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Abstract: Background: The impact of selective thinning on forest diversity has been extensively
studied in temperate and boreal regions. However, in the tropics, knowledge is still poor regarding the
impacts of this silvicultural treatment on functional diversity, especially in tropical mountain forests,
which are considered to be highly biodiverse ecosystems and also endangered by human activities.
By evaluating the changes on functional diversity by using different indicators, hypothesizing that
selective thinning significantly affects (directly or indirectly) tropical mountain forests, this work
promotes sustainable ecosystem use. Methods: A total of 52 permanent plots of 2500 m2 each were
installed in a primary mountain forest in the San Francisco Biological Reserve to assess the impact
of this silvicultural treatment. Selective thinning can be defined as a controlled process, in which
trees that compete with ecologically and/or valuable timber species are progressively removed to
stimulate the development of profitable ones, called potential crop trees (PCT). In doing so, the best
specimens remain in the forest stand until their final harvest. After PCT selection, 30 plots were
chosen for the intervention, while 22 plots served as control plots. The thinning intensity fluctuated
between 4 and 56 trees ha−1 (average 18.8 ± 12.1 stems ha−1). Functional Diversity (FD) indices,
including the community weighted mean (CWM), were determined based on six traits using the FD
package implemented in R software. The difference between initial and final conditions of functional
richness (FRic), functional divergence (FDiv), functional evenness (FEve), functional dispersion (FDis),
and Rao quadratic entropy (RaoQ) was modeled using linear mixed models (LMM). As fixed factors,
we used all the predictors inherent to structural and ecological forest conditions before and after
the selective thinning and as a random variable, we used the membership to nested sampling units.
Results: Functional Richness (FRic) showed significant changes after selective thinning, the other
indexes (FEve, FDis, FDiv, RaoQ) were only influenced by predictors related to ecological conditions
and characteristics of the community.

Keywords: forest management; intermediate treatments; mountain rain forest composition; species
richness; tree species loss
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1. Introduction

Although natural tropical mountain forests (TMF) are highly valuable because of their biological
richness and the provision of essential ecosystem services, they are disappearing at alarming rates [1],
which is mainly due to anthropogenic land use changes [2–5]. This also holds true for southern
Ecuador, where a large area of the natural TMF at the eastern foothills of the Cordillera Real have been
converted into pasture land, agricultural land or secondary forests to meet the economic needs of the
local population, producing food, fiber, wood and other goods [6,7]. According to Carreño-Rocabado
et al. [8], land use change is one of the main drivers for biodiversity loss, which also seriously affects
ecosystem functions and services. However, intensity, type and frequency of disturbance must also be
considered as factors that influence the functionality of ecosystems [9,10].

In this context, forestry without proper planning causes loss of biodiversity and alters ecosystem
functionality. To create a balance between exploitation and conservation of these ecosystems, sustainable
forest management (SFM) must be implemented to make use of forest resources, while, at the same
time, protecting the biodiversity [11,12]. One main aim of SFM is the development of sustainable
management concepts, such as reduced impact logging (RIL), which establishes cutting cycles or
defines a minimum cutting diameter (MCD) to counteract exploitative forest use [13–15].

In some tropical regions, e.g., Africa (Burkina Faso, Cameroon) and Asia (India, Indonesia),
silvicultural treatments, such as selective thinning, have been applied for more than a century [16].
This practice, which aims at the minimizing of impacts on the integrity of natural forests and improving
the productivity, was recently implemented in Ecuador. The treatment consists of eliminating species
of low commercial value, which are competitors for valuable timber species. This practice is based
on the theory that the growth rates of trees are directly related to the quantity of received sunlight
and nutrient availability, and for this reason, all undesired or competitor trees around the valuable
timber species are removed to obtain adequate lighting and to enhance nutrient availability [17,18].
Regarding the impact of selective thinning on functional diversity, we highlight the work carried out by
de Avila et al. [19], and on the structure of the forest, the work of Yguel et al. [20]; both works conclude
on the importance of assessing thinning and the impact it has on the forest’s richness. Existing forestry
studies generally focus on documentation of timber species and their production [21], on the yield of
agroforestry plantations [22], on reforestation methods with native or exotic species [23,24], as well as
on payment schemes for forest ecosystem services [25–28]. Furthermore, information respective to the
effects of tree removal in natural tropical forest stands, in terms of richness and diversity, is still scarce.
Nonetheless, this knowledge is necessary to understand the natural processes and dynamics of these
ecosystems in the follow-up of man-made disturbances.

Regulation concepts respective to the exploitation of natural tropical forests in Ecuador were
developed some decades ago [29], which also included practices to cut undesired trees to enhance the
growth of ecological and economical valuable species. However, no scientific assessments to evaluate
the possible impacts of thinning on forest structure or diversity in these ecosystems have been made so
far. The available literature focuses on forest types in the temperate and boreal zones [30,31], because in
the tropics, the evaluation is more complex due to the large spatial extension of the different forest
ecosystems and their extraordinary high biodiversity [5]. This also includes TMF, where the effects
of silvicultural interventions and their impacts on taxonomic or functional diversity have not been
evaluated yet.

In general, the Functional Diversity (FD) of an ecosystem is defined by multiple indicators,
which include species characteristics, climatic gradients and water availability [32]. However, for a long
time, species richness was the most widely used metric to assess ecosystem functionality, because it is
assumed that a higher number of species within a forest community indicates a healthy and functional
ecosystem [33]. This is not always true, because species richness also depends on forest type [34,35],
which is why functional diversity can not only be analyzed in natural communities, but also in
intervened communities. If measurable biological characteristics are directly related to ecological
functions, the functional strategies of the species within a forest community can be described using
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functional features; that is, measurable biological characteristics related to ecological functions [20].
According to Violle et al. [33], functional traits can be monitored at different levels of organization
(ecosystem, community, species or population), in which the number and type of traits vary according
to the size of the species present, as well as in terms of forest taxonomic diversity.

However, the improvement of nutrients availability in forest soils also enhances growth but
only for species with acquisitive traits (e.g., diametric growth, carbon storage), because species with
functional conservative traits (e.g., number of stomata per cm2, dispersion syndrome) need adequate
light [36]. These indicators must be adjusted with respect to the studied ecosystem and the specific
silvicultural treatment applied [37].

Therefore, selective thinning should not only improve forest production of all desired tree species,
but also obviate over fertilization, which might also have negative effects on the provided ecosystem
services for the local and regional population [38–40]. Nonetheless, the impact that silvicultural
treatments produce is a critical point of disagreement between conservationists and foresters because a
reduction in diversity (e.g., timber extraction by thinning) might result in a loss of functionality [41].
This is shown by other studies [42,43], which indicate that ecosystem functionality is altered due
to the loss of species, even if no significant changes in taxonomic diversity occurred. However, as
Chaudhary et al. [44] clarified, these traditional approaches must be revised, because the impacts of
silvicultural treatments can not only be limited to the relative loss of species. Unfortunately, only a few
studies respective to impacts of selective thinning on diversity and forest structure, as well as on its
effectiveness, have been published so far.

In this study, the response of TMF to selective thinning in southern Ecuador was investigated.
The objective of the study was to evaluate the impact of selective thinning on the growth, diversity
and functionality of the forest, and to answer the following question: Does species loss due to the
implementation of selective thinning imply the loss of functional diversity of the natural stand?

The hypothesis tested was that selective thinning significantly affects functional diversity, due to
the loss of species that naturally constitute the forest community. To this end, changes in the acquisitive
and conservative traits of the species were analyzed and related to the intensity of thinning.

2. Materials and Methods

2.1. Study Area

The study was carried out in the primary TMF of the “Reserva Biológica San Francisco” (RBSF;
3◦58′ S, 79◦04′ W) [45], located on the eastern escarpment of the Ecuadorian Andes, within the
San Francisco River watershed, which drains into the Amazon Basin [46]. Elevations range from
∼1700 m a.s.l. at the valley bottom to∼3200 m a.s.l at the highest mountain peak, the Cerro del Consuelo.

The type of natural vegetation is evergreen TMF, which covers the slopes from the valley bottom
up to the tree line at approximately 2700 m a.s.l [47]. The forest can be classified as lower montane
forest (up to 2200 m a.s.l) and upper montane forest (from 2200 m a.s.l up to the tree line). These two
forest types can be subdivided into ravine and ridge forest [48], in which ravine forest is characterized
by bigger trees respective to basal areas and canopy heights, but by lower stem density, compared
to ridge forests, where also less tree species are observed. Differences in forest structure are mainly
due to climatic conditions, topography and prevailing soil types [49,50]. A more detailed description
of the biophysical conditions and forest types in the study area can be found in Cabrera et al. [51],
Paulsch [52] and Homeier et al. [53].

2.2. Plot Installation

Fifty-two permanent field plots of 2500 m2 each were installed in RBSF area within three gullies or
micro-watersheds (Q = quebradas) in the lower montane forest at different altitudes (1860–2140 m a.s.l.).
The plots were installed where the forest presented better conservation state and the presence of timber
and ecologically important species was confirmed. Specifically, 16 plots were implemented in Q3 and
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in Q5, whereas 20 plots were created in Q2 (Figure 1). Respective to the forest type, all plots in Q5
belong to ravine forest, whereas all plots in Q3 are ridge forest. The plots in Q2 are mixed, which means
that 6 plots belong to ridge forest, while the rest belongs to ravine forest. This results in a total of
30 plots belonging to ravine forest and 22 plots belonging to ridge forest (Supplementary Materials
Figure S1). As reference or control plots, where no thinning activities were realized, one plot in Q3
and one in Q5 (K-plot; see Figure 1) and all plots in Q2 were chosen to obtain a balanced number of
control plots for the ravine and ridge forest parts. For analysis, the two forest types were not separated
because the full pool of valuable timber species were analyzed.

After plot installation, forest inventory was executed, in which a total of 2797 trees were found
with a diameter at breast height (DBH) greater than 20.0 cm. These trees were labeled, and botanical
samples were taken for their subsequent taxonomical identification at the LOJA Herbarium.
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Figure 1. Location of the study area and plot distribution in the RBSF. The red numbers indicate total
basal area ha−1, other numbers in the squared plots indicate mean values of extracted basal area and
the number of extracted trees (basal Area extracted/extracted trees ha−1). All plots in Q2 (green block),
as well as the K-plots in Q3 (blue block) and Q5 (red block), are control plots without intervention
(i.e., no selective thinning).
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2.3. Selective Thinning and Intensity

Selective thinning consists of the elimination of competitors in order to improve light conditions
and nutrient availability for desired timber species or other species which fulfill an important ecological
role in the ecosystem (potential crop trees, PCT) [54,55]. To implement this silvicultural treatment, first,
the PCTs inside each plot were identified (Supplementary Materials Table S2). As de Graaf et al. [55]
defined, a commercial PCT species should have a DBH greater than 30 cm, with a healthy stem and
good wood quality. In this study, ecologically important species were considered for which the DBH
threshold was reduced to ≥20 cm to receive a better representation of PCT distribution and species
frequency for this TMF.

After PCT selection, the strongest competitors for each PCT were identified. As an indication for
competition degree, stem or crown overlap of the competitive specimens were determined, since they
can limit the growth of the PCTs (light and nutrient availability). The subsequent removal of competitors
by thinning included all tree species with DBH greater than 20.0 cm (total number: n = 138), with the
exception of trees which belonged to rare species. All competitor trees were cut using the method of
directional felling to minimize damages for the remaining forest stand [56]. The selective thinning
was executed 18 months after the initial forest inventory, and during this period, the natural diametric
growth of the PCTs was monitored using metal dendrometers [51]. Functional diversity analyses of
the thinned and control plots were carried out one year and two years after the silvicultural treatment.

2.4. Assessing Impact of Selective Thinning on Functional Diversity

For the present research, the following traits were selected to determine the functional changes in
this tropical mountain ecosystem after applying selective thinning: (1) Wood density (WD) [57–60];
(2) Average diameter (DBH); (3) Growth (annual diametric increase); (4) Type of leaf; (5) Ecological
Guild [58,60]; (6) Dispersion syndrome (Table 1). Functional traits allow the analysis of the diversity and
structure of the community [58], in contrast to conservative features, which are related to reproduction
and succession.

WD was selected because this trait is connected to several aspects of plant ecology, including growth
rate, carbon allocation strategy, structural stability, resistance to diseases or pests, and primary
production [53,57,61], while the average DBH and growth are directly related to the silvicultural
treatment applied. Leaf type is a functional trait which has been used to predict the growth of
tropical trees [62] and which reflect adaptations that allow plants to live under various environmental
conditions [63]. Here, we include the type of leaf in the FD analysis, as a way to indicate the plant’s
strategy to acquire and redistribute nutrients for growth [61]. According to Xu et al. [64], there are
differences between the species that have compound leaf and simple leaf species, so these categories
can be assumed to have slow and fast metabolic rates, respectively. The simple leaves are easier to
manufacture than the compound leaves, but this is compensated by the duration being the same,
that is, a longer useful life of the compound leaves for the benefit of the plant. As a conservative trait
(reproduction and succession, which are intrinsic to each individual species), the ecological guild or
type of succession was used. The last trait, “Dispersal syndrome”, is closely related to the relative
abundance of species [65]. In wet tropical forests that exhibit a large aggregation of specific trees at
scales ranging from a few meters to a few hundred meters, the dominant syndrome is zoochory [66],
while in the tropical dry forests, the dominant syndrome is the anemochory, which also leads to certain
specific distribution patterns [65], although barochory is also a more frequent syndrome in dry forests
than in wet tropical forests [67]. The implementation of selective thinning could cause changes in the
forest structure by changing the dominant dispersal syndrome, reducing the individuals that belong to
each species.
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Table 1. Functional (conservatives and acquisitive) traits, including categories, units and codes used to
calculate FD and CWM.

Functional Trait Type Categories Unit Code

Wood density Acquisitive - g cm3 WD

Stem Density Acquisitive - cm DBH

Diametric growth Acquisitive - cm year−1 G

Leaf type Acquisitive Simple
LTCompound

Ecological guild Conservative

Shade tolerant ST
Light Tolerant LT

Partial light Tolerant PLT
Partial Shade Tolerant PST

Dispersion syndrome Conservative
Anemochory AN

Zoochory ZOC
Barochory BAR

2.5. Data Acquisition

WD data for all tree species involved in the study were provided by the local RBSF database
(TMF Database). In the event that a species was not listed, the data were acquired from the Global
Wood Density Database (https://datadryad.org/), particularly as a subset for the Latin American
region [57,65], or in ICRAF’s free and accessible database (functional attributes and the ecological
database, http://db.worldagroforestry.org/wd). The monthly diametric growth was controlled by
dendrometers fixed on each PCT tree [68]. For all tree species, the growth was determined by three
general forest inventories carried out at 18 and 36 months after implementing the permanent plots.
The stem density was determined by counting all individuals of a species before and after selective
thinning. The leaf type was identified directly after botanical collections and observations in the
field, while the ecological guild and the dispersion syndrome of each species were determined using
attributes and ecological characteristics as described by Palacios et al. [60] and Jara et al. [65].

2.6. Statistical Analysis

To determine the functional diversity (FD) multi-trait indices and CWM for this TMF after selective
thinning, the FD package was used [69] and the following indices were included:

- Functional Richness (FRic), which represents the amount of space occupied by a community,
independent from the relative abundances of the species [70].

- Functional Divergence (FDiv) measures how species of a community diverge in their distance from
the center of gravity in the functional space, and determines the relative abundance of a species
within its functional range, [70,71]. FDiv provides additional information for FRic, because this
index indicates which species has the most extreme feature combinations (i.e., specialized species),
and which ones are generalist [72].

- Functional Evenness (FEve) quantifies the regularity of how species abundances are distributed
within their functional range, by correlating abundance with average distance between different
species [57]. FEve can be related to the uniformity of species (Pielou’s J) and the FDiv because it
determines if the extent of functional distances between the species is regular [41].

- Functional Dispersion (FDis) gives the mean distance of an individual species relative to the
centroid of the community, which depicts its mean distance relative to all species in the community,
and therefore, accounts for relative abundances of a species.

- Rao Quadratic Entropy (RaoQ) correlates the abundances of different species [73] to improve
the FD index. An adverse property of RaoQ is that its value may decrease if species richness

https://datadryad.org/
http://db.worldagroforestry.org/wd
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increases, because abundances and dissimilarity between the species are considered. Therefore,
the introduction or loss of species in a community increases or decreases the species abundance,
but, at the same time, may reduce the dissimilarity between the species.

- Community weighted mean (CWM) represents the sum of each species trait value weighted by
its relative abundance in the community [74]. To characterize the community structure from a
functional point of view, we used the community weighted mean, which is calculated combining
the species abundance with the trait values of the given species [75]. This describes the trait
averages over a community [76] and reflects the dominant trait in a given community [33,77,78].

To relate the FD indices and the CWM to the predictors, we used multivariate linear mixed
modelling (LMM) with random nested intercepts. For each index or CWM, the fixed effects were
the altitude, the relative removed basal area, the number of trees ha−1, the initial basal area, and the
initial species number, whereas the random effects were the plot membership nested in the “quebrada”.
All the previously mentioned predictors are directly related to the selective thinning, except altitude,
which is a natural distribution gradient but often considered by other authors [52,53] because of its
importance for analyzing forest composition and structure.

To perform the LMM analysis, the NLME package of R was used [79], in which the explanatory
categorical factors were combined to calculate random values for the repeated measurements throughout
time (before–after). As fixed factors, we used all the predictors inherent to structural and ecological
forest conditions before and after the selective thinning (period and treatment) and as a random
variable, we used the membership to nested sampling. To validate the models of each analyzed
index, we compare each resulting model, applying a goodness test (likelihood ratio test), discarding
non-significant predictors and establishing the importance of the remaining factors to prove that the
models were not over fitted. For this, we used the lmtest package of R software [80].

3. Results

3.1. Selective Thinning and Structure

In the 30 thinned plots (Q3 and Q5), the percentage of tree extraction with respect to the total
number of individuals per species ranged from 1.5–100%, with an average value of 23.2%. Species
with high extraction intensity were: Prunus huantensis Pilg (75%), Symplocos coriaceae A. DC. (50%),
Vismia tomentosa (Ruiz and Pav.) (50%), Cinnamomum sp. (50%), Persea subcordata (50%); (Supplementary
Materials Table S3). This resulted in an average stem extraction of 18.8± 12.1 (SD) ha−1, with a minimum
of 4 trees ha−1 and a maximum of 56 trees ha−1. The basal area extracted was on average 1.8± 1.4 m2 ha−1

(SD), and the most intensive extraction was 4.8 m2 ha−1.
During the thinning campaign, several species were registered (Supplementary Table S2),

particularly Virola sp. (Myristicaceae), Chrysophyllum lanatum T.D. Penn (Sapotaceae), Alchornea
triplinervia (Spreng.) Mull. Arg. (Euphorbiaceae) and Persea subcordata (Ruiz and Pav.) Nees (Lauraceae)
that were affected, eliminating the only representative individual in the floristic inventory (100%),
which may influence the calculation of the FD.

Overall, the extracted species belonged to 30 families, in which nine species of Lauraceae;
six species of Euphorbiaceae; five species of Meliaceae; three species of Clusiaceae, Melastomataceae,
Moraceae and Rubiaceae; and two species of Cecropiaceae and Mimosaceae were removed.

3.2. Floristic Composition

The plant diversity in the studied TMF is represented by 174 species, which belong to 53 botany
families. The families with the most species richness are Lauraceae with 27 species, representing 15.5%
of the relative diversity of the forest; this is followed by Moraceae with 16 species (9.2%), Rubiaceae
with 12 species (6.9%), Euphorbiaceae with 11 species (6.3%), Melastomataceae with 10 species (5.7%),
Meliaceae with 9 species (5.2%), Cecropiaceae with 7 species (4%), Clusiaceae and Myrtaceae with
5 species (2.9%), Asteraceae, Cunnoniaceae as well as Mimosaceae were represented with 4 species
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(2.3%), and Anacardiaceae, Aquifoliaceae, Myrsinaceae, Rosaceae, Sapindaceae as well as Sapotaceae
with 3 species (1.7%). The remaining families (35) had only 1–2 species, representing 0.6–1.1% of
relative diversity.

3.3. Changes in Functional Diversity

Applying the linear mixed model (LMM), we found that the variations of the different indices
that compose the FD of studied TMF is not produced exclusively by the implementation of selective
thinning, but also by the distribution of the TMF along the altitudinal gradient, which implies different
structural and diversity conditions.

The FRic variability was significantly influenced by the implementation of selective thinning, while
the predictors related to habitat characteristics and altitudinal gradient did not show significant effect.
Functional uniformity (FEve) was not significantly affected by any predictor. FDis was significantly
influenced by predictors related to selective thinning and natural conditions of the forest. FDis and
RaoQ were influenced by predictors related to natural conditions of the forest, while the predictors
related to the implementation of treatment did not significantly influence this indices (Table 2).

Table 2. Linear mixed models (LMM) of Functional Diversity indices as a function of stem density
(stem ha−1), total species, thinning intensity, altitude, treatment, period, treatment:period (fixed effects)
and of plot membership nested in sample site (intercept random effects), and likelihood ratio tests
(LRT). FEve was not affected by any predictor.

Predictors

Functional Richness: FRic Functional Diversity: FDiv Functional Dispersion: FDis Rao Quadratic Entropy: RaoQ
LTR p Value <0.001 LTR p Value <0.001 LTR p Value <0.001 LRT p Value 0.01

Coeff p-Value Coeff p-Value Coeff p-Value Coeff p-Value

(Intercept) −1.08 <0001 8.6 <0001 4.3 <0001 2.06 <0001
Stem density 5.2 0.02
Total Species
Thinning Intensity 2.47 0.0182 4.04 0.004
Altitude −7.31 0.001 12.9 0.005 14.4 0.0002
Treatment
Period −7.3 <0001
Treatment: Period −1.89 0.0270

The ANOVA results comparing the values of the FD indices before and after the implementation
of selective thinning indicate that significant differences were evident only for FRic (Table 3, Figure 2a),
whereas the other indices (FDis, FEve, FDiv and RaoQ) were less sensitive to the implementation
of selective thinning and more susceptible to changes in the natural conditions of the TMF (Table 3,
Figure 2b–e).

Table 3. Functional diversity indices (mean ± SD), including the F-statistic values respective to the
effect of thinning. Functional indices were calculated based on the six traits described in Table 1.

INDEX Before After Coeff F p-Value

Functional Richness (FRic) 0.000025 ± 0.000003 0.0005 ± 0.00003 −9.03 <0001
Functional Evenness (FEve) 0.786 ± 0.061 0.791 ± 0.058 −0.26 0.7902
Functional Divergence (FDiv) 0.835 ± 0.041 0.838 ± 0.047 −0.41 0.6793
Functional Dispersion (FDis) 0.251 ± 0.022 0.263 ± 0.023 0.23 0.3246
Quadratic Entropy (RaoQ) 0.0696 ± 0.011 0.0691 ± 0.012 0.11 0.8919



Diversity 2020, 12, 256 9 of 16

Diversity 2020, 12, x FOR PEER REVIEW 8 of 16 

 

significantly influenced by predictors related to selective thinning and natural conditions of the 
forest. FDis and RaoQ were influenced by predictors related to natural conditions of the forest, while 
the predictors related to the implementation of treatment did not significantly influence this indices 
(Table 2). 

Table 2. Linear mixed models (LMM) of Functional Diversity indices as a function of stem density 
(stem ha−1), total species, thinning intensity, altitude, treatment, period, treatment:period (fixed 
effects) and of plot membership nested in sample site (intercept random effects), and likelihood ratio 
tests (LRT). FEve was not affected by any predictor. 

Predictors 
Functional Richness: FRic Functional Diversity: FDiv Functional Dispersion: FDis Rao Quadratic Entropy: RaoQ  

LTR p Value <0.001 LTR p Value <0.001 LTR p Value <0.001 LRT p Value 0.01 
Coeff p-Value Coeff p-Value Coeff p-Value Coeff p-Value 

(Intercept) −1.08 <0001 8.6 <0001 4.3 <0001 2.06 <0001 
Stem density       5.2 0.02 
Total Species         
Thinning 
Intensity 

2.47 0.0182 4.04 0.004     

Altitude   −7.31 0.001 12.9 0.005 14.4 0.0002 
Treatment         
Period −7.3 <0001       
Treatment: 
Period 

−1.89 0.0270       

The ANOVA results comparing the values of the FD indices before and after the implementation 
of selective thinning indicate that significant differences were evident only for FRic (Table 3, Figure 
2a), whereas the other indices (FDis, FEve, FDiv and RaoQ) were less sensitive to the implementation 
of selective thinning and more susceptible to changes in the natural conditions of the TMF (Table 3, 
Figure 2b–e). 

Table 3. Functional diversity indices (mean ± SD), including the F-statistic values respective to the 
effect of thinning. Functional indices were calculated based on the six traits described in Table 1. 

INDEX Before After Coeff F p-Value 
Functional Richness (FRic) 0.000025 ±0.000003 0.0005 ± 0.00003 −9.03 <0001 
Functional Evenness (FEve) 0.786 ± 0.061 0.791 ± 0.058 −0.26 0.7902 
Functional Divergence (FDiv) 0.835± 0.041 0.838 ± 0.047 −0.41 0.6793 
Functional Dispersion (FDis) 0.251 ± 0.022 0.263 ± 0.023 0.23 0.3246 
Quadratic Entropy (RaoQ) 0.0696 ± 0.011 0.0691 ± 0.012 0.11 0.8919 

 

(a) FRic 

 

(b) FEve 

 
Diversity 2020, 12, x FOR PEER REVIEW 9 of 16 

 

(c) FDiv 

 

(d) FDis 

 

(e) RaoQ 

 

 

Figure 2. Effects of thinning on functional diversity indices (n = 52) before and after implementation 
of selective thinning. (a) Functional Richness (FRic), (b) Functional evenness (FEve), (c) Functional 
divergence (FDiv), (d) Functional dispersion (FDis) and (e) Rao Quadratic entropy (RaoQ). Details of 
analyses of variance among control and thinned plots are given in Table 3. 

The CWM values of the dominant trait in each of the sampled plots had different responses to 
the intervention. The frequency (trees after thinning of more important species in each plot) of certain 
species was affected by the extracted basal area and changed significantly after thinning was 
implemented; however, the initial number of species is also a predictor that significantly influences 
PCT frequency variability. Regarding growth, the implementation of selective thinning significantly 
affects the variability of the trait, although some predictors such as the number of species, the number 
of trees per hectare and the altitude gradient are also significant in the variability of the trait. 
Regarding the initial DBH, only the number of trees/ha−1 exerts significant influence on the trait (Table 
4). 

Table 4. Linear mixed models (LMM) of Community weighted mean CWM of potential crop trees 
frequency (FREQUENCY), diametric growth (GROWTH) and initial diameter at breast height (DBH) 
as a function of stem density (trees ha−1), total species, thinning intensity, altitude, treatment, and plot 
membership nested in sample site (intercept random effects), and likelihood ratio tests (LRT). 

Predictors 
FREQUENCY GROWTH DBH 

LRT p Value 0.01 LRT p Value <0.0001 LRT p Value 0.01 

Figure 2. Effects of thinning on functional diversity indices (n = 52) before and after implementation
of selective thinning. (a) Functional Richness (FRic), (b) Functional evenness (FEve), (c) Functional
divergence (FDiv), (d) Functional dispersion (FDis) and (e) Rao Quadratic entropy (RaoQ). Details of
analyses of variance among control and thinned plots are given in Table 3.
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The CWM values of the dominant trait in each of the sampled plots had different responses
to the intervention. The frequency (trees after thinning of more important species in each plot) of
certain species was affected by the extracted basal area and changed significantly after thinning was
implemented; however, the initial number of species is also a predictor that significantly influences
PCT frequency variability. Regarding growth, the implementation of selective thinning significantly
affects the variability of the trait, although some predictors such as the number of species, the number
of trees per hectare and the altitude gradient are also significant in the variability of the trait. Regarding
the initial DBH, only the number of trees/ha−1 exerts significant influence on the trait (Table 4).

Table 4. Linear mixed models (LMM) of Community weighted mean CWM of potential crop trees
frequency (FREQUENCY), diametric growth (GROWTH) and initial diameter at breast height (DBH)
as a function of stem density (trees ha−1), total species, thinning intensity, altitude, treatment, and plot
membership nested in sample site (intercept random effects), and likelihood ratio tests (LRT).

Predictors

FREQUENCY GROWTH DBH

LRT p Value 0.01 LRT p Value <0.0001 LRT p Value 0.01

Coeff p-Value Coeff p-Value Coeff p-Value

Stem density 1.89 0.002 1.04 0.004
Total Species 1.8 <0001
Thinning Intensity 3.47 <0001
Altitude −0.98 0.003 −2.43 0.002
Treatment 1.5 <0001

4. Discussion

An important step before applying selective thinning, as shown in this study, is the analysis of the
floristic composition of the original forest in an attempt to conserve the extraordinary biodiversity.
However, a carefully planned silvicultural method can allow, at the same time, to increase the growth
rates of the desired species and, subsequently, the extraction of resources for the economic development
of the local population [81,82].

Therefore, individual tree species must be carefully analyzed to determine their economic or
ecological value. If tree species with a limited number of individuals are cut, the diversity, and
consequently, the functionality of the ecosystem may be affected, although during this investigation,
not only individuals of abundant species were eliminated but also species with few representatives.

As shown in this study, if these preconditions are respected, selective thinning intensity does not
cause significant changes in the forest ecosystem. Furthermore, the results suggest that the applied
strategy makes the studied TMF more productive, especially in terms of growth, because the loss of
taxonomic and functional diversity is minimal. The forest still serves as a conservation area, providing
all of its ecosystem services; therefore, selective logging could also be a useful tool for biodiversity
conservation and sustainable forest management [83,84].

Selective thinning also causes greater gaps within the forest stand, which changes the ecosystem
conditions as a result of canopy openness. However, natural tree fall has the same effects, although
gaps are generally less frequent. As Gunter et al. [68] found in the same TMF, Arctiidae moth
communities were affected by both, selective thinning and natural tree fall, during the first year,
whereas monocotyledonous and dicotyledonous vascular epiphytes did not show significant changes
in structure or composition. Nevertheless, these impacts might be different in ravine forest or ridge
forest parts [85,86], due to the different forest structure [68].

Plant traits are indicators of diversity, functionality and community composition [72], which are
generally used to determine environmental changes over time or to understand natural successional
processes. However, the selective thinning applied in this study adds another gradient of use,
because the removed individuals belong to certain undesired species, which might affect the functional
composition of the forest community. Therefore, to analyze changes of FD indices in this TMF regarding
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selective thinning, the used traits are mainly related to resource acquirement, because these allow one
to evaluate if species exploit the available resources quickly, which generally occurs during periods of
abundance at sites with sufficient water availability [87].

To assess the impacts of silvicultural interventions into an ecosystem and its functioning,
all interactive components must be combined to obtain serial robust numerical indices [16], which can
be provided by the FD. FD implies more than number of species and diversity, because multiple traits
are considered, such as species dispersion syndromes, leaf functional characteristics, etc. Therefore,
FD is an important attribute to analyze the response of a forest community to environmental changes.
However, if only richness and diversity of species is evaluated to analyze the impact of forestry
interventions, the generated information is still insufficient to understand the natural process of forest
ecosystems [2,88].

In agreement with Baroloto et al. [42], some FD indices showed significant changes after thinning
(Table 3), especially those related to the predictors that include thinning, but not those related to the
altitude gradient, since this does not imply a pronounced effect on the communities or alteration in
ecosystem processes. In general, functional diversity varies significantly as a result of changes in the
forest community, as well as with the level of intervention; however, the total richness of the tree
species may not change significantly due to the applied treatment [89]. As Putz et al. [90] indicated,
the impact of forestry, especially logging, is more destructive with respect to carbon storage, but if
growth rates increase forest productivity, carbon storage can be compensated.

Curzon et al. [91] concluded that in the temperate forests, functional diversity remains stable over
the years after major disturbances like thinning or logging. By comparing the results in the temperate
forests with our results in tropical montane forests, they both agree that neither produce significant
changes in functional or taxonomic diversity shortly after the disturbance.

The Functional Divergence (FDiv) was influenced by the extracted basal area (slimming intensity)
and altitude, which means that no clear influence of the intervention respective to the variability of
this index could be demonstrated. The FDis and RaoQ indices were only influenced by the number of
trees, which is a natural condition of the forest ecosystems and depends on various environmental
factors [49–53].

The abundance and the initial DBH were less affected by intensity of the selective thinning applied,
while the growth was improved due to changes in the initial conditions, mainly concerning availability
of light and nutrients [49]. However, the community shows significant changes when comparing
thinned plots and control plots and the specific role of each species could not be determined—such
effects include succession changes, reproduction and interactions with other species. However,
the experiment was executed within a natural reserve and no long-term treatment was applied to
analyze larger scale logging regimes, such as a forest concession. Furthermore, the evaluation period
was relatively short, and for this reason, changes in growth rates of remaining trees and modifications
in species composition, such as reduction in shade-tolerant species, could not be analyzed. This also
includes the effects on other important organism groups, such as epiphytes, orchids, mosses, ferns or
insects, which should be the objective for further investigations.

In summary, selective thinning did not significantly alter the functionality of this TMF compared
to the natural ecosystem (control plots). The DF was almost unchanged, which is the most critical
point when applying a sustainable forest treatment. Future studies should focus on the links between
biodiversity and ecosystem services [92], and long-term field monitoring is necessary [68].

5. Conclusions

In a neotropical TMF in southern Ecuador, selective thinning was performed at different intensities,
which only slightly affected the FD of the forest. The calculated FD indices were based on different
species traits, which improved the knowledge for designing sustainable management practices in
ecologically sensitive ecosystem.
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However, significant FD changes for all traits and predictors are not expectable, because to
determine the ecosystem composition, the homogeneity of a forest stand, and the climatic conditions,
especially in a TMF, is especially challenging. As the findings of this study showed, intensity of the
treatment had no significant effect on FD changes in the community, whether the time span between
the measurements, nor the eliminated individuals.

In the context of logging, the conservation of rare or less abundant species should be a priority
before starting any forestry activity. Endangered species should be excluded from harvesting processes,
logging and other forestry activities. Nonetheless, a sustainable forest management in combination
with ecosystem conservation should remain a main objective for future development, because this not
only guarantees the economic income for the local population, but also ensures the functionality of the
forest stand to provide essential ecosystem services.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/6/256/s1,
Figure S1: Plots distribution in two forests types, the location of plot K that served as a control is shown in addition
to the Q2 plots, Table S2: PCT´s list and individuals released and control, Table S3: Individuals by species removed
and percentage with respect to the total of individuals inventoried in primary montane forest of RBSF.
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