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Abstract: Tropical pitcher plants of the genus Nepenthes are renowned for their highly specialized
leaves, which form pitchers used to capture and digest prey. Pitcher morphology is remarkably
diverse across the genus and serves as a primary feature for taxonomic studies, though its analysis
is complicated by substantial intraspecific variation, morphological similarity among species, and
the presence of natural hybrids. This study evaluates the effectiveness of geometric morphometric
techniques using a minimal number of landmarks to quantify shape differences among N. villosa,
N. edwardsiana, and their natural hybrid N. x harryana, as well as patterns of intraspecific varia-
tion. Using only 13 digitized landmarks, geometric morphometric analyses clearly distinguished
N. villosa and N. edwardsiana, and positioned N. x harryana in an intermediate region of mor-
phospace. Intraspecific variation differed between species, with significantly greater shape varia-
tion observed in N. villosa than N. edwardsiana, and a distinct morphological separation between
pitchers from two mountain peaks in N. villosa. Although N. x harryana occupied an intermediate
position overall, its morphology skewed toward N. edwardsiana rather than forming an exactly
intermediate morphology. Comparisons between original species identifications and morphology-
based assignments showed broad agreement, with discrepancies primarily involving N. villosa from
Mt. Tambuyukon and several N. x harryana that may reflect introgression. Overall, these results
demonstrate that streamlined geometric morphometric approaches provide a robust and efficient
framework for analyzing Nepenthes morphology.

Introduction

Tropical pitcher plants of the genus Nepenthes (Nepenthaceae) have long attracted considerable
attention for their iconic pitchers, among the most striking morphological features in plants. Nepen-
thes is one of the largest genera of carnivorous plants, with approximately 200 species recognized,
including many new species described and revised from the last two decades (Clarke et al. 2018;
Robinson et al. 2019; Tan et al. 2023).

In Nepenthes, species identification relies heavily on pitcher morphology, as pitchers exhibit
substantial diversity in shape and appearance, whereas many other vegetative structures show com-
paratively little variation (Clarke & Moran 2011). However, taxonomy and identification of Nepen-
thes using morphology alone can be difficult due to high intraspecific variation, unclear or inconsis-
tent descriptions and records, and natural hybridization and introgression, which can lead to mixed
characteristics (Gogoi & Bhau 2018; Murphy et al. 2020; Scharmann ef al. 2023). Additionally,
morphological variations in pitcher plants can be influenced by environmental and geographical
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conditions (Ellison et al. 2004; Harapan et al. 2022). Therefore, employing techniques that account
for intraspecific variation is valuable not only for species identification but also for understanding
variation within species and among individual plants.

Geometric morphometrics is a powerful tool for analyzing morphological characteristics, and
has been applied to plant research through a variety of disciplines, including taxonomy, ecology,
plant physiology, paleobotany, and evolutionary biology (Spani et al. 2025). The geometric mor-
phometrics approach uses digitized landmarks from photographs to quantify shape and assess mor-
phological variation of specific structures in multidimensional space, providing a comprehensive
framework that preserves spatial relationships among features and captures shape variation more
effectively than traditional morphometric methods (Adams ez al. 2004).

When utilized on Nepenthes, geometric morphometrics has proven an effective method for
analyzing pitcher shape, and has been used to identify differences among species, similarities be-
tween parent species and their natural hybrid, and environmental effects on pitcher shape (Anino
& Buenavista 2016; Haq 2019; Schwallier et al. 2020; Harapan et al. 2022; Yasra & Syamsuardi
2023). These studies typically relied on large numbers of digitized landmarks, multiple pitcher
orientations, or three-dimensional imaging techniques that may not be readily accessible. Refining
geometric morphometric methods to be more time-efficient while retaining the ability to discrimi-
nate among species, hybrids, and intraspecific variation would promote broader adoption in taxo-
nomic and morphological analyses.

Nepenthes edwardsiana Low ex Hook.f. and N. villosa Hook.f. are two distinctive species of
tropical pitcher plants characterized by their highly modified peristome bearing prominent, blade-
like teeth. Both species have narrow distributions, limited to high elevations on and around Mount
Kinabalu, Sabah (Jebb & Cheek 1997). Nepenthes edwardsiana has a slightly wider distribution
and is typically found at elevations between 1600 and 2700 m, whereas N. villosa is only found on
Mount Kinabalu, typically at elevations between 2300 and 3240 m, and on Mount Tambuyukon
at elevations between 1600 and 1900 m (McPherson 2023). Although the species are generally
separated by elevation, their ranges overlap in some areas, where hybridization occurs to produce
N. X harryana Burbidge, a taxon with morphology intermediate between the parental species.

Nepenthes edwardsiana, N. villosa, and N. X harryana form a suitable study system for geomet-
ric morphometric analyses, combining clear morphological differentiation between parental species
with a hybrid that exhibits strongly intermediate morphology. The intermediacy of N. x harryana
has long been recognized, with observations dating back to correspondence from Frederick Bur-
bidge to Sir Joseph Hooker in 1880. In addition, previous reports indicate N. villosa exhibits shape
variation among mountain peaks, whereas N. edwardsiana shows little evidence of location-based
morphological differentiation (McPherson 2023). However, these observations remain largely anec-
dotal, with few quantitative data or formal statistical analyses available for these taxa.

This study used geometric morphometrics to examine differences in pitcher shape among N.
edwardsiana, N. villosa, and their naturally occurring hybrid N. x harryana, using a minimal num-
ber of landmarks. In addition, intraspecific shape variation was assessed across multiple locations,
and the morphological intermediacy of N. x harryana was quantified. The selection of two well-
characterized species and their hybrid provides an opportunity to compare geometric morphometric
results with long-standing qualitative observations, thereby situating the analysis within an es-
tablished descriptive framework. The results demonstrate the potential of a simplified geometric
morphometric approach to aid species identification and quantify pitcher shape efficiently using
reduced landmark datasets.
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Methods

Morphometric data were collected from images of 76 plants in total, including N. edwardsiana
and N. x harryana from three locations, and N. villosa from two locations (Table 1). Photographs
were collected from botanical tourists who visited the mountains and observed the plants in-situ and
were used with permission from the photograph owners.

Photographs suitable for analysis required the pitchers to be mature and positioned in a frontal
orientation with little to no obstruction by hands, leaves, or other pitchers. In photos where multiple
pitchers were present, only one pitcher was selected for analysis. Photographs were converted to
TPS format using tpsutil64 (ver. 1.83), and pitcher features were landmarked digitally with tps-
Dig232 (ver. 2.31). In total, 13 landmarks were used to investigate pitcher shape (Fig. 1) using
criteria described by Zelditch et al. (2012) to outline the pitcher and peristome.

Shape coordinates were calculated from landmarked data obtained using tpsDig232, and analy-
ses were conducted in Morphol (ver. 1.08.02) and RStudio (ver. 2026.01.0). Prior to multivariate
analysis, a Procrustes superimposition was performed on all landmarks to center and scale them
around a common centroid, generating Procrustes coordinates. Because Nepenthes pitchers exhibit
bilateral symmetry, object symmetry was explicitly modeled, and analyses were performed on the
symmetric component of shape variation.

A covariance matrix of Procrustes coordinates was used to conduct multivariate analyses. Prin-
cipal component analysis (PCA) was conducted to summarize major axes of shape variation and vi-
sualize morphological differences among species. A Procrustes analysis of variance (ANOVA) was
used to formally test differences in pitcher shape, with species as a fixed factor and location nested
within species. Mean shapes for each species were calculated using Procrustes-aligned landmark
configurations and visualized using wireframe diagrams to illustrate patterns of shape divergence
among taxa. Within-species shape variance was quantified using multivariate distances in principal
component morphospace derived from Morphol.

Morphological species assignment and validation

Consistency of original taxon identification was evaluated using a distance-based approach
within the morphospace. For each taxon, a 95% confidence ellipse was calculated in PCA space
based on the distribution of specimens, and assignments were assessed relative to those regions
using two criteria. First, each specimen was assessed for whether it fell outside the 95% confidence
ellipses of its presumed taxon in PCA space. Second, proximity to species mean shapes was quan-
tified by calculating Mahalanobis distances between each specimen and group centroids in PCA
space, with specimens assigned to the taxon exhibiting the smallest distance. Specimens that fell

Table 1. Number of images of Nepenthes villosa, N. edwardsiana, and N. x harryana
used for geometric analyses, and their distributional breakdown across Mts. Kinabalu,
Tambuyukon, and Minodtuhan.

. Location
Species - - Total
Kinabalu | Tambuyukon | Minodtuhan
N. villosa 16 13 0 29
N. X harryana 2 3 10 15
N. edwardsiana 1 14 17 32
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Figure 1. Landmark locations shown on an example image of Nepenthes edwardsiana
from Mt. Tambuyukon. Landmark locations were selected to represent features likely to vary
among species, including the overall height of the pitcher (1, 7), the shape of the pitcher
(2-5, 9-12), and the shape of the peristome (5-9, 13). Photograph by Jonathan Ferreira.
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outside the 95% confidence region of their presumed taxon and were closer to the mean shape of
a different taxon were considered in disagreement with their original identification. Agreement
between original identifications and morphospace-based assignments was quantified to assess po-
tential misidentifications and morphological overlap among taxa. To reduce dimensionality while
retaining the majority of shape variation, analyses were restricted to the first three principal com-
ponents (PC1-PC3), which together accounted for approximately 95% of the variance (PC1 = 87%,
PC2=6.7%, PC3 =2.6%).

Hybrid index quantification
To quantify morphological intermediacy of N. X harryana, a hybrid index based on PC1 scores

was calculated using the following equation:
PC1

Hybrid Index = specimer
avgPCl1

- angClviHosa %100
—avgPCl1

edwardsiana villosa

The hybrid index ranged from 0, indicating pitchers most similar to N. villosa, to 100 for pitchers
most similar to the mean N. edwardsiana shape. Due to the skewed distribution of hybrid index
values, deviations from intermediacy were tested using a one-sample Wilcoxon signed-rank test
against an expected value of 50.

Effect of location on pitcher shape

To evaluate the effect of location on pitcher shape in N. edwardsiana and N. villosa, datasets
were separated by species, but used the same set of landmarks. Procrustes ANOVAs were run on
each species separately in MorpholJ, and significance was assessed using the Pillai trace statistic
from the multivariate analysis of variance (MANOVA) output.

Results

Species differences

Geometric morphometric analyses of the symmetrical component of pitcher shape revealed clear
separation among N. villosa, N. edwardsiana, and their natural hybrid N. x harryana. PC1 explained
87.5% of the total shape variation, with N. villosa on the left, N. edwardsiana on the right, and
N. X harryana occupying an intermediate space (Fig. 2). PC2 explained 6.7% of variation and did
not separate species as strongly. These patterns were validated by Procrustes ANOVA, which de-
tected significant differences among species (Pillai trace = 1.51, p < 0.0001), confirming that the
majority of variation occurred at the species level. Wireframe plots of the mean shape for each
species illustrate these characteristic differences in pitcher shape (Fig. 3). Individual pitchers differed
significantly (p < 0.0001), reflecting within-species variation, while asymmetry effects were small
and not significant (p = 0.246). Nepenthes villosa exhibited greater intraspecific shape variance than
N. edwardsiana (N. villosa = 0.12, N. edwardsiana = 0.08; permutation test p < 0.0001).

Species assignment and validation

Specimens were identified in the field by the photograph owners and by the author, based sole-
ly on each image, and all agreed. Morphometric results indicated possible misidentification, so
specimens were validated using the two criteria as described in the Methods section. All specimens
except one N. X harryana and one N. villosa fell within the 95% confidence region of their pre-
sumed taxon. However, a much higher proportion of specimens were assigned to a different taxon
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Figure 2. Principal component analysis of pitcher shape in Nepenthes villosa, N.
edwardsiana, and N. x harryana based on geometric morphometrics. The scatterplot
shows PC1 versus PC2 scores derived from Procrustes-aligned landmark configurations.
Points are colored by taxon and shaped by location. Filled symbols indicate specimens
whose original taxonomic identifications agree with morphology-based assignment (under
criteria 2 in the Methods section) whereas open symbols indicate disagreement. Ellipses
represent 95% confidence regions for each species based on original identification, not
morphology-based assignment.

based on their Mahalanobis distance from the distribution centroid of each taxon. Of the 76 unique
specimens, 14 were closer to the centroid of a different taxon (Table 2). Specimens re-assigned
to a different taxon based on Mahalanobis distances tended to be along the edges of each taxon’s
morphospace distribution, with the exception of nearly all N. villosa from Mt. Tambuyukon being
closer to N. x harryana than their conspecifics from Mt. Kinabalu (Fig. 2).

Hybrid index quantification

While N. x harryana largely occupied the intermediate space between N. villosa and
N. edwardsiana, it was not centered exactly between the parental taxa. Hybrid index values were
significantly greater than the midpoint value of 50 (Wilcoxon signed-rank test: V=98, p =0.015),
suggesting greater similarity to N. edwardsiana than N. villosa. The mean index value was 62.67,
with a 95% bootstrapped confidence interval ranging from 52.05 to 72.46, indicating a shift toward
N. edwardsiana-like shape.
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Figure 3. Mean pitcher shape of Nepenthes villosa (A), N. x harryana (B), and N.
edwardsiana (C) based on geometric morphometric analysis. Wireframes show Procrustes
mean shape, calculated from the symmetric component of shape variation, as light lines,
and the PC1 extremes as dark lines.

Table 2. Morphological species assignment and validation for Nepenthes Vvillosa,
N. edwardsiana, and N. x harryana. The left “Initial ID” column indicates original identifi-
cation when the photos were taken and before any analyses. The next two columns report
the number of specimens that fell within (Yes) or outside of (No) the 95% confidence
region of their original identification. The three columns on the right show the number of
specimens of each original ID that were assigned to each taxon. Note the diagonal from
top left to bottom right of this section indicates agreement between morphological and
original identifications, while all outside of that diagonal are in disagreement.

Initial ID Within 95% Morphologically assigned taxon
Confidence?
Yes No N. villosa N. X harryana N. edwardsiana
N. villosa 28 1 19 10 0
N. X harryana 14 12 3
N. edwardsiana 32 0 1 31
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Geographical shape differences

Pitchers from the same species were compared across locations to determine whether the moun-
tain peak had a significant effect on pitcher shape. No significant effect of location was detected
within N. edwardsiana (Pillai trace = 0.77, p = 0.296) across three mountain peaks. Location did
have a significant effect on pitcher shape within N. villosa (Pillai trace = 0.93, p < 0.0001) across
two peaks, with specimens from Mt. Tambuyukon showing more elongated pitchers.

Discussion

The results of this study present a compelling argument for using geometric morphometrics to
analyze pitcher shape within and among species. The high level of agreement with visual identi-
fications and the ability to quantify shape differences (or similarities) make it a powerful tool for
taxonomic and morphological analyses. This study also shows that a large number of landmarks
or complex imaging is not always necessary. Using a minimal number of landmarks, the analyses
easily distinguished between species, and the majority of hybrids were identified as a separate in-
termediate category as well.

While geometric morphometrics provided robust quantification of N. edwardsiana and N. vil-
losa, the analyses struggled with certain hybrids that may have been more heavily influenced by
one parent. For example, a typical N. x harryana displaying very intermediate characteristics (such
as the two specimens from Mt. Kinabalu used in this study) could be considered an even mix of
parents, e.g., Nepenthes edwardsiana x N. villosa. However, many N. x harryana, especially those
from Mt. Minodtuhan, appeared to be more strongly influenced by N. edwardsiana than N. vil-
losa. 1t is possible the parentage was more along the lines of N. edwardsiana x (N. edwardsiana %
N. villosa), resulting in offspring skewed more toward N. edwardsiana than an even split. Intro-
gression is common in Nepenthes where hybrids occur alongside both parental taxa (Scharmann
et al. 2023). In cases where introgression is suspected, geometric morphometrics can be used in
combination with other approaches, such as genetic sequencing, to get a clearer picture of the true
identity of the plant.

An interesting result from this study was the separation of N. villosa from Mt. Kinabalu and Mt.
Tambuyukon. While it’s well known that pitchers from Mt. Tambuyukon exhibit more elongate
shapes, analyses from this study indicated most were actually closer in form to N. X harryana than
their conspecifics on Mt. Kinabalu. Additionally, they were more closely related in shape to hybrids
skewed toward N. edwardsiana, indicating that the morphological difference between N. villosa
from the two mountains is substantial.

No observations of N. villosa were available from Mt. Minodtuhan, though that does not mean
the species is absent from that mountain. In fact, local guides suggest there are N. villosa on
nearby peaks, and there appears to be suitable habitat that remains inaccessible at the moment
(Amon Horngacher, personal communication). Additionally, the presence of many N. x harryana
with intermediate morphology (as opposed to skewed towards N. edwardsiana) suggests nearby
N. villosa populations, as pollen dispersal in Nepenthes is presumed to only occur over short dis-
tances (Chua 2000).

Nepenthes x harryana from Mt. Tambuyukon also occupied a position close to the midpoint
between the mean shape of the two parental species, even though it would be expected that these
hybrids should be skewed further towards N. edwardsiana, given the more elongated shape of their
N. villosa parent. Perhaps the two specimens in this study showed introgression from N. villosa,
which pulled their shape back toward a less elongated shape. Unfortunately, the small sample size of
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N. x harryana from both Mt. Kinabalu and Mt. Tambuyukon prevented in-depth location-based
analyses of the hybrid.

In this study, N. edwardsiana, N. villosa, and N. x harryana were chosen because the two parents
have distinct pitcher shapes and their hybrid occupies an intermediate space. Species that are very
similar in shape to each other (e.g., N. rafflesiana and N. hemsleyana) or species complexes with
high levels of variation within each species (e.g., N. minima, N. maxima, and N. eymae) could pro-
vide interesting, more challenging tests for geometric morphometric analyses. These may require
multiple images of each plant to examine other features, such as pitcher lids or leaf shape, in addi-
tion to the pitchers, to detect significant differences between species, a strategy that has been suc-
cessful in other studies (Haq 2019; Yasra & Nurainas 2023). Collectively, findings from this study
highlight the strength of geometric morphometrics as a tool for quantifying pitcher morphology and
the need for continued work to evaluate its broader applicability within Nepenthes.

Recently, automation of species identification has been rapidly growing through the use of
deep learning models and artificial intelligence (Waldchen & Maider, 2018; Bojamma & Shastry
2019). Deep learning offers high levels of classification accuracy in a fraction of the time com-
pared with traditional identification methods (Borowiec et al. 2022; Méder et al. 2021), though
the decision-making process in these models remains relatively unknown and may not focus on
biologically relevant features (Hodac et al. 2024). Geometric morphometric approaches provide
a more straightforward measure of biologically homologous points (Bookstein 1997) and capture
unbiased and statistically quantifiable shape information while remaining insensitive to varia-
tions in photograph quality (Hodac et al. 2024). One method should not replace the other, as
each has its place in morphometric research, and using deep learning or artificial intelligence to
expedite the geometric morphometrics process will ultimately prove beneficial for the future of
morphological research.
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