Cuban Journal of
Forest Sciences

Volume 12, Issue 3; 2024

Director: DrC. Marta Bonilla Vichot
Email: mbon@upr.edu.cu



%‘ LIBE ﬁ CF‘(’)‘RtES

ISSN: 2310-3469 RNPS: 2347 UNIVERSIDAD REVISTA CUBARA DE
DE PINAR DEL Ri0

CFORES Journal, September-December 2024; 12(3): e867 =< DEENURDLNO ST FoRSTAL

Translated from the original in spanish Original article

Equation to predict the maximum crown diameter of Pinus cooperi

Blanco in Durango, México

Ecuacion para predecir el didmetro mdximo de copa de Pinus cooperi Blanco en Durango,

México
Equagao para prever o diametro mdximo da copa de Pinus cooperi Blanco em Durango,
Meéxico
José Guadalupe Colin1® . Oscar Alberto Aguirre Calder6n2® , José Javier Corral Rivas? ®,
Tilo Gustavo Dominguez Gémezl®, Francisco Javier Hermindezl®,

Erik Orlando Luna RoblesT‘@

1Technological Institute of El Salto. Mexico.
2 Autonomous University of Nuevo Leon. Faculty of Forest Sciences. Mexico.

3 Faculty of Forestry and Environmental Sciences of the Juarez University of the State of Durango.

Mexico.

" Corresponding author eranroka@hotmail.com

Received: 25/07/2024.
Approved: 01/08/2024.

https://cfores.upr.edu.cu/index.php/cfores/article/view/867


https://orcid.org/0000-0002-6992-3511
https://orcid.org/0000-0002-6992-3511
https://orcid.org/0000-0001-5668-8869
https://orcid.org/0000-0002-2851-7517
https://orcid.org/0000-0002-6106-007X
https://orcid.org/0000-0003-0480-624X
https://orcid.org/0000-0001-5133-0403

AN
%’ LIBE i CFORES

CENCIA

ISSN: 2310-3469 RNPS: 2347 DEUHIHEE%EFEiO R.F.:\'.I:!.&'I'.\ (:I':II..\..H A D.H.
CFORES Journal, September-December 2024; 12(3): e867 " rwassoncoien e EORESIALES

ABSTRACT

The maximum crown area is an important variable in the estimation of the level of
competition that affects the growth potential and productivity of species. Therefore, the
objective of the present study was to adjust regression models to predict the maximum
crown diameter for Pinus cooperi Blanco in the forest region of El Salto, in the state of
Durango. In particular, 95 trees of different diameter categories and growing free of
competition were used. Independently, three regression models were analyzed, simple
linear, second-degree polynomial and potential, to predict the maximum canopy diameter
as a function of normal diameter, total height, height at the base of the crown, age and total
length of the crown. The results showed that the second-degree polynomial model with the
inclusion of normal diameter as an independent variable presented the best fit in the
prediction of the maximum crown diameter. In general, normal diameter was the most
significant variable for the prediction of maximum crown diameter in Pinus cooperi. Based
on the results, two forest productivity scenarios related to crown competition factor (CCF)
can be identified; when the CCF is 100 % or higher, timber productivity is optimal and when
it is less than 100 %, productivity is not optimal, which can be attributed to little or no

competition and deficiency in land use.

Keywords: maximum area, competition, models, timber productivity

RESUMEN

El drea méxima de copa es una variable importante en la estimaciéon del nivel de
competencia que afecta al potencial de crecimiento y productividad de las especies. Por lo
tanto, el objetivo del presente estudio fue ajustar modelos de regresién para predecir el
didametro maximo de copa para Pinus cooperi Blanco en la region forestal de El Salto, en el
estado de Durango. Particularmente se utilizaron 95 arboles de diferentes categorias
diamétricas y creciendo libres de competencia. De manera independiente, se analizaron tres
modelos de regresion, lineal simple, polinémico de segundo grado y potencial, para

predecir el didmetro maximo de copa en funcién del didmetro normal, altura total, altura a

https://cfores.upr.edu.cu/index.php/cfores/article/view/867
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la base de la copa, edad y longitud total de la copa. Los resultados evidenciaron que el
modelo polinémico de segundo grado con la inclusion del didmetro normal como variable
independiente presento el mejor ajuste en la prediccion del didmetro maximo de copa. En
general el didmetro normal fue la variable mas significativa para la prediccion del didmetro
maximo de copa en Pinus cooperi. Con base a los resultados se pueden identificar dos
escenarios de productividad del bosque relacionados con factor de competencia de copa
(FCC), cuando este es del 100 % o superior, la productividad maderable es 6ptima y cuando
es menor al 100% la productividad no es 6ptima pudiendo estar atribuido a la poca o nula

competencia y deficiencia en el uso del suelo.

Palabras clave: drea maxima, competencia, modelos, productividad maderable.

RESUMO

A area maxima do dossel é uma varidvel importante na estimativa do nivel de competicao
que afeta o potencial de crescimento e produtividade das espécies. Portanto, o objetivo deste
estudo foi ajustar modelos de regressdo para prever o didmetro maximo da copa de Pinus
cooperi Blanco na regido florestal de El Salto, no estado de Durango. Em particular, serdo
utilizadas 95 arvores de diferentes categorias de didmetro, criando limites a concorréncia.
De forma independente, foram analisados trés modelos de regressao, linear simples,
polinomial de segundo grau e potencial, para determinacdo do didmetro maximo da copa
em funcdo do didmetro normal, altura total, altura na base da copa, idade e comprimento
total da copa. a xicara Os resultados mostraram que o modelo polinomial de segundo grau
com a inclusdo do didmetro normal como variavel independente apresentou o melhor ajuste
na predicao do didmetro maximo da coroa. De modo geral, o didmetro normal foi a variavel
mais significativa para predizer o didmetro maximo da copa em Pinus cooperi. A partir dos
resultados podem ser identificados cendrios de produtividade florestal relacionados ao
FCC; Quando o FCC é 100% ou superior, a produtividade da produgédo é 6tima e quando é
inferior a 100%, a produtividade ndo é 6tima e pode ser atribuida a esse tempo ou a falta de

competicao e a deficiéncia no uso da terra.

https://cfores.upr.edu.cu/index.php/cfores/article/view/867
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Palavras-chave: drea maxima, concorréncia, modelos, produtividade sustentavel.

INTRODUCTION

Timber production depends on the level of productivity existing within a given forest area.
In the period from 1990 to 2017, the total national timber production was, on average, 6.86
million m? of roundwood, and pine contributed 79.38 % (SEMARNAT, 2019), but the
effective use of the land and the quality of the forest products produced there depend on
the management of the density of the stands throughout the rotation, in this sense,
management can be considered as a fundamental quantitative tool for planning, execution
and evaluation that defines silvicultural interventions (Santiago-Garcia et al ., 2013;
Vospernik and Sterba, 2015; Tamarit et al., 2020). In addition to the above, forest
development depends on the different morphological attributes of the trees such as the
shape of the trunks, roots and crowns, components that are usually evaluated to predict the
growth and productivity of forests. However, there are few studies that consider crown
parameters (N4jera and Hernandez, 2008), despite the fact that the variables related to tree
crowns offer interdimensional information such as the surface area occupied by an
individual, level of competence and vitality (Hess et al., 2016; Cisneros et al. , 2019; Givnish,
2020). Therefore, forest management defines the morphometric relationships in forest
communities, so their adequate description and characterization can help in the evaluation

of silvicultural practices (Soto et al., 2016).

The size, structure and shape of tree canopies determine the extent and efficiency of
physiological processes such as photosynthetic activity, transpiration and respiration which
in turn determine the growth, development and productivity of the forest (Sharma et al.,
2017; Cabon et al., 2018; Hernandez et al., 2022; Sporek and Sporek, 2023). Analysis,
monitoring and modeling of ecosystems with more precise, sophisticated and detailed
techniques that demand less work to directly measure crown diameter (Pretzsch, 2022).
Evaluating the potential density of the target population stand helps to apply the
appropriate silvicultural treatments (Yang and Brandeis, 2022). In this way, the timely

management of the density of these areas can be decisive in accelerating the growth of

https://cfores.upr.edu.cu/index.php/cfores/article/view/867
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residual trees, which is why mathematical tools are required that relate the size of the trees
with their number. In recent decades, different methodologies have been developed to
determine the density level of a stand, such as the Reineke density index (Reineke, 1933;
Curtis and Reukema, 1970), which is based on the maximum density that a stand can
support, and the crown competition factor (CCF) (Krajicek et al., 1961), which helps to
determine the number of trees of each diameter category that a hectare can support just at
the threshold of the beginning of competition and is estimated from the determination of

the maximum crown area projected by trees growing free of competition.

The maximum crown projection area is an important measure for the development of
density guides (Rodriguez et al., 2009; Hernandez et al., 2013; Bueno et al., 2022)), for the
projection of the growth of individual trees as a function of density (Biging and Dobbertin,
1995; Hasenauer et al., 1994; Pretzsch et al., 2022), for the determination of light conditions
in the understory that in turn are important for the establishment and development of
regeneration (Crookston and Stage , 1999), and for the evaluation of the effect of competition
on individual trees (Smith et al., 1992; Corral et al ., 2004; Colin et al., 2018; Arnoni et al., 2020).
Indeed, crown characteristics are also sometimes used to attribute social ranks to trees in a

stand, driving the marking of trees for thinning (Bravo et al., 2020).

For the development of maximum crown diameter models, the crown diameter of a sample
of trees growing in open spaces free of competition is usually related to their normal
diameter (Bechtold, 2003; Yang and Huang, 2017: Qiu et al., 2023). Other variables such as
the geographic location of the trees, elevation, exposure and slope have provided marginal
improvements in the estimation of the maximum crown diameter (Paine and Hann, 1982;
Hasenauer, 1997). Currently, the use of indicators and statistical models to support forest
management practices is increasing (Marchi et al., 2020). Despite the importance of the
crown competition factor in the management of forest natural resources, there are currently
no equations to estimate the maximum crown size of most commercially important forest
species in the state of Durango. For this reason, the objective of this study was to compare
different regression equations to predict the maximum crown diameter of Pinus cooperi in

the forest region of El Salto, Durango.

https://cfores.upr.edu.cu/index.php/cfores/article/view/867
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MATERIALS AND METHODS
Area of study

The study was carried out in the Regional Forest Management Unit 1008 (UMAFOR 1008),
which includes the municipality of Pueblo Nuevo and part of the municipality of Durango.
The UMAFOR covers approximately 507,127 ha and is located in the mountainous massif
of the Sierra Madre Occidental, southwest of the state of Durango (Figure 1). The
predominant type of vegetation corresponds to mixed forests with species of the genera
Pinus and Quercus mainly. The height above sea level varies from 2,400 m to 2,600 m. The
prevailing climate is temperate semi-cold with an annual precipitation regime that
fluctuates from 900 to 1,200 mm and an average annual temperature that varies from 8°C in
the highest parts to 24°C in the lowest parts (Instituto Nacional de Estadistica Geografia e
Informatica [INEGI], 2015).
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Figure 1. - Location of sampling plots of Pinus cooperi
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Sampling

The data come from 95 trees randomly selected through targeted sampling. The main
characteristic for selecting the sample tree was that it would not be found growing in
competition with other trees, nor that there were any stumps close to the target tree within
a 30-meter radius, in order to ensure that it developed in a competition-free environment.
For each selected tree, the normal diameter (D), total height (HT), clean stem height (ABLC)
(insertion of the first whorl with live needles that is part of the crown as a whole), height of
the first live needles (ABLF), age in years, crown radius in four directions that coincide with

the cardinal points (CR), crown length (CL) were recorded (Figure 2).

HT|

Figure 2.- Main crown variables and geometric relationships used in the development of the
maximum crown diameter equation. HBLC: height of the crown base (m); HBLF: height of the first
living needles (m); CR: radius of the crown at each measurement point (m); CH: height of the
crown from HBLC (m); CL: total length of the crown (m); HT: total height of the tree (m)

https://cfores.upr.edu.cu/index.php/cfores/article/view/867
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Likewise, the name of the property, UTM Datum WGS 84 coordinates, height above sea
level, exposure and slope were obtained as control information for each tree. Table 1

presents the most important descriptive statistics for the 95 sample trees.

Table 1. - Descriptive statistics of the sample trees

Variable Average Maximum Minimum Standard deviation

D 4497 83.5 23.50 14.56
HT 10.75 204 5.60 3.87
HBLC 2.55 8.8 0.07 1.89
HBLF 1.19 4.8 0.07 0.99
HCM 443 12.0 0.2 2.44
CL 8.21 14.3 42 243
DMC 8.99 15.1 4.78 2.58

D: normal diameter (cm), HT: total height (m), HBLC: height of the base of the crown (insertion of the first whorl with
living needles that is part of the crown as a whole) (m), HBLF: height of the first living needles (m); HCM: maximum

crown height, CL: total crown length (m), and DMC: maximum crown diameter.

Models

Three regression models (simple linear, second-degree polynomial and potential) were
fitted to predict maximum crown diameter independently for each of the predictor variables
D, HT, HBLC and age using the ordinary least squares (OLS) technique, with the MODEL
procedure of the SAS/ETS® program (SAS Institute Inc., 2008). The mathematical

expressions of the models analyzed are Equation 1, Equation 2 and Equation 3:
dmc = Sy + [, * Vi(1)
dme = By + By * Vi + By * Vi (2)
dmc = By * ViP1(3)

Where: dmc:maximum crown diameter; Vi: Independent variable; fi: are the parameters to

be estimated in the adjustment.

https://cfores.upr.edu.cu/index.php/cfores/article/view/867
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Using the best model as a base, the maximum canopy area and percentage of coverage by
diameter category were estimated, as well as the number of trees and the basal area
sufficient to cover one hectare. The relationship between the number of trees and the
average normal diameter allowed the elaboration of a density graph at different percentages

of canopy coverage.
Model comparison and selection

The analysis of the adjustment capacity of the equations was based on the graphical analysis
of the residues and on the values of two statistics: the coefficient of determination (R 2) and
the root mean square error (RMSE), whose mathematical expressions are the following
Equation 4 and Equation 5:

2 _ 4 IENvi-T)°
RT=1 iEn(y-Y)2 (4)

SiZN(vi-%)°
() )

REMC =

Where: Y, Y, Yare respectively the observed, estimated and average values of the dependent
variable, n is the total number of observations used to fit the model and p is the number of

parameters to estimate.

RESULTS AND DISCUSSION

The statistical analysis indicate that the independent variable that presented the best fit in
the three models used to estimate the maximum crown diameter of Pinus cooperi was the
normal diameter (R2from 0.81 to 0.83 and RCME from 1.07 to 1.10), followed by total height
and age (Table 2). Similar results were obtained by Coombes (2019) where he obtained a
higher adjusted R2(0.85) using quadratic regression. Crown diameter estimates typically
employ regression models that use normal diameter as their main explanatory variable due

to its high correlation with crown diameter and easy measurement compared to other

https://cfores.upr.edu.cu/index.php/cfores/article/view/867
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variables such as crown height and length, among others (Quadri, 2019). Studies carried out
on a variety of wood species have shown that normal diameter has been a reliable predictor
variable in estimating maximum crown diameter (Bechtold, 2003; Condes and Sterba, 2005;
Rodriguez et al., 2009; Martin et al., 2012; Chen et al., 2021; Qiu et al., 2022; Qiu et al., 2023).
Although other authors have used normal diameter as the main predictor variable, total
height has been added to this variable (Li, 2020; Pretzsch et al., 2020), crown length (Moeur,
1981), crown area projected above ground (Jucker et al., 2017; Gonzéalez- Benecke et al., 2022),
density (Bragg, 2001; Sporek and Sporek , 2023) exposure, slope and altitude (Curtis and
Reukema 1970) and in the use of artificial neural networks to improve the level of prediction

(Bueno et al., 2022; Ou and Quifionez, 2023).

Table 2. - Fit statistics of the variables to model the maximum crown diameter of Pinus cooperi

Model Predictor variable
DN HT HBLC AGE
R2 REMC R2 REMC R2 REMC R2 REMC
[1] 081 1.10 0.57 1.70 0.27 221 050 1.82
[2] 083 1.07 0.66 1.50 0.38 2.05 055 1.73
[3] 082 1.09 0.59 1.64 033 211 054 1.75

DN: normal diameter (cm), HT: total height (m), HBLC: height of the base of the crown (insertion of the first
whorl with living needles that is part of the crown as a whole) (m), R 2: coefficient of determination, REMC:

mean square error

Table 3 shows the parameter estimators of the three models and their fit statistics using
normal diameter as the predictive variable. In all cases the parameters were significant at

the 5% significance level.

https://cfores.upr.edu.cu/index.php/cfores/article/view/867
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Table 3.- Estimated parameters and fit statistics of the models used to model the maximum crown

diameter of Pinus cooperi, depending on the maximum crown diameter

Model Parameters Standard error REMC R2

[1] B, 1,7574  0.4465 1,1092  0.819
By 01608  0.0094
[2] B, -1.1081 12764 1,0700 0.831

By 02889  0.0544
B, -0.00129 0.00054

[3] By 04342  0.0805 1,0906 0.824
B, 07986  0.0472

R2: coefficient of determination, REMC: root mean square error.

The Figure 3 shows a homogeneous distribution of the model errors, indicating that there is

homoscedasticity, so the assumptions for the regression analysis are fulfilled.

idual

Figure 3.- Predicted values versus residuals of the three models analyzed

On the other hand, Figure 4 shows the graphs of the predicted values against the observed
values, observing that the three models provide a good prediction of the maximum crown

diameter using the normal diameter as an independent variable.

https://cfores.upr.edu.cu/index.php/cfores/article/view/867
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Figure 4. - Maximum observed crown diameters versus predicted values obtained through the use
of the three models using the normal diameter as the predictive variable. The solid line represents a

linear model fitted to the scatter plot

Although the fit of the three models presents very little variation in the coefficient of
determination and in the precision estimator (REMC), the regression equation derived from
the second-degree polynomial model provides slightly better predictions which has already
been reported in other research (Sharma et al., 2017; Bera et al., 2021), therefore, its use is
recommended to estimate the maximum crown diameter of Pinus cooperi through the

following expression Equation 6:

dmc = —1.1081 + 0.2889 * dn — 0.00129 * dn?(6)
Where:
dmc : maximum crown diameter (m)

dn : normal diameter (m)

https://cfores.upr.edu.cu/index.php/cfores/article/view/867
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The inclusion of dn?in the model is justified since much of the existing literature to predict
crown diameter via normal diameter (Bechtold, 2003; Hasenauer, 1997; Lhotka and
Loewenstein, 2008; Martin et al., 2012; Chen et al., 2021), as well as previously published
maximum crown diameter equations have used dn? (Paine and Hann 1982; Smith et al., 1992;

Sporek and Sporek, 2023).

With the values of the estimators and multiplying by the ratio, %We have the equation for

the maximum crown area (Amc) (Hutch et al., 1993; Di Salvatore et al., 2021) Equation 7:
Amc = %(—1.1081 + 0.2889 * dn — 0.00129 = dn*)?(7)

Where:
Amc : maximum crown area (m 2)

Amc equation for a range of trees with a diameter of 20 to 80 cm, the estimated maximum
crown area for Pinus cooperi varies from 13.55 m 2(0.136% cover) to 156.77 m 2(1.568 %) cover.
In turn, the minimum average number of trees necessary to cover 100% of the surface of a
hectare by diameter category within the interval of 20 to 85 cm varied from 738 (23.18 m2ha-
1) to 64 (36.20 m? ha?l), respectively (Table 4). This number of trees is slightly lower than
those estimated with the equation reported by Quifiones and Ramirez (1998) for the same
species that is present in a region neighboring the one studied. For Pinus cooperi, the average
number of trees required to cover 100% of the surface of a hectare by diameter category
within the interval of 20 to 85 cm varied from 738 (23.18 m2 ha?) to 64 (36.20 m2 ha?),
respectively (Table 4). This number of trees is slightly lower than those estimated with the
equation reported by Quifiones and Ramirez (1998) for the same species that is present in a
region neighboring the one studied. To Pinus rudis Endl. in Oaxaca, similar results were
obtained in the diameter category of 20 with 740 trees (Martinez et al., 2021). According to
this equation, between 627 and 80 trees per hectare are estimated within the range of the
diameter categories studied. Hernandez et al. (2013) report that in Pinus teocote Schlecht. Et
Cham. from the state of Hidalgo the number of trees decreases from 580 to 55 within the

range of 20 to 85 cm of normal diameter, while Rodriguez et al. (2009) mentions that in Pinus

https://cfores.upr.edu.cu/index.php/cfores/article/view/867
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montezumae Lamb. these decrease from 557 to 168 within a range of 20 to 40 cm of normal

diameter.

Table 4. - Density attributes from the estimation of the maximum crown area of Pinus cooperi

Dn (cm) AMC (m2) Arbha-! ABha-l(mZ2ha-!') ACi (%)

20 13.55 738 23,18 0.136
25 22,13 452 22,18 0.221
30 32,15 311 21,99 0,321
35 43,28 231 22,23 0,433
40 55,21 181 22,76 0,552
45 67,64 148 23,51 0,676
50 80,31 125 24,45 0,803
55 92,96 108 25,56 0,930
60 105,35 95 26,84 1,054
65 117,29 85 28,29 1,173
70 128,56 78 29,94 1,286
75 139,00 72 31,78 1,390
80 148,44 67 33,86 1,484
85 156,77 64 36,20 1,568

Dn : normal diameter, AMC: maximum crown area, Arbha -1 : trees per hectare, Abha -1: basal area

per hectare, ACi : percentage cover

The density graph created from the CCF (Figure 5) indicates the threshold of the minimum
number of trees per diameter category that is necessary to cover 100% of the surface. From
the point of view of density management for timber production purposes, the 100% CCF
line is the basis for estimating the level of competition between individuals and optimal
land use. A CCF less than 100% indicates the absence of competition and deficiency in land
use, so to optimize the quality and quantity of timber production it is desirable to maintain

the density of a forest above 100% coverage.

https://cfores.upr.edu.cu/index.php/cfores/article/view/867
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Figure 5.- Relationship between the number of trees per diameter category at different levels of

crown competition factor (CCF)

CONCLUSIONS

Normal diameter is the most explanatory variable in a simple linear model and a quadratic

one and best predictor for maximum crown diameter in Pinus cooperi .

The quadratic polynomial model best describes the normal diameter-maximum crown
diameter relationship, so it is recommended for use in the study of growth and competition

of this species in even-aged and mixed and irregular stands in the state of Durango.

Two forest productivity scenarios can be identified related to the crown competition factor;
when it is 100% or higher, timber productivity is optimal; and if it is less than 100%,

productivity is not optimal.
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