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ABSTRACT. Silvicultural practices used for forest management in the Indigenous Community of Nuevo San Juan

Parangaricutiro (CINSJP for its initials in Spanish), Michoacan, Mexico, are important for the sustainability of its

woodlands. For this purpose, techniques that provide reliable and current quantitative estimates are required. The aim

was to �t an equation that describes the allometric relationship between total height and normal diameter (Th-nd) of

Pinus pseudostrobus in the CINJSP forests. Data were obtained from P. pseudostrobus stands that have been managed

with the Silvicultural Development Method (SDM) at di�erent stages according to the current forest management pro-

gram. The research area is between 2,200 and 2 500 masl, has a temperate type C (w2) climate, and is located at

southwest of the Purhépecha Plateau within the Trans-Mexican Volcanic Belt region. The sample size consisted of 169

total height-normal diameter (Th-nd) data pairs. Ten allometric models to evaluate the goodness of �t were tested,

choosing three models based on the lowest values of the sum of square errors of prediction (SSE) and the root mean

squared error (RMSE), the highest adjusted coe�cients of determination and the signi�cance of their parameters. The

deviations of the models were smaller than 0.01 m. The three-parameter equation Th = K+ 38.06004
1+6.033101exp(0.066439dn) ,

proved to be statistically more stable than the rest, and it also shows deviations of less than one meter per tree and

less than 1% for the entire population.

Key words: Allometry, forest inventories, forest management, Pinus pseudostrobus

RESUMEN. Las prácticas silvícolas empleadas para el manejo de los bosques en la Comunidad Indígena de Nuevo

San Juan Parangaricutiro (CINSJP), Michoacán, México; son importantes para la sostenibilidad de sus áreas arboladas.

Para ello, se requiere de técnicas que permitan realizar estimaciones cuantitativas con�ables y precisas. El objetivo

fue ajustar una ecuación que describa la relación alométrica entre la altura total y el diámetro normal (Alt-dn) de

Pinus pseudostrobus en los bosques de la CINJSP. Los datos provienen de rodales de P. pseudostrobus que han sido

manejados con el Método de Desarrollo Silvicola (MDS) en diferentes etapas, de acuerdo con el programa de manejo

forestal vigente. Los bosques bajo estudio se encuentran entre los 2 200 y 2 500 msnm, con clima templado tipo C

(w2), y se ubican al sur-occidente de la Meseta Purhépecha en el Eje Neovolcánico Transversal. El tamaño de muestra

fue de 169 pares de datos de Alt-dn. Se analizaron diez modelos alométricos para evaluar su e�ciencia en la predicción,

eligiendo tres con base a los valores menores de la suma de cuadrados del error y la raíz del cuadrado medio del error,

el mayor coe�ciente de determinación ajustado y la signi�cancia de sus parámetros. La distribución fue normal y los

residuales sin problemas de heterocedasticidad. Las desviaciones de los modelos fueron menores a 0.01 m. La ecuación:

Alt = K + 38.06004
1+6.033101exp(0.066439dn) , de tres parámetros demostró ser estadísticamente más estable, además presenta

desviaciones menores a un metro por árbol e inferior a 1% para toda la población.
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INTRODUCTION

Temperate forests in Mexico cover 21% of
the country's area (Guzmán-Mendoza et al. 2014),
with the genera Pinus and Quercus genus having
the highest distribution (Sánchez-González 2008).
The genus Pinus is composed of 40 endemic
species in the country of the 100 reported world-
wide (Alba-López et al. 2003), with the species
where P. patula, P. oocarpa, P. pseudostrobus,
P. herrerae, P. leiophylla and P. arizonica having
have the greatest presence and commercial interest
(Ramírez-Herrera et al.,2005). The species P.

pseudostrobus stands out in importance for the
forest industry in Michoacán state due its abun-
dance and high productivity (García and González
et al. 2003). In the Indigenous Community of
Nuevo San Juan Parangaricutiro (CINSJP), the
species P. Pseudostrobus, P. devoniana, P. leio-

phylla and P. montezumae are the most important
in supplying raw material for sawmilling (Medina-
García and Guevara-Ferer 2000). In the CINSJP,
Pinus pseudostrobus stands out in the sustainable
management of its forests, with use and yield in
an upward trend since 1979, the year in which the
�rst forest management program was implemented
(Castellano-Acuña et al. 2013).

The evolution of forest areas over time,
as a consequence of management activities in a
forest (Hernández-Díaz et al.,2008), causes dynamic
changes in the structure, density and tree composi-
tion of the stands (Velasco et al. 2006). Estimating
allometric relationships in trees reduces the �eld
data collection time required for a forest inven-
tory and helps obtain reliable estimates of variables
that are di�cult to measure, such as total height
(Th), which serves to estimate other variables, such
as volume, biomass or carbon, through easy-to-
measure variables (Quiñonez et al. 2012), which
are used in the planning of silvicultural activities
for forest management programs (Hernández et al.
2016, García-Cuevas et al. 2016).

Total height is a basic variable in the classi�-
cation of forest areas, as it helps to determine their
productive capacity and consequently the stand de-

limitation of the forest mass (Vanclay 1994). But
in the data collection for a forest inventory, this
variable is not measured in all trees, due to its de-
gree of di�culty, in addition to the cost and time
that this requires, so for the preparation of manage-
ment plans this variable is estimated in a sub-sample
measured per site (Zhang et al. 2002). Because of
the importance of reducing time and costs in forest
inventory data collection and the accurate estima-
tion of the total height of trees for the preparation
of forest management plans, in addition to the
lack of quantitative tools to support the planning
and implementation of management programs for
this species, the aim was to �t an equation that
describes the functional relationship between the
total height and normal diameter of Pinus pseu-

dostrobus in forests of the Indigenous Community
of San Juan Nuevo Parangaricutiro, Michoacán.

MATERIALS AND METHODS

The study was conducted in a 520 ha area
divided into six Pinus pseudostrobus stands under
forest management, where the silvicultural develop-
ment method (SDM) is applied, in accordance with
the forest management program in force in the CIN-
SJP. The forests are between 2 200 and 2 500 meters
above sea level, where there is a humid temperate
climate (C (w2)(b) and C(w2)(w)), and are located
at southwest of the Purhépecha Plateau within the
Trans-Mexican Volcanic Belt region (Velázquez et

al. 2003).
In order to collect the �eld data, we took into

account the procedure described by Laar and Akca
(2007), who mentioned that information should be
obtained from between 20 and 25 individual trees
of all dimensions per stand to adequately cover the
variability of each of the studied stands. By means
of a directed sample, an average of 28 trees were
measured per stand, of which the total height (Th)
and the normal diameter (dn) were recorded in a
total of 169 trees. Speci�c characteristics were
considered for the selection of individuals, such as:
a circular and undamaged crown; a monopodic,
straight stem undamaged by lightning or �re and
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Table 1. Allometric models used to �t Th-nd equations of P. pseudostrobus in the Indigenous
Community of Nuevo San Juan Parangaricutiro, Michoacán, Mexico.

No. Expresión Literatura
(1) Th = b0 + b1dn+ b2dn2 Pece et al. 2006, Juárez et al. 2007,Vibrans et al. 2015

(2) Th = dn2

b0+b1dn+b2dn2 + 1.3 Pece et al. 2006, Juárez et al. 2007

(3) Th = k + dn2

(b0+b1dn)2
Pece et al. 2006, Juárez et al. 2007

(4) Th = k + b0(
dn

b1+dn
) Huang et al. 1992

(5) Th = k + ( dn2

(b0+b1dn)2
) Huang et al. 1992

(6) Th = k + exp(b0 + b1dnb2 ) Huang et al. 1992

(7) Th = k + b0
1+b1exp(b2dn)

Huang et al. 1992

(8) Th = k + dn2

(b0+b1dn+b2dn2)
Huang et al. 1992

(9) Th = k + b0exp(
b1

dn+b2
) Huang et al. 1992, Trincado y Leal 2006

(10) Th = k + ( b0
1+ 1

b1
dnb2

) Huang et al. 1992, Trincado y Leal 2006

k = Height of 1.3 m where dbh is taken; b's = Parameters to be estimated.

without malformation, and trees that were not sub-
ject to resin extraction or tapping activities. Stands
were also excluded if they had pests, diseases or any
type of natural or anthropogenic disturbance and if
they were less than 20 m from roads or clearings to
avoid edge e�ect problems.

We analyzed ten allometric models (Table 1)
chosen for having shown good estimates in other
works (Huang et al. 1992, Pece et al. 2006, Trin-
cado and Leal 2006, Juárez et al. 2007 and Vi-
brans et al. 2015), in which k = height of 1.3 m
where dbh is taken; b's = Parameters to be esti-
mated. In choosing the equations, we considered
the recommendations made by Fang and Bailey
(1998) who suggest using only two- and three-
parameter models, because expressions with four or
more can lead to problems of convergence or insta-
bility of the estimates. The �t of the models and the
estimation of their parameters were performed with
the MODEL procedure, which is an indistinct proce-
dure for linear and non-linear models, and the SAS
(SAS 2008) FIML method. To obtain a better con-
vergence of the parameters, we used initial values
obtained by Huang et al. (1992), Pece et al. (2006),
Trincado and Leal (2006), Juárez et al. (2007), Vi-
brans et al. (2015), as suggested by Milena et al.
(2013).

The goodness of �t of the models was deter-
mined by the lowest values of the sum of the mean
squared errors of prediction (SSE) and the root

mean squared error (RMSE) (Trincado and Leal
2006, Vibrans et al. 2015) and the highest values
of the adjusted coe�cient of determination (R2adj),
as well as the signi�cance of the parameters and the
low values in their standard error (Diéguez-Aranda
et al. 2005). The homoscedasticity assumptions
of the residuals were evaluated with the graphic
analysis and the White (W) test, the autocorrela-
tion of errors using the Durbin-Watson (DW) test
(Barrios et al. 2014) and the normality with the
Shapiro-Wilk (SW) test (Vibrans et al. 2015), con-
sidering the Kurtosis index (KI) (Martínez-López
and Acosta-Ramos 2014). The accuracy of the es-
timates was evaluated with the absolute bias (B),
the aggregate di�erence in percentage (AD %)
(Lencinas and Mohr-Bell 2007) and the graphical
test of predicted data against observed data.

RESULTS

The descriptive statistics indicate the range of
applicability of the adjusted equations, in which the
normal diameter averages 35.82 cm with variation
of 10 to 65 cm, and height averages 24.52 m with
values lowerand greater than 7.50 to 39.00 m; the
variance describes the dispersion of the data used for
the �t, together with the values of the coe�cient of
variation (CV) and standard deviation (Table 2).

For the regressions, the results of the �t show
an explanation of the variation of the data above
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Table 2. Descriptive statistics of the sample used of P. pseudostrobus in the Indigenous Community of Nuevo
San Juan Parangaricutiro, Michoacán, Mexico.

Variable Average Maximum Minimum Variance Standard deviation Coe�cient of Variation

dn 35.82 65 10 263.5825 16.2352 45.3302
Th 24.52 39 7.5 76.0307 8.7196 35.5641

Table 3. Fit statistics and parameter values of the allometric Th-dbh models for P. pseudostrobus
in the Indigenous Community of Nuevo San Juan Parangaricutiro, Michoacán, Mexico.

Model SCE RCME R2
adj Parameter Estimate ASE* t-value pr > t

(1) 1206.5 2.7041 0.904 b0 1.160227 1.0979 1.06 0.2921
b1 0.849674 0.0692 12.28 <0.0001
b2 -0.00458 0.000944 -4.85 <0.0001

(2) 1221.7 2.7211 0.903 b0 1.988528 2.1719 0.92 0.3612
b1 0.98272 0.149 6.59 <0.0001
b2 0.012079 0.00217 5.55 <0.0001

(3) 1249.4 2.7434 0.901 b0 2.618767 0.0895 29.25 <0.0001
b1 0.127645 0.00232 55.1 <0.0001

(4) 1226.9 2.7186 0.903 b0 95.95421 8.522 11.26 <0.0001
b1 106.3844 13.1413 8.1 <0.0001

(5) 1249.4 2.7434 0.901 b0 2.618767 0.0895 29.25 <0.0001
b1 0.127645 0.00232 55.1 <0.0001

(6) 1228.2 2.7282 0.902 b0 5.369114 0.8144 6.59 <0.0001
b1 -7.3061 0.4755 -15.37 <0.0001
b2 -0.33834 0.1216 -2.78 0.006

(7) 1186.4 2.6815 0.905 b0 38.06004 1.3558 28.07 <0.0001
b1 6.033101 0.4505 13.39 <0.0001
b2 0.066439 0.00481 13.82 <0.0001

(8) 1221.7 2.7211 0.903 b0 1.976307 2.1715 0.91 0.3641
b1 0.983431 0.149 6.6 <0.0001
b2 0.012070 0.00217 5.55 <0.0001

(9) 1210.6 2.7087 0.904 b0 71.62702 7.9274 9.04 <0.0001
b1 -55.04980 10.7782 -5.11 <0.0001
b2 15.23139 4.4161 3.45 0.0007

(10) 1217.1 2.716 0.903 b0 68.95959 15.4901 4.45 <0.0001
b1 0.008691 0.00139 6.27 <0.0001
b2 1.158101 0.1349 8.59 <0.0001

ASE*: Approximate Standard Error.

90% (R2
adj > 0.9) with low SSE and RMSE values.

But for models 1, 2 and 8, the reference parameter
of the intercept is not signi�cant, a situation that
can cause problems in the estimation of total height,
so they were ruled out of the �nal selection (Table
3). Models 7, 9 and 10 were the best, for having
the lowest values in the SSE and RMSE, and the
highest values of R2

adj , in addition to presenting all
their signi�cant parameters and low standard errors,
which makes them statistically stable in the predic-
tion.

The graphical results of the evaluation of
the regression assumptions for the three selected
models indicate that there are no heterocedasticity
problems, which is con�rmed by the non-signi�cance
of the White test. The data tend towards normality

because the SW test was greater than 0.94, and
the Kurtosis index and the tendency in the graph in
all cases is leptokurtic. The Durbin-Watson auto-
correlation statistic is below 1.5 and the likelihood
statistic is very similar among the three models, with
models 9 and 10 being superior to model 7 (Table
4).

The accuracy of the estimates made by the
three models indicates that model 7 is the one that
generates the lowest deviations when estimating, in-
dividually or in general terms, the total height from
the diameter at breast height, followed by model 9
and �nally model 10, where none of them reaches
1% or the error meter when calculating the total
height as a function of diameter at breast height
(Table 5). In the graph of the predicted values
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Table 4. Tests of regression assumptions and likelihood statistic in the selected allometric Th-dbh

models for P. pseudostrobus in the Indigenous Community of Nuevo San Juan Parangaricutiro, Mi-
choacán, Mexico.

Model
White's Test Shapiro-Wilk Kurtosis Index

DW
Log

Value Probability Value Probability Value Probability Lokelihood
7 6.32 0.5025 0.94 0.0001 -2.12 0.0341 1.32 -402.5783
9 4.24 0.6441 0.95 0.0001 -2.08 0.0377 1.41 -404.275
10 5.09 0.5325 0.95 0.0001 -2.07 0.0385 1.43 -404.7246

against observed values, a desirable estimate ten-
dency was found (Figure 1). Model 7 was selected
as the best because it predicts the data trend with
greater �delity; unlike models 9 and 10, the height
prediction curve does not decrease until 50 cm in
diameter, overestimating the values of the dimen-
sions.

Table 5. Bias and aggregate di�erence
in % of the estimates made with three
allometric Th-dbh models for P. pseu-

dostrobus in the Indigenous Community
of Nuevo San Juan Parangaricutiro, Mi-
choacán, Mexico.

Model 7 9 10
Bias -0.0010 0.0034 0.0114
AD % -0.0041 0.0138 0.0463

DISCUSSION

The models 7, 9 and 10 chosen for their
greater �t have an additive term, which causes the
equations to have a diameter at breast height equal
to zero when the height above the stem is equal
to 1.3 m, which according to Diéguez-Aranda et al.
(2009) and Puji (2014) is reasonable from a theo-
retical point of view, because the prediction of total
height in trees with diameters close to zero is of no
interest. The regression assumptions are not vio-
lated, because the White test showed homoscedas-
ticity of the residuals and the normality of the data
evaluated with the Shapiro-Wilk test (Martínez-
López and Acosta-Ramos 2014), and the Kurtosis
index according to the classi�cation of Conesa et al.
(2009) was of leptocurtic form in all three cases.
This indicates that the information used is slightly
loaded to the left of the Gauss bell-shaped graph
(SAS 2008). The Durbin-Watson autocorrelation

statistic was below 1.5, a situation similar to that
reported by Fuentes et al. (2001a and 2001b) who
indicate that a value of 1.4 implies that model errors
are given by variables not included within it, but that
they a�ect one of the independent variables.

The accuracy of the estimates was veri�ed
with Hair et al. (1999), who indicate that it is
not always the most statistically stable equation
that complies with the regression assumptions that
generates better estimates or produces the least
biases. The graph of the predicted values against
observed values shows the trend of the estimates
that are similar to those reported by Puji (2014)
when using two linear and �ve non-linear models to
represent the allometric relationship between the to-
tal height and diameter at breast height of tropical
species. Model 7 was selected as the best because it
predicts the data trend with greater �delity, a situa-
tion similar to that reported by Juárez et al. (2007)
and Puji (2014) who found that nonlinear models
have a better �t.

The chosen model is di�erent from the cubic
linear model proposed by Hadaet (2014) to estimate
height according to diameter in P. brutia and the
models proposed by Huang et al. (1992) for species
of the genera Picea, Pinus, Populus, Betula, Abies,
Pseudotsuga and Larix. But the height curves
generated with local allometric models are the
most accurate in the estimates of forests or stands
(Diéguez-Aranda et al. 2009). Model 7, selected
for being more stable, presents the smallest devia-
tions when estimating the total height according to
diameter at breast height, and according to Costas
and Rodríguez (2003) it can be used reliably in es-
timating height and other derived variables such as
the volume of the stands or for the characterization
of the structure of the tree masses of this species,
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Figure 1. Trend of the predicted versus observed values of the three allometric Th-dbh models selected for P.

pseudostrobus in the Indigenous Community of Nuevo San Juan Parangaricutiro, Michoacán, Mexico.

as well as for economizing on forest inventory costs
(Trincado and Leal 2006). In addition, it can be
included to project the growth of the species in a
reliable way, as mentioned by Diéguez-Aranda et al.
(2005).

This study's applicability is restricted to the
local level (Diéguez-Aranda et al. 2009) despite the
high pressure of such equations demonstrated by
Trincado and Leal (2006), a situation by which the
�tting of generalized height-diameter models, either
traditionally or under the mixed-e�ects approach, is
an alternative that extends the functionality of the
information generated, reduces biases and better
covers regional variability (Corral-Rivas et al. 2014,
Kulie²is et al. 2014). Other similar works mention
the goodness of �t of such results in the collection
of �eld information and in the accuracy of the total
height estimates to calculate the volume individually
or by stand (Diéguez-Aranda et al. 2009, Vibrans
et al. 2015).

CONCLUSIONS

The selected equations can be applied in the
CISJNP's P. pseudostrobus forests to reduce the
time spent conducting a forest inventory, to ob-
tain the necessary �eld data to estimate the total
volumetric stock in the stands or to characterize the
vertical structure of the forests. Equation 7 proved
to be more stable than the other equations, so it
can be used reliably to estimate height. This can be
part of the quantitative silvicultural methodologies
for estimating the height and total volume of the
stands, in addition to the growth and yield calcula-
tions by combining the results with stand variables.
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