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Abstract: Composition, diversity, and structure of trees in tropical montane forests are responsive to
ecological gradients and local succession. Those parameters are a result of ecological interactions
between vegetation, environment, and location. This study identified floristic groups on mainly
secondary forests and evaluated how the composition, diversity, and structure of trees correlate with
climate, soil, and age since abandonment. We included in our models a measurement of spatial
correlation, to explore the role of dispersion. For this purpose, we measured diameter and height of
all trees with DBH ≥ 10 cm, in twenty-eight 500 m2 plots, in an elevation range between 2900 and
3500 m. We found 14 indicator species in three floristic groups. Group composition was explained
by age since abandonment, which showed strong succession effects. Mean monthly precipitation
and Manganese, but not spatial correlation, explained plant composition in these montane forests,
suggesting a minor role of dispersion. Species richness and structure of the arboreal vegetation were
influenced by interactions between age, precipitation, and soil nutrients concentration. We concluded
that in fragmented landscapes, within the rugged region of southern Ecuador, it is possible to find
different floristic groups that encompass high variation in their composition.

Keywords: andes; azuay; indicator species; secondary succession

1. Introduction

High Andean forests (>2500 m), also known locally as tropical montane forests (TMF),
are ecosystems with high species diversity [1]. They are part of the Tropical Andes hotspot,
known for its high endemism [2]. The floristic composition and forest structure of plant
communities in these montane ecosystems are heterogeneous [3,4]. TMF are important for
the long-term provision of ecosystem goods and services [5]; however, a persistent question
for ecologists and forest managers has been how their floristic composition and community
structure change through environmental gradients and ecological succession [6,7].

At a local scale, richness, basal area, and tree height of mature TMF decrease with
altitude [7,8]. This is not the case for tree density which increases in TMF at higher
altitudes [9]. The same pattern arises at a regional scale, with the exception of the basal
area which, at least in certain regions, does not correlate with altitude [10]. Similarly,
floristic composition varies along TMF environmental gradients. For example, different
dominant and indicator species are characteristic of different altitudes in neotropical
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forests [11,12]. This variation in species composition is usually justified by assembly rules
of forest communities, which make use of niche theory. For example, niche assembly
has been useful to explain the role of different environmental variables such as edaphic
(mainly calcium and magnesium) [13], topographic [14], and climatic (precipitation and
temperature) [15] factors in plant community composition [12]. On the contrary, other
studies have found that location, through spatial correlation, also influences the plant
composition across forests [16,17], which is usually linked to the dispersal theory. Under
this theory, floristic composition depends on the regional species pool and the dispersion
potential of species [18,19].

Despite their ecological importance, TMFs are exposed to high anthropogenic pres-
sures [20,21]. For example, in southern Ecuador, annual deforestation rates of 3% due to
agricultural, forestry, and mining practices [22,23] are recorded, with the loss of natural,
woody, and herbaceous vegetation [24]. Age since abandonment is a major factor influ-
encing plant dynamics. For example, there are large areas of TMF on the Andean slopes,
that were once primary forests and were later used extensively for timber extraction [25].
Later, these areas were converted to pastures and agricultural land. After the productivity
of the soil was decreased, most of the lands were abandoned for which they have been
subjected to natural successional processes that give rise to secondary montane forest
(SMF) [26–28]. The structure and composition of these plant communities depend on the
age since abandonment and past land use [28] and are influenced by environmental and
habitat variables that can facilitate the development of natural regeneration [29].

In this study, we fill some knowledge gaps by answering the following questions:
(1) Are there floristic groups of trees? Are indicator species unique to these floristic groups?
(2) Which environmental variables explain the variation in floristic group composition,
diversity, and structure of trees? We expect floristic group composition to respond to
environmental variables more than to spatial variables. We expect environmental variables
and age to significantly explain richness and structure. We perform this study in TMF of
southern Ecuador, one of the most threatened habitats of the country.

2. Materials and Methods
2.1. Study Area

This research adds to the work published by Jadán et al. in 2017 [30]. In this year,
we found three floristic groups, 12 indicator species in 20 plots, with trees DBH ≥ 5 and
not including mature forests. Nowadays, we incorporate plots within mature forest and
evaluate trees with DBH ≥ 10 cm, as they are considered adult trees that are part of the
forest mass now and in the future. Furthermore, including only trees with DBH ≥ 10 cm
will allow us to monitor ecological dynamics in the future. The study area is located on the
eastern slope of the Western Andes Mountain range between 2900 to 3500 m of elevation.
The plots were installed within a land use matrix that includes agricultural zones and forests.
Annual temperature averages between 6 and 12 ◦C. Annual rainfall ranges from 800 to
1500 mm [31]. The soil typology corresponds to Vertisols, Andisols and Inceptisols according
to the Ministry of Agriculture of Ecuador (http://www.sigtierras.gob.ec/geopedologia/
accessed date: 30 May 2021). Livestock and subsistence agriculture are part of the history of
land use in the study area, something common in the province of Azuay [32].

2.2. Vegetation Survey and Data Collection

Vegetation cover maps made available by the Ministry of Agriculture of Ecuador [33]
were used to select over 100 forest patches prior to vegetation surveying. We randomly
installed 28 plots of 20 m × 25 m (0.05 ha). Plots were placed in the area based on
access, forest patch size, and the collaboration of the farm owners. We placed one plot
per patch, with a minimum distance between plots of 1 km, and an average distance of
2 km (Figure 1). Plots show an aggregate distribution because there are no continuous
forests in the research area. The age since abandonment of the plot was estimated through
a temporal analysis using aerial ortho-photographs from 1955, 1980, and 2015 provided by
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the Military Geographical Institute of Ecuador (IGM), using a methodology similar to that
applied in lowland tropical forests [28]. For plots > 70 years, ALA was estimated through
interviews with the elderly and from historical records of Cajas National Park.
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Plots were sampled from October 2016 to October 2017. In each plot, diameter at breast
height (DBH) and total height of all trees with diameters DBH ≥ 10 cm were measured. The
total height was calculated through the average of all the trees in the plot. The dominant
height was calculated through the average of the 10 tallest trees in each plot. Fern trees
with DBH ≥ 10 cm were also included in our database. All individuals were taxonomically
identified at the species level directly in the field or by comparison with the specimens of
the Loja herbarium (LOJA).

Altitude and slope were measured at the center of the plots. Annual and monthly
average rainfall as well as average, minimum, and maximum temperatures were extracted
from the WorldClim global climate database (https://www.worldclim.org/), accessed date:
30 May 2021, using the central geographic coordinates of each plot. Composite soil sam-
ples were taken at 20 cm depth after the organic layer, from 3 subsamples in each plot.
Available chemical values of organic matter (volumetric method by Walkley and Black),
pH (electrometric method with pH meter), nitrogen (Dumas method with Dumatherm
equipment-automatic nitrogen analyzer), phosphorus (colorimetric method with spectropho-
tometer), potassium, calcium, magnesium, iron, manganese, copper, and zinc (atomic ab-
sorption method with spectrophotometer) were measured in the Agrocalidad laboratory in
Quito. For details on calibration and markings of the equipment, see the laboratory website
(https://www.agrocalidad.gob.ec/?page_id=39193), accessed date: 30 May 2021.

2.3. Identification of Floristic Groups and Indicator Species

We determine floristic groups using floristic composition data for all plots and a cluster
analysis on Bray Curtis distances and the Ward method. To separate floristic groups, we
use a cut-off of 50% in distance between similar floristic. We used the “hclust” function in
the “stats” R package [34]. Group membership was tested with an ANOSIM similitude
analysis (Bray Curtis; p < 0.05) using the “vegdist” function in the “vegan” R package [35].

https://www.worldclim.org/
https://www.agrocalidad.gob.ec/?page_id=39193
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A non-metric multidimensional scale analysis (NMDS) was performed in order to visualize
the spatial distribution of the determined floristic groups. The use of the ISA (indicator
species analysis) allows us to find indicator species indicating conservation condition and
composition [36]. This analysis was made according to species frequencies and abundances
(Indicspecies, p < 0.05) [37]. Indicator species were incorporated into the NMDS to be able
to associate them with each floristic group. Statistical analyses were performed using the R
packages “Indicspecies” [37].

2.4. Relationship of Floristic Groups and Predictor Variables

We analyzed differences in diversity among the three floristic groups. Diversity was
estimated by constructing rarefaction and extrapolation curves using the multinomial prob-
ability distribution model on the Hill numbers q = 0 (species richness), q = 1 (exponential
of Shannon entropy index), and q = 2 (the inverse of the Simpson concentration) for the
sample-based abundance data [38]. We conducted analyses using the package iNEXT
for R [39]. Species richness and parameters of plot structure such as tree density (n/ha),
basal area (m2/ha), total height (m), and dominant height (m) were considered response
variables. Variation and differences in the richness and structure parameters were analyzed
by analysis of variance (ANOVA, test Fisher; p < 0.05). To perform this, we checked the
assumptions of normality and homoscedasticity, using the residues, and predicted the
errors in each response variable.

The relationship between floristic group composition and the predictor variables was
determined with the “envfit” function in the “vegan” R package [34]. This function allows
for visualization of the significant predictor variables when separating each floristic group
in the NMDS analysis [39,40]. To explain the variation in floristic composition, we included,
as a predictive variable, a spatial correlation index calculated using geographic distance
through the “principal coordinates of proximity matrices-PCNM” function in the “vegan” R
package [35]. This distance was calculated using the central geographic coordinates of each
plot. The relationship between species richness (variation per plot) and vegetation structure
parameters, as response variables, along with the predictor variables, were analyzed using
linear models. To decrease the number of correlated variables, the predictor variables were
firstly selected by correlation analysis, with the findCorrelation function in the “caret” R
package [40]. One of the correlated variables with r > 0.7 was removed. For this procedure,
the absolute values of the pair-wise correlations are considered. For two highly correlated
variables, the function looks at the mean absolute correlation for each variable and removes
the variable with the largest mean absolute correlation [40]. Pearson’s correlations between
all the variables are shown in Table S1. Then, for each response variable, the uncorrelated
predictor variables were selected using the forward selection (p ≤ 0.05) procedure.

Additionally, a discriminant analysis was carried out to find a discriminant function
that allows for entering new plots or patches of forest in the future to the different floristic
groups determined in this research. To conduct this, we used the predictor variables that
most significantly explained the floristic composition and two variables of the structure of
the vegetation that varied among all the floristic groups.

3. Results

Overall, we measured 1230 stems from trees ≥ 10 cm DBH, belonging to 34 families,
51 genera and 83 species. The most diverse family was Asteraceae (11 species), followed
by Melastomataceae with nine species, Lauraceae with eight species, Solanaceae with five
species, and Chloranthaceae and Rubiaceae with four species each. As well, there were four
families with three species each, nine families with two species each, and 15 families with
one species each. The species with the largest number of trees was Weinmannia fagaroides
(193), followed by Hedyosmum cumbalense (92), Cyathea caracasana (fern tree), and Miconia
poortmani with 84 individuals each. There were 60 species with less than 10 individuals.
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3.1. Floristics Groups and Indicator Species

The results of the cluster analysis show that the plots form three significantly dif-
ferent floristic groups (ANOSIM r = 0.7; p = 0.001). The first group (FG1) was clus-
tered within 14 plots that corresponded to sites with lower altitude; the average altitude
was 3093 m ± 80.4 SD (range 2968–3218 m) while average age was 52.6 ± 14.6 years (range
40–100 years). In the second floristic group (FG2), nine plots were clustered, with an average
altitude of 3396 m ± 144.7 SD (range 3055–3500 m), and an average age of 96.7 ± 18.6 SD
years of land abandonment (range 56–120 years). Moreover, among the third floristic
group (FG3), 5 plots were clustered with an average altitude of 3253 m ± 55.7 SD (range
3160–3299 m), while average age was 161.2 years ± 3.4 (range 155–165 years).

The floristic groups were spatially visualized and highly differentiated in the NMDS
(Figure 2). Here, 14 indicator species are shown which were recorded within the floristic
groups (Table 1). Two species were associated with the FG1 located at the lowest alti-
tude with Hesperomeles ferruginea as an exclusive species of this group (Figure 2, Table 1).
Five species were associated with the FG2 with Gynoxis halli, Hedyosmum cumbalense, and
Ocotea infraveolata being exclusive for the group. Seven indicator species were recorded
in the FG3 with Hedyosmum goutidianum, Hedyosmum luteyni, Hedyosmum racemosum, and
Piper andreanum representing exclusive species for this group (Table 1). These species are
spatially distributed within each group very clearly (Figure 2).
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Figure 2. Non-multidimensional metric scaling analysis (NMDS) with three floristic groups and
their indicator species of Montane Forest. The codes of the indicator species are described in Table 1.
FG: floristic groups.

Table 1. Indicator species for each floristic group and successional status of Montane Forest.

Species-Code Floristic Group p

Hesperomeles ferruginea (Pers.) Benth. - Hesfe
FG1

0.01
Myrsine dependens (Ruiz & Pav.) Spreng. - Myrde <0.0001

Gaiadendron punctatum (Ruiz & Pav.) G. Don - Gaipu

FG2

0.04
Gynoxys azuayensis Cuatrec. - Gynaz <0.0001

Gynoxys hallii Hieron. - Gynha 0.002
Hedyosmum cumbalense H. Karst. - Hedcu <0.0001
Ocotea infrafoveolata van der Werff - Ocoin <0.0001
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Table 1. Conts.

Species-Code Floristic Group p

Ageratina dendroides (Spreng.) R.M. King & H. Rob. - Agede

FG3

0.02
Hedyosmum goudotianum Solms - Hedgo <0.0001

Hedyosmum luteynii Todzia - Hedlu <0.0001
Hedyosmum racemosum (Ruiz & Pav.) G. Don - Hedra <0.0001

Meriania tomentosa (Cogn.) Wurdack - Merto 0.02
Nectandra sp. - Necsp 0.03

Piper andreanum C. DC. - Pipan <0.0001

3.2. Floristic Groups and Relationship with Predictor Variables

Predictor’s variables were parametrized using some statistical descriptors such as
mean, standard deviation (SD), coefficient of variation (CV), and range (Table S2). Hill
numbers showed that higher values of richness, diversity of Shannon and Simpson ob-
served and estimated were registered for FG2 (Table 2). The common species (q = 1) and
abundant (q = 2) the three groups reach an asymptotic curve (Figure 3). This does not
occur for the species richness of FG1 and FG2, due to the presence of many species with
few individuals, which widens the confidence intervals. On the other hand, mature forest
plots or FG3 with less than 250 individuals, could vary in their current richness and in their
comparison with the other two groups.

Table 2. Species richness (q = 0), exponential of Shannon index (q = 1), and inverse of Simpson index
(q = 2) based on the Hill numbers obtained by a bootstrap method based on 50 replications, for three
floristic group in Montane Forest.

Floristic Groups Diversity Observed Estimated S. E.

FG1
q = 0 41 49.3 6.9
q = 1 16.1 17 0.9
q = 2 8.6 8.7 0.7

FG2
q = 0 50 68.3 12.2
q = 1 20.4 21.8 1.1
q = 2 12.7 13 0.7

FG3
q = 0 34 43.3 6.8
q = 1 16.4 19 1.7
q = 2 10.1 10.7 1.2

The richness of tree species was higher in FG2 (13.2 species ± 1.4 SD) and FG3
(12.2 species ± 2.8 SD), which are located at higher altitudes and have a higher age since
abandonment (Figure 4a). Tree density was higher in FG2 (1202.2 n/ha ± 246.7 SD)
(Figure 4b). Basal area (65.1 m2/ha ± 30.2 SD) (Figure 4c), total (17.6 m ± 2.5 SD), and
dominant height (23 m ± 2.8 SD) (Figure 4c,d) were higher in FG3 which are located at
higher altitude and registers a higher age since abandonment.

In the correlation analysis, mean annual temperature, but not age was selected. How-
ever, we included age because we considered it to be an important variable to explain
ecological secondary succession [28,41,42]. In the NMDS, the first axis was related to two
highly positively correlated variables, age and spatial correlation index (Figure 5). FG1
and FG2 are ordered on this axis. FG1 corresponds to the areas of lower altitude and
recent age since agricultural abandonment. At the other end of the axis is FG2, where the
highest values of spatial correlation are recorded, plots in sites with higher altitude and
intermediate age. On the other orthogonal axis, the mean annual precipitation increases at
sites with positive spatial correlation. Moreover, the concentration of manganese in the
soils is clearly higher than that of FG2 and slightly higher than the average of FG1. This
group is characterized by having the oldest forest plots (it is classified as mature forests).
Mean monthly precipitation and age showed a strong and significant correlation with the
NMDS ordination axes (Table 3, Figure 5). In addition, they were relevant predictors in the
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separation of floristic groups. However, the spatial correlation is only “nearly significant”,
and manganese concentration are, also, the elements that significantly support the variation
in the floristic composition, allowing for the division into floristic groups (Table 3). The
results of the response variables and the predictor variables are shown in Table S3.
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Table 3. Significant predictors variables with the NMDS ordination.

Predictor Variables NMDS Axis 1 NMDS Axis 2 r2 p

Age since abandonment 0.9 −0.05 0.7 0.001
Mean monthly precipitation 0.5 0.8 0.7 0.001

Spatial correlation 0.8 −0.6 0.2 0.066
Manganese 0.5 0.8 0.4 0.006

The predictor variables which were retained by forward selection are part of the
regressions in each variable, both for richness and structure of the vegetation (basal area
and heights). Tree density was not associated with any predictor variable. Age since aban-
donment was significantly and positively associated with species richness (slope = 0.04;
Figure 6a). Age was also important for basal area (slope = 0.5; Figure 6b), total height
(slope = 0.08; Figure 6c), and dominant height (slope = 0.03; Figure 6e). Mean annual
precipitation was also important for explaining positively and significantly the total height
(slope = 0.03; Figure 6d) and dominant height (slope = 0.04; Figure 6f). Calcium was not
retained by forward selection in any response variable, but was positively correlated with
total height (r = 0.5; p = 0.01) (Table S1).

In the discriminant analysis, the first canonical axis explained 93.8% of the variation
between the groups. The second axis explained 6.2%. The canonical discriminant function
generated with the highest percentage of explanation was: F = −14.1 + 0.04 × age (years)
+ mean monthly precipitation (mm) + 0.02 × basal area (m2/ha) + 0.19 × dominant
height (m). According to the discriminant functions with standardized data of common
variances, dominant height is the most important in the discrimination within the first
canonical axis. Basal area was less important in the discrimination.
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4. Discussion
4.1. Floristic Groups at Local Scales

Tropical Montane forests are important ecosystems in southern Ecuador. Their conser-
vation and ecological succession status vary across the landscape as they are subjected to
strong human modification. The identification of floristic groups, and changes in diversity,
and structure of trees can be used to assess their conservation status. In this study, we
identified three floristic groups that represented mostly succession trajectories, with FG1
and FG2 representing early stages of regeneration and FG3 representing mature forests.
These floristic groups were validated by the occurrence of 14 indicators species among the
three floristic groups. These species are important because they are indicators of composi-
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tion in association with habitat conditions, which is explicit in our floristic groups [36]. In
FG1, two indicator species: Hesperomeles ferruginea and Myrsine dependens, are tolerant to
light and have been recorded in disturbed secondary forests [41,42]. M. dependens has a
high regeneration capacity, and has been registered as a seedling indicator species in high
Andean montane forests [29]. On the other side, H. ferruginea presented low dominance
(small trees, 1.6% of the total basal area), but high abundance and frequency. Their high
seed productivity, plasticity, and ecophysiological adaptation may have facilitated their
distribution in disturbed areas, however we notice that this species may be also found in
mature Andean montane forests [42–44].

Species in FG2 are also characteristic of young forests. Gynoxis halli and Gynoxys
azuayensis are heliophytes-pioneers, and have been recorded in secondary forests [45].
However, not all species in FG2 are pioneers. Ocotea infrafoveolata, Gaiadendron punctatum,
and Hedysomum cumbalense have been documented as characteristic to mature high Andean
forests [1]. Their presence in forests of advanced succession is due to canopy gaps caused
by natural or anthropogenic disturbances. In FG3, the indicator species Hedyosmum goutidi-
anum, Hedyosmum luteyni, Hedyosmum racemosum, and Piper andreanum are characteristic of
the tropical Andes at altitudes above 3000 m, and are widely distributed in Ecuador [46].
Hedyosmum trees presented high frequency and abundance and were the tallest and largest
trees. These species are characteristic of mature forests [47,48], so their presence in this
floristic group indicates a good state of conservation.

4.2. Floristic Group Composition, Diversity and Structure, and Their Relationship with
Predictor Variables

Age since abandonment remarkably explained floristic composition across our plots
(Table 3). Age was directly associated with FG2 and FG3, at higher altitudes (Figure 5).
mean monthly precipitation was also associated with high altitude plots (Figure 5). Simi-
larly, manganese concentration explained the floristic group composition and was associ-
ated with high altitude plots, that is, where there is greater precipitation. Manganese is
associated with a growth enzymes which facilitate certain physiological processes, as well
as with germination and the initial establishment of seedlings [49] that may be needed at
high altitude. This variable is negatively correlated with age (where the plots of lesser age
since abandonment are located—FG1) (Table S1). Therefore, the floristic groups of trees are
a result of the interaction of different environmental variables. This is related to the niche
theory (see introduction) which has been evaluated and corroborated in different studies
on tropical forests [12,13,16].

We found species richness to respond to forest succession [50]. Richness varied sig-
nificantly (Figure 4a) with higher values in FG2 and FG3, which have a higher forest age
(Figure 2). Similar results has been found elsewhere [28,51]. This pattern was similar to that
recorded by Yepez [28] in the Andean forests of Colombia, where species richness increases
with the age since abandonment, reaching a similarity with primary forests in secondary
forests over 40 years of age. Morales [51] affirms that secondary forests are less diverse than
primary forests, but the diversity and richness of species increase with age, in tropical forests
in Central America. This result is related to secondary succession processes where biological
and environmental factors facilitate the colonization of pioneer species in abandoned agricul-
tural areas [52,53]. As pioneers species grow in time, they fulfill vegetative and functional
cycles but simultaneously modify vegetation structure [54]. Additionally, the environmental
factors of the microhabitat are modified [55]. Based on these modifications, some pioneer
species disappear and intermediate or climax species appear [56].

The significant variation of basal area among FG1, FG2, and FG3 (Figure 4c) was
positively correlated to forest age, whit largest areas recorded in FG2 and FG3 at higher
altitudes (and lower temperatures). This result is in agreement with Yepez [28] who also
found basal area to increase significantly with successional age. Comparatively, this result
is not consistent with some reports from Ecuador, Peru, and Bolivia [7,9], where the basal
area was positively related to temperature. On another side, basal area was positively
correlated with precipitation (Table S1). In particular, precipitation was associated with
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FG2 and FG3 located at higher altitudes, where basal area values are higher. This indicates
a direct influence of the rains upon diameter growth [57].

Height (total and dominant) showed similar patterns to the basal area and were
linked to age since abandonment (Figure 4c). We also found precipitation to predict tree
height. These results indicate complex associations in fragmented landscapes where the low
variation in precipitation interacts with other variables to explain vegetation structure [16].
Calcium, which was not retained in the forward selection procedure, was positively and
significantly correlated with total height (Table S1) and mean annual precipitation. These
correlations indicate that calcium may controls tree growth and height [58].

5. Conclusions

The studied forests plots are heterogeneous. Three floristic groups can be recognized
by species composition and the presence of indicator species and are responsive to envi-
ronmental factors. Structure variables and species richness of the plots are dependent of
complex interactions of the age, climate, and soil variables. These plots could be considered
as important conservation allies in the planning, ordering, and management of the few
areas that remain with their forest cover in southern Ecuador.

Within floristic groups, the variation in species composition was explained by the
age since abandonment, climate, and soil variables. Floristic composition was poorly
influenced by spatial correlation, so the associations shown are likely to be explained by
niche assembly. Similarly, complex interactions of age and climate explained quantitative
parameters for richness and structure. However, age explained most response variables and
is considered the most important predictor in natural regeneration processes in Tropical
Montane forests within the study area.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13090400/s1. Table S1: Pearson’s correlations between all the variables evaluated, Table
S2. Descriptive values of predictor variables recorded in 500 m2 plots, Table S3: Local results of the
response and predictor variables.
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