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Summary

� Floral morphology plays a key role in facilitating the mechanical fit between pollinators and

plant reproductive organs, allowing for successful reproduction. In this study, we test how

independent origins of pollination by scent-collecting male euglossine bees (‘perfume flow-

ers’) have influenced the evolutionary dynamics of floral shape across the diverse neotropical

Cymbidieae orchid radiation.
� We characterized morphological variation across 178 species (c. 5% of total diversity) span-

ning 86 genera (c. 54%) and 8 subtribes (100%) to provide the first quantitative description

of morphospace within this clade.
� We fit a model of multivariate character evolution to a phylogenetically diverse subset of

this dataset consisting of 67 orchid species across 65 genera to rigorously characterize the role

of pollination mode on rates of flower shape evolution. Perfume flowers exhibit up to 7.8-fold

higher rates of phenotypic evolution compared with plants utilizing other rewarding or decep-

tive mechanisms.
� Our results provide novel insights into the capacity for pollinators to influence the pace of

floral evolution across a diverse radiation, providing an engine for trait diversification in some

of the world’s most floristically rich regions.

Introduction

A key objective of evolutionary biology was to understand the
mechanisms underlying patterns of trait variation, particularly
those within highly diverse groups of organisms. The study of
flowers has provided important insights in developing our under-
standing of some of these mechanisms, particularly in light of
mutualisms with pollinators (Darwin, 1862; Stebbins, 1951;
Fenster et al., 2004; Barrett, 2010; Armbruster, 2014; Kay &
Anderson, 2025). For example, a considerable body of literature
has documented covarying suites of floral traits in relation to spe-
cialized pollinator functional groups – ‘pollination syndromes’
(Fenster et al., 2004; Dellinger, 2020). Strong patterns of conver-
gence in floral form are often seen coincident with transitions to
certain pollinator groups that facilitate efficient pollination, such
as the repeated evolution of tubular corollas in
hummingbird-pollinated taxa (Kay & Grossenbacher, 2022) or
long nectar spurs in hawkmoth-pollinated ‘moonflowers’ (John-
son et al., 2017). Furthermore, lineages exhibiting certain

specialized pollination modes have been found to exhibit patterns
of morphological stasis due to persistent pollinator-mediated
selection on floral form (Davis et al., 2014; Joly et al., 2018; Krie-
bel et al., 2020). Despite these suggestions that pollinators affect
phenotypic evolution in flowers across macroevolutionary time-
scales, there are few empirical studies that rigorously characterize
their role in shaping the pace of floral morphological evolution
across diverse radiations.

Tropical American orchids of the Cymbidieae clade offer a
compelling system in which to test evolutionary hypotheses about
how pollinators influence the macroevolution of floral form. The
roughly 3400 species of this clade originated from an Australasian
dispersal event into tropical America 24–34 million years ago
(Ma) (Givnish et al., 2015, 2016; P�erez-Escobar et al., 2017b).
In their subsequent radiation, they have evolved a myriad of pol-
lination mechanisms and reward strategies. Critically, there have
been several independent origins of a highly specialized pollina-
tion system – androeuglossophily (Ram�ırez et al., 2011; Liu
et al., 2025). These ‘perfume flowers’ (Vogel, 1966) are
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exclusively pollinated by male euglossine bees that are attracted
by scent and collect these chemical rewards for use in species-
specific courtship displays (Dodson, 1966; Vogel, 1966, p. 19;
Henske et al., 2023; Liu et al., 2025). Because female bees select
mates based on the chemical blends acquired by males (Henske
et al., 2023), sexual selection has shaped the diversification of
chemical preferences exhibited by male bees (Weber et al., 2016).
Scent operates as both a signal and reward in perfume flowers,
differentiating its function from other attraction mechanisms
where scent either signals the presence of a separate reward or is
used to exploit sensory biases of pollinators expecting rewards in
deceptive flowers.

The apparent ease of androeuglossophily in generating repro-
ductive isolation via simple changes in scent production is
thought to increase speciation rates in orchids, similar to pro-
cesses identified in sexually deceptive species (Givnish
et al., 2015b). Additionally, previous work characterizing scent
variation in the system identified rapid diversification of volatile
phenotypes between closely related species (Liu et al., 2024).
These findings are consistent with quantitative genetic theory
predicting rapid diversification of plants and their rewards in this
pollination mode where runaway sexual selection acts synergisti-
cally with coevolutionary processes (Kiester et al., 1984). How
this framework extends to infer the pace of floral morphological
evolution is unknown.

One striking characteristic of many perfume flowers in the
Cymbidieae is the range of extreme strategies that they use to
manipulate their pollinators. These strategies range from the for-
ceful propulsion of pollen structures in Catasetum and manipula-
tion of how pollinators slip and fall through the flowers of many
Gongora species (Videos 1 and 2), to perhaps the most extreme
mechanism – entrapment of pollinators in liquid-filled ‘buckets’
in Coryanthes, where the only escape is through a narrow tunnel
containing the reproductive organs (Video 3). The specialized
functional morphologies allowing for these complex pollination
modes have captivated evolutionary biologists since the dawning
of the field, yet their underlying dynamics have not been charac-
terized in the context of recent phylogenetic constructions of
orchids (Darwin, 1862; Romero & Nelson, 1986; Endress, 2016;
P�erez-Escobar et al., 2017b, 2024). We hypothesize that this
diversity of pollination mechanisms within perfume flowers is
associated with more rapid rates of phenotypic evolution across
their independent origins compared with members of the Cymbi-
dieae utilizing other pollinators.

Despite the immense diversity of the tropical American Cym-
bidieae clade and the known importance of morphology in med-
iating their specialized pollinator interactions, there have been no
attempts to rigorously characterize morphological variation of
flowers across the group. As such, we lack a quantitative descrip-
tion of how floral morphological diversity is distributed across
this major tropical radiation, whether particular clades occupy
distinct regions of trait space, and how repeated origins of specia-
lized pollination systems have contributed to overall morphologi-
cal diversification. Without these data, there exists a major gap in
our ability to infer the tempo of evolutionary change and conse-
quently to evaluate whether shifts in pollination mode have

modified the pace of phenotypic diversification and restructured
the occupation of floral morphospace.

Here, we seek to address these gaps in knowledge by (1) con-
structing the first broad-scale floral morphospace for tropical
American Cymbidieae orchids spanning over half of generic
diversity and all subtribes, and (2) analyzing these morphological
data within a phylogenetic comparative context to test the

Video 1 Pollinarium deposition on Eulaema sp. by Catasetum maculatum
at Hacienda Baru, Costa Rica. Video taken by S. R. Ram�ırez.

Video 2 Pollination of Coryanthes kaiseriana by Euglossa sp. in Costa
Rica. Video taken by A. P. Karremans.

Video 3 Pollination mechanism of Gongora where a scent collecting
Euglossa sp. falls from the labellum and struggles against the anther cap.
In this video, the anther cap was not removed and pollinarium deposition
did not occur. Video taken by J. Dean near Viterbo, Colombia.
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hypothesis that androeuglossophily accelerates the pace of floral
phenotypic evolution. By sampling broadly across genera and
subtribes, we provide a comprehensive view on clade-wide pat-
terns of morphological variation. Our comparative analyses reveal
that perfume flowers exhibit exceptionally high rates of morpho-
logical evolution across their independent origins and provide
new insights into how pollinators shape the landscape of floral
evolution across diverse radiations.

Materials and Methods

Data collection

We characterized the morphology of flowers from 178 orchid spe-
cies from the tropical American Cymbidieae radiation, representing

c. 5.2% of accepted species, 54% of genera, and 100% of subtribes
contained in this lineage. Orchid flowers share a conserved bauplan
with other lilioid monocots consisting of three petals and three
sepals (Fig. 1). However, orchids exhibit several lineage-specific
novelties, most notably the modification of one petal into a ‘label-
lum’ structure and the fusion of reproductive organs into a ‘col-
umn’ structure. These modifications break the radial symmetry of
the floral plan, creating a polarity amenable to the complex pollina-
tion mechanisms characteristic of this family. Labella have diversi-
fied greatly across the orchid radiation, usually acting to direct
pollinators into a specific position to contact the column and facili-
tate pollination (Mondrag�on-Palomino & Theißen, 2009; Acker-
man et al., 2023). We focused on two sets of floral traits – the
‘reproductive structure’ consisting of the column and labellum, and
the ‘perianth’ consisting of the remaining petals and sepals.

(a) (b)

(c)

Fig. 1 Example of images used in this study. (a) A Lankester composite digital plate ofMormolyca hedwigiae. (b) Landmarking scheme of the reproductive
structure. Landmarks (large pale circles) consist of (1) anther cap column junction, (2) column-ovary junction, (3) column foot-labellum junction, and (4)
distal tip of the labellum. The smaller pink circles correspond to the evenly placed semilandmarks along traced curves. (C) Linear measurements taken of
the perianth. Labelled measurements correspond to (1) length of the dorsal sepal, (2) maximum width of the dorsal sepal, (3) width at the base of the
dorsal sepal, (4) length of the lateral petal, (5) maximum width of the lateral petal, (6) width at the base of the lateral petal, (7) length of the lateral sepal,
(8) maximum width of the lateral sepal, and (9) width at the base of the lateral sepal.
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We collected most measurements from ‘Lankester composite
digital plates’ (LCDPs) – composite arrangements of photo-
graphs of dissected flowers that have become increasingly com-
mon in botanical research over the past decade (Fig. 1). These
plates consist of photographic compositions illustrating the diag-
nostic characters of each species, with multiple views of dissected
flowers. These plates are further supported by voucher specimens
deposited in the Lankester Botanical Garden Herbarium. Addi-
tionally, we photographed dissected flowers taken from private
and public collections and used comparable images from pub-
lished studies to obtain measurements (Supporting Information
Table S1).

We conducted two sets of morphological analyses – a shape
analysis using geometric morphometrics from lateral views of the
column and labellum (the ‘reproductive structure’), and linear
and curved measurements of the sepals and remaining unmodi-
fied petals (the ‘perianth’). Data for the reproductive structure
were collected using STEREOMORPH v.1.6.5 (Olsen & West-
neat, 2015). We placed four homologous landmarks correspond-
ing to the intersection of the column with the anther cap, the
intersection of the column with the base of the flower, the inter-
section of the base of the flower with the labellum, and the distal
tip of the labellum. Three sets of curves were drawn between
these points that corresponded to the column, column foot, and
labellum, with 15, 25, and 10 equidistant points sampled from
these regions, respectively. For monoecious species represented in
the dataset (five species of perfume flowers in Catasetum and
Cycnoches), we only used staminate (i.e. functionally ‘male’) flow-
ers to conserve the anther cap landmark, as there was no clear
analogous landmark in the pistillate flowers. Thus, we note that
our estimates of shape variation systematically underestimate var-
iation in perfume flowers.

For the perianth, we took 15 linear measurements per flower
corresponding to five measurements of the organ lengths, five
measurements of organs at their points of attachment, and five
measurements of maximum widths across organs. Due to the pre-
sence of missing data from occasional broken and missing organs,
we then averaged paired measurements (e.g. left and right petal
lengths) for a total of nine final measurements that were present
in every species. These final measurements consisted of the dorsal
sepal length, dorsal sepal base, dorsal sepal maximum width, lat-
eral petal length, lateral petal base, lateral petal maximum width,
lateral sepal length, lateral sepal base, and lateral sepal maximum
width (Fig. 1).

Although within-species replication was limited for many taxa
(median = 2 flowers per species, range 1–8), Procrustes ANOVA
(quantifying the proportion of shape variation in a matrix of
aligned landmark coordinates attributable to different factors;
Goodall, 1991) in a subset of 14 species with more than or equals
to four flowers per species indicated that among-species variance
greatly exceeded within-species variance (94.77% vs 1.66% of
variance). We therefore interpret the dataset as appropriate for
the broad macroevolutionary comparisons that we conducted.
Future studies at finer levels of taxonomic organization would
benefit from a more intensive sampling scheme to more rigor-
ously characterize intraspecific variation in floral morphology.

Phylogeny We used the time-calibrated phylogenetic hypothesis
of the Neotropical Cymbidieae proposed in P�erez-Escobar
et al. (2017a,b) inferred from four plastid and one nuclear loci
across 816 species pruned to our focal species. This tree was
selected based on its dense taxon sampling and generally strong
support for genus-level relationships. Where sample species in
our dataset were not present in the phylogeny, we substituted
them with a congener or, if possible, a member of the same sub-
genus (Table S4). Because our goal was to test broad-scale differ-
ences in rates across major pollination categories rather than
species-specific evolutionary histories, these substitutions were
used as a pragmatic approximation at the scale of inference
(mostly genus level) targeted here. We nevertheless recognize that
this approach introduces phylogenetic uncertainty, particularly
near the tips, and therefore interpret fine-scale lineage-specific
patterns cautiously.

Controlling for size and log-shape ratios

As the primary goal of this study was to understand shape evolu-
tion across Cymbidieae orchids, we removed the effect of size
before downstream analyses. For the shape analysis of the label-
lum and column, we performed a generalized Procrustes analysis
to center and align coordinates of each specimen in a standar-
dized shape space independent of size. As size and shape can still
vary evolutionarily due to allometry, we used the procD.pgls func-
tion in geomorph v.4.0.6 (Adams & Ot�arola-Castillo, 2013) to
perform a Procrustes ANOVA of shape vs log-transformed
centroid-size (square root of summed squared distances of land-
marks from their center within each specimen).

We used another method of size-correction – log-shape ratios
– to process our dataset of linear measurements. These ratios were
computed by dividing each trait measurement by the geometric
mean of the petal and sepal lengths that captured the major
dimensions of floral size, and then taking the logarithm of this
value. We then applied the phylolm function from PHYLOLM

v.2.6.2 to quantify the relationship between each transformed
trait and log-transformed size (Tung Ho & An�e, 2014).

Classification of pollination modes

Tropical American Cymbidieae orchids exhibit a diversity of pol-
lination rewards, including the presentation of oils, nectar, resin,
edible trichomes, and perfume; in addition to mimicry of those
rewards and of mates (Ram�ırez et al., 2011; Castro &
Singer, 2019; Ackerman et al., 2023). In most orchids, traits such
as scent and color either signal rewards or act as cues for unre-
warding flowers exploiting pre-existing mutualisms, thus mediat-
ing pollinator behavior. The distinction between these strategies
is unclear – even some species that present rewards are thought to
provide them in such low quantities that their validity as true
mutualisms is ambiguous (Chase et al., 2009; Davies & Stpic-
zy�nska, 2012; Davies et al., 2013). In perfume flowers, however,
scent acts as both the signal and reward and is thus functionally
distinct from all other pollination systems.
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We utilized a large published dataset of orchid pollination and
rewards (Ackerman et al., 2023) to code pollination modes. In
addition to species with direct observations, species that con-
tained nectar, trichome, oil, or resin rewards, as determined via
chemical and histological studies, were characterized as nonper-
fume flowers, as perfume flowers do not produce these additional
rewards (Vogel, 1966; Dressler, 1968). This stricter scheme
resulted in 67 species, of which 23 were perfume flowers and 44
were nonperfume flowers, reflecting 13 and 28 genera, respec-
tively, corresponding to c. 2% of total species, 27% of genera,
and 88% of subtribes.

As this strict method resulted in oversampling of two of the
major subtribes (the Catasetinae and Stanhopeinae) containing
perfume flowers (Fig. S1), we used another method to impute
pollination mode resulting in more even sampling. If at least
two members of a genus produced identical rewards or had
multiple observations of the same pollination type, we consid-
ered congeners without those standards of evidence to exhibit
the same pollination type. We justified this approach as intra-
generic variation in androeuglossophily has not been extensively
documented in orchids, with only two cases known: Dichaea,
where transitions toward variants of selfing have been documen-
ted (Nunes et al., 2018; Ackerman et al., 2023) and Trichocen-
trum, a genus exhibiting several different reward mechanisms,
including nectar, oil, and deceit. Furthermore, the ease of
attracting large numbers of male orchid bees to chemical baits
has led to extensive genus-level sampling of perfume–flower pol-
lination systems (Dressler, 1968; Roubik & Ackerman, 1987;
Ramirez, 2019; Liu et al., 2025), supporting the inference that
perfume–flower pollination is often conserved within sampled
genera.

This more relaxed approach resulted in a dataset of 140 species
that was used to test whether including a broader range of taxa
changed the main comparative results. Of these species, 36 were
perfume flowers and 104 were nonperfume flowers, reflecting 25
and 40 genera (4.1% of species, 41% of genera, and 100% of
subtribes), respectively, more closely reflecting actual composi-
tion of the clade (Fig. S1). Perfume flowers identified in this lat-
ter scheme and not in the former were all members of clades in
which all species with pollination studies were confirmed to be
androeuglossophilous, suggesting that major overestimation of
perfume flower diversity is unlikely. While this approach intro-
duces a higher risk of misclassification, including a more densely
sampled scheme provided a more comprehensive view of broad
evolutionary patterns across the Cymbidieae radiation.

We treat the strict coding scheme as the primary dataset for
inference, and the expanded relaxed scheme as a sensitivity analy-
sis used to assess whether the main comparative results were
robust to denser taxon sampling. Both schemes of filtering the
data resulted in overall quantitatively similar results in our com-
parative methods (Table S3; Figs S2, S3).

Phylogenetic comparative methods

To understand the evolutionary history of pollination mode evo-
lution in the Cymbidieae, we used the make.simmaps function in

PHYTOOLS v.2.0 to generate 1000 stochastic character maps, using
the equal rates model which exhibited a lower AICc than the all
rates different model (Bollback, 2006; Revell, 2012). As the tro-
pical American Cymbidieae orchids originated from a dispersal
event from a continent where euglossine bees are not present (P�e
rez-Escobar et al., 2017b), we fixed the root of the tree to have
the nonperfume flower character state.

We used phylogenetic principal components analysis (pPCA)
to visualize and interpret major patterns of variation in our trait
spaces (Revell, 2009). For the reproductive structure dataset, we
performed pPCA on the Procrustes transformed coordinates
using the gm.prcomp function in GEOMORPH v.4.0.6. For the peri-
anth dataset, pPCA was performed using the correlation rather
than covariance matrix among the variables, ensuring more equal
contribution of each of the variables that originally exhibited con-
trasting levels of variance. Though there were nine total principal
component scores, only the first eight scores portrayed floral var-
iation, since one degree of freedom was lost when applying
log-shape ratios. To quantify occupation of morphological space
by orchids of each pollination mode, we used the morphol.dispar-
ity function in GEOMORPH v.4.0.6 to compare their levels of shape
variance.

We utilized a multiple state-specific rates of continuous-
character evolution model (MuSSCRat; May & Moore, 2020) to
understand the effect of pollination on floral morphological
diversification. In contrast to other methods developed for con-
tinuous trait evolution, this Bayesian approach explicitly models
background rate variation, a feature we expect to be present
across this hyperdiverse radiation, to robustly estimate rate para-
meters associated with discrete states (Fig. S4). MuSSCRat uses
an uncorrelated log-normal (UCLN) clock to place independent
parameters on each branch to model background rate variation
that cannot be attributed to discrete traits of interest (analogous
to the UCLN relaxed clock model for molecular evolution). Cri-
tically, this approach allows for avoiding the ‘straw-man effect’,
where all variation in continuous trait evolution is inaccurately
attributed to a discrete trait of interest because the null hypothesis
is no rate variation (May & Moore, 2020). Furthermore, in con-
trast to individually modelling separate morphological traits, this
framework more accurately captures the multivariate nature of
our complex morphological datasets.

The reversible-jump Monte Carlo Markov Chain (MCMC)
ran for 500 000 generations for the first 5 PC’s of
labellum-column shape explaining 90% of variation and for
1000 000 generations for the log-shape ratio dataset, with the
initial 10% of iterations discarded as burn-in. Due to strong cov-
ariance between lateral petal and lateral sepal lengths in the shape
ratio dataset leading to issues with estimations of correlation
structure and model convergence in some test runs, we removed
the latter trait. We observed poor model mixing with low accep-
tance rates for reversible-jump moves under default settings.
Thus, we increased the weights of mvRJSwitch from 1 to 10 to
more frequently propose transitions between models with and
without rate shifts. Additionally, we replaced the single default
mvScale proposal (k = 1, weight = 1) with three scale proposals
(k = 0.1, 1, and 10), each with increased weights of 3 to facilitate
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exploration of the MCMC across different magnitudes of rate
multipliers.

We specified a prior of five rate shifts, corresponding roughly
to the average number of transitions to androeuglossophily iden-
tified across 1000 stochastic character-mapping simulations. To
assess the effects of specifying different number of rate shifts, we
performed both sets of analyses using priors of 1, 5, and 10 rate
shifts and identified qualitatively similar results (Figs S5, S6). We
ran the model in REVBAYES v.1.2.1 (H€ohna et al., 2016) and used
TRACER v.1.7.2 (Rambaut et al., 2018) to verify convergence of
the MCMCs (ESS >> 200 for primary model parameters). Data
were visualized and plotted using REVGADGETS v.1.2.1 and
GGTREE v.3.4.4 (Yu et al., 2017; Tribble et al., 2022). Scripts and
data used for this study are available on Dryad.

Results

Floral morphospace

We identified a broad diversity of morphologies in both sets of
floral traits. The primary axis of morphological variation in the
reproductive structure, explaining over 40% of variation in the

data, contrasts pouched labella, as found in the highly modified
flowers of the ‘bucket orchid’ Coryanthes hunteriana Schltr., to
highly reflexed labella, as exhibited by several species of Cyrtochi-
lum (Fig. 2a). The second major axis of variation explaining c.
30% of morphological variance describes a continuum from con-
stricted tubes, formed by parallel positioning between the column
and labellum, to structures where the labellum is positioned
roughly 180 degrees from the column. The former phenotype is
common among many species of the Maxillariinae (i.e. ‘gullet
flowers’ described in the pollination biology literature of orchids;
van der Pijl & Dodson, 1966), while the latter phenotype is com-
mon among many species of the Oncidiinae, where the expanded
flat labella operate as landing pads for bees seeking oil rewards
(Fig. S7A).

The primary axis of variation in the perianth dataset explaining
almost 50% of the total variance captures elongation (Fig. 2b).
Species with high values of PC1 exhibit exaggeratedly long petals
and sepals, as exemplified by the ‘spider orchid’ Brassia caudatam
(L.) Lindl., while those with low values along this axis of variation
exhibit squat, rounded floral organs (Table S5). The second PC,
explaining c. 20% of morphological variation, contrasts species
with long petals relative to the sepals or vice versa. Mirroring the

Fig. 2 Morphospaces of the neotropical Cymbidieae flower comparing axes of variation in (a) the reproductive structure and (b) the perianth. Points
represent species means and are colored by pollination mode in the relaxed scheme while values on the x and y axis correspond to proportions of total
morphological variance explained by the first and second principal components, respectively. Closed points represent species with pollination modes
categorized in the strict scheme. Images on the top right of (a) and top left of (b) in boxes correspond to Camaridium bracteatum, a species close to the
mean phenotype in both sets of traits (asterisked point in either panel). Other represented species in (a) are (from center above, going counterclockwise):
Ornithocephalus inflexus, Cyrtochilum ramosissimum, Cyrtochilum myanthum, Kegeliella kupperi, Coryanthes hunteriana, and Clowesia dodsoniana
E.Aguirre. Other represented species in (b) are (from center above, going counterclockwise): Gongora armeniaca, Trichocentrum morenoi, Telipogon
biolleyi, Polycycnis barbata, Brassia caudata, and Trigonidium egertonianum. Photographs copyright the authors except for the following, modified with
permission: Clowesia dodsoniana from Tamayo-Cen et al. (2022), Cyrtochilum ramosissimum from Dalstr€om (2020) copyright Carlos Jerez, Cyrtochilum
myanthum from Guti�errez Morales et al. (2018), and Trichocentrum morenoi copyright Gustavo Montealegre. Images are not to scale.
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reproductive structure dataset, this axis roughly divides the mor-
phospace between the diverse Maxillariinae and Oncidiinae
clades (Fig. S7B).

There was only a modest effect of size on shape in both data-
sets. While the effect of size was significant on the reproductive
structure shape (P = 0.023), the overall relationship was weak
(r2 = 0.017). Across the comparisons of log-shape ratios with
floral size, the largest r2 value was 0.062 with no significant posi-
tive or negative relationships, confirming an overall weak rela-
tionship between size and shape in the transformed variables
(Table S2).

In both the relaxed and strict schemes, perfume flowers occupy
similar amounts of morphospace across both sets of traits com-
pared with flowers of all other pollination mechanisms (Tables 1,
S4). While perfume flowers were found to exhibit slightly higher
Procrustes variances across both sets of traits in both schemes, dif-
ferences were nonsignificant (highest ratio of perfume to nonper-
fume variance = 1.24 for reproductive structure in relaxed
scheme, P > 0.05 for all comparisons). Notably, neither scheme
of pollination coding resulted in major systematic biases toward
or against regions of morphospace encompassed within the entire
dataset (Fig. 2).

Stochastic character mapping

We used stochastic character mapping to characterize the history
of pollination mode evolution across the Cymbidieae phylogeny,
recovering a mean of 4.14 transitions from nonperfume flowers
to perfume flowers and 0.82 reversions, with lineages spending
approximately three times as much evolutionary time in the non-
perfume flower state (Fig. 3; Table 1). The proportion of evolu-
tionary time spent in each state was similar in the relaxed scheme
(Table S3), while more transitions and reversions were identified
(5.16 and 2.29, respectively), reflecting a gain of androeuglos-
sophily in a clade of twig epiphytes within the Oncidiinae
(Notylia and Macroclinium) and an additional loss of androeu-
glossophily in the Zygopetalinae (Warczewiczella discolor (Lindl.)
Rchb.f.) that were unsampled in the strict scheme.

Evolutionary rate modelling

Pollination mode had a strong effect on the rate of floral evolu-
tion, with posterior probabilities of state dependence at 0.99 and

1.0 for the reproductive structure and perianth, respectively in
the strict scheme (Fig. 4). Critically, perfume flowers evolved at
3.4-fold and 7.8-fold the pace of nonperfume flowers for these
two sets of traits (Fig. 4), accounting for their equivalent amounts
of floral morphospace filled despite having a third of evolutionary
time to accumulate this variation. These patterns emerge against
a complex background of rate heterogeneity, characteristic of
diverse radiations (Fig. S4). Slightly weaker but still strong evi-
dence for state dependence was identified in the relaxed scheme,
with posterior probabilities of 0.94 and 1.0 in the reproductive
structure and perianth, respectively, with perfume flowers exhi-
biting 1.9-fold and 5.3-fold the pace of nonperfume flowers.

Discussion

We characterized the primary axes of shape variation across a
large sample of the hyperdiverse tropical American Cymbidieae
radiation, obtaining a sample capturing over half of the genera in
the group. We identified a strong effect of phylogeny across both
morphological datasets, with the second major axis of variation
being strongly structured by subtribes within the radiation.
Furthermore, we identified a strong effect of androeuglossophily
increasing the tempo of floral shape evolution in tropical Ameri-
can Cymbidieae orchids, resulting in an exceptional expansion of
morphospace across origins of this pollination mode. These pat-
terns stand out against a complex background of rapid morpho-
logical evolution characteristic of one of the most spectacular
radiations of flowering plants in the world’s richest botanical hot-
spots (Gentry, 1982; P�erez-Escobar et al., 2017b). Rather than
mediating the evolution of predictable morphologies across or
stasis within each origin of androeuglossophily, we demonstrate
that the repeated origins of perfume flowers in the Cymbidieae
are associated with substantial increases in phenotypic evolution-
ary rates. This pattern is consistent with a scenario of male
euglossine bee pollination fueling the generation of floral dispar-
ity across a large radiation of orchids.

Due to their range of bizarre appearances and complex pollina-
tion mechanisms, perfume flowers have long captured the atten-
tion of evolutionary biologists, botanists, and horticulturists alike
(Darwin, 1862). Many species manipulate the movement of their
male euglossine bee pollinators – from causing them to fall
through open dimensions of the flowers (e.g. Gongora and Stan-
hopea) to forcing them to crawl through narrow passages to

Table 1 Comparison of results from stochastic character mapping, morphological disparity analyses, and evolutionary rate modelling among pollination
modes.

Pollination mode (n) Time in tree (%) Morphological disparity Multivariate rate

Perfume (23) 27.1 0.219 (reproductive structure)
9.71 (perianth)

1.547 (reproductive structure)
1.773 (perianth)

Nonperfume (44) 72.9 0.177 (reproductive structure)
8.42 (perianth)

0.453 (reproductive structure)
0.227 (perianth)

‘Time in tree (%)’ corresponds to the percentage of time spent in each state across 1000 simulations of stochastic character mapping, ‘Morphological
disparity’ corresponds to Procrustes variance of each group from analyses of morphological variation, while ‘Multivariate rate’ corresponds to state-
dependent rates obtained fromMuSSCRat.
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escape drowning (e.g. Coryanthes). Additionally, many species
employ complex strategies of pollinarium placement, ranging
from enantiostyly in Mormodes (Domingos-Melo et al., 2025) to
the hinged labellum of Peristeria and Gongora subgenus Acropera
causing visiting bees to be propelled into the column (Romero &
Nelson, 1986; Hetherington-Rauth & Ram�ırez, 2015). These
mechanisms contrast with more passive pollination strategies
found in other modes among orchids. For example, ‘gullet flow-
ers’ are a common feature of many members of the hyperdiverse
Maxillariinae clade, which simply require crawling in and out of
a passage created by the petals and sepals to ensure proper place-
ment of pollinaria (van der Pijl & Dodson, 1966).

Our comparative analyses revealed over three- and sevenfold
increases in overall evolutionary rates of the reproductive and
perianth structures, respectively, in perfume flowers compared
with flowers utilizing other pollination mechanisms. Notably, we
found that some of the fastest overall rates of evolution in these
structures occur in the Catasetinae and the Stanhopeinae, respec-
tively, two groups of orchids that have been extensively studied in

the context of androeuglossophily (Roubik & Ackerman, 1987;
Milet-Pinheiro & Gerlach, 2017; Liu et al., 2024). This increased
tempo of evolutionary change has allowed perfume flowers to
accumulate equivalent amounts of morphological variation found
in related nonperfume lineages in only around a quarter of the
total evolutionary time in the clade, resulting in some of the most
extreme floral morphologies and pollination mechanisms in the
orchids and across flowering plants.

We note an apparent inverse relationship between contempor-
ary morphological and species diversity across the tropical Ameri-
can Cymbidieae. This pattern is consistent with the history of
systematic revisions in the two most diverse clades – the Maxillar-
iinae and the Oncidiinae – that are predominantly composed of
nonperfume flowers (Whitten et al., 2007; Chase et al., 2009;
Neubig et al., 2012). In these clades, multiple major upheavals of
taxonomic hypotheses were carried out with the advent of genetic
data, revealing pervasive morphological convergence in floral
form, likely in response to the utilization of the same guilds of
pollinators within both clades (bees in the Meliponini and

Fig. 3 Results of stochastic character mapping of pollination mode across the tropical American Cymbidieae clade. Shown is the density of pollination
mode across this phylogeny estimated across 1000 stochastic character maps using the densityMap function in phytools. Pie charts at each node indicate
the frequency of each state across these character maps. Photographs of the reproductive structure and perianth of selected taxa are shown to the right.
Images are not to scale.

New Phytologist (2026)
www.newphytologist.com

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

Research

New
Phytologist8

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.71553 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [15/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Centridini tribes, respectively; Papadopulos et al., 2013). The
presence of rapid phenotypic evolution in lineages that utilize
alternative strategies within each clade mirrors the patterns of
release from constraint found in previous studies of
pollinator-mediated morphological stasis (Davis et al., 2014).
For example, some of the fastest overall rates of reproductive
structure evolution outside of perfume flowers occur in Crypto-
centrum latifolium Schltr., a putatively moth-pollinated member
of the Maxillariinae while the fastest overall rates of perianth evo-
lution occurred in Brassia caudata (L.) Lindl. in the Oncidiinae
(asterisk on the right side in Fig. 4), a species whose elongated
flowers mimic spiders to attract pompilid wasps in search of larval
hosts (van der Pijl & Dodson, 1966).

Elucidating the exact mechanisms underlying how androeu-
glossophily has fueled faster floral evolution is challenging. How-
ever, multiple nonmutually exclusive hypotheses can be invoked
to explain this pattern. The first is that as scent acts simulta-
neously as both a signal and a reward in perfume flowers, selec-
tion on morphological elements of floral displays mediating
constancy may be relaxed. Male euglossine bees readily collect
scents from diverse sources outside of orchid flowers, such as aro-
matic leaves, feces, and even filter paper soaked with pure com-
pounds, indicating a lack of context-dependent visual cues to
elicit such behavior (Whitten et al., 1993; Pemberton &
Wheeler, 2006; Henske et al., 2025). Consequently, there may
be reduced constraint on the evolution of morphologies across
the floral reproductive apparatus. Evidence for this hypothesis
could manifest as reduced evolutionary covariance (i.e. integra-
tion) between the structures due to functional decoupling

allowing for independent evolutionary trajectories across the
floral phenotype.

Consistent with this scenario, we observe that perfume flowers
lack significant integration between the perianth and reproduc-
tive structures while nonperfume flowers exhibit strong integra-
tion (Methods S1; Fig. S8). These patterns contrast with
generally high integration across our dataset within the perianth
and reproductive structures across pollination systems, suggesting
that elevated evolutionary rates in perfume flowers are not due to
a general release of developmental constraint, but rather to
reduced coupling between floral modules (Fig. S9). Integration
due to coupled function among these sets of traits is expected in
the two most diverse clades containing nonperfume flowers, the
Maxillariinae, and the Oncidiinae. Gullet flowers found in many
members of the former group are formed via physical coupling of
the perianth with the reproductive structure, forcing pollinators
to contact the column as they enter this constricted structure to
collect rewards. In the latter group, flowers of many species
mimic flowers of various species across the Malpighiaceae that
offer oil to female Centris bees, with functional coupling across
the flower expected to create this visual similarity (Papadopulos
et al., 2013; Castro & Singer, 2019).

Several studies have suggested a role of reduced integration
across the flower (i.e. modularity) facilitating more rapid pheno-
typic evolution. For example, increased modularity was found to
increase evolutionary rates in the Merianieae tribe of Melastoma-
taceae, allowing for rapid transitions between divergent pollina-
tion modes (Dellinger et al., 2019). Additionally, modularity in
concordance with developmental hypotheses was identified in

Fig. 4 Floral morphological evolution of the reproductive structure (left) and perianth (right) across the Cymbidieae radiation using the strict scheme of
pollinator coding described in the methods. Branch colors on the phylogenies indicate overall rates of evolution, with dark purple indicating lower rates and
yellow indicating higher rates. Bars between the phylogenies represent character states at the tips, with pink corresponding to perfume flowers and
turquoise corresponding to nonperfume flowers. Plots below representative images of the floral structures represent posterior estimates of state-dependent
evolutionary rates, with pink representing perfume flowers and turquoise representing nonperfume flowers. Regions of this distribution c. 0 on the x-axes
correspond to iterations of the MCMC where no state dependence was identified (i.e. both groups exhibited identical rates of morphological evolution).
Asterisks correspond to the taxa exhibiting the fastest overall rates of morphological evolution for either set of traits (Clowesia for the reproductive
structure and Brassia caudata for the perianth).
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Malagasy Bulbophyllum orchids, allowing for independent evolu-
tion of different floral components (Artuso et al., 2022). Our
data are consistent with this framework, with weak integration in
the perfume flowers perhaps contributing to their exceptional
diversification in floral form into extreme areas of shape space
facilitating evolution of their complex pollination mechanisms.
Future work investigating integration across a larger set of floral
traits, especially in 3D, would provide further clarity into this
interpretation. Additionally, characterizing finer-scale patterns of
integration at the intraspecific level using quantitative genetic
methods would allow for the prediction of how microevolution-
ary processes promote or constrain divergence within and
between populations (Bolstad et al., 2014).

A second hypothesis is that the rapid accumulation of euglos-
sine bee species in the last 10 million years (Myr) (Ram�ırez
et al., 2010) facilitated expansion of morphospace in perfume
flowers through selection for pollinator partitioning. The high
levels of diversity in sympatric bee populations, with up to 66
species in northwestern Amazonian regions (Padr�on et al., 2018),
may have facilitated rapid morphological evolution causing dif-
ferential pollinarium placement on bees to minimize potential
costly hybridization between interfertile orchid taxa (Hills
et al., 1972). In the Cymbidieae, many species and even genera
are interfertile as shown by an extensive history of horticultural
crosses (https://www.rhs.org.uk/plants/horticulture-hub/plant-
registration/orchid-hybrids/orchid-hybrid-lists). While the arrival
of Cymbidieae orchids to the Americas was coincident with the
origin of perfume collection in euglossine bees (both c. 34 Ma),
predominantly androeuglossophilous lineages exhibit much
younger ages (c.15 Myr for the Stanhopeinae and the Catasetinae,
with many species originating in the past 5 Myr; P�erez-Escobar
et al., 2017a,b), consistent with the timing of euglossine diversifi-
cation. These findings across perfume flowers parallel morpholo-
gical expansion facilitated by floral character displacement within
systems lacking major pollinator shifts, such as bat-pollinated
Burmeistera (Muchhala & Potts, 2007) and bumble
bee-pollinated Pedicularis (Eaton et al., 2012), albeit spanning a
greater phylogenetic breadth. Future studies investigating distri-
bution of floral traits within communities to test for character
displacement in perfume flowers vs nonperfume flowers would
provide support for this hypothesis.

The floral measurements utilized in the design of this study
provide a set of standardized dimensions to be taken in future
studies permitting the generation of large orchid floral morpholo-
gical datasets, such as those that have been created in fishes and
birds (Price et al., 2019; Tobias et al., 2022). The increasing
popularity of Lankester composite digital plates across botanical
institutions will further provide a means for measuring these
characteristics. While we note the inherent limitations of our
sampling in terms of species diversity (5.2% of species diversity
of the Cymbidieae for morphospace analysis and c. 2% for the
strict pollinator-coding scheme used for comparative analyses),
this sampling is comparable to several other recent studies con-
necting ecology to phenotypic evolution at broad scales using
similar methodologies (e.g. 44/17 000 percomorph fishes in
Corn et al., 2021; 340–815/47 000 spiders in Wolff et al., 2021;

207/6100 extant mammals in Goswami et al., 2022; 228/14 000
acanthomorph fishes in Roberts-Hugghis et al., 2023). Future
work integrating across new results from pollination biology
research along with combined efforts across botanical institutions
to generate standardized images for morphological analysis will
provide exciting avenues to understand the evolution of the
famously complex orchid floral phenotype.

We note that future studies would greatly benefit from collec-
tion of 3D geometric morphometric data and color. The former
would allow for characterization of the relative positioning of all
organs in intact floral specimens, allowing for understanding evo-
lution of this critical component of functional morphology. Such
work has already been performed in several groups of flowering
plants (Dellinger et al., 2019; Reich et al., 2020; Artuso
et al., 2022), and would increase our capacity to uncover further
axes of morphological evolution in orchids. Quantification of
color would provide another dimension of phenotypic variation
with a critical role in pollinator attraction, with future studies
perhaps investigating its evolutionary dynamics with morphol-
ogy. Photogrammetry (i.e. inferring 3D shape from multiple 2D
photos taken from different angles) along with the inclusion of
color standards would be readily amenable for the construction
of future LCDP’s (Lem�enager et al., 2023).

Our results provide new perspectives on the influences of
pollination on the dynamics of floral evolution. Using a series
of rigorous phylogenetic comparative methods, we recon-
structed the evolutionary history of pollination in the tropical
American Cymbidieae radiation and characterized the substan-
tial impact of male euglossine pollination in triggering the
exceptional diversification of functional morphology in per-
fume flowers. This shift in the adaptive landscape has allowed
this group of plants to evolve some of the most complex polli-
nation mechanisms that have captivated evolutionary scientists
for over a century.

Acknowledgements

The authors are grateful to Guido Deburghgraeve, Danilo Zava-
tin, Gustavo Montealegre, and Fabio Romero for providing addi-
tional photographs of several species of orchids. We are grateful
to Andy Phillips, Marni Turkel, Jeff Tyler, and the UC Davis
Conservatory for allowing us access to their collections for sam-
pling of flowers. Michael R. May provided valuable assistance in
troubleshooting the analyses using RevBayes. We are thankful for
the helpful feedback provided by the Ram�ırez Lab at earlier stages
of the study and to Peter C. Wainwright, Kathleen M. Kay, and
Collin P. Gross for helpful comments on the initial draft of the
manuscript, as well as three anonymous referees for their con-
structive feedback. This project was partially supported by the
University of Costa Rica through projects C4074, Filogen�omica,
morfometr�ıa y taxonom�ıa del g�enero Gongora (Orchidaceae) en
Costa Rica; C6127, Delimitaci�on de especies de Coryanthes
(Stanhopeinae) en Costa Rica mediante el estudio de sus rela-
ciones planta-hormiga; and C1060, Flora Costaricensis:
taxonom�ıa y filogenia de la subtribu Catasetinae (Orchidaceae)
en Costa Rica. During the preparation of this work, the authors

New Phytologist (2026)
www.newphytologist.com

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

Research

New
Phytologist10

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.71553 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [15/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.rhs.org.uk/plants/horticulture-hub/plant-registration/orchid-hybrids/orchid-hybrid-lists
https://www.rhs.org.uk/plants/horticulture-hub/plant-registration/orchid-hybrids/orchid-hybrid-lists
https://www.rhs.org.uk/plants/horticulture-hub/plant-registration/orchid-hybrids/orchid-hybrid-lists
https://www.rhs.org.uk/plants/horticulture-hub/plant-registration/orchid-hybrids/orchid-hybrid-lists
https://www.rhs.org.uk/plants/horticulture-hub/plant-registration/orchid-hybrids/orchid-hybrid-lists
https://www.rhs.org.uk/plants/horticulture-hub/plant-registration/orchid-hybrids/orchid-hybrid-lists
https://www.rhs.org.uk/plants/horticulture-hub/plant-registration/orchid-hybrids/orchid-hybrid-lists
https://www.rhs.org.uk/plants/horticulture-hub/plant-registration/orchid-hybrids/orchid-hybrid-lists
https://www.rhs.org.uk/plants/horticulture-hub/plant-registration/orchid-hybrids/orchid-hybrid-lists
https://www.rhs.org.uk/plants/horticulture-hub/plant-registration/orchid-hybrids/orchid-hybrid-lists
https://www.rhs.org.uk/plants/horticulture-hub/plant-registration/orchid-hybrids/orchid-hybrid-lists
https://www.rhs.org.uk/plants/horticulture-hub/plant-registration/orchid-hybrids/orchid-hybrid-lists


used generative AI to troubleshoot code for data analysis and
visualization. After using these tools, the authors reviewed and
edited the content as needed and take full responsibility for the
content of the publication.

Competing interests

None declared.

Author contributions

JWL designed the study with input from SRR. JWL collected
data, performed the major analyses, and wrote the first draft of
the manuscript. DB, FP, APK, ZS, and ER created many of the
digital plates from which most of the data were collected. OAP
provided the phylogenetic hypothesis required for the compara-
tive analyses. YX collected data and performed exploratory ana-
lyses. SRR facilitated the collaboration between Lankester
Botanical Garden and UC Davis. All authors provided comments
on the final draft.

ORCID

Diego Bogar�ın https://orcid.org/0000-0002-8408-8841
Adam P. Karremans https://orcid.org/0000-0001-5987-7710
Jasen W. Liu https://orcid.org/0009-0002-3353-1409
Oscar A. P�erez-Escobar https://orcid.org/0000-0001-9166-
2410
Franco Pupulin https://orcid.org/0000-0001-6780-8395
Santiago R. Ram�ırez https://orcid.org/0000-0003-1306-1315
Eugenio Restrepo https://orcid.org/0000-0002-7037-1670
Zuleika Serrac�ın https://orcid.org/0000-0002-8412-3555

Data availability

Processed data along with R and RevBayes scripts to replicate the
results have been archived in Dryad at https://doi.org/10.
5061/dryad.pk0p2nh1z. LCDPs generated for this study are
available in Notes S1.

References

Ackerman JD, Phillips RD, Tremblay RL, Karremans A, Reiter N, Peter CI,

Bogar�ın D, P�erez-Escobar OA, Liu H. 2023. Beyond the various contrivances

by which orchids are pollinated: global patterns in orchid pollination biology.

Botanical Journal of the Linnean Society 202: 295–324.
Adams DC, Ot�arola-Castillo E. 2013. GEOMORPH: an R package for the

collection and analysis of geometric morphometric shape data.Methods in
Ecology and Evolution 4: 393–399.

Armbruster WS. 2014. Floral specialization and angiosperm diversity:

phenotypic divergence, fitness trade-offs and realized pollination accuracy. AoB
Plants 6: 4578.

Artuso S, Gamisch A, Staedler YM, Sch€onenberger J, Comes HP. 2022.

Evidence for an evo-devo-derived hypothesis on three-dimensional flower shape

modularity in a tropical orchid clade. Evolution 76: 2587–2604.
Barrett SCH. 2010. Darwin’s legacy: the forms, function and sexual diversity of

flowers. Philosophical Transactions of the Royal Society, B: Biological Sciences 365:
351–368.

Bollback JP. 2006. SIMMAP: stochastic character mapping of discrete traits on

phylogenies. BMC Bioinformatics 7: 88.
Bolstad GH, Hansen TF, P�elabon C, Falahati-Anbaran M, P�erez-Barrales R,
Armbruster WS. 2014. Genetic constraints predict evolutionary divergence in

Dalechampia blossoms. Philosophical Transactions of the Royal Society, B:
Biological Sciences 369: 20130255.

Castro JB, Singer RB. 2019. A literature review of the pollination strategies and

breeding systems in Oncidiinae orchids. Acta Botânica Bras�ılica 33: 618–643.
Chase MW, Williams NH, De Faria AD, Neubig KM, Amaral MDCE,

Whitten WM. 2009. Floral convergence in Oncidiinae (Cymbidieae;

Orchidaceae): an expanded concept of Gomesa and a new genus

Nohawilliamsia. Annals of Botany 104: 387–402.
Corn KA, Martinez CM, Burress ED, Wainwright PC. 2021. A multifunction

trade-off has contrasting effects on the evolution of form and function.

Systematic Biology 70: 681–693.
Dalstr€om S. 2020. New combinations in Cyrtochilum (Orchidaceae:

Oncidiinae). Lankesteriana 20: 41110.
Darwin C. 1862. On the various contrivances by which British and foreign orchids
are fertilised by insects, and on the good effects of intercrossing. London, UK: John

Murray.

Davies KL, Stpiczy�nska M. 2012. Comparative labellar anatomy of resin-

secreting and putative resin-mimic species ofMaxillaria s.l. (Orchidaceae:

Maxillariinae): Floral Resins inMaxillaria s.l. Botanical Journal of the Linnean
Society 170: 405–435.

Davies KL, Stpiczy�nska M, Kami�nska M. 2013. Dual deceit in pseudopollen-

producingM axillaria s.s. (Orchidaceae: Maxillariinae). Botanical Journal of the
Linnean Society 173: 744–763.

Davis CC, Schaefer H, Xi Z, Baum DA, Donoghue MJ, Harmon LJ. 2014.

Long-term morphological stasis maintained by a plant–pollinator mutualism.

Proceedings of the National Academy of Sciences, USA 111: 5914–5919.
Dellinger AS. 2020. Pollination syndromes in the 21st century: where do we

stand and where may we go. New Phytologist 228: 1193–1213.
Dellinger AS, Artuso S, Pamperl S, Michelangeli FA, Penneys DS, Fern�andez-

Fern�andez DM, Alvear M, Almeda F, Scott Armbruster W, Staedler Y et al.
2019.Modularity increases rate of floral evolution and adaptive success for

functionally specialized pollination systems. Communications Biology 2: 453.
Dodson CH. 1966. Ethology of some bees of the tribe euglossini (Hymenoptera:

Apidae). Journal of the Kansas Entomological Society 39: 607–629.
Domingos-Melo A, Silva DM, Milet-Pinheiro P. 2025. Floral handedness in

Mormodes orchids: revisiting Charles Darwin’s observations. Biotropica 57:
e70111.

Dressler RL. 1968. Pollination by Euglossine Bees. Evolution 22: 202–210.
Eaton DAR, Fenster CB, Hereford J, Huang S-Q, Ree RH. 2012. Floral diversity

and community structure in Pedicularis (Orobanchaceae). Ecology 93: 458.
Endress PK. 2016. Development and evolution of extreme synorganization in

angiosperm flowers and diversity: a comparison of Apocynaceae and

Orchidaceae. Annals of Botany 117: 749–767.
Fenster CB, Armbruster WS, Wilson P, Dudash MR, Thomson JD. 2004.

Pollination syndromes and floral specialization. Annual Review of Ecology,
Evolution, and Systematics 35: 375–403.

Gentry AH. 1982.Neotropical floristic diversity: phytogeographical connections

between Central and South America, pleistocene climatic fluctuations, or an

accident of the Andean orogeny? Annals of the Missouri Botanical Garden 69: 557.
Givnish TJ, Spalink D, Ames M, Lyon SP, Hunter SJ, Zuluaga A, Doucette A,

Caro GG, McDaniel J, Clements MA et al. 2016.Orchid historical

biogeography, diversification, Antarctica and the paradox of orchid dispersal.

Journal of Biogeography 43: 1905–1916.
Givnish TJ, Spalink D, Ames M, Lyon SP, Hunter SJ, Zuluaga A, Iles WJD,

Clements MA, Arroyo MTK, Leebens-Mack J et al. 2015.Orchid

phylogenomics and multiple drivers of their extraordinary diversification.

Proceedings of the Royal Society B: Biological Sciences 282: 20151553.
Goodall C. 1991. Procrustes methods in the statistical analysis of shape. Journal of
the Royal Statistical Society, Series B: Statistical Methodology 53: 285–321.

Goswami A, Noirault E, Coombs EJ, Clavel J, Fabre A-C, Halliday TJD,

Churchill M, Curtis A, Watanabe A, Simmons NB et al. 2022. Attenuated
evolution of mammals through the Cenozoic. Science 378: 377–383.

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

New Phytologist (2026)
www.newphytologist.com

New
Phytologist Research 11

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.71553 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [15/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-8408-8841
https://orcid.org/0000-0002-8408-8841
https://orcid.org/0000-0002-8408-8841
https://orcid.org/0000-0001-5987-7710
https://orcid.org/0000-0001-5987-7710
https://orcid.org/0000-0001-5987-7710
https://orcid.org/0009-0002-3353-1409
https://orcid.org/0009-0002-3353-1409
https://orcid.org/0009-0002-3353-1409
https://orcid.org/0000-0001-9166-2410
https://orcid.org/0000-0001-9166-2410
https://orcid.org/0000-0001-9166-2410
https://orcid.org/0000-0001-6780-8395
https://orcid.org/0000-0001-6780-8395
https://orcid.org/0000-0001-6780-8395
https://orcid.org/0000-0003-1306-1315
https://orcid.org/0000-0003-1306-1315
https://orcid.org/0000-0003-1306-1315
https://orcid.org/0000-0002-7037-1670
https://orcid.org/0000-0002-7037-1670
https://orcid.org/0000-0002-7037-1670
https://orcid.org/0000-0002-8412-3555
https://orcid.org/0000-0002-8412-3555
https://orcid.org/0000-0002-8412-3555
https://doi.org/10.5061/dryad.pk0p2nh1z
https://doi.org/10.5061/dryad.pk0p2nh1z


Guti�errez Morales N, Harding P, Dalstr€om S, Moreno J. 2018. A new species of

Cyrtochilum (Orchidaceae: Oncidiinae) from the Eastern Cordillera of

Colombia. Lankesteriana 18: 4578.
Henske J, De Dijn BPE, Eltz T. 2025. Non-floral scent sources of orchid bees:

observations and significance. Biotropica 57: e13395.
Henske J, Saleh NW, Chouvenc T, Ram�ırez SR, Eltz T. 2023. Function of

environment-derived male perfumes in orchid bees. Current Biology 33: 2075–
2080.e3.

Hetherington-Rauth MC, Ram�ırez SR. 2015. Evolutionary trends and

specialization in the euglossine bee–pollinated orchid genus Gongora. Annals of
the Missouri Botanical Garden 100: 271–299.

Hills HG, Williams NH, Dodson CH. 1972. Floral fragrances and isolating

mechanisms in the genus Catasetum (Orchidaceae). Biotropica 4: 61–76.
H€ohna S, Landis MJ, Heath TA, Boussau B, Lartillot N, Moore BR,

Huelsenbeck JP, Ronquist F. 2016. REVBAYES: Bayesian phylogenetic inference

using graphical models and an interactive model-specification language.

Systematic Biology 65: 726–736.
Johnson SD, Mor�e M, Amorim FW, Haber WA, Frankie GW, Stanley DA,

Cocucci AA, Raguso RA. 2017. The long and the short of it: a global analysis

of hawkmoth pollination niches and interaction networks. Functional Ecology
31: 101–115.

Joly S, Lambert F, Alexandre H, Clavel J, L�eveill�e-Bourret �E, Clark JL. 2018.

Greater pollination generalization is not associated with reduced constraints on

corolla shape in Antillean plants. Evolution 72: 244–260.
Kay KM, Anderson B. 2025. Beyond the Grant–Stebbins model: floral adaptive

landscapes and plant speciation. Annals of Botany 45: mcaf096.

Kay KM, Grossenbacher DL. 2022. Evolutionary convergence on hummingbird

pollination in Neotropical Costus provides insight into the causes of pollinator
shifts. New Phytologist 236: 1572–1583.

Kiester AR, Lande R, Schemske DW. 1984.Models of coevolution and

speciation in plants and their pollinators. The American Naturalist 124: 220–
243.

Kriebel R, Drew B, Gonz�alez-Gallegos JG, Celep F, Heeg L, Mahdjoub MM,

Sytsma KJ. 2020. Pollinator shifts, contingent evolution, and evolutionary

constraint drive floral disparity in Salvia (Lamiaceae): evidence from

morphometrics and phylogenetic comparative methods. Evolution 74: 1335–
1355.

Lem�enager M, Burkiewicz J, Schoen DJ, Joly S. 2023. Studying flowers in 3D

using photogrammetry. New Phytologist 237: 1922–1933.
Liu JW, Etl F, Ot�arola MF, Karremans AP, Ram�ırez SR. 2025. The evolution
and ecology of specialized mutualisms between perfume flowers and male

Euglossine bees. Annual Review of Ecology, Evolution, and Systematics 56: 241–
264.

Liu JW, Milet-Pinheiro P, Gerlach G, Ayasse M, Nunes CEP, Alves-dos-Santos

I, Ram�ırez SR. 2024.Macroevolution of floral scent chemistry across

radiations of male euglossine bee-pollinated plantsMacroevoluci�on de olores

florales a trav�es de radiaciones de plantas polinizadas por abejas euglosinas
machosMacroevoluc�~ao dos vol�ateis florais em radiac�~oes de plantas polinizadas
por machos de abelhas Euglossini. Evolution 78: 98–110.

May MR, Moore BR. 2020. A Bayesian approach for inferring the impact of a

discrete character on rates of continuous-character evolution in the presence of

background-rate variation. Systematic Biology 69: 530–544.
Milet-Pinheiro P, Gerlach G. 2017. Biology of the Neotropical orchid genus

Catasetum: a historical review on floral scent chemistry and pollinators.

Perspectives in Plant Ecology, Evolution and Systematics 27: 23–34.
Mondrag�on-Palomino M, Theißen G. 2009.Why are orchid flowers so diverse?

Reduction of evolutionary constraints by paralogues of class B floral homeotic

genes. Annals of Botany 104: 583–594.
Muchhala N, Potts MD. 2007. Character displacement among bat-pollinated

flowers of the genus Burmeistera: analysis of mechanism, process and pattern.

Proceedings of the Royal Society B: Biological Sciences 274: 2731–2737.
Neubig KM, Whitten WM, Williams NH, Blanco MA, Endara L, Burleigh JG,

Silvera K, Cushman JC, Chase MW. 2012. Generic recircumscriptions of

Oncidiinae (Orchidaceae: Cymbidieae) based on maximum likelihood analysis

of combined DNA datasets: ONCIDIINAE PHYLOGENETICS. Botanical
Journal of the Linnean Society 168: 117–146.

Nunes CEP, Maruyama PK, Azevedo-Silva M, Sazima M. 2018. Parasitoids turn

herbivores into mutualists in a nursery system involving active pollination.

Current Biology 28: 980–986.
Olsen AM, Westneat MW. 2015. STEREOMORPH: an R package for the collection

of 3D landmarks and curves using a stereo camera set-up.Methods in Ecology
and Evolution 6: 351–356.

Padr�on PS, Roubik DW, Pic�on RP. 2018. A preliminary checklist of the orchid

bees (Hymenoptera: Apidae: Euglossini) of ecuador. Psyche: A Journal of
Entomology 2018: 1–14.

Papadopulos AST, Powell MP, Pupulin F, Warner J, Hawkins JA, Salamin N,

Chittka L, Williams NH, Whitten WM, Loader D et al. 2013. Convergent
evolution of floral signals underlies the success of Neotropical orchids.

Proceedings of the Royal Society B: Biological Sciences 280: 20130960.
Pemberton RW, Wheeler GS. 2006.Orchid bees don’t need orchids: evidence

from the naturalization of an orchid bee in Florida. Ecology 87: 1995–2001.
P�erez-Escobar OA, Bogar�ın D, Przelomska NAS, Ackerman JD, Balbuena JA,

Bellot S, B€uhlmann RP, Cabrera B, Cano JA, Charitonidou M et al. 2024.
The origin and speciation of orchids. New Phytologist 242: 700–716.

P�erez-Escobar OA, Chomicki G, Condamine FL, de Vos JM, Martins AC,

Smidt EC, Klitg�ard B, Gerlach G, Heinrichs J. 2017a.Multiple geographical

origins of environmental sex determination enhanced the diversification of

Darwin’s favourite orchids. Scientific Reports 7: 12878.
P�erez-Escobar OA, Chomicki G, Condamine FL, Karremans AP, Bogar�ın D,

Matzke NJ, Silvestro D, Antonelli A. 2017b. Recent origin and rapid

speciation of Neotropical orchids in the world’s richest plant biodiversity

hotspot. New Phytologist 215: 891–905.
van der Pijl L, Dodson CH. 1966. Orchid flowers: their pollination and evolution.
Coral Gables, FL, USA: Univ. of Miami Press.

Price SA, Friedman ST, Corn KA, Martinez CM, Larouche O, Wainwright PC.

2019. Building a body shape morphospace of teleostean fishes. Integrative and
Comparative Biology 59: 716–730.

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. 2018. Posterior

summarization in bayesian phylogenetics using TRACER 1.7. Systematic Biology
67: 901–904.

Ramirez SR. 2019. Pollinator specificity and seasonal patterns in the euglossine

bee-orchid mutualism at La Gamba Biological Station. Acta ZooBot Austria 45:
171–181.

Ram�ırez SR, Eltz T, Fujiwara MK, Gerlach G, Goldman-Huertas B, Tsutsui

ND, Pierce NE. 2011. Asynchronous diversification in a specialized plant-

pollinator mutualism. Science (New York, N.Y.) 333: 1742–1746.
Ram�ırez SR, Roubik DW, Skov C, Pierce NE. 2010. Phylogeny, diversification

patterns and historical biogeography of euglossine orchid bees (Hymenoptera:

Apidae): phylogeny of orchid bees. Biological Journal of the Linnean Society 100:
552–572.

Reich D, Berger A, Von Balthazar M, Chartier M, Sherafati M, Sch€onenberger

J, Manafzadeh S, Staedler YM. 2020.Modularity and evolution of flower

shape: the role of function, development, and spandrels in Erica. New
Phytologist 226: 267–280.

Revell LJ. 2009. Size-correction and principal components for interspecific

comparative studies. Evolution 63: 3258–3268.
Revell LJ. 2012. PHYTOOLS: an R package for phylogenetic comparative biology

(and other things).Methods in Ecology and Evolution 3: 217–223.
Roberts-Hugghis AS, Burress ED, Lam B, Wainwright PC. 2023. The cichlid

pharyngeal jaw novelty enhances evolutionary integration in the feeding

apparatus. Evolution 77: 1917–1929.
Romero GA, Nelson CE. 1986. Sexual dimorphism in Catasetum orchids:

forcible pollen emplacement and male flower competition. Science 232: 1538–
1540.

Roubik DW, Ackerman JD. 1987. Long-term ecology of euglossine orchid-bees

(Apidae: Euglossini) in Panama. Oecologia 73: 321–333.
Stebbins GL. 1951. Natural selection and the differentiation of angiosperm

families. Evolution 5: 299–324.
Tamayo-Cen I, Carnevali G, Ram�ırez-Morillo IM, Cetzal-Ix W, Romero-

Gonz�alez GA. 2022. From Megamexico to the Amazon: phylogeny,

systematics and macroevolution of Clowesia (Orchidaceae: Catasetinae). Taxon
71: 758–795.

New Phytologist (2026)
www.newphytologist.com

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

Research

New
Phytologist12

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.71553 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [15/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Tobias JA, Sheard C, Pigot AL, Devenish AJM, Yang J, Sayol F, Neate-Clegg

MHC, Alioravainen N, Weeks TL, Barber RA et al. 2022. AVONET:

morphological, ecological and geographical data for all birds. Ecology Letters 25:
581–597.

Tribble CM, Freyman WA, Landis MJ, Lim JY, Barido-Sottani J, Kopperud

BT, H€ohna S, May MR. 2022. REVGADGETS: an R package for visualizing

Bayesian phylogenetic analyses from RevBayes.Methods in Ecology and
Evolution 13: 314–323.

Tung Ho LS, An�e C. 2014. A linear-time algorithm for gaussian and non-

gaussian trait evolution models. Systematic Biology 63: 397–408.
Vogel S. 1966. Parf€umsammelnde Bienen als Best€auber von Orchidaceen und

Gloxinia. €Osterreichische Botanische Zeitschrift 113: 302–361.
Weber MG, Mitko L, Eltz T, Ram�ırez SR. 2016.Macroevolution of perfume

signalling in orchid bees. Ecology Letters 19: 1314–1323.
Whitten WM, Blanco MA, Williams NH, Koehler S, Carnevali G, Singer RB,

Endara L, Neubig KM. 2007.Molecular phylogenetics ofMaxillaria and
related genera (Orchidaceae: Cymbidieae) based on combined molecular data

sets. American Journal of Botany 94: 1860–1889.
Whitten WM, Young AM, Stern DL. 1993. Nonfloral sources of chemicals that

attract male euglossine bees (Apidae: Euglossini). Journal of Chemical Ecology
19: 3017–3027.

Wolff JO, Wierucka K, Uhl G, Herberstein ME. 2021. Building behavior does

not drive rates of phenotypic evolution in spiders. Proceedings of the National
Academy of Sciences, USA 118: e2102693118.

Yu G, Smith DK, Zhu H, Guan Y, Lam TT. 2017. GGTREE: an R package for

visualization and annotation of phylogenetic trees with their covariates and

other associated data.Methods in Ecology and Evolution 8: 28–36.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Sampling metrics across the study by subtribe at two
taxonomic scales representing species diversity and generic diver-
sity.

Fig. S2 Results of evolutionary modelling of orchid evolution
using the relaxed scheme.

Fig. S3 State-specific and background rates of morphological
evolution across the Cymbidieae using the relaxed scheme.

Fig. S4 State-specific and background rates of morphological
evolution across the Cymbidieae using the strict scheme.

Fig. S5 Influence of different rate shift priors (1, 5, and 10 for
low, medium, and high, respectively) on total number of shifts
and the ratio of rates of evolution of perfume flower to nonper-
fume flowers in the strict scheme.

Fig. S6 Influence of different rate shift priors (1, 5, and 10 for
low, medium, and high, respectively) on total number of shifts
and the ratio of rates of evolution of perfume flower to nonper-
fume flowers in the relaxed scheme.

Fig. S7 Morphospaces of the neotropical Cymbidieae flower
comparing axes of variation in the reproductive structure and the
perianth colored by subtribe.

Fig. S8 Results of a two-block phylogenetic partial least-squares
analysis comparing evolutionary integration in Cymbidieae flow-
ers between the perianth and reproductive structure across per-
fume and nonperfume flowers.

Fig. S9 Results of a two-block phylogenetic partial least-squares
analysis comparing evolutionary integration in Cymbidieae flow-
ers within the reproductive structure and reproductive structure.

Methods S1 Methods used to describe the partial least-squares
analysis used to compute integration.

Notes S1 LCDPs generated by the authors for this study.

Table S1 Sources of additional species not sampled during this
study.

Table S2 Results of phylogenetic regression of log(size) on log-
shape ratios for each perianth trait.

Table S3 Comparison of results from stochastic character map-
ping, morphological disparity analyses, and evolutionary rate
modelling among pollination modes using the relaxed scheme.

Table S4 Substitutions of species made in this study.

Table S5 Loadings of each principal component of perianth var-
iation.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the
New Phytologist Central Office.

Disclaimer: The New Phytologist Foundation remains neutral with regard to

jurisdictional claims in maps and in any institutional affiliations.

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

New Phytologist (2026)
www.newphytologist.com

New
Phytologist Research 13

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.71553 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [15/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Exceptional diversification of floral form in a specialized pollination mutualism
	 Summary
	 Introduction
	 Materials and Methods
	 Data collection
	 Phylogeny

	 Controlling for size and log-shape ratios
	 Classification of pollination modes
	 Phylogenetic comparative methods

	 Results
	 Floral morphospace
	 Stochastic character mapping
	 Evolutionary rate modelling

	 Discussion
	 Acknowledgements
	 Competing interests
	 Author contributions
	Data availability
	 References
	Supporting Information


