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ABSTRACT

Spatial structure refers to the horizontal and vertical arrangement of individual trees, and the most accurate way to describe
it within a community is to characterize tree strata in terms of their dimensions. The aim of this study was to determine
the horizontal and vertical structure of pure stands of Pinus ayacahuite Ehrenb. ex Schitdl., in forests of southern Mexico.
Forest measurement data from 24 sample plots were used. For analysis of the horizontal structure, diameters within a
range of 0.20 cm to 77 cm were used, while for the vertical structure, heights were from 0.09 m to 40.9 m. Non-parametric
histograms and Kernel density methods were used in the analysis, and Fisher and Marron multimodality tests were
performed. The homogeneity of the forest stands was determined by the coefficient of homogeneity, and the vertical and
horizontal structures were described using the stratification proposed by Pretzsch. The results indicate that the horizontal
structure corresponds to a diameter distribution with a reversed "J" shape in 79.2% of the sample plots, while 91.8% of the
sites were classified as irregular with coefficients of homogeneity of 1.0 to 3.0. In the vertical structure, it was observed
that the lower stratum predominated in 75% of the plots, while 25% had a higher concentration of individuals in the middle
stratum. The upper stratum had accumulation percentages ranging from 1.3% to 33.3% but did not predominate in any of
the plots. According to the multimodality tests, 50% of the plots present multimodality in the horizontal structure, while in
the vertical structure this condition is present in 38% of the plots. Knowledge of the spatial structure of Pinus ayacahuite
forest stands is essential to define silvicultural strategies that ensure the sustainable functioning of the ecosystem in terms
of yield continuity and conservation.
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INTRODUCTION

A managed forest is a biological system that undergoes
constant change due to natural processes and applied
silvicultural activities (Garcia 1988). Silviculture is a tool for
sustainable management of species. Silvicultural practices
modify the diversity of forest stands, as well as the spatial
mixture of trees, natural regeneration, and size distribution
(Del Rio et al. 2003, Gadow et al. 2012). In addition to
silvicultural treatments, factors such as competition for
resources, patterns of regeneration, mortality, differential
growth, topographic and climatic variations, soil quality,
and interactions between species cause variations in the
distribution of tree sizes in forests (Coomes and Allen 2007).

The structure of a forest ecosystem refers to the

spatial distribution of the main tree characteristics, and
the distribution of species by dimension classes is of
special importance (Gadow and Hui 1998, Aguirre et al.
2009, Li et al. 2014). The importance of characterizing and
quantitatively measuring the structure of forest stands lies
in the fact that it provides an understanding of how the
ecosystem functions. This is a fundamental aspect that
must be considered to understand productivity and make
decisions within sustainable forest management (Jiménez et
al. 2001, Aguirre et al. 2003, Araujo et al. 2008).

Spatial structure refers to the horizontal and vertical
arrangement of individual trees, and the most appropriate
and precise way to describe it within a community is
to characterize tree strata from the viewpoint of their
dimensions (Gadow and Hui 2001). The most used variables
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to represent the spatial structure of a forest stand are
the heights and diameters of the individuals present in it
(Corral-Rivas et al. 2019, Guzman et al. 2019). Horizontal
structure is often evaluated in terms of diameter, although
basal area or canopy cover can also be used. The vertical
structure is assessed using the heights of the trees that
constitute the specific study area (Moret et al. 2008). The
methods for describing spatial structure can be parametric
or non-parametric, of these methods, density functions,
such as frequency histograms and Kernel estimators,
are outstanding because of their simplicity and ease of
interpretation (Pogoda et al. 2020).

In the Sierra Norte region of Oaxaca, in southern
Mexico, studies of diversity and structural composition
have been conducted to characterize mixed forest stands
and Pinus patula Schltdl. et Cham. (Castellanos et al. 2008,
Castellanos-Bolafios et al. 2010, Vasquez-Cortez et al. 2018,
Martin et al. 2021). However, it is important to understand
quantitative aspects of the dynamics of other species that
hold economic, ecological, and social value within forest
management. The aim of this study was to determine the
horizontal and vertical structure of Pinus ayacahuite Ehrenb.
ex Schltdl. stands, considering the diameter and height of
the individuals as analysis variables.

MATERIALS AND METHODS

The study was conducted in the communal forests
of Ixtlan de Judrez, Oaxaca, southern Mexico. This area
is geographically located between the coordinates of
17°23'0.50"-17°23'0.58" N and 96°28'45"-96°28'53" W.
The region falls within the physiographic province known
as the Northern Oaxaca Mountain System (Figure 1). The

predominant type of vegetation in this region corresponds
to pine-oak forests, which were described as heterogeneous
by Castellanos-Bolafios et al. (2010). The natural distribution
area of Pinus ayacahuite, where the study took place, spans
an altitudinal range of 2,600 m to 3,100 m and covers an
area of 962.85 hectares. The predominant climates are
temperate sub-humid with summer rains and temperate
humid with summer rains (STF 2015).

In the establishment of the sampling plots, sub-
stands were selected without the presence of forest pests,
diseases, traces of fires, or any other disturbances. They
were pure stands, meaning that the dominant species was
Pinus ayacahuite. The sampling plots were squares of 400
m? each, divided into four quadrants of 10 m x 10 m, and
numbered clockwise. Each plot was established facing north
and had five control points: one at each vertex and one in
the center. All living trees found within the sampling plot
were labeled, starting with the tree closest to the center and
continuing until reaching the furthest tree.

The forest variables measured in the field and used for
analysis of the structure were the following: diameter at
breast height of all the individuals (D, cm) measured with a
Haglof Sweden® tree caliper; diameter at the base (DB, cm)
of individuals that did not reach a height of 1.30 m, using a
Scala® vernier caliper; total height (H, m) of a representative
sample of trees, which included individuals of all diameter
classes, obtained with a digital clinometer (Hagl6f Sweden®);
and the height of the individuals whose diameter at the base
was measured with a professional Pretul® flexometer.

With the data obtained, the following stand variables
were determined: number of trees per hectare (N ha?
); basal area per hectare (BA, m*ha?) derived from
the individual basal area, which was obtained with the

expression BA:TEOOX D? ; mean height and diameter of
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Figure 1. Geographic location of the study area and the sampling plots.
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the dominant trees (HD, m; DD, m); and finally, quadratic

mean diameter (Dg, cm) qu\/ L,QLOOX % using the for-

mula (Santiago-Garcia et al. 2013, Pérez-Lopez et al. 2019).

To estimate the heights that were not measured in
the field, different documented models for the species
were used: Abies guatemalensis Rehder, Alnus acuminata
Kunth, Arbutus xalapensis Kunth, Clethra lanata M. Martens
& Galeotti, Litsea glaucescens Kunth, Pinus ayacahuite,
P. douglasiana Martinez, P. oaxacana Mirov, P. patula, P
pseudostrobus Lindl., P. rudis Endl, Quercus spp., Clethra
mexicana DC. and other broadleaf species present in
the sampling plots (STF 2015, Lépez-Villegas et al. 2017,
Santiago-Garcia et al. 2020).

To determine the horizontal structure, the diameters
at breast height and diameters at the base were used, and
for the vertical structure, the heights observed in the field
and those estimated with the height-diameter models were
used (Table 1).

In the analysis, histograms and Kernel plots were
created for distributions of diameters and heights per
sampling unit and for the totality of the data. Pooled and
unpooled data by diameter class were used. The statistical
programs used were SAS® 9.4 (SAS Institute Inc. 2017)
for histograms and Kernel of the grouped data (using the
UNIVARIATE and KDE procedures) and RStudio® (R Core
Team 2019) for Kernel graphs on non-grouped data (using
the DENSITYPLOT function).

To determine the homogeneity of the stands, the
homogeneity coefficient (CH) was used, which represents
the percentage relationship between the number of trees
and the volume, both stratified by diameter classes (De
Camino 1976). Authors such as Corral et al. (2005) and
Solis et al. (2006) demonstrated that the coefficient of
homogeneity can be estimated with equal precision when
using the basal area; therefore, due to the number of
species present in the plots, this variable was chosen as
a volume surrogate for the calculation of CH, through the
following expression (Equation 1):

o ZSN%

Z 1 SN% - SBA%

where CH is the coefficient of homogeneity; n is the number

of diameter classes; SN% is the sum of the percentages of

the number of trees up to diameter class i; and SBA% is the

sum of the percentages of the basal area up to diameter
class i.

The description of the vertical and horizontal structures
includes the stratification proposed by Pretzsch (1996),
which consists of three strata: stratum |, or superior, with
heights and diameters ranging from 80% to 100% of the

(1)

maximum values of the site; stratum Il, or middle, ranging
from 50% to 80%; and stratum llI, or lower, ranging from 0%
to 50%. Furthermore, we analyzed the number of modes for
the distribution of heights and diameters using the Fisher
and Marron multimodality test with the statistical software
RStudio® (R Core Team 2019), under the hypothesis that the
height and diameter distribution in the plot is unimodal.

RESULTS AND DISCUSSION

In 79.2% of the plots, a diameter distribution in the
form of an inverted "J" or negative exponential was found.
In these plots, a greater proportion of individuals with small
diameters can be observed; this proportion decreases as
the size of the diameter increases (Figure 2a and Figure 2b).
Although 20.8% of the remaining plots exhibited a regular
distribution, a slight displacement of data towards smaller
diameter categories can be observed, resulting in a left-
sided distribution (Figure 2c). Gadow et al. (2007) mention
that inverted J-shaped curves are typical of diameter
distributions of irregular forest stands.

The general irregularity of Pinus ayacahuite stands
was observed when comparing the 24 sampling plots in
Kernel density graphs and a histogram generated from
the diameters of all the individuals inventoried (Figure 2).
Through graphic analysis, it was possible to determine that
the highest densities of individuals were concentrated in
diameter classes smaller than 25 cm, with modes ranging
from 0.9 cm to 23 cm in the sampling units.

Because of the left-sided asymmetry observed in 79.2%
of the plots, we can assume that the Pinus ayacahuite
stands have a high level of regeneration. Ramirez et al.
(2019) characterized the stand structure of a community
near Ixtlan de Juarez and found an inverted "J"- shape of
the diameter distribution, describing the stands as mature
growing systems. It is necessary to consider that the age and
size of the trees are not always closely related; this happens
more frequently in tolerant species, such as P. ayacahuite,
which has slower growth than other species of the genus
Pinus in the study area and incorporates more individuals
in lower diameter classes due to the good survival capacity
in young stages, leading to the development of an irregular-
type structure (Newton 2007, Soto et al. 2010). Restrepo et
al. (2012) mention that this structure is the best guarantee
of survival in the forest community because taller trees are
eliminated and replaced without difficulty by smaller and
presumably younger ones.

The horizontal characterization made with histograms
and Kernel density graphs confirms the heterogeneity of the

Table 1. Descriptive statistics of data used to determine the horizontal and vertical structure of Pinus ayacahuite stands.

Variable n Mean Minimum Maximum Standard deviation
D 1162 19.610 0.20 77.0 14.706
DB 157 0.842 0.20 2.8 0.526
H 1319 13.204 0.09 40.9 9.142

n - number of trees; D - diameter at breast height (cm); DB - diameter at the base (cm); H - total height (m).
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Figure 2. Diameter distributions. (a) and (b) Diameter distributions of the 24 sampling plots in Kernel density graphs; (c) Histogram
of the diameter distribution of all the individuals in the 24 sampling plots.

stands of Pinus ayacahuite. De Camino (1976) affirms that the
coefficient of homogeneity CH varies between one and infinity,
with a value of 1.0 indicating complete heterogeneity, and an
increase represents an approach towards homogeneity. The
CH values obtained fluctuated in the range of 1.51 to 3.55
and were represented with the Lorenz curve, which shows
that, as the value of CH decreases, the curve moves further
away from the line of maximum homogeneity (Figure 3) (De
Camino 1976, Del Rio et al. 2003).

Based on the classification established by De Camino
(1976), 91.8% of the sites correspond to an irregular forest

152  SEEFOR 14(2): 149-157

(CH=1.0-3.0) with values ranging from 1.51 to 2.84. In the
transition category (CH=3.1-3.5), only 4.1% of the sites were
found with a coefficient of 3.10, and 4.1% were defined as
regular forest (CH>3.5) with a value of 3.55.

The stratification for the vertical structure was as follows:
the lower stratum (stratum Ill) predominated in 75% of the
plots; the middle stratum (stratum Il), present in 25% of the
sites, had a concentration of individuals ranging from 41.7%
to 57.7%; and the percentages of accumulation in the upper
stratum (stratum 1) varied from 1.3% to 33.3%, but it did not
predominate in any of the plots (Table 2).
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Figure 3. Comparison of the Lorenz curves for the sites with the minimum and maximum values of the coefficient of homogeneity
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Table 2. Distribution of individuals by stratum and maximum height of each plot.

Maximum Stratum | Stratum Il Stratum Il Total individuals
Sample plot height
(m) (Nah) (%) (Nah) (%) (Nah) (%) (Nah) (%)
1 34.90 6 7.8 17 22.1 54 70.1 77 100
2 30.10 6 9.0 17 25.4 44 65.7 67 100
3 30.80 6 13.0 19 41.3 21 45.7 46 100
4 29.26 13 333 11 28.2 15 38.5 39 100
5 40.90 8 18.2 8 18.2 28 63.6 44 100
6 36.87 3 5.8 17 32.7 32 61.5 52 100
7 29.13 8 27.6 13 44.8 8 27.6 29 100
8 32.40 8 19.5 16 39.0 17 41.5 41 100
9 34.51 9 14.8 11 18.0 41 67.2 61 100
10 30.10 7 17.5 14 35.0 19 47.5 40 100
11 30.82 12 30.8 19 48.7 8 20.5 39 100
12 28.43 8 20.5 22 56.4 9 23.1 39 100
13 35.80 7 13.2 12 22.6 34 64.2 53 100
14 33.82 2 43 9 19.6 35 76.1 46 100
15 36.26 3 6.3 10 20.8 35 72.9 48 100
16 28.00 11 22.9 20 41.7 17 35.4 48 100
17 29.43 3 6.3 20 41.7 25 52.1 48 100
18 27.15 2 4.9 9 22.0 30 73.2 41 100
19 28.68 11 20.4 21 38.9 22 40.7 54 100
20 28.30 4 13 7 3.1 213 95.5 224 100
21 29.35 7 17.1 18 43.9 16 39.0 41 100
22 27.33 8 14.0 17 29.8 32 56.1 57 100
23 25.77 7 26.9 15 57.7 4 15.4 26 100
24 28.87 17 28.8 14 23.7 28 47.5 59 100

Nah - number of trees
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In addition to the height stratification, Table 3 presents
the results of diameter stratification for each measurement
plot.

The lower stratum predominated in 95.8% of the plots,
reaffirming the high level of individuals in juvenile and
regeneration stages, as can be seen in the inverted "J" shaped
diameter distribution (Figure 2). In only one plot was the
intermediate stratum dominant, with a 53.8% concentration
of individuals. Diameter stratification generally coincides
with height stratification.

Through the histograms and Kernel density graphs of the
vertical structure, we observed that nine sampling plots have
more than one mode, which was verified with the Fisher and
Marron statistical multimodality test (R Core Team 2019).
According to this test, 62% of the sites exhibit a unimodal
height distribution (Table 4). It is important to highlight that
these unimodal distributions were found only in the lower
stratum, indicating sites where regeneration is occurring.

By plotting the heights of all 24 sample plots and
comparing their distributions, we can easily discern the
data grouping in the lower and middle strata. The presence
of individuals taller than 30 m is rarer (Figure 4) because
the upper stratum was not predominant in any plot. The
number of modes and the asymmetry in the graphs help to
identify the strata and allow us to infer whether the stands
are in a juvenile or mature state (Gadow et al. 2007).

The abundance of individuals in the lower stratum
is attributed to the tolerance of Pinus ayacahuite, as the
survival rate in juvenile stages is high despite not receiving
direct sunlight, which results in slow growth (Valladares
et al. 2004). However, with greater light availability,
regeneration may be favored, as observed in one sampling
site (plot 20), where the concentration of individuals in
the lower stratum was higher compared to the rest of the
plots. This is attributed to its proximity to a clearcutting
stripe.

Table 3. Distribution of individuals by stratum, minimum and maximum diameter of each plot.

Sl M'aximum N!inimum Stratum | Stratum Il Stratum Il Total individuals
diameter diameter
L (cm) (cm) (Nah) (%) (Nah) (%) (Nah) (%) (Nah) (%)
1 57.6 1.6 2 2.6 13 16.9 62 80.5 77 100
2 47.8 1.4 6 9.0 8 11.9 53 79.1 67 100
3 75 4.5 1 2.2 4 8.7 41 89.1 46 100
4 65.5 1.1 1 2.6 12 30.8 26 66.7 39 100
5 74.8 0.2 5 11.4 5 11.4 34 77.3 44 100
6 66.8 5.6 3 5.8 4 7.7 45 86.5 52 100
7 57.2 5.0 7 24.1 6 20.7 16 55.2 29 100
8 77.0 5.0 1 24 7 171 33 80.5 41 100
9 48.0 1.6 8 131 7 115 46 75.4 61 100
10 51.7 0.4 4 10.0 14 35.0 22 55.0 40 100
11 57.5 0.8 3 7.7 16 41.0 20 51.3 39 100
12 41.5 3.0 7 17.9 21 53.8 11 28.2 39 100
13 60.5 0.3 6 11.3 10 18.9 37 69.8 53 100
14 76.0 6.2 1 2.2 2 4.3 43 935 46 100
15 64.1 1.5 3 6.3 7 14.6 38 79.2 48 100
16 55.0 3.5 1 2.1 12 25.0 35 72.9 48 100
17 51.0 0.4 3 6.3 10 20.8 35 72.9 48 100
18 54.0 4.1 2 4.9 5 12.2 34 82.9 41 100
19 58.7 0.6 3 5.6 13 24.1 38 70.4 54 100
20 70.0 0.2 1 0.4 3 13 220 98.2 224 100
21 52.9 3.6 4 9.8 12 29.3 25 61.0 41 100
22 53.2 1.7 2 3.5 11 19.3 44 77.2 57 100
23 52.3 8.3 3 115 8 30.8 15 57.7 26 100
24 50.7 34 6 10.2 14 23.7 39 66.1 59 100

Nah - number of trees

154  SEEFOR 14(2): 149-157

https://www.seefor.eu


http://dx.doi.org/10.1007/s11187-003-6463-7

Forest Structure of Pinus ayacahuite in Southern Mexico: A Non-Parametric Analysis

Table 4. Multimodality in horizontal and vertical structures of
the 24 sample plots.

Number of plots with

VEniEE multimodal distribution (R
Diameter 12 50%
Height 9 38%

Terborgh (1985) points out that forests have multiple
vertical strata, which vary in number depending on the
latitude of the stand’s location, as this determines the
angle of penetration of the sun's rays into the understory.
According to Parker (1997), the light demand of the species
is the reason they are arranged in different positions
along the vertical profile of the forest since light intensity
decreases as it penetrates towards the lower levels of the
canopy. In this way, species that demand more light are
positioned in higher canopies, while more shade-tolerant
species tend to be positioned at lower heights within the
forest (Donoso 1993, Parker and Brown 2000).

Ovyarzun et al. (2019) state that vertical heterogeneity
corresponds to the degree of dispersion of trees at diffe-

rent canopy heights and determined that, in forests with
a temperate climate, functionally tolerant species such as
Amomyrtus luma and Myrceugenia planipes are distribu-
ted in the lower canopy with a bimodal distribution, a
description that coincides with the characteristics of the
species and the vertical structure described in this research.

The graphs of the vertical structure exhibit behavior
similar to those of the horizontal structure, demonstrating
the efficiency of calculating heights from allometric models
that facilitate the data collection phase, as suggested by
Gadow et al. (2007).

The structural characterization of Pinus ayacahuite
allows planning silvicultural treatments to control stand
dynamics and achieve objectives of forest management. It is
important to consider regeneration and incorporation into
different diameter classes to ensure the permanence of the
species and continuous yields while protecting the canopy
in accord with its tolerance and light demand. The structure
of the forest stand is crucial for promoting biodiversity,
regulating the water cycle, storing carbon, and resisting
disturbances, as well as for providing forest products and
services. Therefore, managing, and conserving forests while
considering their structure is essential to guarantee their
health and sustainable functioning.
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Figure 4. Height distributions: (a) and (b) Comparison of Kernel density graphs of the heights of the 24 plots; (c) Histogram of heights

of all individuals.
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CONCLUSIONS

The horizontal structure of Pinus ayacahuite stands
exhibited a reversed "J"-shape in 79.2% of the sampling
plots. Therefore, these forest stands can be described as
irregular, with a greater number of individuals in lower
diameter classes, which decreases as diameter increases.
Based on the homogeneity coefficients obtained and
following the classification established by De Camino,
Pinus ayacahuite stands were defined as heterogeneous
and irregular, with values ranging from 1.51 to 3.55. In
75% of the sampling plots, the vertical structure showed a
higher concentration of trees in the lower stratum, while
in the remaining 25%, individuals in the middle stratum
predominated. Individuals taller than 30 meters were few;
thus, the upper stratum had concentrations that varied from
1.3% to 33.3%. For both the horizontal and vertical structure,
the concentration of individuals in lower classes resulted
in positive asymmetry, indicating that Pinus ayacahuite
exhibits a characteristic behavior of a species with a tolerant
temperament, especially in the early stages of growth. This
data grouping also demonstrates that this species has high
potential for regeneration and incorporation of individuals
into different diameter classes, resulting in an irregular
structure. Frequency histograms and Kernel density graphs
are non-parametric methods that provide an alternative
for describing spatial structure. They offer advantages
such as speed and ease of data interpretation. These tools
highlighted the strong relationship between the diameters

and heights of the individuals because the data distribution
was similar. The results documented in this study regarding
the horizontal and vertical structure, contribute to our
understanding of size distribution and stratification of the
species Pinus ayacahuite in southern Mexican forests.
This knowledge is relevant for decision-making to achieve
sustainable forestry management.

Author Contributions

WSG conceived and designed the research, KMPV, WSG and
ESG carried out the field measurements, KMPV and WSG processed
the data and performed the statistical analysis, GAP, FRA and ESG
supervised the research and helped to draft the manuscript, KMPV,
WSG, GAP, FRA and ESG wrote, reviewed, and edited the manuscript.
All authors read and approved the final manuscript.

Funding
This research received no external funding.

Acknowledgments

We are infinitely grateful to the community of Ixtlan de Judrez
and the forestry technical team for the facilities granted to carry out
this study.

Conflicts of Interest
The authors declare no conflict of interest.

REFERENCES

Aguirre O, Hui G, Gadow KV, Jiménez J, 2003. An analysis of spatial
forest structure using neighbourhood-based variables. Forest
Ecol Manag 183(1-3): 137-145. https://doi.org/10.1016/S0378-
1127(03)00102-6.

Aguirre Calderdn OA, Jiménez PérezJ, Trevifio Garza EJ, 2009. Estructura
espacial y diversidad en ecosistemas, andlisis forestales. Cien Invest
For 15(1): 5-18. https://doi.org/10.52904/0718-4646.2009.312.

Araujo P, Iturre MC, Acosta VH, Renolfi RF, 2008. Estructura del bosque
de La Maria EEA INTA Santiago del Estero. Quebracho 16: 5-19.

Castellanos-Bolafios JF, Trevifio-Garza EJ, Aguirre-Calderdn OA,
Jiménez-Pérez J, Musalem-Santiago M, Ldopez-Aguillén R, 2008.
Estructura de bosques de pino patula bajo manejo en Ixtlan de
Judrez, Oaxaca, México. Madera bosques 14(2): 51-63.

Castellanos-Bolafios JF, Trevifio-Garza EJ, Aguirre-Calderdn OA,
Jiménez-Pérez J, Veldzquez-Martinez A, 2010. Diversidad arbdrea y
estructura espacial de bosques de pino-encino en Ixtlan de Juarez,
Oaxaca. Rev Mex Cienc For 1(2): 39-52.

Coomes DA, Allen RB, 2007 Mortality and tree size distributions
in natural mixed-age forests. J Ecol 95(1): 27-40. https://doi.
0rg/10.1111/.1365-2745.2006.01179.x.

Corral Rivas JJ, Aguirre Calderén OA, Jiménez Pérez J, Corral Rivas S,
2005. Un andlisis del efecto del aprovechamiento forestal sobre la
diversidad estructural en el Bosque Mesdfilo de Montafia “El Cielo”,
Tamaulipas, México. Inv Agrar-Sist Rec F 14(2): 217-228.

Corral Rivas S, Silva Antuna AM, Quifionez Barraza G, 2019. Modelo
generalizado no-lineal altura-diametro con efectos mixtos para
siete especies de Pinus en Durango, México. Rev Mex Cienc For
10(53): 87-117.

156  SEEFOR 14(2): 149-157

De Camino R, 1976. Determinacién de la homogeneidad de rodales.
Bosque 1(2): 110-115. https://doi.org/10.4206/bosque.1976.v1n2-
05.

Del Rio M, Montes F, Cafiellas I, Montero G, 2003. Revisién: indices
de diversidad estructural en masas forestales. Inv Agrar-Sist Rec F
12(1): 158-176.

Donoso Zegers C, 1993. Bosques templados de Chile y Argentina.
Variacion, estructura y dindmica. Editorial Universitaria, Santiago,
Chile, 477 p.

Gadow VK, Hui G, 1998. Modelling Forest Development. Springer
Science & Business Media, Kluwer Academic Publishers, The
Netherlands, 212 p.

Gadow VK, Hui G, 2001. Characterizing Forest Spatial Structure
and Diversity. In: Sustainable Forestry in Temperate Regions;
Proceedings of an international workshop organized at the
University of Lund, Sweden, pp 20-30.

Gadow KV, Zhang CY, Wehenkel C, Pommerening A, Corral-Rivas
J, Korol M, Myklush S, Hui GY, Kiviste A, Zhao XH, 2012. Forest
structure and diversity. In: Pukkala T, von Gadow K (eds) Continuous
Cover Forestry. Managing Forest Ecosystems 23, pp 29-83. https://
doi.org/10.1007/978-94-007-2202-6_2.

Gadow KV, Sanchez Orois S, Alvarez Gonzalez JG, 2007. Estructura y
Crecimiento del Bosque. Universidad de Goetingen Alemania. 287

p.
Garcia O, 1988. Growth modelling —a (Re)view. N Z J Forestry 33(3):
14-17.

https://www.seefor.eu


http://dx.doi.org/10.1007/s11187-003-6463-7
https://doi.org/10.1016/S0378-1127(03)00102-6
https://doi.org/10.1016/S0378-1127(03)00102-6
https://doi.org/10.52904/0718-4646.2009.312
https://doi.org/10.1111/j.1365-2745.2006.01179.x
https://doi.org/10.1111/j.1365-2745.2006.01179.x
https://doi.org/10.4206/bosque.1976.v1n2-05
https://doi.org/10.4206/bosque.1976.v1n2-05
https://doi.org/10.1007/978-94-007-2202-6_2
https://doi.org/10.1007/978-94-007-2202-6_2

Forest Structure of Pinus ayacahuite in Southern Mexico: A Non-Parametric Analysis

Guzmdn Santiago JC, Aguirre Calderdn OA, Gonzalez Tagle MA, Trevifio
Garza EJ, Jiménez Pérez J, Vargas Larreta B, De los Santos Posada
HM, 2019. Relacién altura-didmetro para Abies religiosa Kunth
Schitdl. & Cham. en el centro y sur de México. Rev Mex Cienc For
10(52): 100-120.

Jiménez J, Aguirre O, Kramer H, 2001. Andlisis de la estructura
horizontal y vertical en un ecosistema multicohortal de pino-encino
en el norte de México. Inv Agrar-Sist Rec F 10(2): 355-366.

Li Y, Hui G, Zhao Z, Hu Y, Ye S, 2014. Spatial structural characteristics
of three hardwood species in Korean pine broad-leaved forest-
Validating the bivariate distribution of structural parameters from
the point of tree population. Forest Ecol Manag 314: 17-25. https://
doi.org/10.1016/j.foreco.2013.11.012.

Lopez-Villegas MF, Santiago-Garcia W, Quifionez-Barraza G, Suarez-
Mota ME, Santiago-Judrez W, Santiago-Garcia E, 2017. Ecuaciones
globales y locales de altura-didametro de 12 especies de interés
comercial en bosques manejados. Rev Mex Agroecosistemas 4(2):
113-126.

Martin MP, Peters CM, Asbjornsen H, Ashton MS, 2021. Diversity and
niche differentiation of a mixed pine—oak forest in the Sierra Norte,
Oaxaca, Mexico. Ecosphere 12(4): 1-21. https://doi.org/10.1002
ecs2.3475.

Moret AY, Valera L, Mora A, Garay V, Jerez M, Plonczak M, Ramirez
N, Herndndez D, 2008. Estructura horizontal y vertical de Pachira
quinata (Jacq.) W.S. Alverson, (Bombacaceae) en el bosque
universitario “El camital”, Barinas, Venezuela. Ecotrdpicos 21(2):
62-75.

Newton AC, 2007. Forest Ecology and Conservation: a handbook of
techniques. Oxford University Press New York, 454 p.

Oyarzun A, Donoso PJ, Gutiérrez AG, 2019. Patrones de distribucion
de alturas de bosques antiguos siempreverde del centro-sur de
Chile. Bosque 40(3): 355-364. http://dx.doi.org/10.4067/S0717-

R Core Team, 2019. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.
Available online: https://www.R-project.org/.

Ramirez Santiago R, Angeles Pérez G, Hernandez De la Rosa P, Cetina
Alcald VM, Plascencia Escalante O, Clark-Tapia R, 2019. Efectos del
aprovechamiento forestal en la estructura, diversidad y dindmica
de rodales mixtos en la Sierra Judrez de Oaxaca, México. Madera
bosques 25(3): 1-12.

Restrepo HI, Orrego SA, Galeano 0J, 2012. Estructura de bosques
secundarios y rastrojos montano bajos del norte de Antioquia,
Colombia. Colomb For 15(2): 173-189.

Santiago-Garcia W, Jacinto-Salinas AH, Rodriguez-Ortiz G, Nava-
Nava A, Santiago-Garcia E, Angeles-Pérez G, Enriquez-del Valle JR,
2020. Generalized height diameter models for five pine species at
Southern Mexico. Forest Sci Technol 16(2): 49-55. https://doi.org/1
0.1080/21580103.2020.1746696.

Santiago-Garcla W, De los Santos-Posadas HM, Angeles-Pérez G,
Valdez-Lazalde JR, Del Valle-Paniagua DH, Corral-Rivas JJ, 2013. Self-
thinning and density management diagrams for Pinus patula fitted
under the stochastic frontier regression approach. Agrociencia
47(1): 75-89.

SAS Institute Inc., 2017. Base SAS® 9.4 Procedures Guide. SAS Institute
Inc., Cary, NC, USA.

Solis Moreno R, Aguirre Calderdn OA, Trevifio Garza EJ, Jiménez Pérez
J, Jurado Ybarra E, Corral-Rivas J, 2006. Efecto de dos tratamientos
silvicolas en la estructura de ecosistemas forestales en Durango,
México. Madera bosques 12(2): 49-64. https://doi.org/10.21829/
myb.2006.1221242.

Soto PD, Salas C, Donoso PJ, Uteau D, 2010. Heterogeneidad estructural
y especial de un bosque mixto dominado por Nothofagus dombeyi
después de un disturbio parcial. Rev Chil Hist Nat 83: 335-347.
https://doi.org/10.4067/50716-078X2010000300002.

92002019000300355.

Parker GG, 1997. Canopy structure and light environment of an old-
growth Douglas-fir/western hemlock forest. Northwest Sci 71(4):
261-270.

Parker GG, Brown MJ, 2000. Forest Canopy Stratification-Is It Useful?
Am Nat 155: 473-484. https://doi.org/10.1086/303340.

Pérez-Lépez E, Santiago-Garcia W, Quifionez-Barraza G, Rodriguez-
Ortiz G, Santiago-Garcia E, Ruiz-Aquino F, 2019. Estimacion de
distribuciones diamétricas para Pinus patula con la funcién Weibull.
Madera bosques 25(3): 1-18.

Pogoda P, Ochat W, Orzet S, 2020. Performance of Kernel estimator
and Johnson SB function for modeling diameter distribution of
black alder (Alnus glutinosa (L.) Gaertn.) stands. Forests 11(6): 634.
https://doi.org/10.3390/f11060634.

Pretzsch, H, 1996. Strukturvielfalt als Ergebnis waldbaulichen
Handels. Deutscher Verband Forstlicher Forschungsanstalten. Sekt.
Ertragskunde. Jahrestagung. Neheresheim. pp 134-154.

https://www.seefor.eu

STF (Servicios Técnicos Forestales de Ixtlan de Juarez), 2015. Programa
de manejo forestal para el aprovechamiento y conservacién de los
recursos forestales maderables de Ixtlan de Judrez. Ciclo de corta
2015-2024. 423 p.

Terborgh, J, 1985. The vertical component of plant species diversity in
temperate and tropical forests. Am Nat 126: 760-777.

Valladares F, Aranda |, Sdnchez-Gémez D, 2004. La luz como factor
ecoldgico y evolutivo para las plantas y su interaccion con el agua
In Ecologia del Bosque Mediterrdneo en un Mundo Cambiante.
Madrid. Ministerio de Medio Ambiente, EGRAF, S. A., pp 335-369.

Vésquez-Cortez VF, Clark-Tapia R, Manzano-Méndez F, Gonzalez-
Adame G, Aguirre-Hidalgo V, 2018. Estructura, composicién y
diversidad arbdrea y arbustiva en tres condiciones de manejo
forestal de Ixtlan de Juarez, Oaxaca. Madera bosques 24(3): 1-13.

SEEFOR 14(2): 149-157 157


http://dx.doi.org/10.1007/s11187-003-6463-7
https://doi.org/10.1016/j.foreco.2013.11.012
https://doi.org/10.1016/j.foreco.2013.11.012
https://doi.org/10.1002/ecs2.3475
https://doi.org/10.1002/ecs2.3475
http://dx.doi.org/10.4067/S0717-92002019000300355
http://dx.doi.org/10.4067/S0717-92002019000300355
https://doi.org/10.1086/303340
https://doi.org/10.3390/f11060634
https://www.R-project.org/
https://doi.org/10.1080/21580103.2020.1746696
https://doi.org/10.1080/21580103.2020.1746696
https://doi.org/10.21829/myb.2006.1221242
https://doi.org/10.21829/myb.2006.1221242
https://doi.org/10.4067/S0716-078X2010000300002




