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Abstract: Timber extraction directly affects forest structure by opening the canopy, reducing the
density and volume of dominant species, and transforming the composition, diversity, and func-
tioning of the forest. We analyze the richness, diversity, and basal area of tree species in a pine–oak
montane forest under two stages of the Silvicultural Development Method (thinning and liberation
cut treatments) in comparison with remnants of forest considered to be control treatment in the
Ocotones forest. Timber extraction began 14 years previously but its effect on the tree structure has
not been studied to date in this area. We quantified and measured all the trees with a diameter
at breast height >5 cm in 12 0.1 ha circular plots in each treatment. Diversity (Hill numbers) and
the importance value index were calculated in each treatment. Observed species richness did not
differ between treatments; Pinus oocarpa Schiede ex Schltdl. and Quercus sapotifolia Liebm. were the
dominant species regardless of treatment. The principal differences in density and basal area among
the treatments were found between the small oaks and small pines. In general, tree density recovered
in managed areas because of newly recruited pines and re-sprouting oaks. Although no significant
reduction in species richness was detected between treatments, species composition and vegetation
structure were modified by the extraction of pine timber and the permanence of many large oaks.
Silvicultural treatments appear to create conditions favorable to the maintenance of species richness.
The silvicultural interventions in the site meet the objectives of timber production, regeneration, and
biodiversity conservation; however, the question of how long the forest can maintain its species
diversity and structure after timber extraction remains to be addressed.

Keywords: basal area; oaks; pines; Silvicultural Development Method; tree density; tropical mon-
tane forest

1. Introduction

Tropical forests are considered the most threatened forest ecosystems worldwide
due to demographic and economic growth, the mechanization of extraction techniques,
and the increase in road and transport infrastructure [1,2]. This has led to a reduction
in biodiversity reflected in lower provision of forest ecosystem services [2]. Silvicultural
treatment is one of the most important approaches in forest management and for the last
50 years, diverse silvicultural treatments have been implemented worldwide to maximize
productive yields in a manner compatible with conservation objectives [3–5]. In the case
of Mexico, forest management based on interventions and intensive harvesting through
selective logging did not completely guarantee sustainability and failed to consider the
component of biological conservation [6]. However, to mitigate ecological modifications
to forest stands through selective management, in the early 1970s, the Mexican forestry
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commission proposed some methods of forest planning in pine–oak forests, including the
Silvicultural Development Method (SDM [7–9]), which is currently in widespread use in
Mexico (www.gob.mx/conafor, accessed 12 November 2020). The SDM is a system of
timber harvest by rotation which cover a period of 50–60 years. This method is based on
the selection of the parent trees, which begins with a regeneration cutting to promotes the
establishment of a new cohort of trees, in which most of the adult trees are removed, but
some of the best individuals are left as seed trees. In the second stage, the liberation cut
(LC) treatment is applied. LC consists of a release treatment performed in an age class not
exceeding the sapling stage to free the favored trees from the influence of less desirable
individuals of the same age class, which overtop them or are likely to do so in the future.
Finally, the thinning (TH) is a cutting process carried out to reduce the stand density of trees
to improve growth and enhance forest health. For more details of SDM stages description,
see Section 2.2 in methods.

Since the application of silvicultural methods in mountain forests in Mexico began,
attempts have been made to evaluate the biological and environmental consequences of
logging. However, little is known about the effects of SDM on the biodiversity but see
some effects on tree diversity [10] and on other groups of organisms [11,12]. Studies on the
long-term effects of management on the structure and functioning of forests remain scarce
and spatially limited [6].

Given the high biological diversity of the humid montane forest in Mexico [13], it
is important to recognize that any type of forest management implies changes in species
richness and biodiversity and can have possible consequences at a regional scale. For this
reason, it is necessary to fully understand the effects of logging on forest composition,
structure, and diversity [14].

Protection of original forests is fundamental for biodiversity conservation and miti-
gation of climate change. In this context, the contribution of managed forests cannot be
ignored [15]. There is current interest in ensuring that forest exploitation does not perma-
nently affect ecosystem processes [5]. Understanding the effect of forest management on
forest composition and structure would be invaluable to the design and application of good
management practices that act to conciliate forest exploitation, biodiversity conservation
and the maintenance of ecosystem services [16].

A convenient site to study the effect of SDM on the diversity of woody species in
tropical mountain areas is the Ocotones forest. In this site, we determined whether the
interventions lead to a forest with an exploitable structure that fulfills the silvicultural
objectives, and how the diversity, density and size of the existing trees (that contribute to
the conservation of the biodiversity) are modified by this silvicultural intervention. This
approach is justified given that the SDM has been criticized for its orientation towards the
production of a single or a few species of pines, proposing the elimination of oaks and
other broadleaves, considered to be species of little commercial value, which may decrease
the forest diversity in the future [17]. In addition, the SDM has faced problems of precise
execution in its prescriptions. The low prices of secondary and tertiary wood products limit
the possibility of properly applying thinning and making these operations profitable. On
the other hand, during the logging of trees in the liberation cut, it causes a lot of damage at
ground level and the standing regeneration, particularly on steep slopes. That is why it is
common to reduce the cutting intensity [17].

The objective of our study was therefore to evaluate the effect of timber extraction on
tree structure and diversity at two stages of the SDM management: thinning II, with the last
harvest in 2016, and liberation cut, carried out in 2015. We compare the results with those
of remnants of unmanaged forests considered to be conservation areas into the Ocotones
forest ordination plan [18]. Particularly this area has not undergone a recent harvest. We
also evaluated the variation in density and basal area per size class (small, medium, large)
in three groups of tree species (pines, oaks, and other broadleaves). We hypothesize that
(1) the lowest richness of tree species will be found in the logged treatments, with respect
to the control treatment, (2) if the SDM in the study site involves harvesting of large pine
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trees, the density of small pines will be higher in LC since this is the treatment with the
highest volume of timber harvested per year, which contributes high levels of regeneration
of seedlings of the species of interest. Moreover, we predicted that the basal area of pines,
oaks and other broad leaf species would be lower in the sites with silvicultural treatments
respecting to the sites without treatment, due to the harvest of usable individuals with a
diameter at breast height (DBH) > 20 cm. On the other hand, we expected the structural
attributes of the forest to change depending on size class. We expected that density of small
pines would be higher than density of oaks and other broad leaf species in the same size
category. Since Quercus spp. is abundant in the study site (since an important number of
large trees are left standing during the interventions), we expected that the basal area of
oaks would not differ among treatments.

2. Materials and Methods
2.1. Study Area

The study was carried out in the Ocotones forest, located in the municipality of Cinta-
lapa de Figueroa, Chiapas, southern Mexico (16◦47′31.09′′ and 16◦47′48.97′′ N, 94◦01′29.53′′

and 94◦02′4.43′′ W, Figure 1). Elevation at the site ranges from 800 to 1500 m asl, and the site
forms part of the Chimalapas–Uxpanapa–El Ocote biological corridor, in the physiographic
province of Sierras of southern Chiapas [19]. Mean annual precipitation is 1250 mm and
mean annual temperature is 22 ◦C. The predominant soil types are eutric regosol, chromic
cambisol and lithosol with medium texture and a lithic phase [18]. The predominant
vegetation type is mixed pine–oak forest [18,20].
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In general, the Ocotones forest has a regime of frequent low intensity forest fires (every
two years in 2 or 3 different points into site). They are fires originating in other ejidos or
bordering properties that pass through the fire break gaps. Its impact does not replace
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the composition, but it favors the recruitment of pine seedlings. Other disturbances are
strong winds every 10–15 years caused by hurricanes, which affect the region in periods of
10–15 years. Additionally, the presence of forest pests (Dendroctonus spp. Bark beetle) has
been recorded, but their impact is generally localized, and of low intensity.

2.2. Silvicultural Development Method (SDM)

The SDM generally covers a period of 50–60 years (rotation) and allows 3 to 4 interme-
diate cuts (thinning) during the rotation period, in short cycles of 10 years (which can vary
depending on the management program; Figure 2). The cycle begins with a clear-cutting
regeneration treatment, which is considered the main harvest phase since almost all the
pine trees are used, leaving just 30 to 55 mature trees per hectare. These remaining trees
provide the seeds for new recruitment. Ten years later the “liberation cut” treatment is
applied, which involves intermediate cuts, i.e., those that are applied throughout the “rota-
tion” period, and the objective is to release the process of natural regeneration. For this,
most of the pines parent trees are cut (but around six trees per hectare are left standing)
so that the saplings can grow without light competition [8]. Ten years later, a thinning
treatment is applied, also involving intermediate cuts, but of greater importance since it is
applied to control the stand density. This favors the trees with optimal characteristics for
harvesting and eliminates the rest [9]. In certain regions of Mexico, SDM has been modified
for adaptation to mixed forest scenarios, comprising species that are shade-tolerant, and
with non-uniformly aged broad leaf and coniferous species. The aims of this adjustment
is the timely application of silvicultural treatments in order to replace the original forest
stands with new stands of optimal density and uniformly aged trees [6].
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Figure 2. Silvicultural Development Method (SDM) cycle scheme, with a rotation period of 50 years.
The age intervals indicate the opportune period for application of each treatment, counting from the
beginning of the rotation. Regeneration cutting promotes the establishment of a new cohort of trees,
in which most of the adult trees are removed, but some of the best individuals are left as seed trees.
Liberation cut (LC) involves intermediate cuts that attempt to release the natural regeneration of the
Pinus species. Thinning (TH) involves intermediate cuts in three stages, applied to control the stand
density to favor the growth of exploitable individuals. Modified from [21].
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The Ocotones forest has been subject to forest management under Silvicultural Devel-
opment Method (SDM) adapted according to local criteria since 1990. The prescriptions
include timber harvesting with 45-year rotations and there are five 9-year working plan
periods [18]. Therefore, we consider that the interventions in the Ocotones forest are
slightly different from the theoretical model indicated in Figure 2. In this forest, the SDM
has been implemented during the first working plan period, and the fifth working plan
period will be completed in 2048 [18]. Currently, the second working plan period, 2013 to
2021, is being applied and features the harvesting of timber of Pinus oocarpa Schiede ex
Schltdl. and Pinus maximinoi H.E. Moore and occasionally Quercus spp. to make charcoal.
Cutting intensity is determined according to the treatment prescribed: in TH specifically,
75% of the pines, 20% of the oaks and 3% of the other broad leaf trees. In the liberation
cut stage, a residual condition of six adult pines per ha is left, with DBH from 30 to 45 cm.
From the other groups of species, such as Quercus and other broad leaf trees, 5% of each
group is left standing, to protect species diversity at local scale.

On the other hand, in the sites chosen for exploitation, 100% of the trees in the
gully areas are left standing. An important proportion of the oaks are left standing (R.
Ramos, pers. comm.) and spaced such that they can grow vigorously, since they also
form part of the harvest during the interventions [18]. In LC, an average of 105 m3 ha−1

of pines and 30.5 m3 ha−1 of oaks, and 31.9 m3 ha−1 of pines and 8.8 m3 ha−1 of oaks in
TH were harvested (period of 2013 to 2017) [18]. The management plan in the Ocotones
forest is regulated by the Secretary of Environment and Natural Resources of Mexico
(SEMARNAT, by its Spanish acronym), and exploitation is managed similar to a small
private enterprise [18].

2.3. Selection of Study Sites and Vegetation Sampling

Thinning (TH), a cutting process carried out in three phases (TH I, TH II, and TH
III) to reduce the stand density of trees to improve growth and enhance forest health, and
liberation cut (LC), a release treatment performed in an age class not exceeding the sapling
stage to free the favored trees from the influence of less desirable individuals of the same
age class which overtop them or are likely to do so in the future. We select some stands in
LC and TH II stages in discrete sectors of the Ocotones forest (Figure 1). These were chosen
since the interest was in evaluating the standing trees rather than the regeneration. We
compared these stands with sites with no current forest extraction (NT = no treatment),
although it has had some wood extraction (mainly Pinus oocarpa, Pinus maximinoi, and
P. chiapensis (Martínez) Andresen) in the past, at least 60 years previously (Figure 3).
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II, and (c) No treatment.

We selected stands where the same year the interventions had already been carried out
for each treatment, which was considered to be replicates. In total, 12 circular plots (each
of 0.1 ha) were established in each treatment and in the sites with no treatment (36 plots
in total). The plots were located within an elevational range of 1053–1200 m. a.s.l. and
presented slightly inclined to moderately scarped slopes (Figure 3, Table S1). To avoid edge
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effects, the plots were established at a minimum distance of 20 m apart and at a minimum
distance of 30 m from the edges of other stands. The stands and plots were located using
maps generated in the software QGIS [22].

The most recent harvest was in 2016 for TH and in 2015 for LC, during the second
working plan period (2013–2021) [18]. These treatments had the first silvicultural interven-
tion in the first working plan period (2004–2012), TH in 2007 and LC in 2006 (R. Ramos pers.
comm.; [18]). Prior the start of management plan, this forest was under unregulated timber
extraction, which peaked between 1957 and 1977, a period that coincides with large-scale
clearing of land for conversion to agriculture and livestock grazing [23]. However, the
Ocotones forest maintained a low intensity forestry (due to the steep slopes and good
productivity). For this reason, the NT treatment is considered secondary forest rather than
old-growth forest.

Fieldwork was conducted from January to December 2018. In each plot, the trees
present with diameter at breast height (DBH) ≥ 5 cm were sampled. All individuals were
counted, identified taxonomically, and their DBH measured with a diametric measuring
tape. All the trees were categorized into one of three groups of species: Oaks (Quercus spp.)
and Pines (Pinus spp.), which included the dominant species of the canopy and accounted
for almost 90% of the total number of individuals, and Others, which included the broad
leaf species other than oaks. Similarly, to categorize the size class distribution within the
forest stand, individuals were classified into the following categories: small (DBH 5–10 cm),
medium (DBH 11–30 cm) and large (DBH > 30 cm). In addition, we calculated density
values (individuals ha−1) from the number of trees per plot and basal area (m2 ha−1)
obtained from the individual DBH values of all the trees of a plot, and the area of that
plot [24]. With these data, we obtained the average ± standard error densities and basal
area per size class and species group in each treatment.

To determine the tree structure of the forest in each management conditions (TH,
LC, and NT), the tree density was also grouped into five diametric categories to obtain
the distribution of frequencies per DBH category (5–20, 21–35, 36–50, 51–65, >65 cm) of
the three groups of species (Pines, Oaks, and Others). The importance value index (IVI)
was then calculated for each tree species in each treatment. This was estimated based on
the sum of relative values of density (RDe), dominance (RDo, based on basal area) and
frequency (RFr, based on presence within the 12 plots in each treatment), and calculated as
follows [24]:

IVI = (RDe + RDo + RFr)/3 (1)

For adequate control of the taxonomic identity of the species, we obtained botani-
cal vouchers (vegetative or reproductive structures) of the sampled individuals, and an
itinerant reference catalogue was prepared. Precise taxonomic identification was possible
using specialized keys, comparison with herbarium specimens, and consultation with
specialists. A review of updated taxonomic nomenclature was conducted with the help of
Flora Mesoamericana (www.tropicos.org/Project/FM, accessed 12 March 2021) and Plants
of the World online (http://powo.science.kew.org/, accessed 12 March 2021). In addition
to taxonomic identity, we added the successional affinity (early, mid, and late successional)
to each species based on the lists of [25–27]. Early successional species typically present
a high growth rate, short life span, low wood specific density and high production of
small seeds (frequently wind-dispersed). They also form seed banks that remain in the
soil for decades after dispersal. Late successional species, however, are characterized by a
low rate of growth, high specific wood density, fleshy fruit with large seeds (frequently
dispersed by vertebrates) and seeds that germinate soon after dispersion [28]. Between
these extremes, the mid-successional species share traits with both early and late succes-
sional species [27,29]. Unlike early species, mid-successional species are taller, long life,
and propagate vegetatively, but are not as shade-tolerant as late successional species [28].

www.tropicos.org/Project/FM
http://powo.science.kew.org/
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2.4. Analysis
2.4.1. Differences between Silvicultural Treatments

Generalized linear models (GLM) were used to determine whether the structural
variables differed significantly among silvicultural treatments [30]. We used the negative
binomial distribution for density (counts) and gamma for the basal area (continuous data).
The density and basal area values of trees of each size class (small, medium, and large) and
group of species (Oaks, Pines and Others) of the treatments were compared. Nine models
were constructed for each response variable by combining the three size classes and the
three species groups. In all the models, distribution of residuals and overdispersion were
verified. When the model was significant, post hoc contrasts were performed with the
Tukey test. The significance value at which to determine differences was p < 0.05. The
models were generated with the glm function and the MASS library [31]. We used a chi
squared (χ2) test to compare the distribution of the diametric (DBH) classes of each group
of species among treatments. For the post hoc tests, the multcomp library [32] was used.
All analyses were performed using R software, version 3.6.0 [33].

2.4.2. Species Diversity

To evaluate tree diversity, we used the true diversity approach [34]. This approach con-
siders species abundance values to obtain three diversity parameters that are represented
by Hill numbers: 0D: effective number of species (observed richness), 1D: common species
(equivalent to the exponential of the Shannon index), 2D: dominant species (equivalent to
the inverse of the Simpson index). True diversity values were obtained with the rarefaction
(interpolation) and extrapolation (prediction) methods. We used rarefaction and extrap-
olation because the number of individuals can vary systematically with each treatment,
which could lead to bias in the species diversity estimates conducted in plots with more
individuals. This is a method of standardization that generates species accumulation
curves, and confidence intervals at 95% are calculated with the bootstrapping method, so
species diversity can be quantified and compared visually in multiple ensembles [35]. The
analysis was performed with species abundance data per plot, within each treatment. For
the analysis, we used the iNEXT library [35] in R software, version 3.6.0 [33].

3. Results
3.1. Composition and Species Diversity

We recorded a total of 3488 trees with DBH > 5 cm in the 36 plots of all the treatments:
923 in TH, 1284 in LC, and 1283 in NT. These trees represented 47 woody species belonging
to 38 genera and 32 families; Fagaceae and Fabaceae presented the highest species richness
(Table S2). No significant differences were found in species richness (0D) among treatments
(0DTH = 31, 0DNT = 30, 0DCL = 29; p = 0.368; Figure 4).

Of the 47 species, we recorded 14 early, 26 mid-, and seven late successional species.
Regarding the total number of species recorded in each treatment, the highest number of
early successional species was found in TH (10), while that of mid-successional species was
found in NT (20), and that of the late successional species in LC (4) (Table 1, see Table S2).
In all the treatments, there were more mid-successional species than those of the other
successional categories (20 in NT, 19 in LC, and 18 in TH; Table 1).

The Oak group included Quercus acutifolia Née, Q. calophylla Schltdl. and Cham.,
Q. elliptica Née, Q. glaucescens Bonpl., Q. peduncularis Née, and Q. sapotifolia Liebm. The
Pine group comprised Pinus maximinoi H.E. Moore and P. oocarpa Schiede ex Schltdl. The
group of Others comprised 40 species from 32 different families (see Table S2).
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Table 1. Accumulated number and percentage of families, genera, and species recorded in different silvicultural treatments
in the Ocotones forest, Chiapas, Mexico. Numbers of species are separated according to successional category.

Parameter
SDM Treatments

Thinning II % Liberation Cut % No Treatment % Total Number

Species 31 66 29 62 30 64 47
Genera 24 63 23 61 24 63 38

Families 20 63 20 63 21 66 32
Successional category

Early 10 32 6 21 8 27 14
Mid 18 58 19 65 20 66 26
Late 3 10 4 14 2 7 7
Total 31 100 29 100 30 100 47

Observed species richness (0D) did not differ between the treatments (p > 0.05)
(Figure 4). In contrast, the most common species (1D) were significantly lower in LC
(4 species) than in TH (6) and NT (8). The number of dominant species (2D) differed
significantly among the three treatments; LC was the least diverse treatment, with two
dominant species, while TH had six dominant species. The accumulation curve of observed
species (0D) indicated that the number of species relative to the number of individuals was
higher in TH than in LC and NT (Figure 4).

3.2. Community Structure

Tree density did not differ among treatments (p = 0.25; Table 2). By species group,
the density of the Oak group was statistically different among treatments (p < 0.001); the
highest density was registered in the NT plots and the lowest in the LC treatment. The
highest density of the Pine group also differed among treatments (p < 0.001); the highest
was in LC and the lowest in NT. The average densities of the Others group did not differ
among treatments (p = 0.48; Table 2).
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Table 2. Tree density (No. ind. ha−1) and basal area of trees (DBH > 5 cm) in three silvicultural
treatments in southeastern Mexico. Average values± standard errors are shown for each variable, per
species group and size class. Different letters indicate significant differences in each row (GLM and
Tukey post hoc test p < 0.05). The highest values per species group and size class in each treatment
are shown in bold font.

Variables Thinning Liberation Cut No Treatment

Density (individuals ha−1) 766.66 ± 40.25 1070 ± 71.12 1069 ± 40.66
Species groups

Oaks 446 ± 26 b 266 ± 20 c 723 ± 53 a

Pines 254 ± 24 b 703 ± 78.78 a 213 ± 21 b

Others 67 ± 7 101 ± 10 133 ± 14
Size classes

Small 426 ± 59 698 ± 131 656 ± 82
Medium 279 ± 40 289 ± 49 315 ± 32

Large 63 ± 7 83 ± 9 98 ± 8
Basal area (m2 ha−1) 21.1 ± 6.1 23.8 ± 6.3 26.9 ± 4.5

Species groups
Oaks 15 ± 0.6 14.6 ± 0.8 18.7 ± 0.6
Pines 5.7 ± 0.5 8.7 ± 1 7.5 ± 0.5

Others 0.4 ± 0.5 0.6 ± 0.6 0.7 ± 0.9
Size classes

Small 1.9 ± 0.2 3 ± 0.6 2.9 ± 0.3
Medium 6.5 ± 0.8 5.6 ± 0.8 7 ± 0.8

Large 12.8 ± 1.7 15.2 ± 1.5 17.2 ± 1.4

In terms of size classes, the density of the group of small trees was higher in LC, while
the densities of medium and large trees were higher in NT; i.e., a decrease in tree density
was observed with increasing size class (Table 2). However, there were no significant
differences in the density of size classes among the treatments (p > 0.95).

In Small Oaks, mean density (±standard error) per size class and species group
differed significantly among treatments (p < 0.001): density values in Small Oaks were
higher in NT (418 ± 98 individuals ha−1) and lower in LC (treatment with greater canopy
opening; 123 ± 25 individuals ha−1; Figure 5). Density values in the Medium Oaks
also differed among treatments (p = 0.002), with the highest density values recorded
in NT (233 ± 35 individuals ha−1) and the lowest in LC (78 ± 21 individuals ha−1). In
contrast, the density values in Large Oaks did not differ significantly among treatments
(p = 0.10; Figure 5).

The highest mean density of Small Pines was in LC, while the lowest were found in NT
(464 ± 128 ind. ha−1, 91 ± 25 ind. ha−1, respectively; p < 0.001). There were no differences in
the density values of Medium Pines (p = 0.15) and Large Pines (p = 0.47) among treatments,
nor were there significant differences in the density values of Small Others (p = 0.02), Medium
Others (p = 0.5) or Large Others (p = 0.38) among treatments (Figure 5).

In general, the average values of basal area did not differ among treatments (p = 0.46)
(Table 2). Likewise, per size class and per species group, there were no differences among
treatments (p > 0.05). In contrast, we observed an increase in the values of basal area with
increased size class (Table 2, Figure 6).
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Figure 6. Comparison of the basal area values (mean ± standard error) of trees from each species group (Oaks, Pines
and Others) for the same size class (small DBH 5–10 cm, medium DBH 11–30 cm and large DBH > 30 cm) in silvicultural
treatments in the Ocotones forest, Chiapas. TH = Thinning II, LC = Liberation cut, and NT = No treatment. Densities that
differed significantly (p < 0.05) are shown with different letters above bars. Normal font for Small Oaks comparisons, italics
for Small Pines, and bold for Medium Oaks.

Per size class-species group, the averages of basal area of Small Oaks differed among
treatments (p < 0.001). The highest basal area values of Small Oaks were recorded in NT
(1.7 ± 0.4 m2·ha−1) and the lowest in LC (0.5 ± 0.1 m2·ha−1). The basal area of Medium
Oaks differed among treatments (p = 0.01): the highest values were in NT and the lowest in
LC. The basal area values of Large Oaks did not differ among treatments (p = 0.52).

Mean basal area of Small Pines differed among treatments (p < 0.001): the basal area
of Small Pines was highest in LC (1.9 ± 0.5 m2·ha−1) and lowest in NT (0.4 ± 0.1 m2·ha−1).
Basal area values of Medium Pines (p = 0.43) and Large Pines (p = 0.15) did not differ
among treatments (Figure 6).

We found a descending distribution of the frequencies of individuals per DBH cat-
egory in each of the treatments (Figure 7). There were significant differences in the dis-
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tribution of DBH values in the Oaks species group (χ2 = 54.9, d.f. = 8, p < 0.05) and Pines
group (χ2 = 110.5, d.f. = 8, p < 0.05) when compared among treatments; but not in Others
group (χ2 = 5.3, d.f. = 8, p > 0.05). The site with no treatment had more small individuals
(DBH 5–20 cm) of Others than the sites with management. There were more medium trees
(DBH 21–35 and 36–50 cm) of Others in the site with LC management. Large individuals
(>50 cm DAP) of Others were absent in all three sites (Figure 7).
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In terms of the importance value index (IVI), although Quercus and Pinus together
only accounted for 17% of the species recorded, the two genera represented 87.5% of the
IVI in the entire forest community (Table 3). The species with highest dominance (IVI)
were Pinus oocarpa and Quercus sapotifolia; these species had total IVI values above 60%
(65.5% and 65.3%, respectively), followed by Q. glaucescens and Q. peduncularis with just
over 40% in all treatments (Table 3). In TH, the dominant species was Q. sapotifolia (26%),
in LC this was P. oocarpa (35.2%) followed by Q. glaucescens (22.3%), while in the sites with
no treatment, Q. sapotifolia was dominant with 26.1% (Table 3).

In general, dominance of the Oaks group was higher than the rest of the species
groups, with more than 50% of the IVI in all treatments. It was found to be highest in
TH (66.03%). The highest value of the Pines group occurred in LC (35.2%), and of the
Others group in NT (15.24%; Table 3). The complete IVI values calculated by species can be
consulted in Table S3.
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Table 3. Importance value index (IVI) for the dominant species recorded under silvicultural treatments in the Ocotones
forest, Chiapas, Mexico. Other species with an IVI of less than 1% can be found in Table S3.

Treatment Oaks Group IVI
% Pines Group IVI

% Others Group IVI
%

Thinning II Quercus acutifolia 0.09 Pinus maximinoi 11.09 Clethra mexicana 2.02
Q. calophylla 3.47 P. oocarpa 12.64 Saurauia aspera 1.19
Q. elliptica 5.50 Vaccinium leucanthum 2.59

Q. glaucescens 17.88 ΣIVI from 20 species < 1 4.43
Q. peduncularis 13.03

Q. sapotifolia 26.07
Total 66.03 23.74 10.23

Liberation cut Quercus acutifolia 0.15 Pinus oocarpa 35.25 Clethra mexicana 1.91
Q. calophylla 1.98 Rhus striata 1.67
Q. elliptica 7.02 Saurauia aspera 2.20

Q. glaucescens 22.31 Vaccinium leucanthum 1.47
Q. peduncularis 5.32 ΣIVI from 18 species < 1 4.61

Q. sapotifolia 16.10
Total 52.88 35.25 11.86

No treatment Quercus calophylla 10.55 Pinus maximinoi 2.74 Clethra mexicana 1.16
Q. elliptica 4.17 P. oocarpa 17.60 Heliocarpus americanus 1.02

Q. glaucescens 3.44 Rhus striata 1.01
Q. peduncularis 23.22 Ternstroemia tepezapote 4.90

Q. sapotifolia 23.05 Vaccinium leucanthum 2.67
ΣIVI from 18 species < 1 4.48

Total 64.42 20.34 15.24

4. Discussion
4.1. Composition and Species Diversity

The objective of silvicultural actions is to intervene in and modify the original forest
structure and composition. Pine–oak forestry implies the gradual elimination of repro-
ductive individuals and the reduction in number of individuals of broad leaf species [36],
especially when the silvicultural treatments are intensive [37,38]. Disturbance and modifica-
tion of forests by timber extraction are associated with lower abundance of late-succession
species and higher abundance of pioneer species, such as pines [14]. Moreover, there is
lower tree diversity at the local scale [39].

The largest proportion of pioneer species (32.3%) was observed in TH, where the
tree density is mainly reduced to improve the growth of trees of commercial interest.
The pioneers and their success in clearing is due to their rapid growth, their ability to
recruit propagules from the soil seed banks, or through the arrival of seeds following a
disturbance [40], as occurs after the application of thinning to the vegetation. In all the
treatments, most of the species were from the mid-successional stages. Between 25% and
30% of the most common Quercus species in Chiapas are late successional [41], but the oaks
recorded in our study have previously been reported as mid-successional [26,27]. This is
consistent with the dynamic in the conservative application of the SDM, and it is possible
that the irregular historical management in the forest acted to modify the composition of
the sites that are currently not managed and have been designated as conservation areas in
the current management plan.

Late successional species were better represented in LC. It was expected that these
species would be more abundant in sites without treatment (NT), simply because they had
fewer disturbances in the past [36,40]. However, we recorded only two late successional
species in the NT plots: Persea liebmannii Mez and Topobea laevigata (D. Don) Naudin.

Although natural regeneration is a process that is arrested under these silvicultural
treatments that prevent timber species from having competition, we can infer that some
adjustments of the management prescriptions have allowed a few individuals of some mid-
and late successional species to remain following the timber harvest (nine species in all
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treatments). Although the management prescribes that part of the non-target vegetation
should be eliminated during the treatments (TH and LC), the trees left standing (25% of
pine and more than 80% of the oaks and other broad leaf trees in TH, and 6 adult pine trees
and 5% of the oaks other broad leaf trees in LC) as a consequence of management applied
while strictly following local criteria can contribute to the process of secondary succession
and regeneration of late-succession species. For example, in our study, TH (the treatment
with intermediate cutting intensity) maintains the same number of common species (1D) as
NT (the site with no treatment) although, in TH treatment, there should be fewer common
species. Nevertheless, these remnant trees can function as seed sources to facilitate forest
recovery [42] in managed sites.

Contrary to our expectations that notable differences would be found in species
richness among treatments, the results indicate that the Silvicultural Development Method
(SDM) has not affected tree species richness in the second cycle of cutting still in force in
this site, which had previously been intervened in the first cutting cycle, beginning in 2004.
In contrast, in other pine–oak forests with silvicultural management such as SDM, it was
found that tree species richness declines due to harvesting or the treatments implied by the
management [43,44]. Some authors suggest and have demonstrated that besides species
richness, other forest attributes such as structure, composition and ecological function are
negatively influenced by management [14,38,45].

Species richness is not the only forest attribute that is modified by management; there
are also changes in diversity, abundance, density, and species importance value, among
others [45]. Although our results indicate that species richness has been unaltered by
the forest management, structural variables were modified by a direct effect on density.
For example, the number of common species (1D) and of dominant species (2D) was
significantly lower in LC. This may be because LC is the treatment that involves more
timber extraction and thus a reduction in stand density. According to some authors [37,46],
unlike forests that are not cut, a forest with selective logging can take more than 40 years to
recover its species richness, especially when the cutting intensity is high [38].

Our results suggest that silvicultural management has not drastically affected species
richness in managed sites, in the 2 years for TH, and 3 years for LC, following the last
silvicultural intervention. This should motivate the continuity of more detailed longer-term
studies on variation in plant richness and diversity in this forest. Theoretically, silvicultural
treatments are technically precise where the objective of SDM is to apply silvicultural
treatments that proceed at a constant and rapid rate in order to replace original forest stands
with new stands of optimal density and uniform age [6]. In practice, plant heterogeneity
is high in the forests where SDM has been applied, including the stands in our study.
This is a consequence of the interventions that were designed to achieve the objectives
of the management applied in the Ocotones forest. We believe that although the current
physiognomy and composition of this forest is a consequence of recent management, the
irregular and scant historical knowledge of the management that began 60 years ago in
the region should also be considered [23]. Our results of forest management activities
show to be highly variable; therefore, stands with different logging histories create current
heterogeneous areas in their structure and forest composition [46]. On the other hand,
we consider that the effective implementation of silvicultural treatments is conditioned
by the heterogeneous local characteristics of the terrain, where extraction and hauling
is complicated due to steep slopes. This causes a variation in the agglomeration of the
remaining forest mass after the interventions in each treatment, which in the Ocotones is
causing the impact to be less than in other sites with forest management.

4.2. Community Structure

In the managed sites (TH and LC), the Pines group had higher densities than the
Oaks and Other groups. Pinus oocarpa obtained the highest density values in all groups
and treatments. These results coincide with our hypothesis that the density values of
pines would be higher in managed sites since this species is the target of the SDM. The
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fact that pines are successful elements in open habitats, even in unfertile sites [47], favors
recruitment and growth in managed sites. In contrast, oaks and the other broad leaf
species were more abundant in unmanaged sites (NT). This is because Quercus species are
generally dominant elements along the forest succession and form a principal part of the
tree structure of temperate forests [25,36,48].

Rutten et al. [49] and Ding et al. [14] report that forests managed by selection and
thinning had higher tree density than unmanaged forests after 30 to 40 years, particularly
because there was a higher relative density of trees with DBH < 50 cm, principally late
successional species. In our study, managed sites (LC and TH) also had tree densities
2.8 times higher than unmanaged sites but comprising species of commercial interest.
Density was highest in the Small class in all the treatments. In contrast, the lowest density
was for large trees of the three species groups since this class includes a few Quercus and
Pinus individuals that were left standing after application of SDM. Although these do not
contribute with high densities, they can serve other purposes: e.g., adult pines are sources
of seed for new recruitment that contributes to forming a new forest mass, and large trees
are used to conserve epiphytes [18]. In the case of Quercus, the high density of individuals
in the Small class functions, for example, as a driver of the structure and composition
of more diverse communities, and they can reach high density values [50]. In our study,
Quercus was the genus with the highest number of species. There is a significant increase in
Quercus trees of large diameter with high basal area, caused by the cleaning and thinning
of the plant cover undertaken during the silvicultural treatments [43]. In other montane
forests with forest management, some of the structural variables, such as basal area, have
been found not to differ significantly between managed and unmanaged areas [49].

Much of the SDM rationality anticipates the increased regeneration of Pinus oocarpa, a
species with high post-harvest regeneration densities [47]. Indeed, it has been seen that the
density of small pine trees can be twice that of small trees of some species of Fagaceae [50].
Our results highlight the importance of Quercus and Pinus as dominant elements following
timber extraction. This is consistent with the results of recent studies of Mexican pine–oak
forest regeneration patterns [50]. Unlike our observations, however, other authors have
not detected differences in tree density between managed and unmanaged sites, although
they have observed a higher relative abundance of small trees and lower abundance of
commercial tree species [49]. Although differences in the density and basal area of trees
between silvicultural treatments may depend largely on cutting intensity [14,49] in the
studied forest, it appears that the density of Oaks and Pines shows a similar response to
SDM management.

Moreover, our results concerning dominance greatly support the importance of the
Oaks group within the general species composition, since it had the highest IVI in all the
treatments. Generally, Quercus species is common dominant element of the montane forests
in the Sierra Madre of Chiapas region and can dominate the canopy tree stratum [20,27], as
the same has been reported by González-Tagle et al. [48] for the Sierra Madre Oriental of
Mexico. Quercus species together can make up more than 60% of the IVI due to the large
sizes they can reach [48].

The highest IVI among the treatments of Oaks group was in TH, being Q. sapotifolia
the species with the highest IVI. Nevertheless, it is evident that Quercus is not only a genus
of importance in the composition of sites with and without management, but also is of
high structural importance. Future composition of the forest will depend largely on the
permanence of the oaks now present in the sites under forest management since Quercus
species promote favorable microenvironmental conditions for the recruitment of other
species that are shade-tolerant [29].

Although large Quercus trees remain, there is no possibility that regeneration of the
oaks will continue in the study area. Our results show that the density of Small and
Medium individuals is up to two or three times lower in managed (TH and LC) than in
unmanaged (NT) sites. Oak trees that obstruct extraction operations are generally cut, but
occasionally oaks with diameters between 20–40 cm in diameter are removed. Although
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many young oaks can be damaged, they do not die and eventually recover. In the forest
management system, clean cutting in both silvicultural treatments (TH and LC) involves
the elimination of any young individuals of species that are not Pinus spp.

It is also important to recognize the presence of Q. sapotifolia as the dominant species
in TH and NT. Trujillo-Miranda et al. [51] found that in mixed forests, even though native
species have been planted, Q. sapotifolia has dominated in the categories of seedlings
and saplings among the species that have regenerated naturally, which contrasts with
forests with pine plantations. This suggests that Q. sapotifolia and other oak species may be
important elements to consider in forest restoration and conservation strategies.

In our study, dominance (IVI) of Quercus was higher than that of Pinus in all the
treatments. The Quercus IVI was more than 50%, while that of Pinus was 20% to 35%, and
that of the other species was not more than 16%; i.e., even though the Pinus species are
those that should be favored by opening the canopy in the SDM, they contribute less than
half of the total IVI in the treatments. Nevertheless, it is notable that the highest values of
Pinus were in the LC treatment (35.2%), and this was because the pines had higher densities
of small trees in this treatment following harvest of the largest trees. Furthermore, during
removal, these harvested trees are dragged over other non-target species of the Others
group in their path (N. Martínez-Meléndez, pers. obs.). In other words, the LC treatment
was very effective in promoting the desired effect of the SDM.

The species in the Others group did not individually contribute more than 5% of IVI in
any of the treatments, although together they accounted for more than 10% and the highest
proportions were found in NT (15.24%). In general, these non-oak broad leaf species are
present in lower proportions in Quercus forests [20]. The species with the highest IVI was
Ternstroemia tepezapote Schltdl. and Cham. (4.9%), a mid-successional species that can
establish rapidly once the pioneers leave [26].

Our results suggest that modifications through SDM achieve their objectives, bringing
the forest close to an ideal silvicultural model that meets the requirements of production,
regeneration, and conservation. The new structure and composition can fulfill certain
parameters of diversity, conservation of ecosystem services and provision of habitat for
different organisms, compared to the characteristics of the non-intervened forest.

4.3. Implications for Management and Conservation

Although the Ocotones forest has been under timber exploitation with a legal man-
agement plan for 14 years, we consider that documentation of the diversity and vegetation
structure in the different silvicultural treatments in this period is important to understand
the impact of the timber harvest on species conservation. Even though the treatments did not
change tree species richness, other levels of diversity and structural values were affected.

The main objective of forest management in Mexico is not always the production
of valuable timber. Even where timber production is declared the main management
objective, it is generally accompanied by other objectives aimed at obtaining diverse non-
timber products and services [6]. Our results support the affirmation that SDM favors
the density of species of commercial interest, especially that of pines. The density of non-
commercial species also decreased since managed sites have the objective of guaranteeing
the regeneration of mainly Pinus species. Moreover, the current presence of Oaks group
in the managed sites, safeguard the continuation of the process of forest succession and
others ecological functions such as refugee of other species of flora that are threatened and
are associated with Quercus, such as the epiphytes. For the rest of the species of the Others
group, participation in forest recovery is not assured, given the constant elimination of
non-commercial species.

Although the unmanaged areas currently conserve a higher density of Quercus than the
managed areas, the Quercus species (which they have ecological and economic importance);
Gil-Pelegrín et al. [52] recorded in this study are not included in any category of threat under
the Official Mexican Norm for wildlife protection [53] or in the World Red List [54,55] state
that Q. peduncularis has been classified as one of the oak species most vulnerable to climate
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change and predict that it will undergo a loss of 25–45% of its distribution area. These reasons
should be sufficient to define the unmanaged areas as priority sites for conservation of the
Quercus species and to determine their role in the succession processes of these forests. In the
same sense, these areas represent the habitat to support other successionally late broadleaf
species, which reflects the intrinsic conservation value of these areas.

5. Conclusions

Our study shows that up to our sampling date, forest exploitation has not had a
negative impact on effective species richness in the sampled sites (31 species in TH, 30
in NT, and 29 in LC). However, some important characteristics of the forest related to
species composition and vegetation structure have been modified by the timber harvesting
because of the intermediate objectives of applied forestry. Our data also indicate that tree
density is recovering in managed areas: species of high timber value regenerate rapidly
and recruitment of both pines and oaks is high. The SDM management, applied with local
criteria, leads to the desired productive structure that maintains a species richness that is
comparable to that of the non-intervened forest. Finally, we suggest further study of the
impact of timber harvest on the diversity of other groups of organisms and under different
conditions of land use.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/f12070895/s1. Table S1: Topographic attributes of each plot, in three silvicultural treatments in
the Ocotones forest, southern Mexico; Table S2: Checklist of successional affinity and density of tree
species evaluated under different forest management treatments in the Ocotones, southern Mexico:
TH= Thinning, LC= Liberation cut, NT= No treatment. Successional affinity of species is P = pioneer,
M = mid-successional, L = late (see [1–3]). The density of individuals represents all trees recorded in
12 0.1 circular plots located in each treatment; Table S3: Importance value index (IVI) (%) of species
group (Oaks, Pines and Others), in three silvicultural treatments in the Ocotones, southern Mexico.
This index is estimated based on the sum of the relative density (RDe), relative dominance (RDo) (based
on basal area), and relative frequency (RFr) of trees. IVI was calculated as: IVI= (RDe + RDo + RFr)/3.
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