is, by increasing 1 X unit (age), the amount of
height, crown diameter and trunk diameter are determined according to the regression formula.

Sweet gum (Liquidambar styraciflua)

The plant height, trunk height, and crown diameter of this tree were best
determined and predicted in terms of age by the polynomial regression, which showed
determination coefficients of 0.8511, 0.8282, and 0.6366, respectively (Table 4). The
best prediction of polynomial regression was for the relationship between height and
tree age (0.8511) (Figure 4).
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Figure 4. Regression diagram between age and total tree height (Liquidambar
styraciflua).

Table 4. Regression equations for Liquidambar styraciflua trees.

Parameters Type of equation regression equations R2
Age x total height Linear y-0.7282x-3.8214 0.8389
Polynomial y-0.056x%2.1296X-12 344 08511
Exponential y-0.798e0.1485% 08389
Logarithmic y-8.9579Inx)-17.254 08471
Power y-0.0509x18315 0.8389
Age x trunk height Linear y-0.5012x-3.9643 0.8065
Polynomial y--0.053x%1.8155x-11.96 08282
Exponential y-0.0744¢02658 0.7669
Logarithmic y-6.1786Inx0-13.247 08189
Power y-0.0005x32945 07871
Age x crown diameter Linear y=0.1413x:0.5 05981
Polynomial y-0.0231x204312x+3.9826 06366
Exponential y-1.0543g00605x 06058
Logarithmic y-1.698Inx-2.0072 0.0577
Power y-0.3595x07278 0.5864

Note: R2: Coefficient of determination, x and y: regression line equation. There is a significant relationship (positive correlation) between age and
total tree height, crown diameter and trunk diameter in Liquidambar styraciflua. That is, with age, according to the regression formula, the total
height of the tree, crown diameter and diameter also increase. The value of R2 specifies the degree of this correlation. Given that in 5 types of
regression formulas, the R2 polynomial coefficient is the highest, this formula is used for prediction. That is, by increasing 1 X unit (age), the
amount of height, crown diameter and trunk diameter are determined according to the regression formula.

Caucasian elms (Zelkova carpinifolia)

The highest coefficient of correlation to recognize and predict plant height in terms
of age was 0.8881 related to the polynomial regression (Figure 5). The same regression
showed the highest determination coefficient of 0.9031 for the prediction of trunk height
with respect to age. As far as the prediction of crown diameter against age was
concerned, again the polynomial regression exhibited the highest determination
coefficient of 0.8037 (Table 5).
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Figure 5. Regression diagram between age and total tree height (Zelkova
carpinifolia).

Table 5. Regression equations for Zelkova carpinifolia trees.

Parameters Type of equation regression equations R?
Age x total height Linear y-0962x-3.0208 08189
Polynomial y-0.07022x2-2.9279x:48.504 0.881
Exponential y-7.5451g00407x 0.8265
Logarithmic y-24.922Inx»-58.92 07797
Power y-0.7012x10577 00791
Age x trunk height Linear y-0.7498x%x-2.179 0832
Polynomial y-0.0569x%23271x+38577 09032
Exponential y-6.0027g00403x 08358
Logarithmic y-19.419Inx)-45.729 0.7908
Power y-0.5711x10474 0.7993
Age x crown diameter Linear y-10216x-16.662 0.7503
Polynomial y-0.0707x2-2.7994x+33.95 08037
Exponential y-0.8618e0%0913 07915
Logarithmic y=-26.52Inx)-76.201 07165
Power y-0.0039%x2.3929 0.7699

Note: R2: Coefficient of determination, x and y: regression line equation. There is a significant relationship (positive correlation) between age and
total tree height, crown diameter and trunk diameter in Zelkova carpinifolia. That is, with age, according to the regression formula, the total
height of the tree, crown diameter and diameter also increase. The value of R? specifies the degree of this correlation. Given that in 5 types of
regression formulas, the R? polynomial coefficient is the highest, this formula is used for prediction. That is, by increasing 1 X unit (age), the
amount of height, crown diameter and trunk diameter are determined according to the regression formula.

Ash (Fraxinus rotundifolia Mill.)

The plant height growth of this tree was best predicted in terms of age with the
polynomial regression, exhibiting a determination coefficient of 0.9019 (Figure 6). This
type of regression provided a good prediction of its trunk height in terms of age, too so
that its coefficient of determination was estimated to be 0.9037. As well, the polynomial
regression (with a determination coefficient of 0.9143) provided the best identification
and prediction of crown diameter growth against age (Table 6).
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Figure 6. Regression diagram between age and total tree height (Fraxinus
rotundifolia Mill.).

Table 6. Regression equations for Fraxinus rotundifolia Mill trees.

Parameters Type of equation regression equations R?
Age x total height Linear y-05023x-1.2616 0.7624
Polynomial y--0.0992x%44985x-39.897 09019
Exponential y-2.3667e00637x 0.7006
Logarithmic y-10.163Inx)-21.44 0.7979
Power y-0.1788x12°7 07442
Age x trunk height Linear y=0.1974x-04343 08351
Polynomial y-0.0261x2:1.2504x-10.615 09037
Exponential y-1.0142g00605X 0.7709
Logarithmic y=3.9618Inx)-8.2701 08616
Power y-0.0898x12222 0.8056
Age x crown diameter Linear y=0.167x+29665 07731
Polynomial y--0.0329x%14941x-9.8644 09143
Exponential y-3.6118g00275x 0.7389
Logarithmic y=3.3775Inx)-3.7395 08106
Power y-1.1904x05582 07796

Note: R2: Coefficient of determination, x and y: regression line equation. There is a significant relationship (positive correlation) between
age and total tree height, crown diameter and trunk diameter in Fraxinus rotundifolia Mill. That is, with age, according to the regression
formula, the total height of the tree, crown diameter and diameter also increase. The value of R2 specifies the degree of this correlation.
Given that in 5 types of regression formulas, the R2 polynomial coefficient is the highest, this formula is used for prediction. That is, by
increasing 1 X unit (age), the amount of height, crown diameter and trunk diameter are determined according to the regression formula.
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Boxelder maple (Acer negundo)

As the results revealed, the highest determination coefficient to determine and
predict height growth with age was related to the polynomial regression (0.9005)
(Figure 7). The polynomial regression had the highest coefficient of determination
(0.8301) for identifying and predicting trunk height against age, too. Finally, crown
diameter growth against age was best predicted by the logarithmic regression showing
a determination coefficient of 0.8038 (Table 7).

6
y = 0.0036x? + 0.407x + 0.9637
R? =0.9005

5 [ ®

4 o o o
E o ..o
£3 ° e
0 e
X e
z

2 [ J
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Tree age

Figure 7. Regression diagram between age and total
(Acer negundo).

tree height

Table 7. Regression equations for Acer negundo trees.

Parameters Type of equation regression equations R?
Age x total height Linear y-04507x+-0.8473 09003
Polynomial y-0.0036x%:0407x+0.9637 0.9005
Exponential y-15276€0133x 08853
Logarithmic y=24275Inx)-0.629 08729
Power y-09561x07371 08991
Age x trunk height Linear y-0.3523x:0.1734 0.7558
Polynomial y-0.0595x%1.0668x-1.7295 0.8301
Exponential y-0.667g01892x 0.7098
Logarithmic y-19914inx-1.151 0.8081
Power y-0.3207x10812 0.7757
Age x crown diameter Linear y-0.167x+29665 07731
Polynomial y--0.0081x%0.3397x+1.4796 0.7961
Exponential y-1.9314¢00808x 0.7395
Logarithmic y-1.6349Inx):0.0877 0.8038
Power y-1.0264x0°%7 08214

Note: R?: Coefficient of determination, x and y: regression line equation. There is a significant relationship (positive correlation) between age and
total tree height, crown diameter and trunk diameter in Acer negundo. That is, with age, according to the regression formula, the total height of
the tree, crown diameter and diameter also increase. The value of R2 specifies the degree of this correlation. Given that in 5 types of regression
formulas, the R2 polynomial coefficient is the highest, this formula is used for prediction. That is, by increasing 1 X unit (age), the amount of
height, crown diameter and trunk diameter are determined according to the regression formula.
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DISCUSSION

Analysis of statistical data collected based on descriptive statistics of studied trees
considered in urban green space showed that Caucasian elm and Boxelder maple had
the highest and lowest height, respectively. Also, the crown diameter of the studied
trees (which is one of the important factors in planting trees in urban green space) has
the highest crown diameter in Caucasian elm and the lowest crown diameter in the
sweet gum. This can be an important factor in selecting trees in different urban areas
(streets, boulevards and parks).

As it was revealed, in all six studied species (gingko, Persian iron wood, sweet
gum, Caucasian elm, ash, and Boxelder maple), the polynomial regression had the
highest determination coefficient in predicting the independent indices (height, trunk
height, and crown diameter) in terms of the dependent (age). However, the logarithmic
regression provided a better coefficient of determination for the crown diameter of
Boxelder maple and plant height growth of Persian iron wood. In the studies of Karimian
et al. (2015) and Karimian (2015), most regression functions were calculated from the
logarithmic type. This can be attributed to the limited age of the selected trees from
urban green spaces. The limiting factors of trees growth in urban green spaces can be
enumerated as, but not limited to, space (construction, power facilities, etc.), legal
barriers, natural disasters (snow, rain, etc.), and biotic factors (diseases). Because of
these factors, trees grow less in urban areas than their natural habitats (Tabari and
Kiani, 2017). Also, in urban green spaces, forming pruning is used for aesthetic purposes
and also to avoid interference with traffic and urban equipment and this, in turn, affects
the growth of trees (Karimian et al., 2015).

According to our results, polynomial regression functions can be used to predict
tree growth in new urban green spaces in terms of environmental factors and age.
As well, if data on three dimensions are available, costs can be estimated more precisely
and more suitable management plans can be developed in future years to create
sustainable urban green spaces. If it is estimated by using these models and functions
that a certain tree may grow fast, it can be used in public places, e.g. the side of the
streets and green spaces, where fast green cover is required. Slow-growing trees are
recommended to be planted in places with limited space, such as boulevards and
pedestrian areas of business and crowded streets.

CONCLUSION

The results showed that polynomial regression functions provided the best
determination coefficient to predict the growth indices with respect to age in the urban
green spaces for aesthetic purposes and also, to reduce costs, tackle interference with
transit, urban equipment, and finally developing ecosystems sustainably.
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