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INTRODUCTION

Biodiversity is not equally distributed around the globe 
and is instead clustered in hotspots located in or near the trop
ics. The Caribbean is one of the top five biodiversity hotspots 
because of its large proportion of endemic plant and animal 
species and the recent drastic loss of primary forests (Myers 
& al., 2000). The West Indies, which consists of the major 
islands of the Caribbean region from Cuba in the northwest 
to Grenada in the southeast, harbours an especially high plant 
endemism (Santiago-Valentin & Olmstead, 2004; Smith & al., 
2005; Wege & al., 2009). Approximately 71% of the ca. 12,280 
plant taxa and 181 of the 1471 plant genera present in the West 
Indies are endemic (Acevedo-Rodríguez & Strong, 2012). This 
great diversity has been favoured by the isolation provided 
by the multiple islands along with the important geographic, 
topographic, and bioclimatic diversity that have provided ample 
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evolutionary opportunities (Acevedo-Rodríguez & Strong, 
2008). At the same time, the endemism generated by these 
features also place this diversity in a vulnerable position.

Well delimited species are fundamental to allow ade
quate conservation and biodiversity management (Campbell 
& Hammond, 1989). Poorly circumscribed species boundar
ies could result in extensively subdivided species (Bohonak, 
1999), underestimating species diversity and making it difficult 
to properly address conservation issues (Zink, 2004). Species 
delimitation is particularly difficult in complexes where 
characters within species co-vary with geography (Wade & 
Goodnight, 1998). Such taxonomic problems can only be solved 
using detailed analyses of different sources of information for 
large numbers of individuals across the species range.

The genera Gesneria L. and Rhytidophyllum Mart. 
(Gesneriaceae) are ideal groups to study plant diversity in 
the Caribbean biodiversity hotspot. This monophyletic group 
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diversified into approximately 75 species (Skog, 2012) from 
a most recent common ancestor estimated to have lived ca. 8 
million years ago (Roalson & al., 2008). Most species are found 
within the Greater Antilles (Cuba, Hispaniola, Puerto Rico, 
Jamaica) with only two species found in the Lesser Antilles and 
two species in South America (Skog & Boggan, 2007). This 
group has been the source of considerable taxonomic confusion 
over the years (Morton, 1957; Skog, 1976; Borhidi & Kereszty, 
1979; Clark & al., 2013) and contains several closely related 
species with unclear boundaries as well as species with several 
recognized subspecies. One example is Gesneria viridiflora 
(Decne.) Kuntze, the only species of sect. Duchartrea (Decne.) 
Fritsch (Skog, 1976). The plants of this species are large res
inous shrubs up to 6 m high and grow in wet forests of the 
Greater Antilles with the exception of Jamaica. They produce 
long peduncles that exceed the subtending leaves and bear nu
merous flowers with campanulate corollas. The taxa can be 
distinguished by the presence or absence of warts on the calyx 
and corolla, by the shape of calyx lobes (filiform or thick), by 
the corolla lobe margins (smooth, denticulate or fimbriate) and 
by the abaxial leaf color (green, pale green, brown or reddish) 
(Skog, 1976).

In his monograph, Skog (1976) recognized four allopatric 
subspecies based on morphology: G. viridiflora subsp. acro
chordonanthe L.E.Skog from southwestern Hispaniola, subsp. 
quisqueyana (Alain) L.E.Skog from Dominican Republic, 
subsp. sintenisii (Urb.) L.E.Skog from eastern Puerto Rico and 
subsp. viridiflora from Cuba. Of these taxa, only G. viridi
flora subsp. acrochordonanthe was newly described by Skog. 
Skog’s treatment still corresponds to the accepted taxonomy of 
the complex, although it is not completely settled yet. Morton 
(1957) had previously defined three varieties of G. viridiflora 
in Cuba based on leaf shape, which were synonymized to 
G. viridiflora subsp. viridiflora by Skog (1976) who consid
ered leaf shape characteristics to be too variable within and 
between populations. Nevertheless, Borhidi & Kereszty (1979) 
suggested to elevate one of these varieties to the status of sub
species: G. viridiflora subsp. colorata (C.V.Morton) Borhidi. 
Borhidi & Kereszty (1979) also proposed further changes that 
involved elevating G. viridiflora subsp. acrochordonanthe and 
G. viridiflora subsp. sintenisii to the species level and combin
ing G. viridiflora subsp. quisqueyana as a subspecies of G. sin
tenisii. In brief, most of these entities have been recognized as 
varieties, subspecies and species by different authors, creating 
confusion regarding their evolutionary significance.

The isolation of the taxa composing the G. viridiflora 
complex presents an interesting biogeographic pattern with 
remarkable geographic barriers such as the sea or mountain 
ranges. Given the morphological variation in this complex 
(both within and among subspecies), the allopatric nature of 
the subspecies, and a confusing history of taxonomic changes, 
the G. viridiflora complex represents a good candidate within 
the genus Gesneria to re-investigate taxonomic boundaries.

A clear species concept is critical to circumscribe spe
cies boundaries in a group and to allow a good understanding 
of the criteria involved in taxonomic decisions. For instance, 
Skog (1976) did not mention a specific species concept for 

his taxonomic decisions on the G. viridiflora complex, which 
makes it hard to understand the reasons and motivations behind 
his treatment such as why he chose to recognize the taxonomic 
entities in G. viridiflora as subspecies instead of distinct spe
cies. In this study, species are delimited with the unified species 
concept (de Queiroz, 2007) that defines species as a lineage 
of metapopulations evolving separately from other such enti
ties. The concept considers that all criteria potentially pro
viding evidence of lineage separation are relevant to species 
delimitation because discontinuities between species are not 
expected to evolve at the same rate for all criteria following 
speciation. Even if a single criterion may be sufficient for spe
cies delimitation, multiple lines of evidence are preferred and 
can demonstrate an accentuated evolutionary independence 
of the lineages.

In this study, we first define distinct evolutionary groups 
in the G. viridiflora complex using morphological (qualitative 
and quantitative) and genetic data. We then test these putative 
species using a coalescent-based species delimitation method 
and describe the bioclimatic characteristics of the different 
species. We conclude that four distinct species should be rec
ognized in the complex. We provide a new taxonomic treatment 
for the group, an identification key and a distribution map, and 
discuss our findings in terms of evolution and biogeography.

MATERIALS AND METHODS

Morphometric analyses. — Seventy-eight herbarium 
specimens of Gesneria viridiflora and synonyms of all its 
currently recognized subspecies (Skog & Boggan, 2007) were 
examined for morphological measurements (Electr. Suppl.: 
Table S1). The specimens considered were those presenting all 
characters studied with few exceptions (see below). Seventy-
three specimens came from herbarium loans (FLAS, NY, S,  
US) and five specimens (MT) were collected in the field in 
Haiti and Puerto Rico. According to the current taxonomy, 
these samples consist of 11 specimens of G. viridiflora subsp. 
acrochordonanthe, 30 of G. viridiflora subsp. quisqueyana, 
16 of G. viridiflora subsp. sintenisii and 21 of G. viridiflora 
subsp. viridiflora (5 from central Cuba and 16 from eastern 
Cuba). These cover the entire geographic range of G. viridiflora 
from central Cuba to eastern Puerto Rico. The type locality of 
all taxa studied was included, except for G. viridiflora subsp. 
acrochordonanthe. The holotype of G. quisqueyana Alain was 
included as well as an isotype of G. viridiflora var. colorata 
C.V.Morton. The corolla has a high potential for taxon differen
tiation in Gesneria (Skog, 1976), but few herbarium specimens 
had corollas. In some instances, specimens with incomplete 
features (e.g., lacking calyx lobes or capsules) were neverthe
less included to ensure a good geographic representation of all 
taxa. This is true for G. viridiflora subsp. acrochordonanthe 
that is poorly collected and G. viridiflora subsp. sintenisii that 
is highly endemic.

Qualitative and quantitative characters were selected be
cause of their variation in the complex or based on subspecies 
descriptions (Skog, 1976). Twenty-four qualitative characters 
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(Table 1) were coded into binary or multistate variables using 
a dissecting microscope. Twelve quantitative characters 
(Table 1) were measured with a 15 cm ruler (0.1 cm precision) 
or with an electronic caliper of 0.01 cm precision. The char
acters calyx lobe apex width (CalLobApexWid) and verruca 
width (VerWid) were measured on a binocular with an ocu
lar micrometer of 0.02 cm precision. The number of flowers 
(FlwNb) was counted. Whenever possible, the final value of 
quantitative characters is the mean of the two most extreme 
values found within an individual. A morphological distance 
matrix between individual specimens was calculated using 
the Gower distance method (Gower, 1971), using the “daisy” 
function of the “cluster” package (Maechler & al., 2016) in 
R (R Core Team, 2015), that can combine both quantitative 
and qualitative characters and that is little affected by missing 
data (Brown & al., 2012). The morphological distance matrix 
was visualized by means of a principal coordinates analysis 
(PCoA) using the “pcoa” function from the “ape” R package 
(Paradis & al., 2004). Ward’s minimum variance clustering 
method computed using the “hclust” R function was also used 
to look for interpretable objective clusters. The optimal num
ber of groups on this dendrogram was the one that resulted in 
the highest Mantel correlation between the original distance 
matrix and the groups using scripts of Borcard & al. (2011). 
The contribution of the quantitative and qualitative binary and 
ordinal variables to the PCoA axes was determined with the 
calculation of the Pearson correlation between the values of 
the variables and the PCoA axes (Legendre & Legendre, 2012). 
The contribution of the qualitative nominal variables to PCoA 
axes was determined by calculating a one-way ANOVA with 
each qualitative variable as an explanatory variable and the 
PCoA axis as the response variable. The variables with the best 
p-values after Sidák correction are considered as significantly 
contributing to the variation along the axes.

Sequence data acquisition. — Material for DNA extrac
tions came from leaf samples collected in the field and con
served in silica gel and from leaf samples removed from her
barium specimens collected since 1980 (Appendix 1; Electr. 
Suppl.: Table S2). DNA was extracted using the plant DNeasy 
kit (QIAGEN, Mississauga, Ontario, Canada) following the 
manufacturer’s instructions. Four unlinked single-copy nuclear 
genes were amplified and sequenced: CHI, CYCLOIDEA, F3H 
and UF3GT. PCR amplification followed Joly & al. (2016), 
except for recalcitrant samples for which we used the Phire 
Hot Start II (Thermoscientific, Missisauga, Ontario, Canda) 
enzyme for amplification following the manufacturer’s instruc
tions. Sequencing reactions were performed by the Genome 
Quebec Innovation Centre and run on a 3730xl DNA Analyzer 
(Applied Biosystems, Beverly, Massachusetts, U.S.A.). DNA 
sequences from both primers were assembled into contigs and 
manually edited in Geneious v.1.8 (Drummond & al., 2014). 
Gesneria fruticosa and G. ekmanii were included as outgroups 
because they were found to be closely affiliated with the studied 
group in previous analyses (Martén-Rodríguez & al., 2010; Joly 
& al., 2016). Sequences were aligned using MAFFT v.7 (Katoh 
& Standley, 2013) and alignments were visually inspected to 
confirm homology assessments. DNA sequences generated 

for this study were deposited in GenBank and combined with 
sequences from previous studies (Appendix 1; Electr. Suppl.: 
Table S2). 

Multivariate analysis of molecular data. — To first delimit 
groups of genetically distinct individuals, we used ordination 
and cluster analyses similar to those used for the morphological 
data. We estimated genetic distances between individuals using 
the genpofad distance (Joly & al., 2015) using the “pofadinr” 
R package (Joly, 2016) from a concatenated alignment of all 
markers. This distance has the advantage to use the informa
tion present in polymorphic nucleotides. To avoid undefined 
distances, only individuals sequenced for at least two markers 
were included in these multivariate analyses. A Ward pheno
gram was obtained and the optimal number of clusters was 
assessed as described above. A PCoA was also performed to 
graphically represent the genetic distances between individuals.

Species delimitation analysis. — The groups delimited 
by the multivariate analyses (morphological and molecular) 
were tested and their phylogeny jointly estimated from the 
full molecular dataset using the unguided Bayesian species 
delimitation method implemented in Bayesian Phylogenetics 
and Phylogeography (BPP) v.3.1 (Yang & Rannala, 2014). This 
coalescent-based method infers species delimitation from 
genetic data using a priori groupings by trying to merge the 
groups and estimating if these merged species are better sup
ported by the data. The program also simultaneously estimates 
the species tree for the species during the analysis. Because the 
program cannot split groups given a priori, we used as a priori 
grouping all groups identified by either the morphological or 
genetic multivariate analyses, which is also consistent with the 
unified species concept. We also tested currently recognized 
infraspecific taxa in a separate analysis. The analyses with 
BPP were performed using the following parameters: species
delimitation = 1, algorithm = 1, finetune (a) = 2, finetune (m) 
= 1, speciesmodelprior = 1, usedata = 1 and cleandata = 0. 
The Markov Chain Monte Carlo (MCMC) analysis was run 
for 100,000 generations with a sampling frequency of 1 and a 
burn-in of 8000. We present the phylogenetic tree representing 
the a priori species given to the program, which was the highest 
sum of clade credibility tree amongst the trees from the pos
terior distribution that contained these species. This tree was 
selected and annotated in TreeAnnotator v.1.8.2 (Drummond 
& Rambaut, 2007).

Bioclimatic niche analyses. — We investigated whether 
the species circumscribed with the morphometric and genetic 
analyses also had different bioclimatic preferences. Presence 
data were collected from GPS points taken in the field in Cuba 
and Haiti and from georeferenced localities gathered from her
barium specimens (FLAS, NY, S, US). Georeferencing of her
barium specimen without GPS coordinates was done with the 
help of Geolocate (Rios & Bart, 2010). This resulted in a total 
of 95 presence points. Bioclimatic variables were extracted 
from the WORLDCLIM database (Hijmans & al., 2005) using a 
resolution of 30 arc-seconds. Several bioclimatic variables from 
the WORLDCLIM database are autocorrelated with each other, 
which can have undesirable consequences for statistical analy
ses with prediction objectives. However, because the objective 
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Table 1. Code, description and type of quantitative and qualitative characters measured in herbarium specimens used for morphological analyses.

Code Character Type

Quantitative characters

PetLen Petiole length [mm]a Continuous

LeavLen Leaf length (from petiole base to apex) [cm]a Continuous

LeavMTooS Distance between teeth on leaf margins [mm]b Continuous

LeavWidPt Leaf length from petiole base to widest point [cm]a Continuous

LeavWid Leaf width at widest point [cm]a Continuous

PedLen Peduncle length from peduncle base to first cyme division [cm]a Continuous

PedDiam Peduncle diameter [mm]b Continuous

PediLen Pedicel length from base of pedicel to base of floral tube [mm]b Continuous

FlwNb Flower number per inflorescence Discrete

CalLobLen Calyx lobe length from base to apex [mm]b Continuous

CalLobApexWid Calyx lobe apex width [mm]c Continuous

CalLobBaseWid Calyx lobe base width [mm]b Continuous

VerWid Verruca width on calyx lobes and capsule [mm]c Continuous

CapLen Capsule length from pedicel apex to base of calyx lobe [mm]b Continuous

CapWid Capsule width at widest point/apex [mm]b Continuous

Qualitative characters

BarkCol Bark colour (brown-red; dark brown-red) Nominal

ApexRes Apex resinous (0 = low; 1 = high) Binary

LeavMarg Leaf margin (denticulate; serrate; serrulate)d Nominal

CorLeav Leaf texture (0 = not coriaceous; 0.5 = subcoriaceous; 1 = coriaceous) Ordinal

LeavAbaCol Leaf abaxial colour (copper; green; light brown; light green)d Discrete

LeavMainVein Leaf main vein prominence (0 = faint; 1 = present; 2 = prominent) Ordinal

LeavMinVein Leaf minor vein prominence (0 = faint; 1 = present; 2 = prominent) Ordinal

CenVeinRes Central vein resin abundance (0 = low; 1 = high) Binary

CenVeinVer Central vein verruca abundance (0 = low; 1 = high) Binary

LeavBase Leaf base shape (cuneate; round)d Nominal

LeavApex Leaf apex shape (acuminate; acute; retuse)d Nominal

LeavShape Leaf shape (oblanceolate; obovate)d Nominal

PetRes Petiole resin abundance (0 = low; 1 = high) Binary

PetCol Petiole colour (brown-red; dark brown-red) Nominal

PetVer Petiole verruca abundance (0 = low; 1 = high) Binary

PedCol Peduncle colour (brown-red; dark brown-red) Nominal

PedVer Peduncle verruca abundance (0 = low; 1 = high) Binary

PedRes Peduncle resin abundance (0 = low; 1 = high) Binary

CalLobApexThick Calyx lobe apex thickness (0 = thin; 1 = thick) Binary

CalLobApex Calyx lobe apex shape (acuminate; acute; rounded) Nominal

CalVer Calyx verruca abundance (0 = low; 1 = high) Binary

CalLobVer Calyx lobe verruca abundance (0 = low; 1 = high) Binary

CapRes Capsule resin abundance (0 = low; 1 = high) Binary

CarVer Capsule verruca abundance (0 = low; 1 = high) Binary

Notes: a – Measured with a ruler; b – Measured with an electronic calliper; c – Measured on a binocular with an ocular micrometer; d – Coded as 
discrete nominal factors
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of the present study was descriptive, all variables were included 
in the analysis. A principal component analysis (PCA) of the 
correlation matrix was used to represent the samples in a re
duced space. Bioclimatic analyses were performed using the R 
software (R Core Team, 2015) with packages dismo (Hijmans 
& al., 2015) and ade4 (Dray & Dufour, 2007).

Biogeographic analyses. — A formal biogeographic analy
sis is not appropriate in this groups for two reasons. First, the 
small number of species does not provide sufficient information 
to robustly estimate parameters of likelihood-based method 
(e.g., Ree & Smith, 2008; Matzke, 2014). Second, the typi
cal biogeographic models in which speciation is independent 
of geographic range evolution are not appropriate for insular 
or highly endemic taxa such as the species studied here (see 
below). Therefore, to estimate which island is more likely to 
represent the ancestral area for this complex, we used Fitch par
simony optimization (Ronquist, 1994) and inferred the ances
tral area for 10,000 random trees sampled from the posterior 
distribution of the species delimitation search. 

RESULTS

For sake of simplicity, the figures present the taxonomy 
proposed in this study and not the currently accepted taxonomy. 
This does not reflect any a priori taxonomic pre-conceptions 
and is only used to avoid possible confusion between the old 
and the new taxonomy. The relation between what we conclude 
to be the true species and the previously recognized taxonomy 
can be found in the Taxonomic Treatment section below.

Determination of distinct evolutionary clusters. — A 
PCoA of the morphological dataset explained 27.1% of the total 
morphological variation on the first three axes (Fig. 1A, B). 
The other axes were not further considered because they do 
not allow to identify distinct groups of individuals and they 
represent less than 5% of the total variation. The number of 
clusters that best represents the original Gower’s distance is 
four (Fig. 1C); these clusters are highlighted on the PCoA (Fig. 
1A, B) and the dendrogram (Fig. 1D). Axis 1 of the PCoA 
mainly distinguishes the group represented by circles from 
the diamonds and all triangles (pointing both up and down) 
groups. This axis is significantly correlated with abaxial leaf 
color, the abundance of verruca on the calyx lobes, the width 
of the verruca on calyx and capsule, the number of flowers, the 
length of pedicel, peduncles and capsules and the width of the 
capsule, among others (Electr. Suppl.: Table S3). PCoA axis 2 
mainly distinguishes the group of individuals represented by 
squares from the others and is significantly correlated with the 
shape of the leaf margin, the coriaceous leaves, prominence of 
the main leaf vein, and shape of the leaf apex, among others 
(Electr. Suppl.: Table S3). Finally, PCoA axis 3 mainly distin
guishes the group represented by diamonds from the others 
and is correlated with abaxial leaf color, the prominence of the 
minor leaf veins, the distance between leaf teeth, and resinous 
petioles and peduncles (Electr. Suppl.: Table S3).

The PCoA and Ward’s dendrogram of the genetic dis
tances showed distinct clusters of individuals (Fig. 2A, B). 

The optimal number of clusters in the dataset was five (Fig. 
2C). Three of these were congruent with the morphological 
data (squares, circles and diamonds; Figs. 1, 2). The others 
comprised the individuals represented by triangles (pointing 
both up and down). Because one of these two clusters consisted 
of a single individual, it was considered to belong to its closest 
group for the identification of a priori groupings for the species 
delimitation analysis. 

Genetic species delimitation. — To avoid unnecessary 
restrictions in the species delimitation analyses and to be con
sistent with the unified species concept, all groups identified 
by either the morphological or genetic multivariate analyses 
were included in the species delimitation analysis. The species 
delimitation analysis suggested the presence of three distinct 
species, as this is the scenario that received the highest pos
terior probability (0.57 PP; Fig. 3A). However, scenarios with 
four species also received considerable support with 0.43 PP. 
The groups represented by diamonds and all triangles (pointing 
both up and down) received highest support (> 0.99 PP; Fig. 3B). 
A group that combined individuals represented by circles and 
squares received slightly more support (PP = 0.57) than separ
ate groups for circles and squares (0.43 PP for both). No other 
species delimitation received a posterior probability above 
0.001. We also performed a separate analysis, considering a pri
ori the downward triangle group, which includes individuals 
currently recognized as G. viridiflora subsp. acrochordonanthe 
and that was found to be slightly distinct morphologically from 
the upward triangles group (Fig. 1B). The analysis gave higher 
support for considering this downward triangle individual as a 
separate species (0.55 PP) compared to a combined group that 
would consist of all triangles (0.39 PP; Electr. Suppl.: Fig. S1B). 
Finally, we found that two morphologically distinct species, 
G. nipensis and G. bracteosa, were found to be genetically 
affiliated with the G. viridiflora complex (Joly & al., 2016). A 
species delimitation analysis that included these species showed 
that although these species are likely to be nested within the 
complex, they do not affect the results from the species delimit
ation (Electr. Suppl.: Fig. S2).

Phylogeny and biogeography. — The phylogenetic tree 
for a scenario with four distinct species (excluding the out
group) showed moderate support for a monophyletic G. viridi
flora complex (0.87 PP; Fig. 3C), although the inclusion of 
G. nipensis and G. bracteosa (Electr. Suppl.: Fig. S2) suggests 
they should potentially also be included in this group despite 
their morphological distinctiveness. Relationships within the 
G. viridiflora complex are not strongly supported, apart for the 
groups represented by squares and circles.

Fitch optimization on 10,000 random trees from the pos
terior distribution of trees with four species showed that 70% 
of the trees supported an ancestor on Hispaniola for the group, 
while 30% of the trees reported an ambiguous optimization 
between Hispaniola and Cuba. This suggests that a Cuban an
cestor of the group cannot be completely rejected. Although 
Fitch optimization is a rather simple approach for ancestral area 
estimation, parsimony reconstructions have been demonstrated 
to be accurate when trait shifts are spaced out on the phylogeny 
(Steel, 2001), which appears to correspond with our data.
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Fig. 1. A & B, Principal coordinates analysis (PCoA) of Gower’s distance matrix for qualitative and quantitative morphological traits. The groups 
circumscribed by the dotted lines represent the optimal number of clusters as determined by the Mantel correlation between Gower’s distance 
and the clusters obtained from a Ward clustering algorithm. C, Correlations for different numbers of clusters. D, Ward’s dendrogram.
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Bioclimatic results. — The recognized species (see be
low) were also compared for their bioclimatic characteristics. 
The first three principal components (PC) of the PCA (Fig. 4) 
accounted for 91.20% of the total variance and showed that 
the groups delimited above have relatively different biocli
matic characteristics, although they do not form clearly dis
tinct clusters. Along the first axis, the group represented by 
circles has lower scores whereas the diamonds and squares 
have higher scores. On PC1, higher scores are correlated with 
higher max. temperature of the warmest month, higher mean 
temperature of the wettest and warmest quarters, lower annual 

Fig. 2. A, Principal coordinates analysis (PCoA) of the genpofad genetic 
distances from four nuclear markers; B, Ward’s dendrogram of the 
genpofad distances between individuals; C, Plot showing the correla
tion between the genpofad distance matrix and the cluster structure 
for different numbers of clusters obtained from the Ward dendrogram. 
— The five optimal clusters are shown with dotted lines in the PCoA 
(A) and the dendrogram (B).

Fig. 3. Species delimitation results obtained with BPP using the genetic 
data. A, Posterior probability for the total number of species accord
ing to the data (excluding outgroups); B, Posterior probability for all 
group delimitations (either single a priori defined groups or merged 
groups) that received more than 0.001 PP in the analysis; C, Maximum 
clade credibility species phylogeny for the scenario with four spe
cies plus outgroups. Node bars indicate 95% credibility intervals for 
node heights and number below branches indicate clade posterior 
probability.
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mean temperature, lower mean diurnal range, lower isother
mality and precipitation seasonality, and lower precipitation 
of the wettest, warmest and coldest quarters. PC2 mainly dis
tinguishes the diamonds group (with higher scores) and the 
squares group (with lower scores). Higher scores on PC2 are 
associated with a higher annual range in temperature, a higher 
annual precipitation and a higher precipitation in the driest 
quarter, a lower min. temperature of the coldest month, and 
a lower mean temperature of the driest and coldest quarters. 
Finally, PC3 mainly distinguishes the triangles groups (upward 
and downward) that has lower scores than the others. These 
lower scores on PC3 are correlated with a higher precipitation 
in the driest month, a lower annual precipitation, and lower 
precipitation in the wettest month.

DISCUSSION

Four groups of individuals were found to be distinct 
according to either the morphological or the genetic data and 
were considered to be evolving independently from each other 
according to the unified species concept. The genetic species 
delimitation further supported these boundaries, with one 
exception that was equivocal and that is discussed below. The 
species are introduced sequentially using headings that cor
respond to the new taxonomy, and a discussion follows.

Gesneria sylvicola. — The group that is represented by 
diamonds corresponds to individuals that were ambiguously 
defined as either G. viridiflora subsp. acrochordonanthe or 
G. viridiflora subsp. quisqueyana. This group was found to 

Fig. 4. Principal components analysis (PCA) of the correlation matrix of the bioclimatic variables for occurrence data. Upper panels (A, B) show 
the positions of collections in the reduced space and lower panels (C, D) show the variable scores along the principal axes. Bioclimatic variables 
description: bio1 = annual mean T°, bio2 = mean diurnal range, bio3 = isothermality ((bio2 / bio7) * 100), bio4 = T° seasonality (stand. dev. *100), 
bio5 = max T° of warmest month, bio6 = min T° of coldest month, bio7 = T° annual range (bio5–bio6), bio8 = mean T° of wettest qtr, bio9 = 
mean T° of driest qtr, bio10 = mean T° of warmest qtr, bio11 = mean T° of coldest qtr, bio12 = annual precipitation, bio13 = precipitation in 
wettest month, bio14 = precipitation in driest month, bio15 = precipitation seasonality (coefficient of variation), bio16 = precipitation in wettest 
qtr, bio17 = precipitation in driest qtr, bio18 = precipitation in warmest qtr, bio19 = precipitation in coldest qtr.
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be clearly distinct according to morphological, genetic and 
bioclimatic data and had strong support in the genetic species 
delimitation analysis. It clearly satisfies the criteria of a distinct 
species. Importantly, this group does not include the popula
tions from the Massif de la Hotte in southwest Haiti, which is 
the type locality of G. acrochordonanthe (Skog) Borhidi (down
ward triangles in our analysis). Therefore, we cannot name this 
species G. acrochordonanthe. The correct name for this group 
is G. sylvicola Alain (Liogier, 1973), which is currently con
sidered a synonym of G. viridiflora subsp. quisqueyana (Skog, 
1976). However, G. sylvicola has a morphology and geographic 
range that corresponds to the group delimited here and not 
to subsp. quisqueyana (Liogier, 1973). It is also important to 
point out that G. denticulata Alain (Liogier, 1976) should be 
considered a synonym of G. sylvicola as its morphology is very 
similar to that of G. sylvicola. Morphologically, G. sylvicola is 
mainly characterised by a brown abaxial leaf surface and calyx 
lobes that are curved outwards apically.

Gesneria quisqueyana and Gesneria sintenisii. — The group 
represented by circles corresponds to specimens previously 
identified as G. viridiflora subsp. quisqueyana from the north
ern Dominican Republic. This group is morphologically dis
tinct and also has a relatively distinct bioclimatic signature. The 
same conclusions are true for the group represented by squares. 
These latter individuals are all located in Puerto Rico and were 
all formerly identified as G. viridiflora subsp. sintenisii. In con
trast, the genetic species delimitation analysis was equivocal 
regarding the respective distinctiveness of these two groups, 
giving a slightly higher probability for one species combining 
these two groups. However, because they have distinct mor
phologies, different bioclimatic niches, different pollination 
strategies (subsp. sintenisii is pollinated by bats and humming
birds whereas subsp. quisqueyana is strictly pollinated by bats; 
Martén-Rodríguez & al., 2009), and gene flow is clearly re
stricted because the two groups are located on different islands, 
we believe that it is reasonable to recognize these entities as two 
distinct species under the unified species concept (de Queiroz, 
2007). Because current gene flow is strongly restricted between 
these groups, the genetic affinities observed with the species 
delimitation study suggest a recent origin. The proper name 
for the species endemic to northern Dominican Republic that 
corresponds to previous G. viridiflora subsp. quisqueyana is 
Gesneria quisqueyana Alain (Liogier, 1971), and G. viridiflora 
subsp. quisqueyana thus becomes a synonym. For the indi
viduals from Puerto Rico currently known as G. viridiflora 
subsp. sintenisii, the proper species name is Gesneria sintenisii 
Urb. (Urban, 1901). Morphologically, G. quisqueyana is mostly 
characterised by a reddish abaxial leaf surface and denticulate 
corolla lobe margins, whereas G. sintenisii is characterised by 
a pale green abaxial leaf surface, smooth corolla lobe margins 
and denticulate leaf margins.

Gesneria viridiflora. — The group represented by upward 
and downward triangles consists of individuals previously 
identified as G. viridiflora subsp. viridiflora and G. viridi
flora subsp. acrochordonanthe, respectively. This group is 
morphologically distinct and also received high support by the 
genetic species delimitation analysis. It is also bioclimatically 

distinct from all other groups. According to these results, 
it should be considered a distinct species. Interestingly, the 
downward triangle individuals showed some morphological 
distinction in the multivariate analyses even if it was not sig
nificant. Furthermore, a species delimitation analysis where 
the individuals of this subgroup was recognized a priori gave 
greater support to the hypothesis that it forms a distinct spe
cies. The downward triangles group consists of individuals 
currently recognized as G. viridiflora subsp. acrochordonanthe 
(Skog, 1976). Because this group did not form clearly dis
tinct clusters in the multivariate analyses and because only 
a single individual was included in the species delimitation 
analysis, it seems premature to recognize it as a distinct spe
cies. However, the slight morphological differentiation from 
the upward triangle individuals and its geographic isolation 
(these individuals are found in southwest Haiti whereas the 
upward triangles individuals are all found in Cuba) justifies 
a taxonomic recognition at the infraspecific level. In conclu
sion, all specimens represented by triangles (pointing both up 
and down) form a distinct evolving lineage that belong, to a 
single species, Gesneria viridiflora (Decne.) Kuntze (Kuntze, 
1891). We also chose to maintain the current taxonomy for the 
specimens from southwest Haiti (downward triangles), which 
is G. viridiflora subsp. acrochordonanthe. This subspecies is 
mostly characterised by fimbriate upper corolla lobe margins 
in contrast to fimbriations on all corolla lobes that are com
mon in other species of Gesneria. The remaining individuals, 
found on Cuba, thus below to G. viridiflora subsp. viridiflora 
and are mainly characterised by fimbriate corolla lobe margins 
and thickened calyx lobes apexes. 

Historically, many varieties and subspecies have been 
described for G. viridiflora in Cuba (Morton, 1957; Borhidi 
& Kereszty, 1979). As noted above, Skog (1976) did not rec
ognize the varieties identified by Morton (1957), described 
according to leaf shape variation that is strongly affected by 
environmental conditions. Clark & al. (2013) reached similar 
conclusions, reporting extensive leaf shape variation within and 
among populations. Similarly, our analyses did not highlight 
further division within this group and these varieties are con
sidered synonyms of G. viridiflora subsp. viridiflora.

Overall, the species delimitation we propose generally 
agrees with previous taxonomic treatments of this complex. 
Indeed, most species recognized here had been identified 
in the past as either species or subspecies (e.g., Skog, 1976; 
Borhidi & Kereszty, 1979). However, there are two important 
novelties associated with this treatment. First, it is the first 
time that individuals from southwest and central Hispaniola 
have been allocated to distinct species. Indeed, our results 
clearly showed that G. viridiflora subsp. acrochordonanthe 
has closer affinities to Cuban individuals (G. viridiflora subsp. 
viridiflora) than to individuals from the same island (G. syl
vicola). Second, the current study identified more entities as 
distinct species. Given that the proposed species clearly rep
resent independently evolving units, this taxonomy provides 
a more accurate picture of the diversity of this complex and 
will help to better inform future decisions regarding the con
servation of this region.  
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Biogeography. — Reconstruction of ancestral areas 
identified Hispaniola as the most likely ancestral area for the 
G. viridi flora complex, although a Cuban ancestor cannot 
be completely discarded. According to the maximum clade 
credibility tree (Fig. 3C), an origin on Hispaniola would imply 
allopatric speciation within Hispaniola as well as migration 
towards Cuba and more recently to Puerto Rico given the recent 
divergence between G. quisqueyana and G. sintenisii. Affinities 
between Hispaniola and both Cuba and Puerto Rico have been 
frequently observed in many plant groups (Santiago-Valentin & 
Olmstead, 2004). Interestingly, Borhidi (1991) suggested that 
the species that constitute the Cuban mountain rainforest prob
ably originated from Hispaniola, a proposition that could find 
support in our results given that the individuals from southwest 
Hispaniola and Cuba belong to the same species.

Species of the G. viridiflora complex are all allopat
ric, being isolated from each other by the sea or by valleys. 
Endemism is often very localised, such as with G. sintenisii 
from the Sierra de Luquillo in Puerto Rico, or at the infras
pecific level with G. viridiflora subsp. acrochordonanthe from 
the Massif de la Hotte in Haiti (Fig. 5). The fact that this latter 
group belongs to another species than other individuals from 
Hispaniola is particularly interesting as it supports the floris
tic distinctiveness of the Massif de la Hotte from the remain
ing of Hispaniola, a pattern emphasized by numerous studies 
(Ekman, 1926, 1928; Dod, 1984; Judd, 1987; Majure & al., 
2014). Although the biogeographic history of the West Indies 
is complex and not completely resolved, the southwest of cur
rent Hispaniola remained separated for a long time and only 
connected with the main island in the Miocene or Pleistocene 
(reviewed in Santiago-Valentin & Olmstead, 2004). This 
could explain the floristic similarities between the region of 
the Massif de la Hotte and eastern Cuba (Ekman, 1926, 1928; 
Dod, 1984; Judd, 1987; Majure & al., 2014), which is supported 
here as individuals from the Massif de la Hotte are conspecific 
with the Cuban individuals. 

The high local endemism observed here clearly highlights 
the importance of protecting local habitats within the Caribbean 

to protect the biodiversity in this hotspot. For instance, the 
populations of G. viridiflora subsp. acrochordonanthe are cur
rently under high threat in the Massif de la Hotte mountain 
range where the habitat has been severely degraded due to 
massive deforestation in the last few decades. The last remnants 
of primary forests are found in Pic Macaya National Park and 
surrounding mountains west of the park that are all threatened 
by deforestation for pastures, cultivation of crops and charcoal 
production, even on the steepest slopes. Despite the presence 
of a national park, the socio-economic conditions prevailing 
in this region make the future of this endemic species very 
uncertain. During our last botanical expeditions to this region 
in 2014–2015, a single population was found over four days 
of exploration. Clearly, this subspecies is presently at risk of 
extinction if deforestation of its habitat is not halted.

Our results suggest that there may be more species en
demism than previously thought in Caribbean Gesneriaceae. 
The study also shows that, given appropriate approaches, it 
is possible to obtain convincing species delimitations even in 
groups known for their taxonomic complexity. This is critical 
to accurately monitor and protect biodiversity.

Identification key

1. Corolla lobes margins smooth or denticulate. Peduncles 
(9–)12–22 cm long, pedicels 3–9(–11) mm long, flowers 
(2–)6–13(–18) per inflorescence. Calyx lobes filiform, 
0.25–0.75 mm wide at apex. Calyx slightly verrucose; 
verrucae 0.15–0.3 mm wide  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2

1. All corolla lobes or only upper corolla lobe margins fim
briate. Peduncles (4–)8–12(–25) cm long, pedicels (2–)8–
12(–22) mm long, flowers 2–5 per inflorescence. Calyx 
lobes thick, 0.75–1.5 mm wide at apex. Calyx markedly 
verrucose; verrucae 0.2–0.8 mm wide  . . . . . . . . . . . . . . . . . . . .  3

2. Abaxial leaf surface pale green, leaf margins denticulate, 
leaves subcoriaceous, corolla lobe margins smooth, corolla 
greenish yellow. Eastern Puerto Rico  . . . . . . . . . . . . . . . . . . . . . . .  
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Gesneria sintenisii

Fig. 5. Distribution map of the 
species of Gesneria described in 
this study.
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Additional specimens examined. – See Electr. Suppl.: 
Table S1.

Gesneria sylvicola Alain in Phytologia 25: 276. 1973 – Holo-
type: Dominican Republic, La Descubierta, Constanza, 
1–2 May 1971, A.H. Liogier 18024 (NY barcode 00111464!; 
isotype: US barcode 00136335!).

= Gesneria denticulata Alain in Moscosoa 1: 41–42, fig. 11. 
1976 – Holotype: Dominican Republic, Sierra de Neiba, 
1500 m, 24–26 May 1975, A.H. Liogier 22661 (SD?; iso
types: NY barcodes 00111400! & 00111401!).
Distribution. – Hispaniola, southeast Haiti and southwest 

to central Dominican Republic.
Additional specimens examined. – See Electr. Suppl.: 

Table S1.

Gesneria viridiflora (Decne.) Kuntze subsp. viridiflora, 
Revis. Gen. Pl. 2: 473. 1891 ≡ Duchartrea viridiflora 
Decne. in Ann. Sci. Nat., Bot., sér. 3, 6: 109, t. 8. 1846 ≡ 
Pentaraphia viridiflora (Decne.) Hanst. in Linnaea 34: 
306. 1865 – Holotype: Cuba, prov. Santiago de Cuba, “St. 
Yago de Cuba, Sierra Maestra”, 3000–4000 ft, 1843–1844, 
J.J. Linden 1702 (P barcode P00587318!; isotypes: BM 
barcodes BM000992252! & BM000992253!, G bar-
codes G00365594! & G00365599!, GENT barcode [BR] 
000090031731!, K barcode K000450120!, P barcodes 
P00587316! & P00587317!).

= Gesneria viridiflora var. acutifolia C.V.Morton in Brittonia 9: 
21. 1957 – Holotype: Cuba, prov. Santiago de Cuba, “Nima-
nima”, 1856, C. Wright 354 (GH barcode 00092135!; iso
types: S No. S14-11682!).

= Gesneria viridiflora var. colorata C.V.Morton in Brittonia 
9: 21. 1957. ≡ Gesneria viridiflora subsp. colorata (C.V. 
Morton) Borhidi in Bot. Közlem. 62: 27. 1975 – Holotype: 
Cuba, prov. Sancti Spíritus, “Santa Clara, Naranjo, Buenas 
Aires, Trinidad Hills”, 2500–3500 ft, 24 Jul 1930, J.G. 
Jack 8111 (US barcode 00136338!; isotype: NY barcode 
00073860!).

= Gesneria viridiflora var. obovata C.V.Morton in Brittonia 
9: 21. 1957– Holotype: Cuba, prov. Santiago de Cuba, 
“Cañizo, S of Loma del Gato, Sierra Maestra”, Jul 1921, 
Br. León 9821 (US barcode 00136339!; isotype: NY bar
code 01401770).
Distribution. – Cuba.
Additional specimens examined. – See Electr. Suppl.: 

Table S1.

Gesneria viridiflora subsp. acrochordonanthe L.E.Skog in 
Smithsonian Contr. Bot. 29: 139. 1976 ≡ G. acrochor
donanthe (L.E.Skog) Borhidi in Acta Bot. Acad. Sci. Hung. 
25: 35. 1979 – Holotype: Haiti, prov. Sud, St. Louis du 
Sud, Bonnet-Carré, 1200 m, 2 Nov 1927, E. Ekman H9236 
(S No. S07-5652!; isotypes: US barcode 00136337!).
Distribution.– Haiti, Tiburon Peninsula, Massif de la 

Hotte.
Additional specimens examined. – See Electr. Suppl.: 

Table S1.

2. Abaxial leaf surface reddish, leaf margins serrate, leaves 
coriaceous, corolla lobe margins denticulate, corolla white 
to reddish. Northern Dominican Republic  . . . . . . . . . . . . . . . . .  
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Gesneria quisqueyana

3. Abaxial leaf surface brown, abundantly resinous, leaf mar
gins serrulate; corolla slightly resinous, brownish to yel
low-green outside, upper corolla lobes slightly frimbriate; 
calyx lobes curved outwards apically, apex not swollen; 
central Hispaniola (southeast and central Haiti to central 
Dominican Republic)  . . . . . . . . . . . . . . . . . .  Gesneria sylvicola

3. Abaxial leaf surface pale green, slightly resinous, leaf mar
gins serrate to serrulate; corolla distinctly resinous, dark 
reddish to yellow with reddish spots outside, upper or all 
corolla lobes fimbriate; calyx lobes straight or curved in
wards apically, apex thickened or not; western Hispaniola 
or Cuba  . . . . . . . . . . . . . . . . . . . . . . . . . . .  Gesneria viridiflora → 4

4. All corolla lobe margins frimbriate, leaf margins serrate, 
corolla yellow with reddish spots to dark red, calyx lobes 
apex thickened. Central and eastern Cuba  . . . . . . . . . . . . . . . . .  
 . . . . . . . . . . . . . . . . . . . .  Gesneria viridiflora subsp. viridiflora

4. Upper corolla lobe margin fimbriate, leaf margins ser
rulate, corolla dark red, calyx lobes apex not thickened. 
Massif de la Hotte, Haiti  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
 . . . . . . . . . . . Gesneria viridiflora subsp. acrochordonanthe

Taxonomic treatment

Gesneria quisqueyana Alain in Mem. New York Bot. Gard. 
21(2): 147. 1971 ≡ G. sintenisii subsp. quisqueyana (Alain) 
Borhidi in Acta Bot. Acad. Sci. Hung. 25: 35. 1979 ≡ 
G. viridiflora subsp. quisqueyana (Alain) L.E.Skog 
in Smithsonian Contr. Bot. 29: 140. 1976 – Holotype: 
Dominican Republic, La Cumbre, Jamao, Moca, 700–
800 m, 27 May 1969, A. Liogier 15386 (NY barcodes 
00111455! & 00111456! [mounted on two sheets]; isotypes: 
GH barcode 00092131!, NY barcode 00111457!, US bar
code 00136325!).
Distribution. – Hispaniola, mountains in the north of 

Dominican Republic.
Additional specimens examined. – See Electr. Suppl.: 

Table S1.

Gesneria sintenisii Urb., Symb. Antill. 2: 375. 1901 ≡ 
Duchartrea sintenisii (Urban) Britton in Sci. Surv. Porto 
Rico & Virgin Islands 6: 206. 1925 ≡ G. viridiflora subsp. 
sintenisii (Urb.) L.E.Skog in Smithsonian Contr. Bot. 29: 
142. 1976 – Holotype: Puerto Rico, Sierra de Naguabo 
“in sylva prim. montis los Rabanos”, 5 Feb 1886, P.E.E. 
Sintenis 5332 (M barcode M-0185854!; isotypes: E bar
code E00259327!, F barcode V0060577F!, G barcodes 
G00365447!, G00365491! & G00365499!, GH barcode 
00338172!, ISC barcode ISC-V-0000409!, HBG bar
code HBG-517402!, MO barcode MO-716378!, NY bar
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