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Introduction: Macleania rupestris, an ecologically and culturally important
species of the Ericaceae family, inhabits the montane forests of southern
Ecuador and exhibits significant but understudied intraspecific morphological
variation. Understanding this variation and its environmental drivers is crucial
for effective conservation and restoration planning, particularly in a
changing climate.

Methods: We analyzed 15 quantitative traits in 200 individuals from four
populations located in the Azuay and Cafiar provinces to identify
morphological groups and assess their environmental drivers. Hierarchical
clustering and Random Forest classification were employed to detect distinct
morphological groups. Additionally, generalized linear models were used to
evaluate the influence of climatic seasonality and spatial autocorrelation on the
most relevant traits.

Results: We identified two distinct morphological groups, primarily differentiated
by seed number per fruit, fruit humidity, fruit length and width, and petiole length
traits that together explained over 75% of the observed variation. Climatic
seasonality and spatial autocorrelation significantly influenced these key traits.
Notably, seed number and fruit length responded strongly to variations in
temperature and precipitation, while traits such as fruit humidity and petiole
length showed moderate sensitivity to environmental gradients. A Random
Forest classification model, based on the most relevant traits, achieved
99.5% accuracy, enabling robust assignment of new individuals into
morphological groups.

Discussion: Our findings highlight the influence of environmental heterogeneity
on intraspecific differentiation in M. rupestris and provide evidence for local
adaptation along climatic gradients. This study offers a novel framework for trait-
based classification and emphasizes the importance of integrating
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morphological variation and environmental factors into conservation planning.
By identifying environmentally driven morphological groups, these results can
inform seed sourcing strategies and restoration efforts aimed at enhancing
ecosystem resilience in the montane forests of southern Ecuador.

KEYWORDS

Macleania rupestris, intraspecific variation, morphological traits, environmental
gradients, cluster analysis, random forest, Andean forest, ecological restoration

1 Introduction

Trait-based ecology provides a powerful framework for
understanding plant function, adaptation, and responses to
environmental gradients. Functional trait morphological,
physiological, or phenological features that impact fitness offer
insights into how plants acquire resources, tolerate stress, and
interact with their environments (Violle et al., 2007; Masarovicova
et al,, 2018; Singh et al., 2024). Intraspecific variability in these traits is
increasingly recognized as a key component of ecological and
evolutionary processes, especially in heterogeneous systems such as
tropical montane forests (Gratani, 2014; Bafares de Dios, 2024;
Homeier et al, 2021). Trait-based classification of morphologically
similar groups can serve as indicators of plasticity and resilience,
facilitating the analysis of environmental influences including
altitude, temperature, precipitation, and soil characteristics (Perez-
Camacho et al.,, 2012; Joshi et al., 2024; Malik et al., 2024).
Moreover, trait variation contributes to understanding species’
ecological niches, dispersal strategies, and biotic interactions (March-
Salas et al,, 2021; Zhang et al., 2022). Recognizing this variation at the
intraspecific level is especially relevant for underexplored taxa in
biodiversity hotspots, where functional traits may reflect subtle
adaptive responses to complex environmental pressures.

Macleania rupestris (Kunth) A.C. Sm., commonly known as
joyapa, is a woody Andean plant found in the tropical montane
forests of southern Ecuador. It belongs to the Ericaceae family, which
includes several economically and ecologically important species,
especially valued for their edible fruits (Tenuta et al., 2019; Luteyn,
2021). Although specific studies on M. rupestris are lacking, species
within the Ericaceae family exhibit considerable intraspecific
variability, manifested in traits such as leaf size, flower morphology,
and fruit structure (Malan, 2013; Larrinaga and Guitian, 2016). These
traits are essential for understanding plant responses to
environmental gradients and predicting their distribution and
adaptability (Diaz et al., 1999; Longhi-Wagner et al., 2012; Tsakalos
et al, 2019). Trait-based approaches classify plant species based on
their capacities for resource acquisition and allocation in tropical
montane environments (Ligarreto et al., 2011; Gratani, 2014). Such
classification facilitates the analysis of environmental influences,
including altitude, temperature, precipitation, and soil
characteristics (Fan et al., 2006; Pérez-Camacho et al., 2012;
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Wellstein et al., 2013; Souza et al., 2018). Additionally, these
morphological traits affect dispersal, resource acquisition, and biotic
interactions, shaping species’ ecological niches and habitat
distributions (Zambrano et al., 2019; Carvalheiro et al., 2021).

Macleania rupestris is a native species of southern Ecuador,
primarily inhabiting the mountainous regions of the Tropical
Montane Forest. Its natural habitat is characterized by well-
drained soils and high humidity, where it mainly grows in hard-
to-reach areas, often near ravines or on rocky slopes (Veloza et al.,
2014). Also, it is commonly found as a pioneer species in landscapes
affected by volcanic activity or recent landslides, thriving along the
edges of mature forests and in disturbed environments (Kappelle,
2016). These include forest clearings created by logging or road
construction, where human influence has significantly shaped the
vegetation dynamics (Luteyn, 2021). This plant has significant
ecological value as it provides food and shelter to various fauna,
including insects and birds (Luteyn, 2021; Ortiz et al., 2023). From
an ethnobotanical perspective, M. rupestris is used by local
communities both as a food source for livestock and for agro-
industrial purposes, such as the production of traditional medicines
and the construction of homes (Gori et al., 2022). Its
multifunctional value makes it a strategic resource in natural
resource management (Baez et al., 2010). In this way, M. rupestris
plays a key role not only in the ecosystem but also in the local
economy (Diazgranados et al., 2021).

However, M. rupestris is increasingly threatened by
deforestation and forest fires, which degrade the quality of
tropical montane forests and the vegetation zones it inhabits
(Tapia-Armijos et al., 2015; Arias-Sosa et al., 2021). These
activities, primarily driven by agricultural expansion and livestock
farming, negatively affect joyapa populations, reducing their
distribution and genetic diversity (Richter et al., 2009). Habitat
loss also has caused fragmentation of ecosystems, limiting the
species’ ability to adapt and survive (Haddad et al., 2015).
Furthermore, the deficiency of studies on its intraspecific
morphological variation hinders a comprehensive understanding
of its adaptive potential and resilience to environmental changes.
Forest fires, exacerbated by climate change, are also accelerating the
loss of native vegetation (Halofsky et al., 2020). This presents a
direct threat to M. rupestris and other native species of the region
(Richter et al., 2009).
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Conducting research to understand and classify
morphologically related groups is essential for assessing
biodiversity, adaptation, and ecological interactions, particularly
in regions with limited taxonomic studies. Identifying these
groups is essential to establish a baseline that allows for
differentiating populations and subsequently studying their
genetic, phenotypic, and adaptive variation (Vandepitte et al,
2014). This knowledge will contribute to the conservation of M.
rupestris by enabling the design of management strategies that
account for the morphological and genetic characteristics of each
group. Furthermore, such classification helps identify groups that
are more vulnerable to environmental threats, supporting more
effective conservation actions. Therefore, clear morphological
characterization is key to preserving regional biodiversity (Haider,
2011) and lays the foundation for studies on phylogenetic
relationships and adaptive mechanisms. Based on this
background, this study was developed to answer the following
research questions: 1) Can morphological variation among M.
rupestris populations be used to identify distinct groups? 2)
Which environmental variables, including climate and spatial
autocorrelation, influence the most important morphological
traits? To answer these questions, we aimed to identify distinct
morphological groups, determine the traits most relevant to
differentiation, and characterize each group based on trait
magnitude. We hypothesize that environmental gradients
particularly climatic seasonality and dispersal processes shape
morphological variation in M. rupestris. Furthermore, we
developed a predictive model for classifying new individuals into

Study provinces at Ecuador
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the identified groups, allowing future applications in conservation,
restoration, and biodiversity monitoring.

2 Materials and methods

2.1 Study area

The study was conducted in four representative localities within
the natural distribution range of Macleania rupestris (Ericaceae) in
the provinces of Azuay and Caifiar, southern Ecuador. The selected
sites were Gtiel (3°03’°01.0”N, 78°47°39.6”W) and Nabon (3°20’
11.52”N, 79°3’47.14°W) in Azuay province, and San Vicente (2°
31°02.0”N, 78°40'02.8”W) and Luis Cordero (2°44°08.4”N, 78°
30’48.5”W) in Canar province (Figure 1). These locations are
situated in transitional zones between paramo and subparamo
ecosystems, at elevations ranging from 2750 to 3312 m a.sl. The
dominant vegetation includes species such as Agave sisalana,
Baccharis latifolia, Miconia calvescens, Racinaea spp., Lolium sp.,
and Morella parvifolia. The regional climate is temperate with an
annual average temperature of approximately 11.8 °C in Canar and
16.3 °C in Azuay. Annual precipitation varies between 800 and 1500
mm depending on the site. Climatic data by site are presented in
Supplementary Table 1 (Fick and Hijmans, 2017). A representative
photograph of M. rupestris in its natural habitat is provided in
Supplementary Figure 1, illustrating its shrubby growth form, leaf
arrangement, and typical fruit morphology in the montane
forest landscape.
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Location of sampling sites for M. rupestris individuals across Azuay and Cafiar provinces at Ecuador.
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2.2 Data collection

A total of 200 fertile adult individuals were sampled, with 50
individuals per site. To minimize genetic and environmental
redundancy, individuals were spatially separated by a minimum
distance. In each locality, 50 reproductive individuals of Macleania
rupestris were randomly selected, i.e., plants with visible presence of
flowers and/or fruits. To reduce the likelihood of sampling branches
from the same genotype, a minimum distance of 5 meters was
maintained between individuals, considering the shrubby growth
habit of the species.

Each plant was characterized using 15 quantitative
morphological traits encompassing vegetative and reproductive
attributes: petiole length (P, mm), leaf width (LW, cm), leaf
length (LEL, cm), rachis length (RL, cm), fruit weight (FW, g),
dry fruit weight (DFW, g), fruit length (FL, mm), fruit width (FWD,
mm), number of seeds per fruit (SNF), plant height (PH, m),
internode length (LL, cm), number of flowers (FNB), number of
fruits per branch (FRB), fruit humidity (H, %), and sugar content
(BR, °Brix). These traits were selected and adapted from the UPOV
(1992) for Vaccinium species members of the same botanical family
(Ericaceae) and supported by previous studies (Camargo, 1969;
Wagstaff et al., 2010; Jin et al., 2010; Carrillo-Perdomo et al., 2015).
Morphological data were collected both in the field and laboratory.
Plant material was stored in individually labeled plastic bags for
transport and identification. Voucher specimens were also collected
at each site and deposited at the Azuay Herbarium for taxonomic
verification and conservation.

From each plant, four fully developed, mature, healthy, and
sun-exposed leaves were collected and analyzed in situ, taken from
the middle third of the branches. A total of 200 leaves per locality
were evaluated. Morphometric variables such as length, width, and
petiole length (in cm) were measured, following standardized
protocols adapted from (Wilbur and Luteyn, 1978; Jin et al., 2010;
Wagstaff et al., 2010). Despite the ecological importance of leaf area,
this variable was excluded from the study due to frequent visible
damage on the leaves caused by herbivory or mechanical and
environmental factors, which compromised the accuracy and
comparability of the data. Therefore, the study prioritized reliable
measurements by focusing on linear dimensions of the leaves. Also,
from each individual, five randomly selected mature fruits were
collected and used for morphological and physicochemical analyses,
including longitudinal diameter (mm), width (mm), weight, Brix
degrees, pH, and moisture content. Additionally, five extra fruits per
plant were collected for manual seed extraction to avoid alterations
in seed morphology due to the drying process. The total number of
seeds per fruit was recorded. In total, 250 fruits per locality were
evaluated for morphometric and physicochemical variables, and an
additional 250 fruits were used for seed analysis. Moisture content
was determined using the gravimetric method, following the AOAC
(2000) protocol. Fruits were weighed upon arrival from the field
(fresh weight), then dried in an oven at 100 °C for 24 hours until
constant weight was achieved (dry weight). Moisture percentage
was calculated using the following formula:
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Fresh weight — dry weight o

Fruit humidity (H, %) = 100

Fresh weight

Climatic variables for each site were extracted from WorldClim
raster layers (1 km? resolution) using the plant coordinates and the
extract function from the ‘raster’ package in R (Fick and Hijmans,
2017). These environmental variables were later used to assess their
relationship with the most influential morphological traits.

2.3 Data analysis

2.3.1 Identification and validation of
morphological groups of Macleania rupestris

To address whether Macleania rupestris populations can be
grouped based on their most relevant morphological traits, we
implemented a structured workflow consisting of data
preprocessing, exploratory and confirmatory clustering, variable
importance assessment, and functional characterization of
trait divergence.

To ensure variable independence in subsequent analyses, a
correlation analysis was conducted on the morphological trait
dataset. Traits with a correlation coefficient of r > 0.7 were
removed using the findCorrelation function from the ‘caret’
package in R (Nukui and Onogi, 2023). The remaining data were
then normalized using the Hellinger transformation with the
decostand function from the ‘vegan’ package, minimizing the
influence of differences in units and measurement scales
(Oksanen et al., 2025). Next, an exploratory hierarchical
clustering was conducted using Ward’s method and two distance
metrics: Bray-Curtis and Euclidean. The clustering procedure was
performed with the hclust function from the ‘cluster’ package
(Maechler et al., 2025). The optimal distance metric was selected
based on the highest cophenetic correlation, while the optimal
number of clusters was determined using the elbow and
Silhouette methods, implemented through the fviz_nbclust
function from the ‘factoextra’ package (Kassambara and Mundt,
2020). Dendrograms representing the optimal clustering solution
were generated using the dendextend and circlize functions. To
statistically validate the resulting clusters, a Multivariate Analysis of
Variance (MANOVA) was performed using the manova function,
applying the Hotelling-Lawley test to assess statistical differences
among groups. Once the most relevant traits were determined (see
below), a second clustering was performed using the same method
and metrics, to refine group classification. The resulting clusters
were labeled and linked to each observation in a new matrix field.

To identify the most relevant traits contributing to the
separation of the groups, a Random Forest model was fitted using
the ‘randomForest’ package in R (Breiman et al., 2018). The model
was built with the randomForest function, set to perform
classification with 500 trees (ntree = 500). Variable importance
was assessed using the importance function, which calculates the
mean decrease in the Gini index. This index quantifies each trait’s
contribution to reducing node impurity in the decision trees,
thereby reflecting its relevance for group differentiation.
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For clearer interpretation, the Gini index values were transformed
into percentages. Traits with an importance threshold > 0.3 were
selected as the most influential and retained for subsequent analyses
to evaluate the functional structure of intraspecific trait variation.

A non-metric multidimensional scaling (NMDS) analysis was
conducted to visualize the spatial distribution of the clusters and
examine how the most relevant variables were associated with each
group. To compare medians between clusters, the Wilcoxon test was
applied to the most relevant traits (SNF, H, FWD, FL, P) after assessing
normality with the Shapiro-Wilk test and evaluating residuals using
histograms and Q-Q plots. Since the traits did not follow a normal
distribution, the Wilcoxon test was chosen as a nonparametric
alternative. To complement these comparisons and evaluate the
structure of intraspecific trait variation (ITV), we fitted linear mixed-
effects models (LMMs) for each trait using morphological group as a
random effect. These models were specified with random intercepts
and implemented using the Imer function from the lme4’ package in R
(Bates et al.,, 2015). The total variance was decomposed into between-
group and within-group components, and the percentage of variance
attributable to group structure was calculated as:

o2group

x 100
o2group  +02residual

% Variancegroup =

This approach allows quantifying the extent to which trait
variation is structured among groups versus within them,
providing a functional interpretation of ITV patterns (Albert
et al., 20105 Siefert et al, 2015). For ecological interpretation,
values above 70% were considered indicative of strong intergroup
functional differentiation, values between 50% and 70% indicated
moderate structuring, and values below 30-40% suggested high
intra-group variability and low intergroup differentiation. These
thresholds are not fixed standards, but rather serve as pragmatic
guidelines to facilitate the interpretation of variance partitioning
outcomes. Similar approaches have been used in previous studies
analyzing intraspecific trait variation using hierarchical or mixed-
effects models (e.g., Albert et al., 2010; Siefert et al., 2015).

Additionally, descriptive statistics (mean, standard deviation,
minimum, maximum) and the coefficient of variation (CV) were
calculated in general and for each trait within each group to assess
the magnitude of ITV. To complement the NMDS, a Principal
Component Analysis (PCA) was conducted using the five most
relevant traits. Although NMDS was used for group visualization,
PCA was implemented to generate synthetic trait axes summarizing the
main dimensions of covariation. Since the data had already been
normalized with the Hellinger transformation, the PCA was
performed using the prcomp function with scaling disabled (scale. =
FALSE). Trait contributions to the first two components (PCI and
PC2) were examined to interpret the functional basis of group
differentiation. Additionally, the scores of PC1 were later used as a
synthetic trait gradient in the modeling of environmental influences
(see next section). Trait contributions to the first two components (PC1
and PC2) were examined to interpret the functional basis of group
differentiation. All visualizations were generated using the ‘factoextra’
(Kassambara and Mundt, 2020) and ‘ggplot2’ (Wickham,
2016) packages.
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2.3.2 Relationship between environment variables
and morphological groups

To establish relationships between the traits (normalized using
the Hellinger method) and the climatic variables, generalized linear
models with Negative Binomial, Gaussian, Poisson, and Gamma
distributions were fitted using the glm function. The best model was
selected based on the lowest ratio of deviance to residual degrees of
freedom. Additionally, a correlation analysis was conducted to
remove climatic variables with r > 0.7. using the findCorrelation
function from the caret package in R (Nukui and Onogi, 2023) to
avoid collinearity in the models. In this analysis, we also
incorporated dispersal and habitat disturbance, both represented
by the spatial autocorrelation of plant locations. To achieve this, a
Principal Coordinates of Neighbor Matrices (PCNM) analysis was
performed using the geographic coordinates of the plant locations,
applying the pcnm function from the ‘vegan’ package in R
(Oksanen et al., 2025). The function returns a set of spatial
eigenvectors derived from the principal coordinates of a truncated
distance matrix, which capture spatial structures at different scales
and can be used as explanatory variables in ecological models
(Borcard and Legendre, 2002). These spatial eigenvectors
effectively act as proxies for spatially structured environmental
variation, including potential anthropogenic disturbances and
dispersal limitations, which often generate non-random spatial
patterns in ecological data (Monti and Legendre, 2009; Lorente
et al., 2013; Parreira et al, 2023). For the model, only the
eigenvectors that showed statistical significance (P< 0.05) during
the generation process were selected.

To further evaluate the influence of environmental gradients on
overall morphological variation, we extracted the scores of the first
principal component (PC1) from the PCA and used them as a
synthetic response variable in a separate model. This was done to
capture the main dimension of intraspecific trait variability (IVT),
as PC1 accounted for over 60% of the total trait variation and
integrated the most ecologically relevant traits. A generalized linear
model with Gaussian distribution was then fitted using PC1 as the
dependent variable and the same set of uncorrelated climatic and
spatial predictors. This approach is widely validated in trait-based
ecology, as PCA axes summarize orthogonal dimensions of trait
covariation and provide robust, interpretable gradients for
modeling trait-environment relationships (Peres-Neto et al., 2003;
Pierick et al., 2024).

2.3.3 Development of a digital model for
classifying new plants into morphological groups
A machine learning approach using the Random Forest
algorithm was implemented due to its robustness in handling
complex, non-linear relationships and its capacity to identify the
most influential variables driving morphological variation. The
analysis was performed in R, and the morphological traits were
normalized using the Hellinger transformation prior to model
fitting. The model was trained with the randomForest function
from the randomForest package in R (Breiman et al., 2018), using
morphological group assignment as the response variable and
500 trees (ntree = 500). The number of variables randomly
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selected at each split was set to pp, corresponding to the number of
key predictor variables.

Only the most relevant traits contributing to the separation of
the two morphological groups were considered, based on their
importance as quantified by the Gini index (see Section 2.3.1).
Model performance was assessed using 10-fold cross-validation
implemented through the caret package in R (Nukui and Onogi,
2023). Classification accuracy was calculated for each fold, and the
mean and standard deviation were used to evaluate consistency
across iterations. The final model was saved as an.RData object to
ensure reproducibility. Additionally, model accuracy was assessed
using the full training dataset to evaluate its ability to recover
known group structures. This internal validation is useful in
exploratory analyses, especially when no independent dataset is
available (Ullmann et al., 2022). To further assess potential
overfitting, the model was also evaluated using an independent
test dataset created by randomly partitioning 70% of the data for
training and 30% for testing. Accuracy on the test set was
compared to the cross-validated accuracy from the training
phase, and both metrics were visualized to assess the model’s
generalization ability. A large discrepancy would indicate
overfitting, while similar performance supports the model’s
robustness. Although internally validated, the model is designed
to classify new plants from external datasets into the predefined
morphological groups, enabling its future application to field data

across the species’ distribution.

10.3389/fpls.2025.1645659

3 Results

3.1 Exploratory cluster analysis and the
most important morphological traits of
Macleania rupestris

None of the measured morphological traits were significantly
correlated (r > 0.7). The exploratory cluster analysis
(Supplementary Figure 2), supported by the elbow test
(Supplementary Figure 3) and the silhouette method
(Supplementary Figure 4), identified two distinct groups within
the M. rupestris populations: morphological group 1 (Gl) and
morphological group 2 (G2). These groups exhibited significant
differences according to MANOVA (P< 0.0001). The most relevant
traits contributing to group differentiation were: number of seeds
per fruit (SNF), fruit humidity (H), fruit width (FWD), fruit length
(FL), and petiole length (P), collectively accounting for over 75% of
the variation (according to the Gini index transformed into
percentage). These morphological traits supported the formation
of the distinct cluster presented in Figure 2. The base matrix,
comprising the most relevant traits and the groups corresponding
to each observed plant, is presented in Supplementary Table 2. The
NMDS analysis recorded a stress value of 0.3, indicating a valid
separation of the two groups along the first axis that explained
95.82% of the variation (Figure 3A). Additionally, the results
showed that SNF was strongly associated with Group 1, while

Morphological groups within M. rupestris
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(A) NMDS ordination illustrating the spatial distribution of the two morphological groups of M. rupestris, based on the most relevant traits: number of
seeds per fruit (SNF), fruit humidity (H), fruit width (FWD), fruit length (FL), and petiole length (P). (B) PCA summarizing the major morphological
variation, with PC1 representing the axis of greatest variation and associated key traits.

FWD, FL, and H were associated with Group 2. In contrast, P
exhibited an indifferent association between the groups.

The comparison of trait medians between the two morphological
groups of M. rupestris revealed significant differences in several key
traits (Table 1). G1 exhibited a significantly higher SNF than G2 (68.4
vs. 25.8; P< 0.0001). Conversely, H and FL were greater in G2 (83%
and 13.1 mm, respectively) than in G1 (81.8% and 12.7 mm; P =
0.003 and P = 0.017, respectively). Although FWD was slightly higher
in G2, the difference was not statistically significant (P = 0.182). P
showed a borderline significant difference between groups (5.8 mm in
G1 vs. 6.3 mm in G2; P = 0.046), suggesting a possible trend worth
exploring in future studies.

The most relevant traits exhibited varying degrees of intraspecific
variation. Among these, the SNF showed the greatest variability,
contrasting with the relative stability of H. FWD and fruit length FL
presented moderate variation, while petiole length P showed
intermediate variability. Differences between morphological groups
were most evident in seed number and associated variability, whereas
fruit humidity remained consistent across groups. Detailed

TABLE 1 Medians and interquartile ranges (IQR) of the most important
traits differentiating the morphological groups of M. rupestris, based on
measurements from 200 plants.

Variable

SNF

(number) 68.4a 334 258D 15.9 <0.0001
H (%) 81.8a 43 83b 32 0.003
FWD (mm) 135a 18 142 2.1 0.182
FL (mm) 127 a 1.7 131D 2.1 0.017

P (mm) 58a 25 63b 26 0.046

G1, Morphological group 1; G2, Morphological group 2; SNF, number of seeds per fruit;
H, fruit humidity; FWD, fruit width; FL, fruit length; P, petiole length.
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descriptive statistics for these and other measured traits are
available in Supplementary Table 3.

In addition to the comparison of medians, the structure of
intraspecific trait variation (ITV) was evaluated by partitioning the
total variance into between-group and within-group components
for each trait. The proportion of variance attributable to group
identity ranged from 28.5% for P to 85.6% for H (Table 2). The
highest group-level variance components were observed for H
(85.6%), SNF (82.7%), FL (70.5%) and FWD (64.1%), while P
exhibited a lower proportion of between-group variance.

3.2 Relationship between environmental
variables and morphological groups

With respect to the uncorrelated variables, climatic seasonality
and spatial autocorrelation significantly influenced the main

TABLE 2 Variance partitioning results for five functional traits of
M. rupestris.

Variable = Group-level Residual % Variance
variance variance attributable
to group

SNF 0.0695 0.0145 82.7%
H 0.0262 0.0044 85.6%
FWD 0.0007 0.0004 64.1%
FL 0.0008 0.0003 70.5%
P 0.0002 0.0005 28.5%

Values represent the variance components estimated from linear mixed-effects models with
morphological group as a random effect.

SNF, number of seeds per fruit; H, fruit humidity; FWD, fruit width; FL, fruit length; P,
petiole length.

The percentage of variance attributable to group identity indicates the relative contribution of
between-group variation to total trait variability.
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morphological traits used for classification (Table 3). Temperature
seasonality showed a positive effect on H and FL, but a negative
effect on the number of SNF. Similarly, precipitation seasonality had
a significant positive effect on H, FL, and P, but negatively affected
SNF. Spatial autocorrelation, representing dispersal processes and
potentially habitat disturbance, exerted a negative influence on H
and FL, while positively affecting SNF and P. These findings
highlight the role of climatic variability and spatial processes in
determining variation in seed number, humidity, and fruit size, key
traits linked to adaptation. FWD was not evaluated further, as it
exhibited no significant differences between morphological
groups (Table 1).

In addition, the PCA axis PC1, which summarized the major
variation in the morphological dataset, particularly in traits such as
SNF, H, FWD, and fruit length FL (Figure 3B), was significantly
explained by the same environmental predictors, with precipitation
and temperature seasonality as well as spatial autocorrelation related
to dispersal and habitat disturbance, all showing strong effects
(Table 3). This reinforces the association between environmental
gradients, particularly those shaped by climatic seasonality and
habitat disturbance, and trait-based group differentiation.

3.3 Models to determine the
correspondence of new plants to the
morphological groups of Macleania
rupestris

The Random Forest model exhibited excellent predictive
performance, achieving an overall classification accuracy of
99.5%, corresponding to a misclassification rate of only 0.5%. The
confusion matrix indicated that 99.49% of the original observations
were correctly assigned to their respective groups. When applied to
the original dataset, the model reached a perfect prediction accuracy
of 100%. The 10-fold cross-validation procedure demonstrated
consistent accuracy across all folds, with minimal variability in
classification performance (Figure 4A). The importance of the
variables evaluated through the average decrease in the Gini index
identified the number of seeds per fruit (SNF; 24.9), followed by
fruit humidity (H; 23.7), fruit width (FWD; 7.6), fruit length (FL;
3.6), and petiole length (P; 0.2). These findings are summarized in a
composite figure (Figure 4B), which presents the contribution of
each variable to the model. Collectively, these results confirm the

10.3389/fpls.2025.1645659

robustness and reliability of the model for classifying individuals
based on key morphological traits. The accuracy obtained during
cross-validation (CV) training was similar to that achieved on the
independent test set, indicating that the Random Forest model does
not exhibit overfitting (Figure 4C). Supplementary Code
(Compressed folder in zip format) provides the R code employed
for model construction, classification of new plants, and evaluation.
Inside the folder, read the text note.

4 Discussion

4.1 Morphological variation in Macleania
rupestris

In this study, the intraspecific variation of Macleania rupestris was
evident, as populations were successfully grouped based on
morphological traits. The exploratory cluster analysis, supported by
the elbow and silhouette methods, identified two distinct
morphological groups (G1, G2) within the M. rupestris populations.
These groups exhibited significant differentiation confirmed by
MANOVA (P< 0.0001), highlighting clear morphological structuring.
Notably, none of the measured morphological traits were strongly
correlated (r > 0.7), suggesting that the traits assessed contribute
independently to the observed variation and group differentiation.

Group 1 exhibiting a higher number of seeds per fruit, while
Group 2 consisted of taller plants with larger fruits. This pattern
aligns with previous studies demonstrating that seed number and
fruit size are key traits for distinguishing groups within a species
(Ashok, 2000; Monforte et al., 2013). The observed differentiation
underscores the importance of analyzing multiple morphological
traits to assess intraspecific variation, a widely used approach in
plant taxonomy and classification (Cope et al., 2012; Tsakalos et al.,,
2019). Similar trends have been reported in Carya laciniosa, where
seed and fruit traits influence dispersal efficiency, germination rates,
and seedling establishment, ultimately shaping population structure
and local adaptation (Primack, 1987; Bonner, 2008). These findings
reinforce that the differences in growth and reproductive traits
highlighted by the NMDS analysis reflect consistent morphological
divergence among populations, likely shaped by ecological or
genetic factors driving local adaptation.

The most relevant morphological traits, such as number of seeds
per fruit (SNF), fruit humidity (H), fruit width (FWD), fruit length

TABLE 3 GLM to relate the most important traits in the morphological groups of M. rupestris with climate and dispersal variables

(spatial autocorrelation).

Predictor variables

(Intercept) ‘ 0.11 0.246 1.82 <0.0001 -0.11 0.0074 -0.09 0.07 -1.52 <0.0001
Temperature Seasonality (standard deviation x100) ‘ 0.003 0.0004 -0.006 <0.0001 0.002 <0.0001 0.0007 0.05 0.006 <0.0001
Precipitation Seasonality (Coefficient of Variation) ‘ 0.012 <0.0001 -0.04 <0.0001 0.011 <0.0001 0.009 <0.0001 0.042 <0.0001
Spatial autocorrelation (dispersal) ‘ -0.17 0.006 0.28 ‘ 0.0129 -0.033 0.2188 0.12 0.0002 0.305 ‘ 0.0184

E, Coefficient estimator; P, p-value (95% probability).
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Mean classification accuracy and variability across 10-fold cross-validation folds (A), variables importance ranked by mean decrease in Gini index
across morphological traits (B), and accuracy of the Random Forest model during cross-validation and independent testing, showing no evidence of

overfitting (C).

(FL), and petiole length (P), likely not only structure morphological
variability but are also closely linked to key ecological processes such
as reproduction, dispersal, and adaptation to the microenvironment.
SNF is a direct indicator of reproductive success and the potential for
colonization of new areas, as it influences dispersal efficiency and
seedling establishment capacity (Rodriguez-Garcia et al., 2019; Leal
and Koski, 2023). H, in turn, affects seed viability and dispersal
timing, reflecting adaptations to variable water regimes and resource
availability in the environment (Baskin and Baskin, 2000). FWD and
FL influence interactions with frugivores and dispersal mechanisms,
affecting the distance and pattern of seed dispersal (Mazer and
Wheelwright, 1993; Sobral et al, 2010). P may be related to fruit
exposure and light capture efficiency, which also influence
microenvironmental adaptation.

Variance partitioning of intraspecific trait variation (ITV) in
Macleania rupestris demonstrated marked differences in the extent
to which traits vary between versus within morphological groups.

Frontiers in Plant Science

H showed a predominant between-group variance (85.6%),
indicating that this trait is strongly conserved within groups but
differs markedly among groups, reflecting possible adaptive
divergence to local environmental conditions (Violle et al., 2012).
In contrast, P exhibited a low proportion of between-group variance
(28.5%), implying most variability arises within groups, consistent
with traits that display phenotypic plasticity responding probably to
microhabitat heterogeneity (Galloway, 1995; Sultan, 2000;
Baythavong and Stanton, 2010). Key reproductive and dispersal
traits such as SNF, FL, and FWD also showed substantial between-
group differentiation (64.1%-82.7%), underscoring their role in
local adaptation and divergent selection pressures shaping
2006; Siefert et al., 2015;
Nicolaus and Edelaar, 2018). Together, these findings illustrate a

population structure (Vellend et al,
balance in M. rupestris between strong adaptive trait divergence

among populations and plasticity within populations, mechanisms
that likely enhance persistence and fitness in variable montane
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environments. Furthermore, the combined use of cluster analysis,
NMDS, and variance partitioning provides a comprehensive
framework to understand the morphological and ecological
underpinnings of intraspecific variation in M. rupestris,
emphasizing the role of reproductive and dispersal-related traits
in shaping population differentiation and local adaptation.

4.2 Environmental variables and
morphological groups of Macleania
rupestris

Climatic seasonality strongly influences coordinated
morphological trait variation in Macleania rupestris, with
temperature and precipitation regimes modulating reproductive
and structural traits in concert. For instance, temperature
seasonality positively affected fruit humidity (H) and fruit length
(FL), while negatively influencing seed number per fruit (SNF),
reflecting possible reproductive trade-offs under fluctuating thermal
conditions (Hedhly et al., 2009; Tushabe et al.,, 2023). Similarly,
precipitation seasonality showed positive effects on H, FL, and
petiole length (P), but reduced SNF indicating a potential
association between rainfall variability and patterns of resource
allocation and fruit development. These patterns are consistent with
evidence that high climatic seasonality induces reproductive stress,
disrupts flowering phenology, and reduces seed set (Fenner and
Thompson, 2005; Richardson et al., 2013; Tunes et al., 2017). In
contrast, the relatively stable climatic conditions of humid montane
forests promote more robust fruit traits and higher seed production
by minimizing stress and optimizing pollinator and disperser
activity (Chazdon and Arroyo, 2013; Zhang et al., 2022).
Consequently, climate-driven variation in reproductive and
vegetative traits reflects adaptive responses to environmental
stability, matching patterns found in other tropical plant species
(Hedhly et al., 2009; Wright et al., 2010; March-Salas et al., 2021).

Importantly, Principal Component Analysis (PCA) identified
the first principal component (PC1) as the major axis summarizing
over 60% of morphological variation among groups, with strong
loadings from SNF (-0.85), H (0.43), FL (0.18), and fruit width
(FWD; 0.17). By using PC1 scores in subsequent generalized linear
models, we robustly assessed how climatic and spatial factors jointly
shape intraspecific trait variability (ITV), moving beyond trait-by-
trait analysis toward an integrated functional perspective (Peres-
Neto et al., 2003; Pierick et al., 2024). This revealed that ITV in M.
rupestris is structured and functionally coordinated, reflecting
adaptive morphological strategies to cope with climatic stress and
spatial dispersal constraints. These patterns are consistent with
those described in other plant systems (Wright et al., 2010; Violle
et al,, 2012), suggesting that the coordination of trait variation in
response to environmental heterogeneity may represent a general
ecological mechanism, now also evidenced in a tropical montane
shrub. Spatial autocorrelation due to limited dispersal showed
contrasting influences on traits, positively affecting SNF and P but
negatively impacting H and FL, indicating that localized
recruitment influences both reproductive and structural
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investments at the population level (Matthysen, 2012; Mathur,
2015). Together, these findings underscore the complex
interaction between climate and spatial processes driving
morphological differentiation and functional trait variability
within M. rupestris populations.

Although M. rupestris is frequently observed in disturbed
environments, such as forest edges and regenerating areas, our
study did not explicitly quantify disturbance metrics (e.g., canopy
openness, land-use intensity). However, spatial eigenvectors derived
from PCNM analysis were included in our models to account for
broad-scale spatial patterns. While originally implemented to
capture dispersal-related structure, PCNM variables are also
known to reflect spatially structured environmental gradients,
including those generated by anthropogenic disturbance (Borcard
and Legendre, 2002; Dray et al, 2006). As such, they provide a
reasonable spatial proxy for unmeasured heterogeneity when field-
based disturbance data are lacking. In our case, the significant
effects of these spatial predictors on key traits suggest that they may
also be capturing latent signals of habitat disturbance across the
landscape. While not a substitute for direct measurements, their
inclusion offers an indirect yet informative way to account for
disturbance-related variability in ITV. Future research would
benefit from integrating explicit disturbance metrics to refine
interpretations of trait-environment relationships in the context
of land-use dynamics.

4.3 Predictive model

The high classification accuracy of the Random Forest model
(99.5%) highlights the presence of consistent and biologically
meaningful morphological differences among groups of
Macleania rupestris, suggesting ecological differentiation likely
associated with environmental heterogeneity. The model’s ability
to handle complex ecological data with a low error rate, as
previously demonstrated in vegetation studies (Cutler et al., 2007;
Belgiu and Dragut, 2016), reinforces the robustness of our
classification. Seed number per fruit (SNF) and fruit humidity
(H) emerged as the most influential traits, corroborating their
relevance in morphological group differentiation (Liaw and
Wiener, 2002). Their high mean decrease in the Gini index
supports their role in defining key axes of divergence. Although
fruit length (FL), fruit width (FWD), and petiole length (P) were less
influential, they still contributed to capturing relevant variation.
Overall, the pattern of trait importance reflects biologically
meaningful morphological variation, potentially shaped by
ecological conditions and local environmental pressures.

Although the model’s performance was evaluated through
internal cross-validation, it was specifically designed for external
datasets. The accompanying R code and classification model are
fully operational and can be used to classify M. rupestris individuals
from unsampled populations based on the same morphological
traits. This allows researchers, conservation practitioners, and
restoration planners to validate the model with their field data,
extending its applicability across the species’ range.
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4.4 Intraspecific vs. interspecific trait
variation in functional ecology

Our findings emphasize the ecological relevance of intraspecific
trait variability (ITV) in Macleania rupestris, as trait divergence
among morphological groups was strongly structured by
environmental gradients. While this study focused on ITV, it is
important to contextualize these results within the broader
framework of functional ecology, where both intraspecific and
interspecific variability (ETV) contribute to ecosystem
functioning. Recent research has emphasized that ITV can equal
or even surpass ETV in magnitude, especially in heterogeneous
environments where plastic and adaptive responses to local
conditions are critical (Siefert et al., 2015; Banitz, 2019; Puglielli
et al,, 2024). In this context, ITV is not merely noise within species
but represents a fundamental component of community-level trait
distributions, influencing processes such as niche differentiation,
community assembly, and ecosystem resilience (Westerband et al.,
2021; Palacio et al., 2025). The strong ITV patterns observed in key
functional traits of M. rupestris (e.g., SNF, H, FL) highlight the
importance of intra-population variability in structuring
morphological responses to environmental gradients in montane
systems characterized by high environmental turnover. A better
understanding of the balance between ITV and ETV in such
systems will help refine predictive models of trait-environment
relationships and inform biodiversity conservation under climate
change scenarios.

5 Conclusions and implications for
Mmanagement

The results of this study reveal clear intraspecific morphological
variation in Macleania rupestris, with two morphologically different
groups (G1 and G2) associated with climatic gradients and spatial
patterns. Traits such as seed number per fruit (SNF), and fruit
length (FL) explained over 75% of the variation between groups and
were significantly associated with environmental variables,
including temperature and precipitation seasonality. The high
accuracy of the Random Forest classification model (99.5%)
underscores its potential as a robust tool for morphological
monitoring, the identification of locally adaptive units, and the
development of evidence-based conservation strategies. Number of
seeds per fruit and fruit humidity were the most discriminating
variables in this model, while fruit length, fruit width, and petiole
length were less important. These findings highlight the relevance of
integrating key reproductive and vegetative traits in intraspecific
analyses, supporting their application in future ecological
differentiation studies and conservation planning across
heterogeneous landscapes.

Based on these findings, complementary strategies are proposed
to support the conservation of M. rupestris. One strategy aims to
ensure the in-situ conservation of both identified morphological
units, safeguarding their morphological diversity and adaptive
potential. A second strategy focuses on the operational use of the
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classification model in ecological restoration initiatives. This
includes the identification of locally adapted individuals, the
collection and propagation of traceable plant material, targeted
planting according to site-specific environmental conditions, and
subsequent monitoring to inform adaptive management. This
integrative approach bridges applied science and restoration
practice, strengthening the resilience of montane ecosystems in
the face of environmental change and habitat fragmentation.

Future research should investigate whether the morphological
groups identified here reflect underlying genetic differences.
Although this study does not address molecular variation directly,
it provides a morphological framework for future genetic or
phylogeographic analyses assessing evolutionary uniqueness and
adaptive relevance.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions

DP: Conceptualization, Funding acquisition, Investigation,
Methodology, Project administration, Supervision, Writing -
original draft, Writing - review & editing. PV: Investigation,
Writing - review & editing. DC: Writing - review & editing. CJ:
Investigation, Writing — review & editing. EO: Investigation,
Writing - review & editing. OJ: Conceptualization, Funding
acquisition, Methodology, Writing - original draft, Writing -
review & editing, Data curation, Formal Analysis.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. The authors thank Vice-
Rectorate for Research and the Direction of Link with Society of the
University of Cuenca for funding the Project “Conservacion y uso
sostenible de Macleania rupestris (Kunth) A.C.S. por comunidades
locales en los ecosistemas andinos de las provincias del Azuay y
Canar” under permit No. MAAE-ARSFC-2021-1854, granted by
the National Biodiversity Directorate of the Ministry of
Environment of Ecuador.

Acknowledgments

We sincerely thank EEA-INIAP for providing technical and
logistical support. We are also grateful to Professor Beverley
Wemple for her valuable linguistic review and to Jorge Reategui
for his assistance with the statistical analysis. We deeply appreciate
the support of Estefania Japa and Alfredo Valverde, thesis students

frontiersin.org


https://doi.org/10.3389/fpls.2025.1645659
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Pefa et al.

from the Agronomy Degree Program at the University of Cuenca,
for their help with data collection.

Conflict of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

References

Albert, C. H., Thuiller, W., Yoccoz, N. G., Douzet, R., Aubert, S., and Lavorel, S.
(2010). A multi-trait approach reveals the structure and the relative importance of
intra-vs. interspecific variability in plant traits. Funct. Ecol. 24, 1192-1201. doi: 10.1111/
j.1365-2435.2010.01727 x

AOAC (2000). Official Methods of Analysis. (Gaithersburg, MD, USA: Association of
Official Analytical Chemists).

Arias-Sosa, L. A, Salamanca-Reyes, J. R., and Ramos-Montaiio, C. (2021). The role of
different natural and human-related habitats for the conservation of birds in a high
Andean Lake. Wetlands Ecol. Manage. 29, 897-913. doi: 10.1007/s11273-021-09819-3

Ashok, P. (2000). Character association of seeds on plant morphology in snakegourd
(Trichosanthes anguina L.) (Vellanikkara: Department of Olericulture, College of Horticulture).

Baez, S., Ambrose, K., and Hofstede, R. (2010). “Ecological and social bases for the
restoration of a High Andean cloud forest: preliminary results and lessons from a case
study in northern Ecuador,” in Tropical Montane Cloud Forests: Science for
Conservation and Management. Eds. L. A. Bruijnzeel, F. N. Scatena and L. S.
Hamilton.(Cambridge: Cambridge University Press), 628-643.

Banares de Dios, G., Macia, M. J., Arellano, G., Granzow-de la Cerda, I., Vega-Alvarez,
J., Arnelas, I, et al (2024). Woody plant taxonomic, functional, and phylogenetic diversity
decrease along elevational gradients in Andean tropical montane forests: Environmental
filtering and arrival of temperate taxa. Plant Diversity 46 (4), 491-501.

Banitz, T. (2019). Spatially structured intraspecific trait variation can foster
biodiversity in disturbed, heterogeneous environments. Oikos 128, 1478-1491.
doi: 10.1111/0ik.05787

Baskin, C. C., and Baskin, J. M. (2000). Seeds: Ecology, Biogeography, and, Evolution
of Dormancy and Germination. (San Diego: Academic press).

Bates, D., Michler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-effects
models using Ime4. J. Stat. software 67, 1-48. doi: 10.18637/jss.v067.i01

Baythavong, B. S., and Stanton, M. L. (2010). Characterizing selection on phenotypic
plasticity in response to natural environmental heterogeneity. Evolution 64, 2904-2920.
doi: 10.1111/j.1558-5646.2010.01057.x

Belgiu, M., and Dragut, L. (2016). Random forest in remote sensing: A review of
applications and future directions. ISPRS J. photogrammetry Remote Sens. 114, 24-31.
doi: 10.1016/j.isprsjprs.2016.01.011

Bonner, F. T. (2008). The woody plant seed manual (Washington, DC: Department of
Agriculture, Forest Service).

Borcard, D., and Legendre, P. (2002). All-scale spatial analysis of ecological data by
means of principal coordinates of neighbour matrices. Ecol. Model. 153, 51-68.
doi: 10.1016/S0304-3800(01)00501-4

Breiman, L., Cutler, A., Liaw, A., and Wiener, M. (2018). Package ‘randomforest’.
Univ. California Berkeley: Berkeley CA U.S.A. 81, 1-29. doi: 10.1023/A:1010933404324

Camargo, L. A. (1969). Catalogo ilustrado de las plantas de Cundinamarca: Proteales,
Santalales, Ranales, Rhamnales, Malvales (Bogotd, Colombia: Imprenta Nacional/
Universidade Nacional-Instituto de Ciencias Naturales).

Carrillo-Perdomo, E., Aller, A., Cruz-Quintana, S., Giampieri, F., and Alvarez-
Suarez, J. (2015). Andean berries from Ecuador: A review on botany, agronomy,
chemistry and health potential. J. Berry Res. 5, 49-69. doi: 10.3233/JBR-140093

Carvalheiro, L. G., Bartomeus, I, Rollin, O., Timoteo, S., and Tinoco, C. F. (2021).
The role of soils on pollination and seed dispersal. Philos. Trans. R. Soc. B 376,
20200171. doi: 10.1098/rstb.2020.0171

Frontiers in Plant Science

12

10.3389/fpls.2025.1645659

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1645659/
full#supplementary-material

Chazdon, R. L., and Arroyo, J. P. (2013). “Tropical forests as Complex Adaptive
Systems,” in Managing forests as Complex Adaptive Systems. Eds. C. Messier, K.
Puettmann and D. Coates (New York, NY: Routledge), 35-59.

Cope, J. S., Corney, D., Clark, J. Y., Remagnino, P., and Wilkin, P. (2012). Plant
species identification using digital morphometrics: A review. Expert Syst. Appl. 39,
7562-7573. doi: 10.1016/j.eswa.2012.01.073

Cutler, D. R, Edwards, T. C.Jr., Beard, K. H., Cutler, A., Hess, K. T., Gibson, ., et al.
(2007). Random forests for classification in ecology. Ecology 88, 2783-2792.
doi: 10.1890/07-0539.1

Diaz, S., Cabido, M., Zak, M., Martinez Carretero, E., and Aranibar, J. (1999). Plant
functional traits, ecosystem structure and land-use history along a climatic gradient in
central-western Argentina. J. Vegetation Sci. 10, 651-660. doi: 10.2307/3237080

Diazgranados, M., Tovar, C., Etherington, T. R., Rodriguez-Zorro, P. A., Castellanos-
Castro, C., Rueda, M. G, et al. (2021). Ecosystem services show variable responses to
future climate conditions in the Colombian paramos. Peer] 9, €11370. doi: 10.7717/
peer;j.11370

Dray, S., Legendre, P., and Peres-Neto, P. R. (2006). Spatial modelling: a
comprehensive framework for principal coordinate analysis of neighbour matrices
(PCNM). Ecol. Model. 196 (3-4), 483-493. doi: 10.1016/j.ecolmodel.2006.02.015

Fan, Y., Shen, D., Gur, R. C,, Gur, R. E,, and Davatzikos, C. (2006). COMPARE:
classification of morphological patterns using adaptive regional elements. IEEE Trans.
Med. Imaging 26, 93-105. doi: 10.1109/tmi.2006.886812

Fenner, M., and Thompson, K. (2005). The Ecology of Seeds. (Cambridge, UK:
Cambridge University Press).

Fick, S. E., and Hijmans, R. J. (2017). WorldClim 2: new 1-km spatial resolution
climate surfaces for global land areas. Int. J. climatology 37, 4302-4315. doi: 10.1002/
joc.5086

Galloway, L. F. (1995). Response to natural environmental heterogeneity: maternal
effects and selection on life-history characters and plasticities in Mimulus guttatus.
Evolution 49, 1095-1107. doi: 10.1111/j.1558-5646.1995.tb04436.x

Gori, B., Ulian, T., Bernal, H., and Diazgranados, M. (2022). “The hidden food basket
of Latin America: an overview of Colombian edible plant diversity and its distribution,”
in Catalogue of Useful Plants of Colombia. Eds. R. Negrdo, A. Monro, C. Castellanos-
Castro and M. Diazgranados (Kew Botanical Garden, Richmond, United Kingdom).

Gratani, L. (2014). Plant phenotypic plasticity in response to environmental factors.
Adv. Bot. 2014, 1-17. doi: 10.1155/2014/208747

Haddad, N. M., Brudvig, L. A., Clobert, J., Davies, K. F., Gonzalez, A., Holt, R. D.,
et al. (2015). Habitat fragmentation and its lasting impact on Earth’s ecosystems. Sci.
Adv. 1, e1500052. doi: 10.1126/sciadv.1500052

Haider, N. (2011). “Identification of plant species using traditional and molecular-
based methods,” in Wild Plants: Identification, Uses and Conservation. Ed. R. E. Davis
(Nova Science Publishers, New York, USA), 1-62.

Halofsky, J. E., Peterson, D. L., and Harvey, B. J. (2020). Changing wildfire, changing
forests: the effects of climate change on fire regimes and vegetation in the Pacific
Northwest, USA. Fire Ecol. 16, 1-26. doi: 10.1186/s42408-019-0062-8

Hedhly, A., Hormaza, J. I, and Herrero, M. (2009). Global warming and sexual plant
reproduction. Trends Plant Sci. 14, 30-36. doi: 10.1016/j.tplants.2008.11.001

Homeier, J., Seeler, T., Pierick, K., and Leuschner, C. (2021). Leaf trait variation in
species-rich tropical Andean forests. Sci. Rep. 11, 9993. doi: 10.1038/s41598-021-89190-8

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1645659/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1645659/full#supplementary-material
https://doi.org/10.1111/j.1365-2435.2010.01727.x
https://doi.org/10.1111/j.1365-2435.2010.01727.x
https://doi.org/10.1007/s11273-021-09819-3
https://doi.org/10.1111/oik.05787
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/j.1558-5646.2010.01057.x
https://doi.org/10.1016/j.isprsjprs.2016.01.011
https://doi.org/10.1016/S0304-3800(01)00501-4
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.3233/JBR-140093
https://doi.org/10.1098/rstb.2020.0171
https://doi.org/10.1016/j.eswa.2012.01.073
https://doi.org/10.1890/07-0539.1
https://doi.org/10.2307/3237080
https://doi.org/10.7717/peerj.11370
https://doi.org/10.7717/peerj.11370
https://doi.org/10.1016/j.ecolmodel.2006.02.015
https://doi.org/10.1109/tmi.2006.886812
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.1111/j.1558-5646.1995.tb04436.x
https://doi.org/10.1155/2014/208747
https://doi.org/10.1126/sciadv.1500052
https://doi.org/10.1186/s42408-019-0062-8
https://doi.org/10.1016/j.tplants.2008.11.001
https://doi.org/10.1038/s41598-021-89190-8
https://doi.org/10.3389/fpls.2025.1645659
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Pefa et al.

Jin, X,, Ding, B., Zhang, Y., and Hong, D. (2010). A taxonomic revision of
Rhododendron subg. Tsutsusi sect. Brachycalyx (Ericaceae). Ann. Missouri Botanical
Garden 97, 163-190. doi: 10.3417/2007139

Joshi, H. C., Pant, P., and Chauhan, H. K. (2024). “Plant functional traits for
improving productivity,” in Plant Functional Traits for Improving Productivity. Ed. N.
S. Kumar (Singapore: Springer), 301-327.

Kappelle, M. (2016). “The Montane Cloud Forests of the Cordillera de Talamanca,”
in Costa Rican Ecosystems. Ed. M. Kappelle (University of Chicago Press, Chicago,
EEUU), 451-491.

Kassambara, A., and Mundt, F. (2020). factoextra: Extract and Visualize the Results of
Multivariate Data Analyses (Vienna, Austria: R Package. Version 2020).

Larrinaga, A. R,, and Guitian, P. (2016). Intraspecific variation in fruit size and shape
in Corema album (Ericaceae) along a latitudinal gradient: from fruits to populations.
Biol. J. Linn. Soc. 118, 940-950. doi: 10.1111/bij.12794

Leal, L., and Koski, M. (2023). A conceptual framework linking pollen limitation and
seed dispersal effectiveness. Authorea Preprints 1-23. doi: 10.22541/
au.167949760.09502708/v2

Liaw, A., and Wiener, M. (2002). Classification and regression by randomForest. R
News 2, 18-22.

Ligarreto, G. A., Patifio, M., and Magnitskiy, S. V. (2011). Phenotypic plasticity of
Vaccinium meridionale (Ericaceae) in wild populations of mountain forests in
Colombia. Rev. Biologia Trop. 59, 569-583.

Longhi-Wagner, H. M., Dorneles Welker, C. A., and Waechter, J. L. (2012). Floristic
affinities in montane grasslands in eastern Brazil. Systematics Biodiversity 10, 537-550.
doi: 10.1080/14772000.2012.753487

Lorente, M., Parsons, W. F., Mclntire, E. J., and Munson, A. D. (2013). Wildfire and
forest harvest disturbances in the boreal forest leave different long-lasting spatial
signatures. Plant Soil 364, 39-54. doi: 10.1007/s11104-012-1331-3

Luteyn, J. L. (2021). The plant family Ericaceae (“Blueberries”) in Ecuador: Ecology,
diversity, economic importance, and conservation. Rev. Ecuatoriana Medicina y Cienc.
Biologicas: REMCB 42, 1-32. doi: 10.26807/remcb.v42i2.911

Maechler, M., Rousseeuw, P., Struyf, A., Hubert, M., Hornik, K., Studer, M., et al.
(2025). “cluster: Cluster Analysis Basics and Extensions”. Version 2.1.8.1 (Vienna,
Austria: R Foundation for Statistical Computing).

Malan, M. (2013). Intraspecific variation in Erica coccinea (South Africa: University
of Cape Town, South Africa). MSc Thesis.

Malik, A., Kumar, K., Kumari, G., Kumar, N., and Singh, H. (2024). “Application of
functional traits in modelling productivity and resilience under climate change,” in
Plant Functional Traits for Improving Productivity (Singapore: Springer), 77-96.

March-Salas, M., Fandos, G., and Fitze, P. S. (2021). Effects of intrinsic
environmental predictability on intra-individual and intra-population variability of
plant reproductive traits and eco-evolutionary consequences. Ann. Bot. 127, 413-423.
doi: 10.1093/aob/mcaa096

Masarovicova, E., Majekova, M., and Vykoukova, I. (2018). “Functional traits and
plasticity of plants,” in Handbook of photosynthesis (Boca Raton, FL: CRC press),
487-505.

Mathur, M. (2015). Spatial autocorrelation analysis in plant population: An
overview. J. Appl. Natural Sci. 7, 501. doi: 10.31018/jans.v7i1.639

Matthysen, E. (2012). “Multicausality of Dispersal: a review,” in Dispersal Ecology
and Evolution. Eds. C. Jean, M. Baguette, T. Benton and J. Boullock (United Kingdom:
Oxford University Press, Oxford), 4-18.

Mazer, S. J., and Wheelwright, N. T. (1993). Fruit size and shape: allometry at
different taxonomic levels in bird-dispersed plants. Evolutionary Ecol. 7, 556-575.
doi: 10.1007/BF01237821

Monforte, A. J., Diaz, A., Cafio-Delgado, A., and van der Knaap, E. (2013). The
genetic basis of fruit morphology in horticultural crops: lessons from tomato and
melon. J. Exp. Bot. 65, 4625-4637. doi: 10.1093/jxb/eru017

Monti, D., and Legendre, P. (2009). Shifts between biotic and physical driving forces
of species organization under natural disturbance regimes. Can. J. fisheries Aquat. Sci.
66, 1282-1293. doi: 10.1139/F09-075

Nicolaus, M., and Edelaar, P. (2018). Comparing the consequences of natural
selection, adaptive phenotypic plasticity, and matching habitat choice for
phenotype-environment matching, population genetic structure, and reproductive
isolation in meta-populations. Ecol. Evol. 8, 3815-3827. doi: 10.1002/ece3.3816

Nukui, T., and Onogi, A. (2023). An R package for ensemble learning stacking.
Bioinf. Adv. 3, 1-4. doi: 10.1093/bioadv/vbad139

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R,, O’hara, R, et al.
(2025). “vegan: community ecology package”. Version 2.6-10 (Helsinki: CRAN).

Ortiz, S., Quiroga-Manrique, M., Monroy-Hernandez, M., and Pérez, D. (2023).
Funciones agroecologicas de los nichos de agrobiodiversidad en la ruralidad de Bogota,
Colombia. Iconos. Rev. Cienc. Sociales 75), 201-224. doi: 10.17141/iconos.75.2023.5534

Palacio, F. X,, Ottaviani, G., Mammola, S., Graco-Roza, C., de Bello, F., and
Carmona, C. P. (2025). Integrating intraspecific trait variability in functional
diversity: An overview of methods and a guide for ecologists. Ecol. Monogr. 95,
€70024. doi: 10.32942/X2B02G

Frontiers in Plant Science

13

10.3389/fpls.2025.1645659

Parreira, M. R,, Tessarolo, G., and Nabout, J. C. (2023). Incorporating symmetrical
and asymmetrical dispersal into Ecological Niche Models in freshwater environments.
Acta Limnologica Brasiliensia 35, e16. doi: 10.1590/82179-975X2723

Peres-Neto, P. R,, Jackson, D. A., and Somers, K. M. (2003). Giving meaningful
interpretation to ordination axes: assessing loading significance in principal component
analysis. Ecology 84, 2347-2363. doi: 10.1890/00-0634

Peérez-Camacho, L., Rebollo, S., Hernandez-Santana, V., Garcia-Salgado, G., Pavon-
Garcla, J., and Gomez-Sal, A. (2012). Plant functional trait responses to interannual
rainfall variability, summer drought and seasonal grazing in Mediterranean herbaceous
communities. Funct. Ecol. 26, 740-749. doi: 10.1111/j.1365-2435.2012.01967.x

Pierick, K., Leuschner, C,, Link, R. M., Baez, S., Velescu, A., Wilcke, W., et al. (2024).
Above-and belowground strategies of tropical montane tree species are coordinated
and driven by small-scale nitrogen availability. Funct. Ecol. 38, 1364-1377.
doi: 10.1111/1365-2435.14554

Primack, R. B. (1987). Relationships among flowers, fruits, and seeds. Annu. Rev.
Ecol. Systematics. 18, 409-430. doi: 10.1146/annurev.es.18.110187.002205

Puglielli, G., Bricca, A., Chelli, S., Petruzzellis, F., Acosta, A. T., Bacaro, G, et al.
(2024). Intraspecific variability of leaf form and function across habitat types. Ecol. Lett.
27, €14396. doi: 10.1111/ele.14396

Richardson, A. D., Keenan, T. F., Migliavacca, M., Ryu, Y., Sonnentag, O., and
Toomey, M. (2013). Climate change, phenology, and phenological control of vegetation
feedbacks to the climate system. Agric. For. Meteorology 169, 156-173. doi: 10.1016/
j.agrformet.2012.09.012

Richter, M., Diertl, K.-H., Emck, P., Peters, T., and Beck, E. (2009). Reasons for an
outstanding plant diversity in the tropical Andes of Southern Ecuador. Landscape
Online. doi: 10.3097/L0.200912

Rodriguez—Garcia, E., Olano, J. M., Leroux, O., and Mezquida, E. T. (2019).
Deciphering the role of reproductive investment, pollination success and predispersal
seed predation on reproductive output in Juniperus thurifera. Plant Ecol. Diversity 12,
37-49. doi: 10.1080/17550874.2018.1549119

Siefert, A., Violle, C., Chalmandrier, L., Albert, C. H., Taudiere, A., Fajardo, A., et al.
(2015). A global meta-analysis of the relative extent of intraspecific trait variation in
plant communities. Ecol. Lett. 18, 1406-1419. doi: 10.1111/ele.12508

Singh, H., Kumar, N., and Kumar, A. (2024). “Enhancing resource use efficiency in
crops through plant functional traits,” in Plant Functional Traits for Improving
Productivity. (Singapore: Springer), 97-117.

Sobral, M., Larrinaga, A. R., and Guitian, J. (2010). Do seed-dispersing birds exert
selection on optimal plant trait combinations? Correlated phenotypic selection on the
fruit and seed size of hawthorn (Crataegus monogyna). Evolutionary Ecol. 24, 1277-
1290. doi: 10.1007/s10682-010-9380-7

Souza, M. L., Duarte, A. A., Lovato, M. B., Fagundes, M., Valladares, F., and Lemos-
Filho, J. P. (2018). Climatic factors shaping intraspecific leaf trait variation of a
neotropical tree along a rainfall gradient. PloS One 13, €0208512. doi: 10.1371/
journal.pone.0208512

Sultan, S. E. (2000). Phenotypic plasticity for plant development, function and life
history. Trends Plant Sci. 5, 537-542. doi: 10.1016/S1360-1385(00)01797-0

Tapia-Armijos, M. F., Homeier, J., Espinosa, C. L, Leuschner, C., and de la Cruz, M.
(2015). Deforestation and forest fragmentation in South Ecuador since the 1970s-
losing a hotspot of biodiversity. PloS One 10, €0133701. doi: 10.1371/
journal.pone.0142359

Tenuta, M. C,, Tundis, R, Xiao, J., Loizzo, M. R,, Dugay, A., and Deguin, B. (2019).
Arbutus species (Ericaceae) as source of valuable bioactive products. Crit. Rev. Food Sci.
Nutr. 59, 864-881. doi: 10.1080/10408398.2018.1551777

Tsakalos, J. L., Renton, M., Riviera, F., Veneklaas, E. J., Dobrowolski, M. P., and
Mucina, L. (2019). Trait-based formal definition of plant functional types and
functional communities in the multi-species and multi-traits context. Ecol.
Complexity 40, 100787. doi: 10.1016/j.ecocom.2019.100787

Tunes, P., Alves, V. N., Valentin-Silva, A., Batalha, M. A., and Guimaries, E. (2017).
Does fire affect the temporal pattern of trophic resource supply to pollinators and seed-
dispersing frugivores in a Brazilian savanna community? Plant Ecol. 218, 345-357.
doi: 10.1007/s11258-016-0695-5

Tushabe, D., Altmann, F., Koehler, E., Woods, S., and Rosbakh, S. (2023). Negative
effects of high-temperature stress on gametophyte performance and their consequences
for seed reproduction in wild plants. Environ. Exp. Bot. 216, 105532. doi: 10.1016/
j.envexpbot.2023.105532

Ullmann, T., Hennig, C., and Boulesteix, A. L. (2022). Validation of cluster analysis
results on validation data: A systematic framework. Wiley: Data Min. Knowledge
Discov. 12, e1444. doi: 10.1002/widm.1444

UPOV, C. (1992). International Union for the protection of new varieties of plants
(Geneve, Suiza: UPOV).

Vandepitte, K., De Meyer, T., Helsen, K., Van Acker, K., Roldan-Ruiz, I., Mergeay, J.,
et al. (2014). Rapid genetic adaptation precedes the spread of an exotic plant species.
Mol. Ecol. 23, 2157-2164. doi: 10.1111/mec.12683

Vellend, M., Verheyen, K., Jacquemyn, H., Kolb, A., Van Calster, H., Peterken, G.,
et al. (2006). Extinction debt of forest plants persists for more than a century following
habitat fragmentation. Ecology 87, 542-548. doi: 10.1890/05-1182

frontiersin.org


https://doi.org/10.3417/2007139
https://doi.org/10.1111/bij.12794
https://doi.org/10.22541/au.167949760.09502708/v2
https://doi.org/10.22541/au.167949760.09502708/v2
https://doi.org/10.1080/14772000.2012.753487
https://doi.org/10.1007/s11104-012-1331-3
https://doi.org/10.26807/remcb.v42i2.911
https://doi.org/10.1093/aob/mcaa096
https://doi.org/10.31018/jans.v7i1.639
https://doi.org/10.1007/BF01237821
https://doi.org/10.1093/jxb/eru017
https://doi.org/10.1139/F09-075
https://doi.org/10.1002/ece3.3816
https://doi.org/10.1093/bioadv/vbad139
https://doi.org/10.17141/iconos.75.2023.5534
https://doi.org/10.32942/X2B02G
https://doi.org/10.1590/S2179-975X2723
https://doi.org/10.1890/00-0634
https://doi.org/10.1111/j.1365-2435.2012.01967.x
https://doi.org/10.1111/1365-2435.14554
https://doi.org/10.1146/annurev.es.18.110187.002205
https://doi.org/10.1111/ele.14396
https://doi.org/10.1016/j.agrformet.2012.09.012
https://doi.org/10.1016/j.agrformet.2012.09.012
https://doi.org/10.3097/LO.200912
https://doi.org/10.1080/17550874.2018.1549119
https://doi.org/10.1111/ele.12508
https://doi.org/10.1007/s10682-010-9380-7
https://doi.org/10.1371/journal.pone.0208512
https://doi.org/10.1371/journal.pone.0208512
https://doi.org/10.1016/S1360-1385(00)01797-0
https://doi.org/10.1371/journal.pone.0142359
https://doi.org/10.1371/journal.pone.0142359
https://doi.org/10.1080/10408398.2018.1551777
https://doi.org/10.1016/j.ecocom.2019.100787
https://doi.org/10.1007/s11258-016-0695-5
https://doi.org/10.1016/j.envexpbot.2023.105532
https://doi.org/10.1016/j.envexpbot.2023.105532
https://doi.org/10.1002/widm.1444
https://doi.org/10.1111/mec.12683
https://doi.org/10.1890/05-1182
https://doi.org/10.3389/fpls.2025.1645659
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Pefa et al.

Veloza, C., Duran, S., Magnitskiy, S., and Lancheros, H. (2014). Rooting ability of
stem cuttings of macleania rupestris kunth AC sm., a south american fruit species. Int.
J. Fruit Sci. 14, 343-361. doi: 10.1080/15538362.2014.897889

Violle, C., Enquist, B. J., McGill, B. ], Jiang, L., Albert, C. H., Hulshof, C., et al. (2012).
The return of the variance: intraspecific variability in community ecology. Trends Ecol.
Evol. 27, 244-252. doi: 10.1016/j.tree.2011.11.014

Violle, C., Navas, M. L., Vile, D., Kazakou, E., Fortunel, C., Hummel, L, et al. (2007).
Let the concept of trait be functional! Oikos 116, 882-892. doi: 10.1111/j.0030-
1299.2007.15559.x

Wagstaff, S. J., Dawson, M. L, Venter, S., Munzinger, J., Crayn, D. M., Steane, D. A.,
et al. (2010). Origin, diversification, and classification of the Australasian genus
Dracophyllum (Richeeae, Ericaceae) 1. Ann. Missouri Botanical Garden 97, 235-258.
doi: 10.3417/2008130

Wellstein, C., Chelli, S., Campetella, G., Bartha, S., Gali¢, M., Spada, F., et al. (2013).
Intraspecific phenotypic variability of plant functional traits in contrasting mountain
grasslands habitats. Biodiversity Conserv. 22, 2353-2374. doi: 10.1007/s10531-013-
0484-6

Frontiers in Plant Science

14

10.3389/fpls.2025.1645659

Westerband, A., Funk, J., and Barton, K. (2021). Intraspecific trait variation in plants:
a renewed focus on its role in ecological processes. Ann. Bot. 127, 397-410.
doi: 10.1093/aob/mcab011

Wickham, H. (2016). Package ‘ggplot2’. Create elegant Data visualisations using
grammar gmphics. Version 2, 1-189.

Wilbur, R. L., and Luteyn, J. L. (1978). Flora of Panama. Part VIII. Family 149.
Ericaceae. Ann. Missouri Botanical Garden 65, 27-143. doi: 10.2307/2395354

Wright, S. ], Kitajima, K., Kraft, N. J., Reich, P. B., Wright, . J., Bunker, D. E., et al.
(2010). Functional traits and the growth-mortality trade-off in tropical trees. Ecology
91, 3664-3674. doi: 10.1890/09-2335.1

Zambrano, J., Garzon-Lopez, C. X., Yeager, L., Fortunel, C., Cordeiro, N. J., and
Beckman, N. G. (2019). The effects of habitat loss and fragmentation on plant
functional traits and functional diversity: what do we know so far? Oecologia 191,
505-518. doi: 10.1007/s00442-019-04505-x

Zhang, Y., Liu, Y., Sun, L, Baskin, C. C, Baskin, J. M., Cao, M,, et al. (2022). Seed
dormancy in space and time: global distribution, paleoclimatic and present climatic drivers,
and evolutionary adaptations. New Phytol. 234, 1770-1781. doi: 10.1111/nph.18099

frontiersin.org


https://doi.org/10.1080/15538362.2014.897889
https://doi.org/10.1016/j.tree.2011.11.014
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.3417/2008130
https://doi.org/10.1007/s10531-013-0484-6
https://doi.org/10.1007/s10531-013-0484-6
https://doi.org/10.1093/aob/mcab011
https://doi.org/10.2307/2395354
https://doi.org/10.1890/09-2335.1
https://doi.org/10.1007/s00442-019-04505-x
https://doi.org/10.1111/nph.18099
https://doi.org/10.3389/fpls.2025.1645659
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Intraspecific morphological variation and environmental drivers in Macleania rupestris: a model-based population classification
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Data collection
	2.3 Data analysis
	2.3.1 Identification and validation of morphological groups of Macleania rupestris
	2.3.2 Relationship between environment variables and morphological groups
	2.3.3 Development of a digital model for classifying new plants into morphological groups


	3 Results
	3.1 Exploratory cluster analysis and the most important morphological traits of Macleania rupestris
	3.2 Relationship between environmental variables and morphological groups
	3.3 Models to determine the correspondence of new plants to the morphological groups of Macleania rupestris

	4 Discussion
	4.1 Morphological variation in Macleania rupestris
	4.2 Environmental variables and morphological groups of Macleania rupestris
	4.3 Predictive model
	4.4 Intraspecific vs. interspecific trait variation in functional ecology

	5 Conclusions and implications for management
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References




