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ABSTRACT

Both inter- and intraspecific approaches were employed in a series of studies to
determine evolutionary patterns and processes within the Tillandsia fasciculata species complex,
an epiphytic flowering plant in the pineapple family (Bromeliaceae). The T. fasciculata complex
is a taxonomically challenging group due to a “mosaic” distribution of morphological characters
that make it difficult to accurately diagnose its members across the Caribbean Basin —a
biodiversity hotspot. The main goals of this study are to: 1) evaluate the circumscription and
phylogenetic position of the T. fasciculata complex; 2) examine the genetic variation and
structure of populations from Florida and the Bahamas, and 3) model the past, present, and future
occurrence of T. fasciculata in geographic space.

For phylogenetic reconstruction both taxon and loci sampling of the T. fasciculata group
were increased substantially over previously published studies. Concatenated data incorporating
six ptDNA regions (atpB-rbcL, matK, ndhJ-trnF, psbD-trnT, rpl14-rpl36 , rpsl16), rIDNA (ETS)
and a single low-copy nuclear gene (PRK) sequenced from 27 of the 33 taxa in the T. fasciculata
complex clarified some taxonomic questions pertaining to the group, but others remain
unresolved. Geography, more than morphology, plays an important role in delimiting several

problematic taxa.

For population genetic studies, eight microsatellite loci (simple sequence repeats) were
scored, and we identified at least three population clusters in the T. fasciculata group across its
northern limit in Florida and the Bahamas (n=18 sites). The most genetically distinct population
consists of the natural hybrid T. xfloridana and one of its purported parents, T. bartramii.

Previously, relatedness of T. xfloridana and T. bartrami was based on speculation.
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Species distribution models were generated using MaxEnt for eight bioclimatic layers
based on MIROC-ESM from WorldClim, harmonized world soil data, and altitude data layers
across past (last interglacial, last glacial maximum, mid-Holocene), current, and future (2050 and
2070). Jackknife results show that the most important single environmental data layer across taxa
and across climatic conditions is soil data. Paleoclimatic data shed light on possible areas where
some T. fasciculata varieties arose, and models for the future indicate areas will still be available

for the persistence of these plants.



Chapter 1: Testing the Circumscription of the Tillandsia fasciculata complex
(Bromeliaceae).

ABSTRACT

The Tillandsia fasciculata complex (Bromeliaceae) is a taxonomically challenging group that
consists of eight subspecific varieties, 22 supravarietal taxa of uncertain rank, and three natural
hybrids. This species complex occurs in and around the Caribbean Basin, a recognized
biodiversity hotspot. Entities of this group have a perceived affinity to one another based on
morphological characters such as castaneous leaf sheath, digitate inflorescence, generally
glabrous floral bracts, and blue-violet corolla. The goal of this study is to reconstruct a more
thoroughly sampled, well resolved phylogeny using a multigene approach to evaluate the
circumscription and phylogenetic position of the Tillandsia fasciculata complex, and also to
determine relationships within the complex. Six ptDNA regions (atpB-rbcL, matK, ndhJ-trnF,
psbD-trnT, rpl14-rpl36 , rpsl6), rIDNA (ETS) and a single low-copy nuclear gene (PRK) were
sequenced from 27 of the 33 taxa in the T. fasciculata complex. Results support the status of
most of the taxa hypothesized to belong in this group. Tillandsia beutelspacheri, T. xpolita, and
T. rotundata were hypothesized to be related to T. fasciculata but our phylogenetic results
suggest otherwise. One of the most revealing results from our study is that Tillandsia plants that
would historically be classified as “T. fasciculata” from northern South America form a clade
separate from the T. fasciculata s.l. group. There is morphological, genetic, and biogeographic
support for T. fasciculata var. venosispica (across Puerto Rico and the Lesser Antilles) and the
small bracted T. fasciculata varieties from the Bahamas, Cuba, and Florida. Tillandsia
xfloridana, a purported natural hybrid, shows incongruence between plastid and nuclear data.

Biogeographic signal found in some of these clades may help delimit varieties. Our research



clarifies species boundaries within a group in the subgenus Tillandsia, and adds to the growing

body of literature on plant Caribbean biogeography.



The Tillandsia fasciculata species complex is one of the most taxonomically challenging
groups for both botanists and and bromeliad hobbyists. This species complex belongs to the
subfamily Tillandsioideae (family, Bromeliaceae), which contains >1300 species and has some
of the most widespread species of bromeliads in the Neotropics (Till 2000a). Tillandsioideae is
characterized by entire leaf margins, ovaries superior or nearly so, and plumose-appendaged
seeds (Till 2000a, Rauh 1979, Smith & Downs 1977). Molecular phylogenetic studies support
the traditional morphological circumscription of this subfamily, finding it to be monophyletic
(Gilmartin and Brown1989; Terry and Brown 1997; Horres et al. 2000; Barfuss et al. 2005;
Givnish 2004, 2007) and positioned sister to all other bromeliad subfamilies except
Brocchinioideae and Lindmanioideae (Givnish et al. 2011, Givnish et al. 2014). Tillandsioideae
is hypothesized to have arisen roughly 15.4 million years ago (ma) in northern South America
(Givnish et al. 2011) and has its greatest center of diversity in the northern Andes and Antilles

(Till 2000a).

Six genera are traditionally recognized as belonging to Tillandsioideae (Smith and Down
1977): Glomeropitcairnia, Catopsis, and the core tillandsioids Mezobromelia, Guzmania,
Vriesea and Tillandsia. In the mid 1990, based on floral and seed morphology, three core
tillandsioid genera were recognized or resurrected, Racinaea (formerly Tillandsia subg.
Pseudocatopsis; Spencer & Smith 1993), Alcantarea and Werauhia (formerly Vriesea subg.
Alcantarea, and part of Vriesea subgenus Vriesea sect. Xiphion; Grant 1995a, 1995b). Molecular
analyses (Barfuss et al. 2005, 2011) used plastid and nuclear loci to examine generic and
infrageneric relationships of Tillandsioideae, with a focus on the core tillandsioids. In addition,
Barfuss et al. 2011 proposed three new genera in the core tribe Tillandsieae: Josemania,

Lemeltonia, and Rothowia (these species were formerly in the genus Tillandsia subgenus (non



monphyletic) Phytarrhiza). Givnish et al. (2011) found that within Tillandsioideae the core
tillansioids have a stem age of ca. 14.2 ma, and crown age of 8.7 ma. Secondary centers of
species richness are based on genera and subgenera (Till 2000a; Smith & Downs 1977). For
example, Alcantarea (spp. 16) is endemic to eastern Brazil (Versieux et al.2012) and Werauhia
(spp. 73) is located in Central America, whereas Tillandsia subgenus Tillandsia has its greatest

center of diversity in Mexico (Till 2000a).

The genus Tillandsia (ca. 550 species, Till 2000b) varies tremendously in habit and
inflorescence architecture. Plants are epiphytes, lithophytes or terrestrials, and range from the
southeastern USA in the North to central Argentina and Chile in the South. The genus includes
6—7 subgenera according to differing systems of classification, and some of these have been
divided further. For example, Gardner (1986) divided Tillandsia subgenus Tillandsia (ca. 200
species) into five groups, then based on floral structure and androecial characteristics divided one
of these groups into eight subgroups. However, there have been few studies using molecular data
published to evaluate the monophyly of these taxa and informal groups. Of the studies that have
been conducted on species complexes within the genus Tillandsia, most have taken a
morphometric approach. Donadio et al. (2015) used 85 morphological characters to examine the
cladistic relationships of taxa in the subgenus Diaphoranthema, while Castello and Galetto
(2013) used 35 morphological characters to study the five forms in the complex T. capillaris.
Within the subgenus Tillandsia, Pinzon et al. (2011) took a morphometric approach to examine
the T. utriculata complex. Chew et al. (2010) used nuclear ribosomal DNA markers to study 13

pseudobulbous Tillandsia species.

The Tillandsia fasciculata complex, which occurs in and around the entire Caribbean

Basin, is an ideal lineage to address questions of Caribbean plant origins and assemblages, yet is



poorly understood. Plants of the Tillandsia fasciculata group are predominantly epiphytic, but
also can be lithophytic, and are found in a variety of habitats from subtropical savannas and
hardword hammocks to coastal rock plant communities and tropical mogotes. Generally, plants
range from 50 to 75 cm in height, but can be taller than one meter or shorter than 25 cm. In 1788,
Swartz described T. fasciculata based on a specimen collected in Jamaica (Smith & Downs
1977). Currently the taxonomic complex centered around T. fasciculata consists of eight
varieties of the original species, 22 additional species, and three documented natural hybrids
(Espejo & Lbpez-Ferrari 2005; Espejo et al. 2008; Luther 2001, 2008; Luther & Sieff 1994,
1997; Smith & Downs 1977; Figure 1, Table 1). Taxa classified in the T. fasciculata complex
have presumed relationships to one another based on morphological characters such as
castaneous leaf sheath, inflorescence architecture, floral bracts generally glabrous, and blue-
violet corolla, but unambiguous synapomorphies for the complex are yet to be found. Tillandsia
fasciculata var fasciculata is a diploid (base number n=25) (Brown & Gilmartin 1989), although
Gauthe (1965) reported T. fasciculata 2n=64 and T. fasciculata var. venosispica 2n=56 (Cascante
2006). Species delimitation in the group is unclear, and even the issue of monophyly and

circumscription (i.e., what taxa actually belong to this “complex”?) remains ambiguous.

Mez (1896) made significant contributions to our understanding of Tillandsia fasciculata
systematics in his monograph. He designated eight infraspecific taxa, many of which are still
recognized today (Table 1). Varieties were divided into two main categories based on length of
spike and floral bract. The large-spiked group consisted of varieties that have spikes typically
longer than 10 cm and floral bracts 33 mm long or longer. Mez further subdivided these taxa
based on spike position (erect vs. nodding) and shape (flattened vs. not), and venation in the

floral bract (prominent or obscure). The small-spiked group has spikes rarely longer than 10 cm



and floral bracts 25 mm long or less, with a peduncle that can be short or long. The flowers can
be dense or loose, and the arrangement of spikes on the inflorescence can be feather or fan

shaped.

Smith and Downs’ (1977) monograph of the entire subfamily Tillandsioideae essentially
upheld Mez’s infraspecific classification of Tillandsia fasciculata. As with Mez, Smith and
Downs relied heavily on floral characters such as size of spike and floral bract to circumscribe
these taxa. Subsequent to Smith and Downs’ (1977) monograph supravarietal taxa have been

added to this species complex by various authors based on morphological structures (Table 1).

Although Barfuss et al.’s (2005) molecular systematic study of Tillandsioideae was
ambitious and enlightenting, it focused on intergeneric relationships within the entire subfamily,
and so only one accession of Tillandsia fasciculata was included to represent the entire complex
in their study. They found that T. fasciculata is placed in the Tillandsioideae subgenus
Tillandsia, and that it forms a clade with T. remota, T. klausii, T. juncea, T. caput-medusae, and
T. ionantha. Historically, these five species have not been considered a part of the T. fasciculata
complex sensu stricto. In a subsequent 2011 poster presentation (abstract only; study
unpublished), Barfuss et al. included T. beutelspacheri and T. cf. rhomboidea, two of the 25 taxa
that are hypothesized to be related to T. fasciculata. As with their previous study, Barfuss et al.
(2011) confirmed that T. fasciculata belongs within the subgenus Tillandsia. They also found
that T. fasciculata forms a clade with T. beutelspacheri, T. cf. rhomboidea and T. exserta. As a
result of these previous morphological and molecular phylogenetic studies, questions of
monophyly and cicumscription of the T. fasciculata complex remain unanswered since most of

the “T. fasciculata” group were not included in that study.



The goal of this study is to reconstruct a more thoroughly sampled, well resolved
phylogeny using a multigene approach to evaluate the circumscription and phylogenetic position
of the Tillandsia fasciculata complex, and also to determine relationships within the complex.
We also consider questions of biogeography. We address: 1) Do molecular data support the
classification and relationships proposed using a morphology-based approach? 2) Within a
phylogenetic framework, what taxa compromise the T. fasciculata complex? and 3) Within this
complex, what are species relationships to one another? 4) What do our results indicate about

evolutionary plant patterns in the Caribbean?

METHODS

Taxon sampling. Novel DNA sequence data from 27 out of 33 named taxa in the
Tillandsia fasciculata complex were generated for this study. Vouchered plant material was
collected in the Bahamas, Cuba, Dominican Republic, Guadeloupe, Jamaica, Mexico, St. Lucia,
Trinidad, and USA (Florida, Puerto Rico, St. John, and St. Thomas). For taxa not found in the
field, sequence data were generated using specimens from living research collections (Marie
Selby Botanical Gardens and collaborators Drs. German Carnevali, Ivon Ramirez, and Adolfo
Espejo), and nursery collections (Tropiflora (Sarasota, FL) and Bird Rock Tropical (Encinitas,
CA)) (Figure 2, Supplementary Table 3).

Our strategy was two fold. First we wanted to evaluate monophyly of the “T. fasciculata”
group. We started with ca. 200 sequences/molecular marker. If there were ambigous sequence(s),
then that individual was excluded when concatenating a final dataset to obtain full coverage in
the matrix. We further reduced this dataset to avoid over-representation of one taxon and/or from

one collecting site. Care was taken to select taxa based on capturing the morphological



variability and distribution of individuals within and across islands. About 73 individuals were
used for phylogenetic analyses unless stated otherwise (e.g., in BEAST analyses). Second, we
wanted to take a phlyogeographic approach (see Network Analyses section). Because theses tests
were run individually per marker and not concatenated, we returned to the ca. 200 individuals
per locus (ca. 4-15 individuals/site).

Loci sampling. To test the monophyly of this group, the same plastid markers (atpB-rbcL
spacer, matK, and rps16 intron) employed by Barfuss et al. (2005) were used, along with others.
Bromeliaceae phylogeny reconstructions are notorious for their lack of resolution. To address the
low genetic variability among bromeliad taxa, more variable plastid regions such as 3 rps!6-
5’trnK spacer (Shaw et al. 2005, 2007), low-copy nuclear genes (PRK: Schulte et al. 2009; rpb2,
g3pdh: Sass & Specht 2010; PHYC: Jabaily & Sytsma 2010), and nr ITS and ETS (Chew et al.
2010; Sass & Specht 2010) were screened. Based on Polymerase Chain Reactions (PCR)
amplification success, variability, and number of potentially informative characters, we selected
ndhJ-trnF, psbD-trntT, rpl14-rps8-infA-rpl36, and PRK and ETS for use in this study. Our
approach was to use atpB-rbcL spacer, matK, and rps16 intron (hereafter referred to as MM “A”,
“B”, and “C”, respectively) so that we could test the placement of T. fasciculata within the
subfamily Tillandsioideae. The more variable markers, ndhJ-trnF, psbD-trnT, rpl14-rps8-infA-
rpl36, and ETS and PRK (hereafter referred to as MM “D”, “E”, “F”, “G”, “H”, respectively,

were used to test relationships among and within “T. fasciculata”.

DNA extraction and PCR amplification. Several methods were used to obtain genomic
plant DNA, depending on locality of collection. From 2010-2013, the Qiagen TissueLyser Il was
used to disrupt plant tissue and then the DNeasy Plant Mini kit (Qiagen, Valencia, CA) was used

to extract total genomic DNA following provided instructions. From 2004-2007, either the BIO



101 FastDNA kit or Epicure Masterpure DNA Extraction protocol was used. Preparation of
25uL PCR reactions was dependent on molecular marker. Mixture and amplification parameters
followed: Barfuss et al. (2005) for atpB-rbcL spacer, matK, and rps16 intron; Shaw et al. (2007)
for ndhJ-trnF, psbD-trntT, and rpl14-rpl36; Schulte et al. (2009) for PRK, and Chew et al.
(2009) for ETS.

PCR products were run on a 1% agarose gel to visualize quality and purified using
ExoSap-It (Affymetrix, Santa Clara, CA) at 37°C for 30 min and then 80°C for 20 min. Purified
PCR products were cycle sequenced using BigDye (Applied Biosystems, Life Technologies,
Grand Island, NY) following: 1 cycle at 95°C for 3 min, followed by 50 cycles (10 sec at 96°C, 4
min; 58°C), and then 7 min at 72°C. Agencourt CleanSeq magnetic beads (Beckman Coulter,
Brea, CA) were used to purify the cycle sequencing products before samples were submitted to

the University of Wisconsin-Madison Biotechnology Center for Sanger sequencing.

Phylogenetic Analyses

Sequences were edited and aligned using the software modules available in the Geneious
5.4 software package (http://www.geneious.com, Kearse et al., 2012), (MUSCLE (Edgar 2004)).
Maximum Parismony (MP) analyses were run in PAUP*4.0 (Swofford 2002), Maximum
Likelihood (ML) analyses were run using RAXML-HPC BlackBox (8.1.11) (Stamatakis 2014),
and analyses based on Bayesian inference (BI) were run using MrBayes (Huelsenbeck et al.
2001; Ronquist & Huelsenbeck, 2003) 3.2.3 on XSEDE using the CIPRES Portal V. 3.3 (Miller
et al. 2010).

To evaluate monophyly of Tillandsia fasciculata, a subset of hypothesized members of
the group (73 novel sequences) were used to construct trees from Tillandsia DNA sequences

available in Genbank or, if unpublished, provided by Barfuss. The datasets to evaluate
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monophyly were: 1) MM A+B+C, 2) MM H, and 3) MM A+B+C+G+H. To examine
relationships of the purported T. fasciculata group we looked at loci separately, concatenated
with ILD, and then put them together: 1) MM A+B+C+D+E+F+G+H (plastid+nuclear), 2) MM
A+B+C+D+E+F (plastid), 3) MM G+H (nuclear).

JMODELTEST v. 0.1.1 (Posada 2008) was used to select the best-fit model of nucleotide
substitution for each individual molecular marker. BIONJ was selected to compute likelihoods,
with Akaike Information Criterion (AIC) calculations. MP analyses were conducted for all single
and combined gene regions under the following parameters: kept best trees only, 1000 random
stepwise addition sequence replicate, held 10 trees at each step, tree bisection-reconnection
(TBR) branch swapping using steepest descent. The following parameters were used for MP
bootstrap analyses: 1000 replicates, kept best trees only, 100 random stepwise addition sequence
replicates, held 10 trees at each step, TBR branch swapping using steepest descent. ML settings
included: with a mixed/partitioned model when applicable, and estimated proportion of
invariable sites (GTR (Rodriguez et al 1990) GAMMA + 1). For B, settings: substitution types
(Nst=6), nucleotide substitution model (4x4), model for among-site variation (rates=invgamma),
character sets, Parameters for MCMC: number of generations 20,000,000), number of runs 2,
number of chains to run 4), Markov chain sampled (1000), fraction of the sampled values
discarded as burnin-0.25. Sumt parameters: sumt burnin value: 10, fraction of samples to be
discarded (burninfrac=0.25), sumt nruns=2, 1 tree in the sumt model, type of consensus tree:
50% majority rule. To analyze trace files from BI, the estimates and trace analysis tabs were used
in Tracer v1.6 (Rambaut et al. 2014).

To test for congruence among plastid and nuclear data sets the incongruence length

difference test (ILD, Farris et al. 1995) was used with the following heuristic search setting: kept
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best trees only, 100 random stepwise addition sequence replicates, held 10 trees at each step,
TBR branch swapping.

BUCKYy (Ané et al. 2007, Larget et al. 2010) was also used to test concordance of
multiple loci. mbsum was run from the MrBayes files. BUCKy was run twice with two different
alpha scores, 1 and 100, otherwise default settings used. Topology of tree and concordance
factors were then compared to test the effect of changing the a priori level of discordance among
loci.

Network Analyses

To assess relationships of closely related taxa and evaluate if there are any associations
with geography, Splits Tree4 (Huson & Bryant 2006) was performed on individual plastid
datasets. This types of analyses is useful if there is hybridization, horizontal gene transfer, or
recombination. For Split Tree4, settings included: distance uncorrected P, network selected
NeighborNet which uses a neighbor joining algorithm.

There were two different sample size datasets run on each software program. The subset
dataset was similar to that in the phylogenetic analyses (n=73), except Catopsis nutans,
Tillandsia usneoides, and Tillandsia sp (accession#660) were not included. We used this smaller
dataset first, to compare network results to phylogenetic tree results. The second dataset was
more comprehensive (ranging from 114-242 individuals), similar to population level sampling
where numerous individual plants were collected across a region or country to capture the
morphological and possibly genetic variability.

Biogeographic Analyses:

BEAST v1.8 (Drummond et al. 2012) was used to place the Tillandsia fasciculata group

within an evolutionary timescale. BEAST calibration points were based on Givnish et al. (2011)



12

with overlapping taxa, Tillandsia usneoides and T. utriculata (Givnish et al. 2011). One taxon set
consisted of all Tillandsia tested and Catopsis excluded, monophyly was checked and estimated
age of 14.2 ma given based on the split of the core tillandioids. The second taxon set was all
Tillandsia tested except for those outside the subgenus Tillandsia: T. heterophylla, T.
multicaulis, and T. usneoides, monophyly was checked and estimated age 6.5 ma. Substitution
model was GTR+G, with a lognormal relaxed clock. Tree prior selected was the Yule Process.
MCMC was set to length of chain 50,000,000 and 10,000. The BEUTI file was excuted and run
twice on BEAST v1.8 via CIPRES. Trace files were then observed on Tracer. Then files were

combined on LogCombiner, and run through Tree Annotator before being visualized in FigTree.

RESULTS

Testing the circumscription of the Tillandsia fasciculata complex

Plastid atpB-rbcL, matK, + rpsl16 loci and a 137 taxa dataset:

To test the circumscription of the Tillandsia fasciculata complex and placement of focus
taxa in the Tillandsioideae, we generated atpB-rbcL, matK, and rps16 sequence data for 73 taxa
from the T. fasciculata comlex and combined these new sequences with those previously
published in Barfuss et al.’s (2005) phylogenetic reconstruction. The final alignment includes
137 samples and is 8205 basepairs in length. Together these three plastid markers provide 111
(4.01%) parsimonious informative characters (Table 2). The MP, ML, Bl analyses using MM A,
B, and C strongly support (MP and ML >75% and PP 0.99) and reconfirm the monophyly of
Tillandsia subgenus Tillandsia (Figure 3). However, relationships of the T. fasciculata group
within this subgenus remain unresolved. We are surprised by the placement of T. beutelspacheri

that was hypothesized at one time to be a part of or closely related to the T. fasciculata group.
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Instead, it is sister to T. rodrigueziana and forms a polytomy with T. guatelmalensis, T.
utriculata, and the remaining examined taxa in the subgenus. In contrast, taxa not previously
hypothesized to be part of this complex (T. capitata, T. palmasolana, T. tricolor, T. concolor, T.

klausii, and T. caput-medusae), are embedded within numerous taxa of the T. fasciculata group.

Several clades are weakly supported (bootstrap values and posterior probabilities for MP,
ML and Bl are respectively indicated in parenthesis) but some geographic signal is identified: T.
aff. fasciculata plants from Colombia, Venezuela, and Trinidad (62/73/.99) form a clade. Most of
the small bracted varieties from the Bahamas, Cuba, Florida and one collection from eastern
Dominican Republic (59/63/.96 — accession DRBAY8) consistently group together;

interestingly, one T. fasciculata var. uncispica plant from Cuba is not part of this clade.

Nuclear ribosomal ETS and 101 taxa dataset

Nuclear ribosomal ETS was similarly used to examine the circumscription of the
Tillandsia fasciculata complex. The same 73 taxa dataset was added to data from Chew et al.’s
(2009) phylogenetic study, resulting in an aligned matrix of 513 basepairs. This molecular
marker has 88 (17.15%) parsimonious informative characters. In MP/ML/BI trees, few clades are
well supported other than a T. rothii, T. roland-gosselinii, T. concolor, T. palmsolana group
(87/93/1) and a T. trelawniensis, T. compressa, plus some T. fasisculata plants from the
Dominican Republic (85/82/.91) (Supplementary Figure 1). The most notable change is that T.
xfloridana is positioned in a strongly supported clade (84/95/1) with T. juncea and T. balbisiana,

but not with other T. fasciculata varieties as in the plastid tree.
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Plastid atpB-rbcL, matK, rps16, Nuclear ribosomal ETS + Nuclear PRK and an 81 taxa dataset

The five datasets (MM A+B+C+G+H) were concatenated to further assess
circumscription of the Tillandsia fasciculata group. As with the abovementioned plastid
phylogeny (MM A+B+C, 137 dataset), Tillandsia rodrigueziana and T. beutelspacheri are sister
to each other (100/91/1) and fall outside the T. fasciculata group (Supplementary Figure 4).
Tillandsia rotundata forms a clade with T. xpolita, T. welzii, and T. tricolor, again outside the T.
fasciculata (63/75/.93) group. This result is surprising considering that T. rotundata was
recognized as a variety of T. fasciculata. Similar to the ETS phylogenetic tree, a T. rothii, T.
roland-gosselinii, T. concolor, T. palmsolana group is formed and outside the T. fasciculata
group. Moreover, T. marbascoensis is included and there is strong statistical support for this
clade (100/100/1). As with the ETS results, T. xfloridana did not form a clade with the T.
fasciculata varieties from Bahamas, Cuba and FL. One of the most notable findings in our study
is that the northern South America clade of plants is not a part of the T. fasciculata group.
Tillandsia aff. fasciculata plants from Colombia, Venezuela, and Trinidad are strongly supported
(99/100/1) that had previously only been hinted at (with weak or no statistical support) in the
previous two tree analyses. Within the T. fasciculata group, clades are formed (e.g., small
bracted T. fasciculata varieties from the Bahamas, Cuba, and Florida, and T. fasciculata var.
venosispica from Puerto Rico and Lesser Antilles), but with weak statistical support (MP and

ML <50%, PP<99%).
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Testing relationship of the Tillandsia fasciculata focus group

atpB-rbcL

MP, ML, and Bl results (n=76) (Supplementary, Figure 8) recover two weakly supported
clades: T. beutelspacheri and T. rodrigueziana; (83/99/-) and T. aff. fasciculata plants from

Colombia, Venezuela, and Trinidad (-/79/81).

matK

One regional clade, the small bracted Tillandsia fasciculata varieties from Bahamas,
Cuba, and Florida (63/100/.80) is found in MP, ML, and BI trees (n=76) (Supplementary Figure
9). However, several polytomy groups are formed including T. aff. fasciculata plants from
Colombia, Venezuela, and Trinidad (86/100/.83) and T. fasciculata var. venosispica plants from

Puerto Rico and the Virgin Islands plus one T. aff. fasciculata from the Dominican Republic.

rpsl6

Only two weakly supported clades are found in the MP, ML, and Bl analyses (n=76): a
Tillandsia beutelspacheri and T. rodrigueziana (55/100/.97) group and T. acostae (63/99/.86)

clade (Supplementary Figure 10).

ndhF-trnF

In the ndhF-trnF 76 taxa dataset, the only recovered clades in the MP, ML, and BI trees
are Tillandsia usneoides and #660 (74/98/1), and a mixture of taxa not even hypothesized to be
related that included T. beutelspacheri, T. rodrigueziana. T. concolor, T. flavobracteata, and two
T. aff. fasciculata plants, one from Costa Rica and another from Western Mexico (64/98/.94)

(Supplementary Figure 12).
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psbT-trnT

MP, ML, and Bl analyses recovered several weakly supported clades not found in the
previous locus datasets (n=76) (Supplementary Figure 13). Tillandsia beutelspacheri and T.
rodrigueziana were sister to each other (-/88/.87). Also, a T. jalsico-monticola and T.
grossispicata clade (61/61/-); T. fasciculata plants from Jamaica (63/50/.91); and a clade of T.

fasciculata var. venosispica plants from Puerto Rico, Virgin Islands, and Guadeloupe(-/57/.83).

Splits Tree results (n=66), find three main clusters that are also suggested by
phylogenetic analyses: small bracted Tillandsia fasciculata varieties from the Bahamas, Cuba,
and Florida; T. fasciculata var. venosispica from Puerto Rico and the Virgin Island; and T.

fasciculata plants from Jamaica (Figure 7).

With additional novel sequences added, Splits Tree4 results (n=114) reaffirm groups of:
small bracted Tillandsia fasciculata varieties from the Bahamas, Cuba, and Florida + #561,
#1111, #585, #1108, and #1180; T. fasciculata from Jamaica (except #818); and T. fasciculata
var. venosispica from Puerto Rico and the Virgin Islands (Figure 8). Interestingly, neither St.

Lucia nor Guadeloupe samples are a part of this cluster vs. phylogenetic analyses.

rpl14-rpl36

As with the other plastid locus MP, ML, and BI trees, the rpl14-rpl36 76 taxa dataset
provides evidence for some weakly supported clades: the small bracted Tillandsia fasciculata
varieties from the Bahamas, Cuba, and Florida + T. botteri, T. inopinata (1111), and T. welzii;
and T. kumae (-/64/.70) including T. aff. fasciculata (Dominican Republic, BAY8)

(Supplementary Figure 14).
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Splits Tree results (n=73) finds groups comprised of: small bracted Tillandsia fasciculata
varieties from the Bahamas, Cuba, and Florida, and T. fasciculata var. venosispica from Puerto
Rico and the Virgin Islands group + T. concolor; and T. beutelspacheri and T. rodrigueziana

(Figure 9).

Concatenated 6-plastid loci and a 76 taxa dataset

The combined datasets of atpB-rbcL, matK, rps16, ndhJ-trnF, psbD-trnT, rpl14-rps8-
infA-rpl36 have 0.96% parsimonious informative characters. The ILD test shows that there is no
significant difference when combining these two datasets (p=0.390000, sum of lengths for
original partition 252). The loci used by Barfuss et. al (2005, MM A+B+C) vs. Shaw et. al (2007,
MM D+E+F) was then compared to assess utility of the latter that have not been used on
Tillandsia prior to this study. The percentage of parsimonious informative characters was low,
0.94%, for the molecular markers atpB-rbcL, partial matK, and rps16. Of these, matK was the
most informative (1.36%) compared to rps16 (1.01%) and atpB-rbcL (0.50%) (Table 2).
Molecular markers ndhF-trnF, psbD-trnT, and rpl14-rpl36 were slightly more informative,
0.97%, with psbD-trnT (1.45%) higher than rpl14-rpl36 (1.17%) and ndhF-trnF (0.32%) (Table

2).

For the 6-plastid loci tree, Tillandsia beutelspacheri and T. rodrigueziana are sister to
each other and again outside the T. fasciculata group (Supplementary, Figure 5). The MM
A+B+C (Supplementary Figure 7) and MM D+E+F (Supplementary Figure 11) trees also
support this finding. Tillandsia aff. fasciculata plants from Colombia, Venezuela, and Trinidad
form a weakly supported clade in the 6-plastid loci (64/79/.98) and MM A+B+C tree (63/97/95),
but not the MM D+E+F tree. This pattern (6-loci and MM D+E+F, but not MM A+B+C) was

also found in a mostly Jamaican plants clade (64/56/.94, 62/54/.94, respectively).
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ETS + PRK with a 76 taxa dataset

The ETS and PRK dataset has more parsimonious informative characters than the plastid
markers 9.86% vs. 0.96% (Table 2). ILD results suggest that the two datasets should not be
combined (p=0.10000, sum of lengths for original partition, 381). However, topology does not
seem to change whether the datasets were combined or when they were separate (Supplementary

Figure 6).

With MP, ML, and BI analyses, several clades are resolved, and some with high support:
Tillandsia rothii, T. roland-gosselinii, T. concolor, T. palmasolana (99/98/1); and T. aff.
fasciculata plants from Colombia, Venezuela, and Trinidad clade (90/96/.99). One of the biggest
surprises is that T. beutelspacheri and T. rodrigueziana are embedded with the T. rotundata/T.
tricolor clade with weak statistical support (-/65/55), and are not separate as in the plastid
analyses. Another notable change is that T xfloridana is not with other small bracted T.

fasciculata varieties from the Bahamas, Cuba, and Florida compared to the plastid datasets.

Between these two markers tested, ETS (8.19%) was more parsimonious informative
than PRK (6.1%). In the ETS MP, ML, and Bl trees, the Tillandsia rothii, T. roland-gosselinii, T.
concolor, T. palmasolana, T. concolor, T. xfloridana group was strongly supported (75/82/1)
(Supplementary Figure 15). The other clades were weakly resolved and include: T. aff.
fasciculata from Colombia, Venezuela, and Trinidad (62/67/.91), and T. rotundata, T. welzii, T.
xpolita, and T. tricolor (65/68/.85). The PRK tree (Supplementary Figure 16) was similar in
topology to the ETS tree. There was a weakly supported T. rothii, T. roland-gosselinii, T.
concolor, T. palmasolana, T. concolor, and T. ionantha group (56/60/.56) (Supplementary Figure
16). There is strong support for T. aff. fasciculata plants from Venezuela, Colombia, and

Trinidad (97/100/1).
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Eight loci: atpB-rbcL, matK, rpsl16, ndhJ-trnF, psbD-trntT, rpl14-rps8-infA-rpl36, ETS and PRK

With a 76 taxa dataset

In MP, ML, and Bl analyses we find that Tillandsia beutelspacheri and T. rodrigueziana
are related to each other and this is strongly supported by confidence statistics (Figure 4). Results
also suggest (74/88/.58) that they are sister to the T. fasiculata complex and other related taxa
(Figure 4). Other strongly supported clades are: a T. marabascoensis, T. palmasolana, T.
concolor, T. rothii and T. roland-gosselnii group (100/100/1), and a Tillandsia aff. fasciculata
clade from plants in Colombia, Venezuela, and Trinidad (100/100/1) (Figure 5). Within the T.
fasciculata group, there is support of taxa when multiple samples were included: T. rhomboidea
(99/1001) and T. jalsico-monticola (90/94/1), T. acostae (85/90/1), and T. kuzmae (64/78/1). The

T. fasciculata plants from Jamaica also form a clade (92/95/1).

With a 74 taxa dataset excluding two hybrids

Tests were conducted to examine the effect of removing the purported hybrids, T.
xfloridana or T. xpolita, has on tree topology. There is little difference in overall topology when
both purported hybrids (Tillandsia xfloridana and T. xpolita) are removed (Supplementary
Figure 4). The T. rotundata group forms a grade when hybrids are excluded, whereas inclusion
of hybrids results in a weakly supported clade (59/68/.58) (Figure 4). Separate tests were
conducted to examine the effect of removing each individual hybrid, T. xfloridana or T. xpolita.
Generally there is no difference in topology if one of the purported hybrids is excluded. The
main change observed is placement of a mostly Jamaican taxa clade. When T. xfloridana is
excluded, this mostly Jamaican taxa clade is embedded with and sister to the small bract varieties

from the Bahamas, Cuba, and Florida (not shown). Whereas, when T. xpolita is excluded, the
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mostly Jamaican taxa still form a clade but its placement is unresolved within the Caribbean

clade (not shown).

Concordance Analysis

Although the ILD test found that the plastid and nuclear datasets should not be
concatenated (p=0.010000, sum of lengths for original partition 661), there is no conflict in the
position of strongly supported clades evident in topologies compared among trees of individual

datasets.

There are no differences in topology between the two BUCKYy analyses when the alpha, a
priori, settings were changed, (alpha 1 (Supplementary Figure 17) and 100 (Figure 6)).
Concordance factors, genomic support as a percentage of genes that have that clade, are also
similar. Overall, the topology from the BUCKY trees is similar to the concatenated eight loci
trees from MP, ML, and Bl analyses (Figure 5) and the CF scores mirror trends in support levels
seen in phylogenetic MP/ML/BI trees. For example, for the northern South American “T. aff.
fasciculata” plants, MP/ML/BI values were 100/100/1, but and in the BUCKYy trees, a CG of
0.658 with alpha as 100 (Figure 6) and a CF 0.657 with alpha as 1 (Supplementary Figure 17)
The main difference is that the BUCKYy tree finds Tillandsia xfloridana outside the small bract
varieties from the Bahamas, Cuba, and Florida consistent with the nuclear dataset
(Supplementary Figure 6) but not plastid (Supplementary Figure 5) or eight loci (Figure 5)

dataset.

BEAST

Based on estimated times of the core tillandsioids and age of Tillandsia usneoides

(Givnish et al. 2011), our results suggest that Tillandsia fasciculata s.l. arose about 1.75-4.75
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ma, and that T. fasciculata s.s. arose about 1-3.2ma. (Figure 5). These findings are consistent
with Givnish et al. (2011) with an estimated date of “older” crown age of T. utriculata as ca.

2.25-3.25 ma.

DISCUSSION

Monophyly and Circumscription of the Tillandsia fasciculata complex: excluded species

1) Does molecular data support the relationships proposed using a morphology-based approach?

Molecular data supports the inclusion of most of the taxa predicted to belong to the
Tillandsia fasciculata complex sensu lato (related taxa include: T. acostae, T. botteri. T.
flavobrteata, T. grossipicata, T. hubertiana, T. inopinata, T. jalisco-monticola, and T.
magnispica; Table 1). Tillandsia fasciculata s.s taxa that were hypothesized to be in this group
are supported from this study --T. fasciculata varieties and T. compressa (Table 1). Details
regarding particular species and groups of species will be discussed in greater detail below.
Some of the most interesting findings from our study are that T. fasciculata s.l. forms a clade
only if: T. trelawniensis is included within it, and if T. beutelspacheri, T. xpolita, and T.
rotundata are excluded. Additionally, taxa from northern South American (Colombia,
Venezuela, and Trinidad) that would have historically been designated as “T. fasciculata” based
on their morphology (e.g., digitate inflorescence) appear to be distantly related to the T.

fasciculata clade.
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Tillandsia trelawniensis

Morphological evidence based on similar spike characteristics indicated that the Jamaican
endemic Tillandsia trelawniensis might be related to T. polystachia (Proctor 1982). The latter
species was not included in our study because we lack material. However, we can state definitely
that T. trelawniensis is part of the T. fasciculata s.s. clade, according to our results. Moreover, it
is in a separate clade from other T. fasciculata plants collected in Jamaica, affirming its rank as a
distinct species. Given their morphological similarity, we expect T. polystachia to be sister to T.

trelawniensis, and so think it is likely that it is an element of the complex as well.

Tillandsia beutelspacheri and T. rodrigueziana

Three taxa (Tillandsia beutelspacheri, T. xpolita, and T. rotundata) hypothesized to be a
part of the T. fasciculata species complex are not a part of this group according to our
phylogenetic tree (Figure 4) and in all network results (Figure 9). T. beutelscpacheri (Smith
1974) was originally named T. insignis (Matuda 1971), although no morphological comparisons
to existing species or hypothesized species relationship were given. Luther, however, later placed
T. beutelscpacheri within the T. fasciculata complex. Our molecular phylogenetic
reconstructions strongly support T. beutelspacheri as sister to T. rodrigueziana, with both taxa
outside the T. fasciculata complex. Mez (1919) did not compare T. rodrigueziana to other
Tillandsia plants in his species description, but it was considered to be morphologically similar

to to T. fasciculata (Smith and Downs 1977).
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The Tillandsia rotundata assemblage: T. rotundata, T. welzii, T. xpolita, and remarks on T.

tricolor

Tillandsia rotundata has undergone nomenclatural changes mainly dealing with differing
opinions on its rank. Smith (1945) described T. fasciculata var. rotundata based on plant
material from Central America. He distinguished it as having “very short broad primary bracts
and spikes” (Smith 1945). Later, Gardner (1984a, 1991) elevated T. rotundata to specific rank
based on several morphological characters such as globose head with densely digitate spikes,
cucullate, broad floral bracts, and its higher elevation habitat. Genetic evidence from this study
finds that T. rotundata is outside the T. fasciculata s.I. group, thus supporting Gardner’s
hypothesis that T. rotundata is not a variety of T. fasciculata. Two different T. rotundata samples
were included in this study. Even though both accessions are embedded in a clade with T. welzii,

T. xpolita, and T. tricolor, the two T. rotundata samples are not sister to one another.

In Ehlers (1991) description of Tillandsia welzii, she compared the Guatemalan plant to
both T. fasciculata var. clavispica and T. rodrigueziana. In contrast, phylogenetic trees from this
study found that this plant is more closely related to the T. rotundata, T. xpolita, and T. tricolor
clade (Figure 4-6, Supplementary Figure 6). In the plastid and MM C+D+E trees
(Supplementary Figure 11), T. welzii is in the clade with small bracted T. fasciculata varieties

from the Bahamas, Cuba, and Florida.

Based on morphometric analyses and pollen infertility, Gardner (1984b, 1991) classified
Tillandsia xpolita as a natural hybrid between T. rotundata and T. rodrigueziana. The original
species description by Smith (1941) compared T. polita as a reduced form of T. fasciculata but
with exserted sepals. Treatment of T. polita as a species (Smith and Downs 1977, Luther 2008,

Espejo et al. 2004), rather than a natural hybrid, is still being debated. Results from this study
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found that overall tree topologies are not impacted when T. xpolita was included or excluded
from analyses (vs. T. xfloridana; see below). However, the placement of T. xpolita in plastid
(Supplementary Figure 5) vs. nuclear trees is incongruent, consistent with a result that might be
expected from a recent hybrid. Nuclear (Supplementary Figure 6) and BUCKYy trees based on all
loci sampled (Figure 6 and Supplementary Figure 17) show an affinity between T. xpolita and
many of the taxa in the T. rotundata group; whereas, in the plastid tree (Supplementary Figure
5), T. xpolita is embedded in a clade with samples of T. rotundata and T. welzii, and T. acostae,
T. magnispica, T. hubertiana, and T. aff fasciculata from Guatemala, taxa typically not
associated with T. xpolita. If this taxon is a natural hybrid, then our results detected a close
relationship to one of its purported parents, T. rotundata, but no clear association with a second
obvious parent, and certainly not a relationship with T. rodrigueziana as hypothesized by
Gardner. It seems plausible to speculate that T. xpolita is a taxon of hybrid origin, that T.
rotundata was one of its parents (maternal?), and that it has repeatedly backcrossed with that

species and/or other taxa closely related to it.

There were no morphological comparisons in the original species description of
Tillandsia tricolor (1831) to other species. Later T. tricolor was hypothesized to have a
(morphological) affinity to T. concolor (280) and T. lampropoda outside of the T. fasciculata
complex (Smith and Downs 1977, Luther 2008). Results from this study support the idea that T.
tricolor is not a part of T. fasciculata s.l. Moreover, these results affirm Barfuss et al. (2011)
findings in their phylogenetic study of the subfamily that T. tricolor is not a part of the T.

fasciculata clade.
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Revisiting classification of northern South American “Tillandsia fasciculata” plants

One of the more significant findings from this study is that Tillandsia plants from
northern South America (Colombia, Venezuela, and Trinidad) that historically would have been
designated as “T. fasciculata” are not part of the T. fasciculata s.l. clade. Typically any
Tillandsia plants from this region that superficially resembles T. fasciculata have been lumped
into this taxon. Molecular results from this study consistently find these plants positioned outside
of T. fasciculata s.l. (Figures 4, 5, 6 and Supplementary Figures 6, 16, and 17) suggesting that
northern South American ‘T. fasciculata’ plants should be recognized as their own separate
species. This study recommends a nomenclatural change back to its oldest name, Tillandsia
glaucophylla. Vriesia glaucophylla is the oldest northern South American synonym associated
with the name T. fasciculata. In 1848, Hooker described Vriesia glaucophylla from plant
material from Colombia. Beer (1857) later recognized it as Platystachys glaucophylla and Baker
(1887) designated it as Tillandsia glaucophylla. Tillandsia compressa var. oligostachya Baker ex
André (1888) and T. fasciculata var. bogotensis André (1889) were also synonymized with T.
fasciculata. Based on morphological similarity to T. glaucophylla and given the fact that the type
descriptions are based on plants from Colombia, it is also recommended that these names be

synonymized under Tillandsia glaucophylla.

The Tillandsia roland-gosselinii complex, including remarks on T. concolor and T. palmasolana

The Tillandsia roland-gosselinii group is hypothesized to consist of: T. rothii, T. pacifica,
T. marabasocensis, and T. macvaughii (Luther 2008, Espejo and Lopez-Ferrari 2005, Ehlers
1992). Within this group, additional taxa have been compared as well. Espejo and Lopez-Ferrari
(2005) compared T. macvaughii to T. marabasocensis, T. maritima, and T. rothii, while T.

maritima has been compared to T. fasciculata (Matuda 1971). Relationships among taxa in the T.
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roland-gosselinii complex and its relationship to T. fasciculata have been uncertain until this
study. Phylogenetic trees from concatenated data finds strong support for a sister relationship
between T. roland-gosselinii and T. rothii (Figure 5). Some even believe that T. rothii may be a
hybrid between T. roland-gosselinii and T. jalisco monticola.

(http://www.bromeliad.org.au/pictures/Tillandsia/rothii.htm). In trees with concatenated (Figure

5), plastid (Supplementary Figure 5), and nuclear data (Supplementary Figure 6), T. rothii and T.
roland-gosselinii are embedded within the same clade, while T. jalisco-monticola is in a separate
clade. Furthermore, in this investigator’s field observations, T. jalisco-monticola is found in high
elevation pine-oak habitats whereas T. rothii grows at lower elevations. There is also strong
support for a clade that includes: T. roland-gosselinii, T. rothii, T. concolor, T. palmasolana, and
T. marabasocensis, although there are minor topological discrepancies in the placement of T.

concolor, T. palmasolana, and T. marabasocensis depending on individual marker used.

Traditional taxonomic treatments have not included either Tillandsia concolor or T.
palmasolana within the T. fasciculata complex. However, several authors have hypothesized that
T. concolor has an affinity to T. fasciculata based on morphological characters (Smith and
Downs 1977, Luther 2008) while others suggested that T. concolor forms its own species
complex with other taxa (Carnevali and Ramirez, per. comm). Phylogenetic results from this
study consistently find that T. concolor is embedded in the T. roland-gosselini group (Figure 4).
Matuda (1973) compared Tillandsia palmasolana to T. tricolor. As mentioned in the previous

section, this study found that T. tricolor was more closely related to the T. rotundata group.


http://www.bromeliad.org.au/pictures/Tillandsia/rothii.htm
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Circumscription of Tillandsia fasciculata s.I. (Table 1, Figure 4)

2) What taxa compromise the T. fasciculata complex?

3) Within this complex, what are species relationships to one another?

Tillandsia rhomboidea, with remarks on synonymy of T. acostae

Treatment and possible synonymy of Tillandsia rhomboidea and T. acostae, a pair of
relatively small statured species, has been problematic. Tillandsia rhomboidea was described by
André (1888) from a plant in Colombia. Smith and Downs (1977) recognized it in the subgenus
Allardtia, but it was transferred to subgenus Tillandsia. Its stature is a smaller version of T.
fasciculata and was believed to be a part of the T. fasciculata complex (Luther 1994). Tillandsia
acostae was considered a synonym of T. rhomboidea by Luther (1994). Tillandsia acostae was
described from a plant in Costa Rica by Mez & Tonduz (1916). Smith and Downs (1977)
recognized that T. acostae loosely shared morphological characteristics with T. fasciculata.
Molecular results from this study find that the two plant samples of T. rhomboidea and T.
acostae each form separate clades (Figure 4, Supplementary Figure 4) that are not sister to each
other, suggesting that they might very well be considered separate species. MP, ML, and BI
analyses find that these taxa are positioned within the T. fasciculata s.l. group (Figure 4), while
BUCKYy analyses suggested they might be excluded from the T. fasciculata s.s. clade (Figure 6),
but inconclusively in a polytomy with other tillandsias sampled in this study. Additionally, the
Colombian samples of T. rhomboidea do not cluster with northern South America “T. aff.
fasciculata’ plants validating that T. rhomboidea is a species. In the BUCKYy analyses T. acostae
forms a clade with the T. fasciculata plant from Guatemala suggesting a Central American

biogeographic affinity.
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Tillandsia jalisco monticola and T. magnispica with remarks on MXCHACS6 and T. lampropoda

Several western Mexico tillandsias have been hypothesized to have an affinity to
Tillandsia fasciculata. Morphologically, these plants tend to have 1 to few robust spike(s), and
often inhabit higher elevation pine oak forests. Matuda (1975a) compared T. jalisco-monticola to
T. lampropoda which itself was compared to T. fasciculata by Smith (1938). Matuda (1975a)
described Tillandsia jalisco-monticola as having a simple, awl-shaped inflorescence, one of the

largest (18-20 cm x 7.5 cm) in this species complex.

Tillandsia magnispica is another few branched, large inflorescence member of this group.
According to Espejo et. al. (2009), the differences between Tillandsia magnispica and T. jalisco-
monticola are: the former has thinner spikes, longer petals, and is endemic to Oaxaca while the

latter is usually simple, with wider spikes and occurs in Colima, Jalisco, and Michoacan.

Results from this study find that the two samples of Tillandsia jalisco-monticola, one
wild collected and one from a living research collection, formed a strongly supported clade. In
the MP, ML, and Bl analyses, even though T. jalisco-monticola, T. magnispica, T. hubertiana
(See below description), and MX12CHACSG (Tillandsia sp.) formed a clade, there is weak
statistical support. MX12CHACG was collected at the same location as T. magnispica, but was
not flowering and did not have a dried inflorescence to help with species classification. Results
suggest it is either a new species or natural hybrid, as the plant co-occurs with another Tillandsia
sp. Another, unlikely, scenario is that this sample is T. magnispica which makes T. magnispica

paraphyletic.

Smith (1938) compared Tillandsia lampropoda to the larger varieties of T. fasciculata.

Tillandsia lampropoda occurs throughout southern Mexico and Central America. He noted the
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differences in leaf characters including how the scales are distributed in T.fasciculata (uniform
across blade and sheath) vs. T. lampropoda (overlapping scales on blade, and separated,
punctiform scales on sheath). Smith (1964) also described T. lampropoda var. major based on a
plant from Guatemala and is known from the type locality only. Distinguishing morphological
differences include: inflorescence digitate with ca. 3 spikes, and color of petal (white vs. yellow

in T. lampropoda).

Miscellaneous western Mexico “Tillandsia fasciculata”: T. huberitana and T. grossipicata

Tillandsia huberitana and T. grossipicata are two more species whose relationship to T.
fasciculata was hypothesized but had yet been tested in a phylogenetic context. Matuda (1975b)
described as the spikes of T. hubertiana longer and narrowly lanceolate compared to T.
fasciculata. In the BUCKYy analyses, even though T. hubertiana is embedded with the other
Mexican species, it is more closely related to taxa from eastern Mexico (Figure 6, Supplementary
Figure 17). But in MP, ML, and Bl analyses, placement of T. hubertiana was with other western

Mexico occurring taxa (Figure 4).

Tillandsia grossipicata is another western Mexico distributed species morphologically
similar to T. fasciculata. T. grossipicata is delimited from T. fasciculata by its larger vegetative
floral characters (Espejo et al. 2008), along with its range. While T. grossipicata is found in
western Mexico, T. fasciculata s.s. occurs in eastern Mexico and the Caribbean. In the BUCKy
analyses T. grossipicata is embedded within other western Mexican tillandsias (Figure 6,
Supplementary Figure 17), although statistical support for a relationship between T. grossipicata

and other western Mexican tillandsias was not found in MP, ML, and Bl analyses (Figure 4).
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Tillandsia flavobracteata, an endemic from eastern Mexico

Matuda (1975a) described Tillandsia flavobracteata from a plant collected in Veracruz
and compared it to T. achyrostachys which was itself compared by Baker (1889) to T.
xiphostachys. According to Matuda (1975), T. flavobracteata can be distinguished from T.
achrostachys by its larger size and rigid, subulate-caudate leaves. Luther transferred it to
subgenus Tillandsia and considered it within the T. fasciculata complex. Barfuss et al. (2011)
study confirmed that T. achyrostachys belonged to the subgenus Tillandsia and is not closely
related to T. xiphostachys which is itself a member of the Xiphioides clade. The results from this
study indicate that the exact placement of T. flavobracteata within the T. fasciculata s.I. remains
unclear, although in the BUCKYy analyses T. flavobracteata formed a clade with the eastern

Mexico tillandsias sampled (Figure 6, Supplementary Figure 17).

Circumscription of Tillandsia fasciculata s.s.

“Tillandsia fasciculata” from Eastern Mexico: T. botterii and T. inopinata

Tillandsia botterii and T. inopinata are two species occurring in eastern Mexico that have
been compared to T. fasciculata. Baker’s (1889) description of T. botterii is based on a Morren
drawing from a plant sent by M. Devansaye. Baker (1889) considered Tillandsia botterii
“scarcely more than a variety of T. fasciculata.” It is known only from Veracruz, Mexico (Espejo
et al. 2004). Another eastern Mexico “T. fasciculata” type plant is T. inopinata. Espejo et al.
(2008) described T. inopinata as larger sized than T. fasciculata s.s., with more spikes (11-26.5
cm x 1.2 -2 cm) occurring in the Mexican biogeographic zones of Tamaulipas, Sierra Madre

Oriental and Mexican Plateau (Morrone et. al. 2002). Molecular results from this study support
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the placement of T. botterii in the T. fasciculata s.s. group; it tends to group with the smaller

bracted T. fasciculata varieties from the Bahamas, Cuba, and Florida.

In the MP, ML, and BI trees of three plastid and both nuclear loci (Figure 5), “Tillandsia
inopinata” appears scattered within the T. fasciculata group: one sample (#1111) consistently is
sister to T. botterrii and in the T. fasciculata s.s. group while another sample #568 is in the T.
fasciculata s.I. clade. In the BUCKYy analyses (Figure 6, Supplementary Figure 17), both samples
are in the T. fasciculata s.I. group, but still do not form a monophyletic clade. Even though both
plants were collected near the type locality of T. inopinata, these findings suggest possible

incomplete lineage sorting or hybridization.

Tillandsia kuzmae, a small T. fasciculata type plant from the Dominican Republic

Yet another small Tillandsia fasciculata looking plant is T. kuzmae. Ehlers (2000)
described T. kuzmae as having spikes less than 10 cm with acuminate, nerved floral bracts. She
also compared Tillandsia kuzmae to T. fasciculata var. venosispica (Ehlers 2000). This study
supported Ehler’s hypothesis that T. kuzmae is a unique entity that belongs to the T. fasciculata
group. Tillandsia kuzmae forms a monophyletic clade, but it is sometimes embedded within or
sometimes sister to T. fasciculata var. venosispica group from Puerto Rico and the Virgin
Islands. In the MP, ML, and BI analyses of all loci sampled together (Figure 4), a T. fasciculata
type plant also from the Dominican Republic (DRBAY8) was in the weakly supported T. kuzmae

clade, but was not in the BUCKYy analyses (Figure 6, Supplementary Figure 17).

Tillandsia compressa, a convoluted taxonomic treatment with comments on T. buchii

The taxonomy of Tillandsia compressa is convoluted. Tillandsia compressa was

described by Shultes (1830) based on a plant from Jamaica. He compared this plant to T.



32

fasciculata. Since then, there have been numerous nomenclatural changes with some authors
recognizing it as T. fasciculata var. vensosispica (Smith and Downs 1977) while others believing
it to be a valid species. A varietal designation was ascribed to T. compressa var. oligostachya by
Baker ex Andre (1888), but the name was synomized to T. fasciculata var. fasciculata by Smith
and Downs (1977). The relatedness of T. compressa and the Haitian T. buchii (Urban 1917) is
also contested. Tillandsia buchii was synonymized as T. compressa and later T. fasciculata var.
vensosispica. Results from this study found that plants collected in Jamaica were part of the core
T. fasciculata group. Even though several samples from Jamaica were included that would
historically be classified as either T. compressa, T. fasciculata, or T. fasciculata var. venosispica,

a monophyletic group was not formed.

Plants collected in the pine oak forest of the Dominican Republic morphologically
resemble what would be considered T. buchii. Given the type location of T. buchii (Haiti), and
the samples that were collected which had both a distinct morphology (thick branches) and
habitat in high elevation pine oak forest, this study recommends that T. buchii be considered a
synonym of T. compressa s.s. Based on field and herbarium observations, T. compressa s.S. is
restricted to Hispaniola and Jamaica. Furthermore, T. compressa should not be confused with T.
fasciculata var. vensosispica plants that are strongly associated with Puerto Rico, the Virgin

Islands, and Lesser Antilles.

Tillandsia fasciculata var. venosispica s.s.

Tillandsia fasciculata var. venosispica was described by Mez in (1896). It belongs to the
larger bracted varieties of T. fasciculata, but has nerved floral bracts. Molecular results from this
study support T. fasciculata var. venosispica as a clade, although there is weak support and

placement of T. kuzmae remains unresolved (Figure 5). Biogeographic signal suggests that this
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clade is strictly from Puerto Rico and the Lesser Antilles, and that T. fasciculata var. venosispica
type plants from Mexico, the Greater Antilles (excluding Puerto Rico), and northern South

America should be reexamined.

Small floral bracted T. fasciculata varieties: clavispica, densisipica, laxispica, and uncispica

The smaller bracted Tillandsia fasciculata group, as divided by Mez (1896) consisted of:
T. fasciculata var. clavispica, T. fasciculata var. densispica, T. fasciculata var. laxispica, and T.
fasciculata var. uncispica. Tillandsia fasciculata var. densispica forma alba, was added by
Foster (1953) and T. fasciculata var. floridana by Smith (1967, see section on FL hybrids below
for more details). Confusion in morphological characters and distribution has been troublesome
for taxonomists especially at the varietal rank: T. fasciculata var. densispica, T. fasciculata var.

laxispica, and T. fasciculata var. uncispica.

Molecular results from this study show a clade of small bracted Tillandsia fasciculata in
both phylogenetic analyses (Figure 4) and network analyses (Figures 7—9). Within this clade, the
varieties are unresolved and formed a polytomy. Even though T. fasciculata var. clavisipica
forms a polytomy with the other small bract varieties, there is morphological evidence (Sidoti,
unpublished) and clear geographic boundaries (endemic to Cuba), that warrants its continued
classification as a variety, and possibly even justification to species rank (Hechavarria, personal
comm.). Two other T. fasciculata type specimens from Cuba are T. fasciculata var. uncispica
and T. fasciculata var. laxispica. Tillandsia fasciculata var. uncipica is essentially a smaller
version of T. fasciculata. Its distribution is mainly in Cuba, but some specimens have been
recognized from plants from eastern Mexico and the Bahamas. In the MP, ML, and Bl analyses

(Figure 5), the two samples tested do not form a monophyletic group and one sample (#287) is
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not even in the polytomy of other small bracted T. fasciculata varieties. In the BUCKY analyses

both T. uncispica samples belong to the small bracted clade (Figure 6).

As currently classified, Tillandsia fasciculata var. laxispica is more widely distributed
with specimens from the Bahamas, Cuba, and Mexico (Smith and Downs 1977). Differences
between T. fasciculata var. densispica and T. fasciculata var. laxispica are mainly due to lax
branching pattern. This study found that there is neither (phylogenetic) molecular nor
morphological (Sidoti, unpublished) evidence to distinguish the two taxa. However, population

genetic evidence supports recognition of this variety (Chapter 2).

Tillandsia fasciculata var. densispica and Tillandsia fasciculata var. densispica f. alba
are described from plants in Florida. Tillandsia fasciculata var. densispica type looking plants
are often classified with this varietal name if they have small branches and floral bracts.
Molecular evidence from this study suggests this taxon is restricted to the Caribbean Islands and
that taxa historically from outside the West Indies need to be reevaluated and reclassified.
Tillandsia fasciculata var. densispica f. alba can co-occur with the purple flowered Tillandsia
fasciculata var. densispica, but the white flowered form is more restricted in pockets in southern
Florida than the more widespread purple form. This white petal color phenomenon has been

observed in “Tillandsia fasciculata var. densispica” plants from Mexico (Ramriez 2004).

Florida hybrids:

In Florida there are two purported natural hybrids attributed to the complex: Tillandsia
xfloridana L.B. Smith and T. xsmalliana (Luther 1985). The purported parents of Tillandsia
xfloridana are the central to southern FL ranging T. fasciculata var. densispica and the northern

to Central FL distributed T. bartramii (Luther 1985). Key morphological evidence suggests it is
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intermediate in form being a medium sized plant with pink, lepidote floral bracts (Luther 1985).
In the MP, ML, and BI analyses of this study, T.xfloridana is positioned among the small
bracted T. fasciculata varieties from the Bahamas, Cuba, and Florida based on plastid data
(Supplementary Figure 5), but in the BUCKYy analyses (Figure 6) and nuclear (Supplementary
Figure 6) dataset it falls outside the T. fasciculata s.l. clade as would be expected for a hybrid
taxon. The psbT-trnT Splits Tree analysis (Figure 8) affirms that T. xfloridana is clustered with
one of its purported parents, T. fasciculata var. densispica from Florida and the Bahamas.
Tillandsia bartramii clusters with the Florida, Bahamas, Cuba group with the Splits Tree

analyses with psbT-trnT datasets.

Tillandsia fasciculata var. densispica and T. balbisiana are the purported parents of T.
xsmalliana (Luther 1985). Distinguishing morphological characters are a mixture of the two
parents: numerous, erect-arching leaves, and intermediate sized inflorescence (Luther 1985).
Tillandsia xsmalliana clusters with the Florida and Bahaman T. fasciculata var. densisipica
samples in the Splits Tree analyses for the psbT-trnT dataset (Figure 8). Unfortunately, the
second parent, T. balbsiana, was not included in this study so confirmation of its hybrid origin

still needs further investigation.

Biogeographic signal
4) What does it tell us about evolutionary patterns in the Caribbean?

The Caribbean islands are about 20 million years old (Graham 2003, 2010, 2011,
Ricklefs & Bermingham 2007). Suitable habitats for colonization are dependent on the geologic

history of islands, e.g., 40 ma for parts of Cuba and Hispaniola to 1 ma in Barbados (Graham
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2010). Givnish et al. (2011) hypothesized that the core tillandsioids arose ca. 14.2 Ma in the
Andes with modern lineages diverging ca. 8.7 Ma. Tillandsia, ca. 6 Ma, is a geologically young
genus. Based on BEAST analysis from this study, T. fasciculata s.l. arose about 1.75-4.75 ma,
and that T. fasciculata s.s. arose about 1-3.2 ma. Phylogenetic results from this study suggest
that the Tillandsia fasciculata s.s. group originated in Mexico (mainland). This study
corroborates many other plant studies that found Caribbean lineages originating from North
America (e.g., Lyonia, Poitea, Hebestigma, Pictetia, and Sabal (Santiago & Olmstead 2004),

Pinus subsection Australes (Jardon et al. 2011), Rochefortia (Ehretiaceae) (Irimia et al 2015)).

Northern South America: recognition of a distinct biogeographic “Tillandsia fasciculata” plant

A strong biogeographic signal is recovered in the South American “Tillandsia
fasciculata” plants. These plants form a separate clade sister to other Tillandsia plants tested that
historically are not associated with T. fasciculata. Trinidad is part of the South American
continent shelf and given its recent separation (11-15,000 years) to northern South America these
findings are consistent with biological studies (Hedges 2006, Hedges & Heinicke 2006, Camargo
et al. 2009) that found connectedness between Trinidad and northern South America. The T.
fasciculata var. venosispica plants from the Lesser Antilles (St. Lucia and Guadeloupe) are more
closely related to T. fasciculata var. venosispica from Puerto Rico than “T. fasciculata” from
northern South America, suggesting that the main direction of speciation of T. fasciculata is

through the Greater Antilles into the Lesser Antilles.

Relationship of Jamaica taxa with Cuba and Hispaniola

Several studies have found a relationship of Jamaican flora to Cuba and Hispaniola

(Lasiocroton in Jestrow et al. 2010, Santiago & Olmstead 2004). For the Tillandsia fasciculata



37

group, relationships are found between Jamaican samples and Hispaniola, but not Cuba. Jamaica
is the type locality of Tillandsia fasciculata and several “T. fasciculata” plants are recognized to
occur in this country: T. fasciculata, T. fasciculata var. venosispica, T. fasciculata var. laxispica,
T. compressa, and T. trelawniensis. The Jamaican taxa tested did not form a monophyletic group.
Tillandsia trelawniensis is more closely related to many of the Dominican Republic plant
material, while most of the “T. fasciculata” samples form a strongly supported clade in both
phylogenetic and network analyses. Cuba’s Tillandsia fasciculata types are mostly restricted to
the small bracted groups of the Bahamas and Florida, so there appears to be no relationship with

Jamaica, at least with the small bracted varieties.

Relationship of Puerto Rican taxa with Hispaniola

Phylogenetic relationships have been found between Puerto Rican and Hispaniola plants
(Sabal, Lyonia, Poitea, and Goetzea (Santiago & Olmstead 2004). This study also finds a similar
pattern between Puerto Rico and Hispaniola. Tillandsia kuzmae, an endemic from Hispaniola is
usually embedded but sometimes sister to T. fasciculata var. venosispica, Puerto Rico’s most

represented Tillandsia fasciculata plant (See section below for further details).

Greater Antillean-centered groups with representatives in the Virgin Islands or the Lesser

Antilles

One of the most consistent taxonomic clades resolved in this study is Tillandsia
fasciculata var. venosispica from Puerto Rico, Vieques, the US Virgin Islands (St. Thomas and
St. John), and the Lesser Antilles (Guadeloupe and St. Lucia (in most analyses)). This suggests

that the Puerto Rican T. fasciculata var. venosispica plants dispersed to the Virgin Islands and
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then moved south through the Lesser Antilles. A similar dispersal pattern was observed in
Charianthus (Melastomataceae) (Michelangeli et al 2008). Of note, T. fasciculata var.
vensosispica is often found on limestone outcrops on many of these Lesser Antilles Islands vs.
the islands closer to the mainland (Jamaica, Cuba, the Dominican Republic and Trinidad) where
“T. fasciculata” like plants occur in different habitats. This suggests that these plants can more
easily colonize various habitats, but prefer (or can outcompete other plants) in dry communities.
Trejo-Torres and Ackerman (2002) found that humidity levels (i.e., dry type vegetation) played
an important role in floristic links of limestone vegetation communities rather than geography

(i.e., other islands).

CONCLUSIONS

This study increased both taxon and locus sampling of the Tillandsia fasciculata group.
Concatenated data incorporating plastid regions, a low-copy nuclear gene, and nr ETS clarified
some taxonomic questions pertaining to the hypothesized T. fasciculata group. Even though
branch lengths were short, and statistical support low, some clades were resolved that support
both the taxonomy and biogeography of the region (e.g., small bract varieties from the Bahamas,
Cuba, and Florida). Geographic region plays an important role in delimiting several problematic
taxa (e.g., T. fasciculata var. venosispica occurs in Puerto Rico and the Lesser Antilles, but not
Mexico and Hispaniola as has been historically recognized). Loci sampling increased and
included three new plastid markers. ETS, psbT-trnT, and rpl14-rpl36 were helpful in resolving
this group and should be added to future phylogenetic studies.

Within the “Tillandsia fasciculata” complex the lack of resolution among species is still

prevalent despite sampling efforts. This could indicate a fast diversification episode in the



evolutionary history of this species, or of a recent colonization of the islands. Future directions
should incorporate next generation sequencing such as rad seq that straddles phylogenetics and

population genetics approaches.
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Table 1. Taxa and distribution of hypothesized Tillandsia fasciculata complex. BF=Bahamas,

BH=Belize, BR=Brazil, CO=Colombia, CR=Curacao, CS=Costa Rica, CU=Cuba,
DO=Dominica, DR=Dominican Republic, FG=French Guiana, GP=Guadeloupe, ES=EI
Salvador, GT=Guatemala, HA=Haiti, HO=Honduras, JM=Jamaica, MX=Mexico,
NU=Nicaragua, PM=Panama, PR=Puerto Rico, SM=San Martin, ST=St. Lucia, NS=Suriname,
TD=Trinidad and Tobago, US=United States, VC=St. Vincent & Grenadines VI=British Virgin

Islands, VE=Venezuela.
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Species Distribution This study

“T. fasciculata group”

T. acostae CS, GT, MX related to

T. beutelspacheri Matuda MX outside T. fasciculata s.l.
T. botteri E. Morren ex Baker MX related to

T. copalaensis Ehlers MX no samples available

T. compressa Bertero ex DR, HA, IM sensu stricto

Schultes f.

T. fasciculata var. clavispica  CU, MX, US sensu stricto

Mez

T. fasciculata var. densispica

Mez

T. fasciculata var. densispica

forma alba Mez

T. fasciculata Sw. var.
fasciculata

T. fasciculata var. laxispica
Mez

T. fasciculata var.
pendulispica Mez

T. fasciculata var. uncispica
Mez

T. fasciculata var. venosispica

Mez

BF, CS, DR, GT, HA, MX,
us

(U

BF, BH, BR, CO, CR, CS,
DO, DR, ES, FG, GP, GT,
HA, HO, JM, MX, NS, NU,
PM, PR, SM, TD, VE

BF, CU, DR, HA, JM, MX

Without locality or country,
based on cultivated material

BF, CO, CS, CU, DR, GT,
HA, PM, ST

CO, CS, CU, DR, ES, HA,
JM, MX, PR, VC, VI

sensu stricto

sensu stricto

sensu stricto

no samples available

sensu stricto

sensu stricto



T. flavobracteata Matuda

T.xfloridana L.B. Smith

T. grossipicata Espejo, Lopez-

Ferrari & Till
T. hubertiana Matuda

T. inopinata Espejo, Lopez-
Ferrari & Till

T. jalisco-monticola Matuda
T. kuzmae Ehlers

T. magnispica Espejo &
Lopez-Ferrari

T. xpolita L.B. Smith
T. rhomboidea André

T. rotundata (L.B. Smith)
Gardner

*T. xsmalliana H. E. Luther

T. zoquensis Ehlers

“Related” taxa
T. capitata Grisebach
T. concolor L. B. Sm.

T. macvaughii Espejo &
Lopez-Ferrari

T, maritima Matuda

T. marabascoensis Ehlers &
Lautner

T. rodrigueziana
T. roland-gosselinii Mez
T. rothii Rauh

T. trelawniensis Proctor

MX
(U
MX

MX
MX

MX
DR
MX

ES, GT, MX
CO
GT, HO, MX

us
MX

CU, DR, MX
ES, MX
MX

MX
MX

ES, GT, HO, MX, NU
MX
MX
M
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related to
sensu stricto

related to

related to

related to

related to
sensu stricto

related to

outside T. fasciculata s.I.
related to

outside T. fasciculata s.I.

no samples available

no samples available

outside T. fasciculata s.I.
outside T. fasciculata s.I.

no samples available

no samples available

outside T. fasciculata s.l.

outside T. fasciculata s.I.
outside T. fasciculata s.I.
outside T. fasciculata s.I.

sensu stricto



T. tricolor var tricolor Schltdl.
& Cham.

T. verapazana Ehlers

T. welzii Ehlers

CS, GT, MX

GT
GT

outside T. fasciculata s.I.

no samples available

outside T. fasciculata s.I.
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Figure 1. Morphological diversity of the Tillandsia fasciculata complex. A) Tillandsia fasciculata (Jamaica), B) T.
fasciculata var. clavispica (Cuba), C) T. fasciculata var. aff. laxispica (Bahamas), D) T. fasciculata var. densispica
f. alba (Florida), E) T. fasciculata var. venosispica (Puerto Rico), F) T. fasciculata var. uncispica (Cuba), G) T.
xfloridana (Florida), H) T. rothii (Mexico), 1) T. maritma (Mexico), J) T xpolita (Mexico), K) T. compressa
(Dominican Republic), L) T. grossipicata (Mexico), M) T. inopinata (Mexico), N) T. zoquensis (Mexico), O) T.
jalisco-monticola (Mexico), P) T. huberitana (Mexico), Q) T. magnispica (Mexico).
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Figure 3. Maximum Likelihood tree of the Tillandsia fasciculata group (indicated in shaded grey
box) based on combined chloroplast loci (atpB-rbcL, partial matK, and rps16). Thickened black
bars indicate bootstrap values and posterior probabilities greater than 75% and 0.99. N=137. Star

indicates Tillandsia subgenus Tillandsia clade.
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Figure 4. Maximum Likelihood tree of the Tillandsia fasciculata group based on combined
chloroplast loci (atpB-rbcL, partial matK, ndhJ-trnF, psbD-trnT, rpl14-rpl36, rps16) and two
nuclear loci (PRK and ETS). Thickened black bars indicate bootstrap values and posterior
probabilities greater than 75% and 0.99. Concatenated (PLASTID + NUCLEAR) w/hybrid

N=76. Non-colors, origin unknown.
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Figure 5. BEAST tree of the Tillandsia fasciculata group based on combined chloroplast loci
(atpB-rbcL, partial matK, rps16) and two nuclear loci (PRK and ETS). Blue horizontal bars =
95% highest probability density. Non-colors, origin unknown. n=76.
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Figure 6. BUCKYy tree of the Tillandsia fasciculata group based on combined chloroplast loci
(atpB-rbcL, partial matK, ndhJ-trnF, psbD-trnT, rpl14-rpl36, rps16) and two nuclear loci (PRK
and ETS). a priori level of discordance among loci set to 100. Concordance factor above nodes.
n=76.
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Supplementary Figure 1. Maximum Likelihood tree of the Tillandsia fasciculata group based on
nuclear locus ETS. Thickened black bars indicate bootstrap values and posterior probabilities
greater than 75% and 0.99. MONO ETS n=102
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Supplementary Figure 2. Maximum Likelihood tree of the Tillandsia fasciculata group based on
combined chloroplast loci (atpB-rbcL, partial matK, ndhJ-trnF, psbD-trnT, rpl14-rpl36, rpsl6)
and two nuclear loci (PRK and ETS). Thickened black bars indicate bootstrap values and
posterior probabilities greater than 75% and 0.99. n=81. MONO SUBSET
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Supplementary Figure 3. Maximum Likelihood tree of the Tillandsia fasciculata group based on
combined chloroplast loci (atpB-rbcL, partial matK, ndhJ-trnF, psbD-trnT, rpl14-rpl36, rps16)
and two nuclear loci (PRK and ETS). Thickened black bars indicate bootstrap values and
posterior probabilities greater than 75% and 0.99. n=80. MONO SUBSET?2 (w/o T. xfloridana)
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Supplementary Figure 4. Maximum Likelihood tree of the Tillandsia fasciculata group based on
combined chloroplast loci (atpB-rbcL, partial matK, ndhJ-trnF, psbD-trnT, rpl14-rpl36, rps16)
and two nuclear loci (PRK and ETS). Thickened black bars indicate bootstrap values and
posterior probabilities greater than 75% and 0.99. Concatenated (PLASTID + NUCLEAR)
excluding purported natural hybrids T. xfloridana and T. xpolita n=74
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T fasciculata var. clavispica PIES CUBA

T. fasciculata var. densispica MH13 FLORIDA

T. fasciculata var. densispica GCIR14 FLORIDA

T. fasciculata var. aff. laxispica JP7 BAHAMAS

T. fasciculata var. aff. laxispica AC3 BAHAMAS

T. fasciculata var. densispica BAHAMAS

T. fasciculata var. densispica MR6 FLORIDA

T. fasciculata var. unicispica RAN10 CUBA

T. botteri GCIR VERACRUZ, MEXICO

T. inopinata GCIR6 MEXICO

T. welzii

T. fasciculata var. aff. unicispica BAN4 CUBA

T. rotundata BRT

T. xpolita

T. acostae TROP

T acostae BRT

T. magnispica OAXACA, MEXICO

Tillandsia MX12 CHAC®

T. hubertiana GUERRERO, MEXICO

T. aff. fasciculata GUATEMALA

T. aff. fasciculata JM RT3 JAMAICA

T. aff. fasciculata JM MR4 JAMAICA

T. aff. fasciculata JM CC8 JAMAICA

T. aff. fasciculata JM ST4 JAMAICA

T. rothii

T. trelawniensis TROP JAMAICA

T. trelawniensis SEL 1986-0480 JAMAICA

T. roland-gosselinii

T. marabascoensis

T. compressa DRC2 DOMINICAN REPUBLIC

T. aff. fasciculata DRA7 DOMINICAN REPUBLIC
Tillandsia GCIR 21

T. aff. fasciculata COSTA RICA

T. concolor

T. palmasolana

Tillandsia MX12 XAD1

T. fiavobracteata AE7113 OAXACA, MEXICO

T. rotundata JGC1285

T. jalisco-monticola SEL 1996-0334 JALSICO, MEXICO
T. jalisco-monticola MX12 TUI3 JALSICO, MEXICO
T. grossispicata JALISCO, MEXICO

T. aff. fasciculata GDBEA2 GUADELOUPE

T. aff. fasciculata ST. JOHN, VIRGIN ISLANDS

T. fasciculata var. venosispica PRMAR1 PUERTO RICO
T. fasciculata var. venosispica PRGUAN1 PUERTO RICO
T. aff. fasciculata GDBOU2 GUADELOUPE

T. fasciculata var. venosispica PRVQ1 VIEQUES, PUERTO RICO
T. fasciculata var. venosispica PRVQ3 VIEQUES, PUERTO RICO
T. fasciculata var. venosispica PRGUAJ3 PUERTO RICO
T. aff. fasciculata ST. THOMAS, VIRGIN ISLANDS
T. aff. fasciculata DRO4 DOMINICAN REPUBLIC

T. aff. fasciculata ST. LUCIA

T. kuzmae BRT

T. aff. kuzmae DR PSD1 DOMINICAN REPUBLIC
T. kuzmae SEL 1998-0009 DOMINICAN REPUBLIC
T. aff. fasciculata DRBAY8 DOMINICAN REPUBLIC
T. rhomboidea SEL 1987-0487

T. rhomboidea TROP

T. aff. fasciculata TDSIP3 TRINIDAD

T. aff. fasciculata Aguirre 237 COLOMBIA

T. aff. fasciculata GCIR44 ARAGUA, VENEZUELA
T. aff. fasciculata JB11685 COLOMBIA

Tillandsia GCIR 7

T. aff. fasciculata TDOMAN1 TRINIDAD

T. beutelspachen

T. rodrigueziana

Tillandsia Betancur 13050

T
Catopsis nutans

Supplementary Figure 5. Maximum Likelihood tree of the Tillandsia fasciculata group based on
combined chloroplast loci (atpB-rbcL, partial matK, ndhJ-trnF, psbD-trnT, rpl14-rpl36, rps16).
Thickened black bars indicate bootstrap values and posterior probabilities greater than 75% and

0.99. n=76 PLASTID (BARFUSS + SHAW)
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T. fasciculata var. densispica GCIR14 FLORIDA

T. fasciculata var. venosispica PRGUAJ3 PUERTO RICO
T. aff. fasciculata GDBOU2 GUADELOUPE

T. fasciculata var. venosispica PRMAR1 PUERTO RICO
T. fasciculata var. venosispica PRVQ1 VIEQUES, PUERTO RICO
T. kuzmae BRT

T. aff. kuzmae DR PSD1 DOMINICAN REPUBLIC
T. kuzmae SEL 1998-0009 DOMINICAN REPUBLIC
T. aff. fasciculata DRBAY8 DOMINICAN REPUBLIC
T. aff. fasciculata ST. JOHN, VIRGIN ISLANDS

T. aff. fasciculata ST. THOMAS, VIRGIN ISLANDS
T. fasciculata var. venosispica PRGUAN1 PUERTO RICO
T. aff. fasciculata ST. LUCIA

T. aff. fasciculata GDBEA2 GUADELOUPE

T. fasciculata var. venosispica PRVQ3 VIEQUES, PUERTO RICO
T. aff. fasciculata DRA7 DOMINICAN REPUBLIC

T. aff. fasciculata DRO4 DOMINICAN REPUBLIC

T. compressa DRC2 DOMINICAN REPUBLIC

T. botteri GCIR VERACRUZ, MEXICO

T. fasciculata var. clavispica CIE2 CUBA

T. aff. fasciculata JM RT3 JAMAICA

T. aff. fasciculata JM CC8 JAMAICA

T. aff. fasciculata JM MR4 JAMAICA

T. aff. fasciculata JM ST4 JAMAICA

T. fasciculata var. densispica MH13 FLORIDA

T. fasciculata var. aff. laxispica AC3 BAHAMAS

T. fasciculata var. aff. laxispica JP7T BAHAMAS

T. fasciculata var. densispica MR6 FLORIDA

T. fasciculata var. densispica BAHAMAS

T. fasciculata var. unicispica RAN10 CUBA

T. fasciculata var. aff. unicispica BAN4 CUBA

T. trelawniensis SEL 1986-0480 JAMAICA

T. trelawniensis TROP JAMAICA

T. fasciculata var. clavispica PIES CUBA

T. fasciculata var. densispica f. alba FLORIDA

T. acostae TROP

T. rhomboidea TROP

T. rhomboidea SEL 1987-0487

T. lavobracteata AET113 OAXACA, MEXICO

T. inopinata GCIR8 MEXICO

T. jalisco-monticola SEL 1996-0334 JALSICO, MEXICO
T. jalisco-monticola MX12 TUI3 JALSICO, MEXICO
Tillandsia MX12 CHACB

T. hubertiana GUERRERO, MEXICO

T. magnispica OAXACA, MEXICO

T. grossispicata JALISCO, MEXICO

T. aff. fasciculata GUATEMALA

T. xfloridana FLORIDA

T. inopinata ARLF 3357 HIDALGO, MEXICO

T. acostae BRT

T. welzii

T. rodrigueziana

T. beutelspacheri

T. rotundata BRT

T. xpolita

T. tricolor

T. rotundata JGC1285

T. aff. capitata

T. aff. fasciculata GCIR44 ARAGUA, VENEZUELA
T. aff. fasciculata TDSIP3 TRINIDAD

7. aff. fasciculata TDMAN1 TRINIDAD

Tillandsia GCIR 7

T. aff. fasciculata Aguirre 237 COLOMBIA

T. aff. fasciculata JB11685 COLOMBIA

Tillandsia GCIR 21

T. aff. fasciculata COSTA RICA

T. rothii

T. roland-gosselinii

Tillandsia MX12 XAD1

T. concolor

T. palmasolana

T. marabascoensis

T. ionantha

Tillandsia Betancur 13050

T
Catopsis nutans

Supplementary Figure 6. Maximum Likelihood tree of the Tillandsia fasciculata group based on
combined nuclear loci (PRK and ETS). Thickened black bars indicate bootstrap values and
posterior probabilities greater than 75% and 0.99. n=76 NUCLEAR (ETS + PRK)
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T. aff. kuzmae DR PSD1 DOMINICAN REPUBLIC
T. kuzmae SEL 1998-0009 DOMINICAN REPUBLIC
e T. kuzmae BRT
. T. fasciculata var. densispica MR6 FLORIDA
T. fasciculata var. clavispica PIES CUBA
T. fasciculata var. aff. laxispica JP7 BAHAMAS
T. fasciculata var. unicispica RAN10 CUBA
T. fasciculata var. densispica MH13 FLORIDA
T. fasciculata var. clavispica CIE2 CUBA
T. fasciculata var. densispica BAHAMAS
T. fasciculata var. densispica GCIR14 FLORIDA
T. fasciculata var. aff. laxispica AC3 BAHAMAS
T. xfloridana FLORIDA
T. fasciculata var. densispica f. alba FLORIDA
T. aff. fasciculata DRBAY8 DOMINICAN REPUBLIC
* T. magnispica OAXACA, MEXICO
s Tillandsia GCIR 21
T. roland-gosselinii
Ld T. grossispicata JALISCO MEXICO
= T. concolor
= T. aff. fasciculata JM ST4 JAMAICA

T. rothii
Sl T. aff. fasciculata JM CC8 JAMAICA
- T. aff. fasciculata JM MR4 JAMAICA
oe Tillandsia MX12 X,

T jallsco-monhcola MX12 TUI3 JALSICO, MEXICO
T. aff. fasciculata DRA7 DOMINICAN REPUBLIC
T. inopinata GCIRé MEX

- T. tricolor
T. inopinata ARLF 3357 HIDALGO, MEXICO
- T. fasciculata var. aff. unicispica BAN4 CUBA

Tiflandsia MX12 CHAC6
T. aff. fasciculata JM RT3 JAMAICA
T. compressa DRC2 DOMINICAN REPUBLIC
= T. aff. capitata
- T. hubertiana GUERRERO, MEXICO
o T. jalisco-monticola SEL 1996-0334 JALSICO, MEXICO
i T xpolrra

- T botten GCIR VERACRUZ, MEXICO
—— T flavobracteata AE7113 OAXACA, MEXICO
w T. acostae BRT
w T acostae TROP
o T. marabascoensis
we T. trelawniensis TROP JAMAICA
T. aff. fasciculata COSTA RICA
T. rotundata BRT
- T. ionantha
- T. palmasolana
T. rotundata JGC1285
T. trelawniensis SEL 1986-0480 JAMAICA
T. aff. fasciculata GUATEMALA
T. aff. fasciculata GDBOU2 GUADELOUPE
T. fasciculata var. venosispica PRGUAJ3 PUERTO RICO
T. aff. fasciculata ST. THOMAS, VIRGIN ISLANDS
T. fasciculata var. venosispica PRVQ1 VIEQUES, PUERTO RICO
T. fasciculata var. venosispica PRGUAN1 PUERTO RICO
T. fasciculata var. venosispica PRVQ3 VIEQUES, PUERTO RICO
T. rhomboidea SEL 1987-0487
I T. aff. fascmula[a ST LUCIA
“ T. rhomboidea T|
— i T. aff. fascmu/ata DRO4 DOMINICAN REPUBLIC
T. fasciculata var. venosispica PRMAR1 PUERTO RICO
- T. aff. fasciculata ST. JOHN, VIRGIN ISLANDS
¥, T. aff. fasciculata GDBEA2 GUADELOUPE
T. aff. fasciculata TDSIP3 TRINIDAD
o T aff. fasciculata Aguirre 237 COLOMBIA
T. aff. fasciculata GCIR44 ARAGUA, VENEZUELA
" Tillandsia GCIR 7
= T. aff. fasciculata JB11685 COLOMBIA
- T. aff. fasciculata TDOMAN1 TRINIDAD
L i T. beutelspacheri
T. rodrigueziana
o ~ Tiflandsia Betancur 13050
T. usneoides
Catopsis nutans

Supplementary Figure 7. Maximum Likelihood tree of the Tillandsia fasciculata group based on
combined chloroplast loci (atpB-rbcL, partial matK, and rps16). Thickened black bars indicate
bootstrap values and posterior probabilities greater than 75% and 0.99.
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T. aff. fasciculata TDMAN1 TRINIDAD

T. aff. fasciculata GCIR44 ARAGUA, VENEZUELA
T. aff. fasciculata TDSIP3 TRINIDAD

Tillandsia GCIR 7

T. aff. fasciculata Aguirre 237 COLOMBIA

T. aff. fasciculata JB11685 COLOMBIA

T. aff. fasciculata DRO4 DOMINICAN REPUBLIC

T. kuzmae SEL 1998-0009 DOMINICAN REPUBLIC
T. rhomboidea SEL 1987-0487

T. compressa DRC2 DOMINICAN REPUBLIC

T. jalisco-monticola SEL 1996-0334 JALSICO, MEXICO
T. magnispica OAXACA, MEXICO

T. inopinata GCIR6 MEXICO

T. ionantha

T. xfloridana FLORIDA

T. fasciculata var. venosispica PRVQ3 VIEQUES, PUERTO RICO
T. fasciculata var. clavispica PIE5 CUBA

T. aff. capitata

T. aff. fasciculata GUATEMALA

T. aff. fasciculata ST. JOHN, VIRGIN ISLANDS

T. aff. fasciculata ST. LUCIA

T. rotundata BRT

T. fasciculata var. aff. unicispica BAN4 CUBA

T. inopinata ARLF 3357 HIDALGO, MEXICO

T. aff. fasciculata JM RT3 JAMAICA

T. hubertiana GUERRERO, MEXICO

T. rhomboidea TROP

T. tricolor

T. fasciculata var. venosispica PRGUAN1 PUERTO RICO
T. kuzmae BRT

T. marabascoensis

T. aff. fasciculata GDBOU2 GUADELOUPE

T. fasciculata var. venosispica PRGUAJ3 PUERTO RICO
T. fasciculata var. densispica BAHAMAS

Tillandsia GCIR 21

T. trelawniensis SEL 1986-0480 JAMAICA

T. palmasolana

Tillandsia MX12 CHAC6

T. aff. fasciculata JM ST4 JAMAICA

T. fasciculata var. aff. laxispica AC3 BAHAMAS

T. concolor

T. fasciculata var. densispica f. alba FLORIDA

T. fasciculata var. unicispica RAN10 CUBA

T. fasciculata var. clavispica CIE2 CUBA

T. rotundata JGC1285

T. rothii

T. welzii

T. aff. fasciculata GDBEA2 GUADELOUPE

T. aff. fasciculata DRA7 DOMINICAN REPUBLIC

T. flavobracteata AE7113 OAXACA, MEXICO

T. aff. fasciculata ST. THOMAS, VIRGIN ISLANDS
T. aff. fasciculata JM CC8 JAMAICA

T. fasciculata var. densispica MH13 FLORIDA

T. aff. fasciculata JM MR4 JAMAICA

T. fasciculata var. densispica GCIR14 FLORIDA

T. fasciculata var. densispica MR6 FLORIDA

T. jalisco-monticola MX12 TUI3 JALSICO, MEXICO
T. aff. fasciculata COSTA RICA

T. aff. fasciculata DRBAY8 DOMINICAN REPUBLIC
Tillandsia MX12 XAD1

T. trelawniensis TROP JAMAICA

T. fasciculata var. venosispica PRMAR1 PUERTO RICO
T. xpolita

T. fasciculata var. aff. laxispica JP7 BAHAMAS

T. aff. kuzmae DR PSD1 DOMINICAN REPUBLIC
T. grossispicata JALISCO, MEXICO

T. fasciculata var. venosispica PRVQ1 VIEQUES, PUERTO RICO
T. botteri GCIR VERACRUZ, MEXICO

T. roland-gosselinii

T. beutelspacheri

T. rodrigueziana

T. acostae TROP

T. acostae BRT

Tillandsia Betancur 13050

T. usneoides

Catopsis nutans

Supplementary Figure 8. Maximum Likelihood tree of the Tillandsia fasciculata group based on
atpB-rbcL. Thickened black bars indicate bootstrap values and posterior probabilities greater

than 75% and 0.99.atpB-rbcL (n=76)
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T. tricolor
T. fasciculata var. densispica MH13 FLORIDA
T. fasciculata var. densispica BAHAMAS
T. xfloridana FLORIDA
T. fasciculata var. densispica GCIR14 FLORIDA
T. fasciculata var. aff. laxispica JP7 BAHAMAS
T. fasciculata var. clavispica PIE5S CUBA
T. aff. fasciculata DRBAY8 DOMINICAN REPUBLIC
T. fasciculata var. aff. laxispica AC3 BAHA!
T. fasciculata var. densispica f. alba FLORIDA
T. fasciculata var. unicispica RAN10 CUBA
T. fasciculata var. clavispica CIE2 CUBA
T. fasciculata var. densispica MR6 FLORIDA
T. compressa DRC2 DOMINICAN REPUBLIC
T. roland-gosselinii
Tillandsia MX12 XAD1
Tillandsia GCIR 21
T. aff. fasciculata JM MR4 JAMAICA
T. ionantha
T. aff. capitata
T. flavobracteata AE7113 OAXACA, MEXICO
F hubletltiana GUERRERO, MEXICO

- xpolita

T. trelawniensis TROP JAMAICA

T. aff. fasciculata COSTA RICA

T. rothii

T. grossispicata JALISCO, MEXICO

T. jalisco-monticola SEL 1996 0334 JALSICO MEXICO
T. botteri GCIR VERACRU.

T. jalisco-monticola MX12 TUI3 JALSICO MEXICO

T. acostae BRT

T. rotundata BRT

T. marabascoensis

T. palmasolana

T. acostae TROP

Tillandsia MX12 CHAC6

T. rotundata JGC1285

T. concolor

T. aff. fasciculata GUATEMALA

T. magnispica OAXACA, MEXICO

T. trelawniensis SEL 1986-0480 JAMAICA

T. aff. fasciculata JM ST4 JAMAICA

T. inopinata GCIR6 MEXICO

T. aff. fasciculata JM RT3 JAMAICA

T. fasciculata var. aff. unicispica BAN4 CUBA

T. aff. fasciculata JM CC8 JAMAICA

T. welzii

T. inopinata ARLF 3357 HIDALGO, MEXICO

T. aff. fasciculata DRA7 DOMINICAN REPUBLIC

T. fasciculata var. venosispica PRVQ1 VIEQUES, PUERTO RICO
T. fasciculata var. venosispica PRVQ3 VIEQUES, PUERTO RICO
T. rhomboidea SEL 1987-0487

T. kuzmae SEL 1998-0009 DOMINICAN REPUBLIC

T. aff. fasciculata GDBOU2 GUADELOUPE

T. fasciculata var. venosispica PRMAR1 PUERTO RICO
T. aff. fasciculata ST. JOHN, VIRGIN ISLAND:

T. fasciculata var. venosispica PRGUAN1 PUERTO RICO
T. rhomboidea TROP

T. aff. fasciculata GDBEA2 GUADELOUPE

T. aff. kuzmae DR PSD1 DOMINICAN REPUBLIC

T. aff. fasciculata ST. THOMAS, VIRGIN ISLANDS

T. aff. fasciculata DRO4 DOMINICAN REPUBLIC

T. fasciculata var. venosispica PRGUAJ3 PUERTO RICO
T. kuzmae BRT

T. aff. fasciculata ST. LUCIA

T. aff. fasciculata TDMAN1 TRINIDAD

T. aff. fasciculata JB11685 COLOMBIA

Tillandsia GCIR 7.

T. aff. fasciculata TDSIP3 TRINIDAD

T. aff. fasciculata GCIR44 ARAGUA, VENEZUELA

T. aff. fasciculata Aguirre 237 COLOMBIA

T. beutelspacheri

T. rodrigueziana

Tillandsia Betancur 13050

T. usneoides

Catopsis nutans

Supplementary Figure 9. Maximum Likelihood tree of the Tillandsia fasciculata group based on
partial matK. Thickened black bars indicate bootstrap values and posterior probabilities greater

than 75% and 0.99. (n=76)
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T. aff. capitata
T. aff. kuzmae DR PSD1 DOMINICAN REPUBLIC
T. kuzmae BRT
T. kuzmae SEL 1998-0009 DOMINICAN REPUBLIC
T. aff. fasciculata DRBAY8 DOMINICAN REPUBLIC
T. botteri GCIR VERACRUZ, MEXICO
T. fasciculata var. densispica MH13 FLORIDA
T. rhomboidea TROP
T. aff. fasciculata TDSIP3 TRINIDAD
T. aff. fasciculata GCIR44 ARAGUA, VENEZUELA
- T. fasciculata var. venosispica PRVQ3 VIEQUES PUERTO RICO
- T. fasciculata var. aff. laxispica AC3 BAHAMAS
" T. aff. fasciculata Aguirre 237 COLOMBIA
T rotundata BRT
" T. aff. fasciculata TDMAN1 TRINIDAD
T. fasciculata var. venosispica PRVQ1 VIEQUES, PUERTO RICO
T. marabascoensis
T. fasciculata var. clavispica CIE2 CUB,
T. aff. fasciculata ST. THOMAS, VIRG[N ISLANDS
T. aff. fasciculata JM MR4 JAMAICA
Tillandsia GCIR 7
T. fasciculata var. aff. Iax:splca JP7 BAHAMAS
T. magnispica OAXACA, MEXICO
T trelawniensis TROP JAMAICA
T. concolor
T. aff. fasc;culata GDBEA2 GUADELOUPE
T aff. fasciculata JB11685 COLOM
T. aff. fasciculata JM CC8 JAMAICA
T. rotundata JGC1285
Tillandsia GCIR 21
T. compressa DRC2 DOMINICAN REPUBLIC
T. inopinata GCIR6 MEXIC
T. aff. fasciculata DRO4 DOMINICAN REPUBLIC
T. rothii
T. welzii
T. fasciculata var. venosispica PRGUAJ3 PUERTO RICO
T. xfloridana FLORIDA
T aff. fasciculata JM RT3 JAMAICA
T. aff. fasciculata GDBOU2 GUADELOUPE
T. fasciculata var. densispica f. alba FLORIDA
T. aff, fasciculata GUATEMALA
T. jalisco-monticola MX12 TUI3 JALSICO, MEXICO
T. fasciculata var. clavispica PIE5 CUBA
T. inopinata ARLF 3357 HIDALGO, MEXICO
Tillandsia MX12 XAD1
T. palmasolana
T. jalisco-monticola SEL 1996-0334 JALSICO, MEXICO
T. fasciculata var. densispica BAHAMAS
T. roland-gosselinii
T ionantha
T. tricolor
T. aff. fasciculata DRA7 DOMINICAN REPUBLIC
T. fasciculata var. densispica GCIR14 FLORIDA
T. rhomboidea SEL 1987-0487
- T. hubertiana GUERRERO, MEXICO
i T. xpolita
" T. aff. fasciculata ST. LUCIA
" T. fasciculata var. densispica MR6 FLOI
- T. aff. fascicufata ST. JOHN, VIRGIN ISLANDS
N T. fasciculata var. venosispica PRGUAN1 PUERTO RICO
) T. aff. fasciculata COSTA RICA
T fasciculata var. venosispica PRMAR1 PUERTO RICO
" ?mssmplcata JALISCO, MEXICO
- sciculata var. unicispica RAN10 CUBA
- T fasciculata var. aff. unicispica BAN4 CU
N T. flavobracteata AE7113 OAXACA, MEXICO

S T T T e T T W R e R N R R R R

T. trelawniensis SEL 1986-0480 JAMAICA
Tillandsia MX12 CHAC6
T. aff. fasciculata JM ST4 JAMAICA
I T. acostae TROP
T. acostae BRT
- T. beutelspacheri
e T. rodrigueziana
R Tillandsia Betancur 13050
T. usneoides
Catopsis nutans

Supplementary Figure 10. Maximum Likelihood tree of the Tillandsia fasciculata group based
on rpsl6. (n=76)
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T. inopinata ARLF 3357 HIDALGO, MEXICO

T. aff. kuzmae DR PSD1 DOMINICAN REPUBLIC
T. kuzmae SEL 1998-0009 DOMINICAN REPUBLIC
T. aff. fasciculata DRBAY8 DOMINICAN REPUBLIC
T. kuzmae BRT

T. rhomboidea SEL 1987-0487

Tillandsia GCIR 7

T. aff. fasciculata TOMAN1 TRINIDAD

Tillandsia GCIR 21

T. trelawniensis TROP JAMAICA

T. aff. fasciculata DRA7 DOMINICAN REPUBLIC

T. compressa DRC2 DOMINICAN REPUBLIC

T. xpolita

T. acostae BRT

T. aff. fasciculata GUATEMALA

T. magnispica OAXACA MEXICO

« Tillandsia MX12 C

«T. hubertiana GUERRERO MEXICO
T. rotundata BRT
T. acostae TROP
T. marabascoensis
T. trelawniensis SEL 1986-0480 JAMAICA
T. roland-gosselinii
T. rothii
T. aff. fasciculata IM MR4 JAMAICA
T. aff. fasciculata JM CC8 JAMAICA
T. aff. fasciculata JM RT3 JAMAICA
T. aff. fasciculata JM ST4 JAMAICA
T. aff. fasciculata Aguirre 237 COLOMBIA
T. rhomboidea TROP
T. aff. capitata
T. rotundata JGC1285
T. aff. fasciculata GCIR44 ARAGUA VENEZUELA
T. aff. fasciculata TDSIP3 TRIN
T. aff. fasciculata JB11685 COLOMBIA
T. fasciculata var. densispica f. alba FLORIDA
T. welzij
T. fasciculata var. aff. laxispica AC3 BAHAMAS
T. botteri GCIR VERACRUZ, MEXICO
T. inopinata GCIR6 MEXICO
T. fasciculata var. aff. laxispica JP7 BAHAMAS
T. fasciculata var. densispica MR6 FLORIDA
T. fasciculata var. densispica GCIR14 FLORIDA
T. fasciculata var. densispica BAHAMAS
T. fasciculata var. clavispica PIES CUBA
T. xfloridana FLORIDA
T. fasciculata var. clavispica CIE2 CUBA
T. fasciculata var. densispica MH13 FLORIDA
T. fasciculata var. aff. unicispica BAN4 CUBA
T. fasciculata var. unicispica RAN10 CUBA
T. aff. fasciculata GDBEA2 GUADELOUPE
T. fasciculata var. venosispica PRGUAN1 PUERTO RICO
T. aff. fasciculata GDBOU2 GUADELOUPE
T. fasciculata var. venosispica PRMAR1 PUERTO RICO
T. aff. fasciculata ST. JOHN, VIRGIN ISLANDS
T. fasciculata var. venosispica PRGUAJ3 PUERTO RICO
T. fasciculata var. venosispica PRVQ1 VIEQUES, PUERTO RICO
T. fasciculata var. venosispica PRVQ3 VIEQUES, PUERTO RICO
T. aff. fasciculata ST. THOMAS, VIRGIN ISLANDS
T. aff. fasciculata ST. LUCIA
T. aff. fasciculata DRO4 DOMINICAN REPUBLIC
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Supplementary Figure 11. Maximum Likelihood tree of the Tillandsia fasciculata group based
on combined chloroplast loci (ndhJ-trnF, psbD-trnT, rpl14-rpl36). Thickened black bars indicate
bootstrap values and posterior probabilities greater than 75% and 0.99. (n=76)
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Supplementary Figure 12. Maximum Likelihood tree of the Tillandsia fasciculata group based
on ndhJ-trnF. Thickened black bars indicate bootstrap values and posterior probabilities greater

than 75% and 0.99. (n=76)
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Supplementary Figure 13. Maximum Likelihood tree of the Tillandsia fasciculata group based
on psbD-trnT. Thickened black bars indicate bootstrap values and posterior probabilities greater
than 75% and 0.99. (n=76)
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Supplementary Figure 14. Maximum Likelihood tree of the Tillandsia fasciculata group based
on rpl14-rpl36. Thickened black bars indicate bootstrap values and posterior probabilities greater
than 75% and 0.99. (n=76)
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Supplementary Figure 15. Maximum Likelihood tree of the Tillandsia fasciculata group based
on ETS. Thickened black bars indicate bootstrap values and posterior probabilities greater than

75% and 0.99. (n=76)
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Supplementary Figure 16. Maximum Likelihood tree of the Tillandsia fasciculata group based
on PRK. Thickened black bars indicate bootstrap values and posterior probabilities greater than
75% and 0.99. (n=76)
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Chapter 2: Genetic variation and structure in the Tillandsia fasciculata (Bromeliaceae)
complex of Florida and the Bahamas based on analysis of microsatellites

ABSTRACT

Florida is one of the most floristically diverse states in the USA. Increases in human population,
agriculture, tourism, and invasive exotic species threaten the limited remaining natural
vegetation. Tillandsia fasciculata (Bromeliaceae) is listed as a state endangered plant due to
urbanization and the exotic weevil, Metamasius callizona, that consumes its meristematic tissue,
resulting in death. Information on the genetic variation and structure of this group is lacking and
taxonomic uncertainties persist since its original description in the 18th century. The aim of this
study is to examine genetic variation and structure of T. fasciculata group in Florida and the
Bahamas. Additionally, this study aims to address whether genetic structure among populations
can help to delimit species boundaries. Furthermore, we also seek to evaluate purported
parentage of the natural hybrid T. xfloridana. Leaf material of T. fasciculata var. densispica
(n=160), T. fasciculata var. densispica f. alba (n=10), T. bartramii (n=12), and T. xfloridana
(n=33) was collected across 18 populations (4—36 individuals/site) from Florida and the
Bahamas. Results from eight microsatellite markers support high levels of heterozygosity. The
average Ho and He over loci and populations is 0.684 (SE=0.023) and 0.561 (SE=0.016). Fis are
between -0.785 to 0.142, indicating low levels of inbreeding. STRUCTURE supports at least
three population centers/clusters, 1) a T. fasciculata var. densispica f. alba group and purple
flowered T. fasciculata var. densispica including individuals in Collier, St. Lucie, and Martin
Counties, FL; 2) a southwestern Florida, southern Florida and Bahamas group; and 3) a T.
xfloridana group that forms a genetic population with T. bartramii. Results for all AMOVA

reveal greater variation within populations than among populations. When the Florida dataset is
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reanalyzed with T. xfloridana and T. bartramii removed, Fst values indicate a low degree of
differentiation among populations. There are significant relationships between geographic and
genetic distances for populations of the Florida and Bahamas “Tillandsia fasciculata” group.
Treatment of Florida populations and Bahamas populations separately find significant isolation

by distance.
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Florida is the third most floristically diverse state in the US, with over 4,200 species of
native or naturalized ferns and seed plants (Wunderlin et al. 2008). The state is unique in North
America excluding Mexico for being home to several epiphytic flowering plants of Orchidaceae
and Bromeliaceae that are characteristic of several southern Florida ecosystems. By 2060, the
human population in Florida is projected to increase to 18 million and an estimated 7 million
additional acres of land will be converted from rural and natural to urban uses (Zwick & Carr
2006). The impact on the biota will be great, especially considering that loss of habitat and
habitat fragmentation can lead to inbreeding depression, genetic drift, and loss of evolutionary
potential (Frankham et al. 2010). Future climate change scenarios, especially those that consider
rising sea levels along the coasts, are also cause for alarm. Plants and animals unable to migrate
or disperse to suitable habitats are likely to be impacted the most. Despite these threats to natural
vegetation and ecosystems, there exist no population genetic studies of charismatic Bromeliaceae

in Florida or within the larger Caribbean Basin floristic region.

Animal research plays a significant role in our understanding of diversification in the
Caribbean, a recognized biodiversity hotspot. Based on phylogenetic data, Anolis lizards of the
Greater Antilles are more closely related to one another on a given island than to Anolis from
other islands. Moreover, research on Eleutherodactylus frogs, Sphaerodactylus geckos, and
capromyid rodents suggest repeated and independent divergence of ancestral lineages (Ricklefs
& Bermingham 2008). Recent radiations have been investigated using Drosophila as a study
organism. Wilder and Hollocher (2003) found that the subgroup underwent two rounds of

diversification, and that population bottlenecks linked to founder events played a minimal role.

In contrast, few studies have taken a plant population genetics approach (Francisco-

Ortega et al. 2007, 2008) to address phylogeographic patterns across the Caribbean. Of those that
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have, some studies compared genetic diversity among islands or between islands and the
mainland. For example, lower genetic diversity was found in the population of Pseudophoenix
ekmanii (Arecaceae) on Isla Beata than on Hispaniola (Namoff et al. 2011). Genetic variation
within and among Cuba, Dominican Republic, and Puerto Rico was explored by Ackerman and
Ward (1999). They found that populations of Tolumnia variegata (Orchidaceae) were very
similar to one another within islands, and that among the islands gene flow was more restricted.
Most research indicates plants originating from the mainland. Jardon-Barbolla (2011) found that
the ancestral haplotypes of Pinus subsection Australes were from Central America. Conversely,
results from Maskas and Cruzan’s (2000) study on the systematics of Piriqueta caroliniana
(Turneraceae) suggested that this species dispersed via long distance from the Bahamas to North

America

Genetic variation and structure among bromeliad populations has been addressed in
several studies, but all within mainland Central or South America (Zanella et al. 2012, Southcott
& Ostevik 2011). Dominant markers have been used in several bromeliad population genetic
studies: 1) AFLPs: Billbergia in Dal Vesco 2012; Puya in Sgorbati et al. 2004, and Schulte et al.
2010; Fosterella in Rex et al. 2007; and 2) RAPDs: Puya in Sgorbati et al. 2004, Encholirium in
Mattos Cavallari et al. 2006. Co-dominant markers, such as microsatellites (SSRs) and allozymes
(Dyckia in Hmeljevski et al. 2011) have also been used to study bromeliad population genetic
diversity. Advantages to using SSRs are that they are highly polymorphic markers and PCR
based with relatively low costs. SSRs have been used to study: Puya in Sgorbati et al. 2004,
Pitcairnia in Sarthou et al. 2003 and Paggi et al. 2008, Vriesea and Alcantarea in Palma-Silva et
al. 2007, Vriesea in Palma-Silva et al. 2009; Pitcairnia in Palma-Silva et al. 2011, Guzmania and

Tillandsia, Boneh et al., 2003 and Cascante 2006, and Alcantarea in Barbara et al. 2007, 2008,
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2009, Orthophytum in Aoki-Goncalves 2014, Dyckia in Krapp 2012 and Woehrmann 2013.
There have been no studies published to date that consider population genetics within any of the
three bromeliad genera indigenous to Florida. Among these genera, Tillandsia is the most
diverse, with some 13 different species and two hybrids documented to occur on the Florida
peninsula. Several of these species or their close relatives can also be found on islands of the
Caribbean. This is especially true for taxa classified as part of the so-called ‘Tillandsia

fasciculata complex’.

The Tillandsia fasciculata (Bromeliaceae) complex sensu lato (see Chapter 1) consists of
22 species, eight varieties, and three natural hybrids. These herbaceous plants are usually
epiphytic and sometimes lithophytic. They occur throughout the Caribbean in a wide variety of
habitats from subtropical savannas and hardwood hammaocks to coastal rock plant communities
and limestone outcrops. In Florida, T. fasciculata is a state endangered plant due not only to
habitat loss, but also because the Mexican weevil, Metamasius callizona (Chevrolat), consumes

the meristematic tissue of adult plants, ultimately leading to the death of the plant.

We have conducted extensive fieldwork across Florida and the Caribbean over the past
decade to locate and collect specimens and tissue from taxa in the species complex in order to
evaluate genetic variation and structure among these plants. In particular we have focused our
attention on populations from Florida and the nearby Bahamas using microsatellite loci. In
addition to quantifying genetic variability within and among populations, this study also aims to
address whether genetic structure among populations can help to delimit species boundaries of
this group. We also seek to evaluate purported parentage of the natural hybrid T. xfloridana and

to use population genetic data to explore conservation implications.
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METHODS

Taxon sampling. All but two taxonomic members of the “Tillandsia fasciculata” complex known
from Florida and the Bahamas were included in this study. We included this broad level of
sampling, rather than restricting samples only to T. fasciculata or a subset of taxa, since
phylogenetic results of the complex and its allies resulted in an unresolved clade indicating no
clear phylogenetic delimitation among taxa (Chapter 1). Four taxa of the complex are
documented to occur in Florida (Figure 1). Tillandsia fasciculata var. densispica is the most
widespread, ranging from Central Florida to the Florida Keys. The other three Florida taxa have
a more geographically restricted range. Tillandsia fasciculata var. densispica f. alba, has been
recorded in southern Florida (Monroe and Miami-Dade counties), and T. xfloridana occurs in
Central Florida (between the two ranges of its purported parents -- T. fasciculata var. densispica
and T. bartramii). Tillandsia xsmalliana, another natural hybrid, occurs in southern Florida. Its
purported parents are T. fasciculata var. densispica and T. balbisiana. Only one sample was
obtained of this individual so it was excluded from this study. In the Bahamas, taxonomic
delimitation of the group is unclear. Several individuals that would historically be classified as
either T. fasciculata var. laxispica or T. fasciculata var. densispica were included in this study
(Figure 1). Sampling of Tillandsia fasciculata var. uncispica on Crooked Island was not
conducted. The only record of this taxon in the Bahamas is from an early 20" century herbarium
specimen (Smith & Downs 1977). Two hundred and fifteen individuals were sampled and
comprise: T. fasciculata var. densispica (n=160), T. fasciculata var. densispica f. alba (n=10), T.
bartramii (n=12), and T. xfloridana (n=33). The number of individuals per site ranged from 4 to
36 (See Figure 2, Table 1, Supplementary Table 1). In the field, individuals were selected that

represented the morphological diversity of the group with care being taken to not sample more
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than five non-clonal individuals from a nearby location (ca. 40 ft; and never from the same tree).

There were 12 sampling sites in Florida and six locations in the Bahamas.

DNA extraction. Total genomic DNA was extracted with one of two methods: either the BIO 101

FastDNA kit or Epicure Masterpure DNA Extraction protocol.

Microsatellite Primer sampling. Primers and PCR protocols were developed specifically for
Tillandsia fasciculata and Guzmania monostachia by Boneh et al (2003). They designed five
published (2003) (e6, p2p19, €19, e6b, CT5) and 10 unpublished (m11, CA21, 4-15, e18, CA 7,
alell, m7, CT4, el2, 4-20) primers (Table 2) with the intent of utilizing them in future
ecological studies that compare secondary and mature Neotropical forests. Of these, eight loci
were selected based on amplification and ease of genotyping. PCR amplifications followed
Boneh et al. (2003) using the following mixture (25 yL): 13.8 uL water, 5 L 5X Taq buffer, 0.5
pL MgClz, 0.5 pL dNTPs (10mM each), 1 pL bovine serum albumin (BSA), 1.0 pL F primer (10
mM), 1.0 uL R primer (10 mM), 0.2 pL Taq, and 1 pL, DNA template. Thermal cycling
conditions followed Boneh et al. (2003). The PCR product was then diluted with water 1 puL
PCR product: 99 pL water. Then that diluted product (5 puL) was added to a HiDi Formamide
and Rox 500 size standard mixture. Samples were run at the UW-Madison Biotechnology

Center.

Genotyping. Allele sizes were scored using Genemarker by SoftGenetics. Settings for
Genemarker were: Raw data analysis (frame) 50-600, peak detection threshold 100, with 1% for
global percentage and 25% for local region. To remove stutter peaks, the filter was set at the
default for diploid fragment analyses, 95% left, and 40% right. The sample files were then run
with the correct size template. Then, each sample file was checked for size calling and corrected

if necessary. Panels were manually created for each locus, with ranges adjusted to account for
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allele size. Sample files were rerun with this newly created panel and size standard. Genotyping

of alleles was confirmed manually for each individual.

Statistical Analyses

For the frequency based analyses, we used GenAlEx v6.3 (Peakall & Smouse 2012) to
assess allelic patterns across populations in Florida and the Bahamas. The percentage of
polymorphic loci (P), the average number of alleles per locus (A), the observed heterozygosity
(Ho), expected heterozygosity (He) across populations, and inbreeding coefficients (Fis) were
calculated per locus and per population in GenAlEx v6.3. This software was also used for 2 tests
for Hardy-Weinberg Equilibrium. To compute an analysis of molecular variance (AMOVA)
among populations and Fst pairwise comparisons between populations we used GenAlEx v6.3.
AMOVA analyses were run on the Bahamas and Florida dataset as two separate regions
(N=215), Bahamas dataset only (n=61), Florida dataset only (n=154), Bahamas and Florida
dataset as two separate regions without T. xfloridana and T. bartramii (n=170), and Florida

dataset without T. xfloridana and T. bartramii (n=109).

To visualize genetic relationships among individuals, we employed Principal Component
Analysis (PCA). We ran a pairwise genetic distance matrix among the 215 individuals and then

performed a PCA in GenAlEXx v6.3.

To assess potential population structure we used the software program STRUCTURE
2.3.4 which uses an approach based on Bayesian models (Pritchard et al. 2009). Settings
implemented for STRUCTURE 2.3.4 were: admixture model with no prior knowledge of
populations, length of burnin period was 500,000 and number of MCMC reps after burnin was

1,000,000. A project was built with predefined populations, K, set from 1 to 18 and run with 20
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iterations. Otherwise default settings were used. Structure Harvester (Earl et al. 2012) was used
to obtain the AK and infer best K (Evanno et al. 2005). Then CLUMPAK (Cluster Markov
Packager Across K; Kopelman et al., in press) was implemented to help visualize structure
results. A separate STRUCTURE analysis removed T. xfloridana and T. bartramii to test what
effect these taxa had on genetic structure of the T. fascisculata group in the Bahamas and Florida

(n=170).

To evaluate the relationship between genetic and geographic distances, we performed a
Mantel test (1967). GenAlEx v6.3 was run with linearized Fst (=Fst/(1-Fst)) and geographic
distance (log transformed locality data in degree decimal). Mantel tests were performed on the
following datasets: T. fasciculata group in Florida and the Bahamas, Florida only, the Bahamas

only, and Florida without T. xfloridana and T. bartramii.

RESULTS

Genetic Variation

Across the “Tillandsia fasciculata” plants sampled in Florida and the Bahamas (N=215),
we find a total of 63 alleles at the eight loci sampled, ranging from 5 to 13 alleles per locus. The
grand mean number of alleles over loci and populations is 3.632 (SE=0.135; Table 1). Private
alleles are detected in five populations (Table 1). Three loci are monomorphic in three of the
Bahamas populations (AC, M, A), while one locus is monomophic in one Florida population

(MR). Percentage of polymorphic loci per population ranges from 75% to 100% (Table 1).

The average observed and expected heterozygosity over loci and populations is 0.684

(SE=0.023) and 0.561 (SE=0.016), respectively (Table 1). Chi-Square Tests for Hardy-Weinberg
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Equilibrium finds that of the 144 locus/population combinations, 22 (P<0.05), 14 (P< (0.01) and

13 (P<0.001) shows deviation at corresponding levels of significance.

Values of Fis are between -0.785 to 0.142 with a grand mean for all populations of -0.231
(SE=0.029) (Table 1). Of the 18 collecting sites, only four sites had positive mean Fis scores,

ranging from 0.008-0.142.

Population Genetic Structure and Differentiation

When individuals in the “Tillandsia fasciculata” group from Florida and the Bahamas are
included in the PCA, only a few of the collection sites form distinct genetic groups (Figure 3).
Populations from Central Florida consist of the purported natural hybrid T. xfloridana and T.
bartramii. Percentage of variation explained by the first three axes are: 32.00%, 19.57% and
15.41% respectively. When a PCA is run without T. xfloridana and T. bartramii to test the taxon

effect, the large cluster is not further divided (not shown).

Results from our eight loci STRUCTURE analysis find two genetic groups from the 18
collecting sites: 1) the natural hybrid T. xfloridana from central FL and one of its purported
parents, T. bartramii, from northern Florida (Figure 4a); and 2) T. fasciculata var. densispica and
T. fasciculata var. densispica f. alba from Florida, together with “T. fasciculata” from the
Bahamas (AK=439.514932). The second and third highest AK suggest either three ((AK
=141.284374 (Figure 4Db)) or four groups (AK=7.050615). Recognition of three groups entails 1)
T. xfloridana and T. bartramii; 2) Tillandsia fasciculata var. densispica f. alba and many
individuals of T. fasciculata var. densispica from the southern counties of FL (except, Matheson

Hammock); and 3) the remaining T. fasciculata var. densispica from the Bahamas and
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southwestern and southern Florida (Figure 4b). In the case of four populations, these patterns

become more pronounced.

To test the taxon effect of Tillandsia xfloridana and T. bartramii, we removed them from
the dataset and conducted a separate STRUCTURE analyses. Results support the clustered
groups seen in the previous analyses. With the highest AK score (AK=785.279879), the two
populations are 1) T. fasciculata var. densispica f. alba and T. fasciculata var. densispica from
Collier Co. in southwestern FL and the southeast counties of St. Lucie, and Martin, and 2) T.
fasciculata var. densispica across the Bahamas and remaining counties (Figure 5). As K
populations increase, T. fasciculata from the Bahamas and T. fasciculata var. densispica f. alba

separately segregate from the rest of the groups, but there is no statistical support.

Results for all AMOVA reveal greater variation within populations than among
populations (Tables 4-8). When all taxa are included, a significant portion is accounted for by
variation within population (Fst=0.172, P<0.001, Table 4).When only the Bahamas dataset is
analyzed, within population difference again accounts for the largest percent variance in the
Bahamas (94%, Fst=0.056, P<0.001, Table 5). The same is true when only the Florida dataset is
analyzed (87%, Fst=0.128, P<0.001, Table 6). When T. xfloridana and T. bartramii are
removed, again most of the variation is among populations (86%), while among populations
accounts for 14% (5% among regions and 9% among populations within regions, Table 7) When
the Florida dataset is reanalyzed and excludes T. xfloridana and T. bartramii, Fst values indicate
a lower degree of differentiation among populations than when these two taxa are included

(Fst=0.106, P<0.001, Table 7).
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Isolation by Distance

There are significant relationships between geographic and genetic distance for the
Florida and Bahamas “Tillandsia fasciculata” group (Rxvy=0.395, R?=0.1557, P<0.001, Figure
6). Separate Mantel tests were performed on the Bahamas dataset (Rxy=0.817, R?>=0.6678, P
=0.016, Figure 7), Florida dataset (Rxy=0.215, R?>=0.0461, P=0.037, Figure 8) and Florida
dataset without T. xfloridana and T. bartramii (Rxy=0.100, R?=0.01, P =0.158, Figure 9). These
results reveal significant isolation by distance for the separately treated Bahamas and Florida

populations.

DISCUSSION

Genetic Variation

Polymorphic loci per population ranges from 75% to 100% (Table 1). Three loci were
monomorphic in three of the Bahamas populations (Atala Coppice, Maidenhair, and Great
Abaco), while one locus was monomorphic in one Florida population (Myakka River). This
indicates that half of the islands may be experiencing lower levels of genetic variation due to
isolation. The expected heterozygosity (He) results from our study falls within the range of
Boneh et al. (2003). For CT5, e6b, and €19, Boneh et al. (2003), He was 0.732, 0.679, and 0.667,

respectively. Our results for He are 0.612 (CT5), 0.660 (e6b), and 0.625 (e19).

In our study, the average observed heterozygosity (Ho) and He over loci and populations
is 0.684 (SE=0.023) and 0.561 (SE=0.016), respectively. He scores between islands ranged from
0.371-0.579 in Bahamas populations vs. 0.447-0.715 in Florida populations. Cascante (2006)

used many of the same loci developed by Boneh et al. (2003) to study Costa Rican T. fasciculata
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populations in successional forests. The pooled Ho for his research was 0.683, almost identical to
our study. His study found lower Ho in mature forest (0.330) than in early succession forest
(0.776). In comparison to other bromeliad islands systems, Barbara et al (2008) studied genetic
diversity and structure in four Alcantarea inselbergs. They found He ranging from 0.242 to
0.576. The He genetic diversity scores of the recent Tillandsia fasciculata in the Caribbean

islands are similar to Alcantarea in the ancient Brazilian inselbergs.

Private alleles are detected in five populations, one in the Bahamas (Jungle Pond) and
four in Florida (Jonathan Dickinson, Tosohatchee, Wingate Creek, and Highlands Hammock).
All of the Florida sites are in the central park of the state, and T, WG, and HH have populations
of T. xfloridana (Table 3). Except for locus CT5, the number of alleles found in our study (loci
CAZ21, €6, e6b, p2p19) are nearly double that in Cascante (2006). This is probably due to the fact
that they studied only T. fasciculata sensu stricto while we included other members of the T.
fasciculata complex (T. xfloridana, T. fasciculata var. densispica , T. fasciculata var. densispica

f. alba, and T. fasciculata var. aff. laxispica from the Bahamas).

Fis scores range from -0.785 to 0.142 and are negative in 14 of the 18 populations tested
(Table 1). Of the 18 collecting sites, only four sites had positive mean Fis scores, ranging from
0.008-0.142. Fis for T. fasciculata var. aff. laxispica population in the Bahamas was -0.075 vs.
Florida populations with a Fis of -0.302. This indicates that the Florida populations (mainland)
have lower levels of inbreeding than the Bahamas (island). Within Florida, the T. fasciculata var.
densispica f. alba has the lowest Fisat -0.785. A white tubular flower with light green floral
bracts suggests an insect pollinator. One possible explanation for the lowest Fis is that insects are
more common than hummingbird visitors. In Florida the bracts of Guzmania monostachia are

pinkish-cream and less vibrant red in their more tropical counterparts where presumably there
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are more hummingbirds. The pooled Fis for each locus in Cascante (2006) was lower than our
study. CA21: -0.505 vs -0.307; CT5: -0.487 vs -0.171; E6: -0.433 vs. -0.334; E6b:-0.493 vs. -
0.170; and p2p19: -0.411 vs. -0.172). His more negative Fis scores indicate that there is less
inbreeding and more outbreeding on the mainland compared our mainland and island study

system.

Population Genetic Structure and Differentiation

Molecular phylogenetic reconstructions based on DNA sequences from eight plastid and
nuclear markers were not able to resolve relationships among T. fasciculata var. densispica, T.
fasciculata var. densispica f. alba, and T. xfloridana (Chapter 1). Morphometric studies were
equally uninformative and unable to significantly delimit T. fasciculata var. densispica plants
from Florida and T. fasciculata var. aff. densispica and T. fasciculata var. aff. laxispica
individuals from the Bahamas (Sidoti, unpublished). Our population-level approach provides

greater resolution among these taxa into taxonomic or perhaps geographic clusters.

Results from our eight loci STRUCTURE analysis helps delimit T. xfloridana and T.
bartramii from the rest of the T. fasciculata group tested. Prior to these results, relatedness of
Tillandsia xfloridana and its purported parents T. fasciculata var. densispica and T. bartramii
was only predicted from morphological characters and distribution. Tillandsia fasciculata var.
densispica occurs in southern Florida and is relatively large (20—50” in tall) with a digitate
inflorescence with glabrous, mostly red-green floral bracts on its branches (Luther 1985).
Tillandsia bartramii is found in northern Florida, is smaller in comparison (16—-18” tall) and has
lepidote, pink floral bracts. Tillandsia xfloridana is distributed between these two taxa, in
Central Florida. Its size is intermediate between the two (ca. 24” tall) and it has pink, lepidote

floral bracts. Based on membership coefficient in STRUCTURE analyses, T. xfloridana
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individuals clustered almost exclusively with T. bartramii (see Figure 3; predominantly in
orange), rather than with its other purported parent, T. fasciculata var. densispica (predominant

membership coefficient in blue, Figure 3).

Once these two taxa were removed, a separate STRUCTURE analysis was able to find
better support for genetic groups that were hinted at previously. Based on the highest AK
(AK=769.616818), again results suggest two genetic groups, but this time it is based on regions.
Group 1 comprises: T. fasciculata var. densispica f. alba and T. fasciculata var. densispica from
Collier Co. in southwestern FL and the southeast counties of St. Lucie, and Martin. Group 2
consists of: T. fasciculata var. densispica across the Bahamas and remaining counties (Figure 5).
As K populations increases, T. fasciculata from the Bahamas segregates from the rest of the
groups. This suggests they may be undergoing isolation. In a population genetic study on
Ipomoea microdatyla (Convolvulaceae) in the same region, STRUCTURE results found two
distinct clusters, Florida and Bahamas/Cuba (Geiger et al. 2012). Their findings are similar to
ours, depending on inferred K. From a taxonomic standpoint, a separate Bahamas group helps to
resolve the T. fasciculata var. laxispica/T. fasciculata var. densispica group (i.e., the former is
found in the Bahamas). Another group that begins to separate from the other “T. fasciculata” as
K increases is T. fasciculata var. densispica f. alba (see conservation implication below). PCA
results were less informative than STRUCTURE analysis, but do support our first STRUCTURE

analysis where T. xfloridana and T. bartramii form a separate group.

When we examine just variation among populations, a significant portion is accounted
for by variation among regions (Frr=0.067, P<0.001). Within regions, there is still significant
variation among populations (Fsr=0.113, P<0.001). This is probably driven by variation within

Florida because of the inclusion of T. xfloridana and T. bartramii (SSWRFiorida, 898.120 >
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SSWRBanamas, 283.787). When the Bahamas and Florida datasets are treated separately, within
population difference again accounts for the largest percent variance in the Bahamas (94%,

Fst=0.056, P<0.001, Table 5) and in Florida (87%, Fst=0.128, P<0.001, Table 6).

Next we removed Tillandsia xfloridana and T. bartramii to test the effect they may have
had on AMOVA results. As with the above treatment of Bahamas and Florida, this scenario
shows a moderate degree of differentiation among populations (Fst=0.117, P<0.001, Table 7).
Again, within regions there is still significant variation (Fsr=0.092, P<0.001). When Tillandsia
xfloridana and T. bartramii are removed from the dataset, SSWRFiorida decreases (SSWRFiorida,
605.229 > SSWRBahamas, 283.797). Even though there are significant differences among
populations when only Florida T. fasciculata var. densispica plants (including the white flowered
form) were analyzed (Fst=0.106, P<0.001, Table 8), Fst values indicate a low degree of
differentiation among populations. This suggests low levels of population structuring in T.
fasciculata var. densispica plants across Florida, a result supported by our STRUCTURE

analysis.

The average Fst over all populations for each locus was 0.180 (SE=0.007) which implies
genetic differentiation (Frankham et al. 2010). A Fst score of zero indicates complete panmixis,
while a score of 1 implies population structuring. Fst scores of other bromeliad studies were
higher than our study. Our Fst results are within the range of short-lived perennial, wind
dispersed plants (Nybom et al 2004). Our Fsr results also fall within the range of other
Tillandsioideae Fst scores: Tillandsia fasciculata, 0.247 (Cascante 2006), T. ionantha 0.043 and
T. recurvata, 0.906 and (Soltis et al. 1987), T. achrostachys, 0.391 (Gonzalez-Astorga et al.
2004), Alcantarea geniculate, 0.111. Barbara et al 2007, A. glaziouana, 0.217 Barbara et al 2009.

And in Bromelia, a Fst=0.224, Martini Zanella et al. 2001.
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Isolation by distance

Three of our four Mantel tests on geographic and genetic distance matrices find low R?
values indicating a weak positive relationship (exception the Bahamas populations). During the
last interglacial (ca. 125 ka), much of the current range of the “T. fasciculata” group in Florida
and the Bahamas would have been inundated. This relatively young group (1-3.2 ma for T.
fasciculata s.s. group, Chapter 1) is likely influenced by these glacial cycles whose populations
either may not have had enough time to become isolated or did not migrate to these regions until
they became drier. Our STRUCTURE results weakly support clusters of plants based on separate
regions. Tillandsia fasciculata var. densispica from Florida and T. fasciculata var. aff. laxispica,
consistently form separate clusters when K>3. Geiger et al (2012) found strong isolation by
distance among the Ipomea macrodatyla populations across Florida and the Bahamas. Their
geographic signal could be due to a more limited range of the plant. Ipomea macrodatyla occurs
in the Everglades National Park and in Miami Dade Co. in the USA, the Bahamas, and Cuba (the
latter not included in their IBD test), while the range of “T. fasciculata” in our study
encompassed southern Florida up to the central part of the state and included Great Abaco in the
Bahamas (both studies had samples from North Andros). Even though both studies focused on

Florida and the Bahamas, their overall study sites had a narrower distribution range than ours.

Ploidy and Pollination

In interpreting our results, we were careful to consider the role that ploidy level and
pollinator behavior might have on them. The proposed base chromosome number of
Bromeliaceae is x=25 (Brown and Gilmartin 1989, Benzing 2000). Brown and Gilmartin (1989)
found that two of the Tillandsia fasciculata var. fasciculata samples in their study had a base

chromosome number of x=25. While most Tillandsia plants they sampled were diploid with base
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chromosome number of x=25, a few exceptions were noted (e.g., T. leiboldiana x=19). Brown &
Gilmartin chromosome count differed from Gauthe (1965) who reported T fasciculata 2n=64 and
T. fasciculata var. venosispica 2n=56. They noted that the discrepancy may be due to no varietal
designation given by Gauthe (1965) and in the highly polymorphic “T. fasciculata” group.
Ploidy level is unknown in most members of the T. fasciculata group. While conducting our
genotyping analyses we noticed that almost all samples exhibited either one (homozygous) or
two (heterozygous) peaks. In only a very few instances did we observe what might be interpreted
as three peaks, indicating a polyploid, but this pattern was not consistent among loci of the same
individual, and the third peak was usually below the intensity threshold scored. As a result, we
feel fairly confident in stating that all individuals sampled, including the supposed hybrids, are

probably diploid.

Although we doubt the existence of polyploidy in the Tillandsia fasciculata complex,
other researchers have hypothesized its prevalence in order to explain relatively high levels of
heterozygosity observed in T. fasciculata. Castante (2006) supported this theory based on his
breeding research of the taxon. He observed a long period of time that the exserted stigma and
anther could touch, and through experiments found that this taxon is self-compatible. His SSR
research also found that the offspring are identical to the maternal plant, thus claiming fixed
heterozygosity, a condition associated with polyploidy. Castante (2006) hypothesized that these
plants are pollinated primarily through selfing, and would thus exhibit low levels of
heterozygosity. Because Castante found just the opposite, he proposed polyploidy to account for
the unexpected result. We disagree, and instead note that we have observed hummingbirds

visiting flowers of T. fasciculata in the field. Their floral morphology (e.g., red bracts, long
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corolla) point to a bird-pollinated syndrome and not selfing as a primary mode of pollination and

outcrossing.

Conservation implications

Tillandsia fasciculata var. densispica is listed as endangered in Florida, which is the
northernmost range for the species complex. The taxa of the T. fasciculata group are otherwise
distributed in Mexico, northern South America, and across the Caribbean. A detailed study on
the genetic variation of this ecologically important plant group is critical to developing and
implementing conservation measures for them. Levels of genetic variation within this and other
populations were unknown until our study. F-statistics results indicating relatively high levels of
heterozygosity and outcrossing are favorable for the long term viability of this variety in Florida.
Fis was low suggesting low levels of inbreeding. Furthermore, the genetic structure that does
appear is a result of both taxonomy, T. xfloridana and T. fasciculata var. densispica f. alba, and
region, T. fasciculata var. aff. laxispica. This suggests that if one or several populations become
rare (e.g., in south Central Florida), those lost could be repatriated from another population (e.g.
in southern Florida). This scenario could be especially important in maintaining extant

populations of plants where the lethal weevil Metamasius callizona has yet to spread.

Because the weevil has decimated much of south Central Florida’s T. fasciculata var.
densispica (e.g., in HH, MR), all populations across the state should be managed to reflect the
increasing rarity of this plant. Our population genetics data should be useful to park managers
and local bromeliad societies that have an interest in ex-situ conservation efforts who want to
know whether cultivated plants are representative of the full genetic variation and structure of

their wild counterparts. If plants are repatriated, our results could aid in determining which
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individual plants to return to the wild, and to where they should go (i.e., returning genetically

similar, ex situ cultivated bromeliads to regions where their wild relatives once occurred in situ).

Finally, we wish to draw attention to an even less common taxon sampled in our study --
T. fasciculata var. densispica f. alba. Florida populations with a mean of 2.375 alleles
(SE=0.263) at Camp Owaissa Bauer. Populations of T. fasciculata var. densispica f. alba are rare
and are restricted to southern Florida. Depending on the interpretation of K value in
STRUCTURE, morphometric results (Sidoti, unpublished) corroborate that this taxon may be
distinct from its purple petal counterpart. Evidence from this study supports that they deserve to
be elevated in taxonomic rank, which might help to draw further attention to their conservation
status. We recommend that these populations be closely monitored and managed, since they

likely represent something more than albino mutants.

CONCLUSION

We have demonstrated that microsatellites are useful in determining genetic variation and
structure within and among populations of the Tillandsia fasciculata complex in Florida and the
Bahamas. At least two populations of T. fasciculata var. densispica are identified: 1) T.
fasciculata var. densispica f. alba and mostly T. fasciculata var. densispica individuals in
Collier, FL and southeast counties, St. Lucie, and Martin and 2) a southwestern and southern
Florida and Bahamas group. When factoring in morphometric results and geography, there is
support to further subdivide these two groups to T. fasciculata var. densispica f. alba and T.
fasciculata var. aff. laxispica from the Bahamas. The most genetically distinct population

consists of the natural hybrid T. xfloridana and one of its purported parents, T. bartramii. Prior



118

to these results, relatedness of T. xfloridana and T. bartrami was only guessed at from

morphological characters.

Further research should test and add more SSR loci that have been proven useful in other
lineages of Tillandsioideae (e.g., used by Barabara et al. 2007, 2008, 2009, Palma-Silva et al.
2007, 2009) or take advantage of “next generation” methods such as Genotyping by Sequencing
(GBS) or RAD-Seq. Furthermore, it would be advantageous in future studies of this group to
include additional samples from across the Caribbean, so that phylogeographic patterns of
biogeography can be considered across the region, and to help delimit this highly variable

species complex.
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Table 1. Genetic diversity statistics for 18 populations of the Tillandsia fasciculata group:
percent of polymorphic loci (P); mean number of alleles per locus (A);number of private alleles
(Apv); observed heterozygosity (Ho); expected heterozygosity (He); mean inbreeding coefficient
per population (Fis).

Population N P A Apy Ho He Fis
Bahamas

Atala Coppice AC 6 7500 2750  0.000 0.438 0.460 0.058
Jungle Pond Jp 20 100.00 4375  0.250 0.570 0.579 0.008
::i'lzbow Blue RBH 12 10000 3875  0.000 0.562 0.522 -0.090
Maidenhair M 4 7500 2375  0.000 0.490 0.371 -0.306
Stafford Creek sC 10 100.00 3.750  0.000 0.550 0.523 -0.080
Abaco A 9 8750 3.000  0.000 0.500 0.475 -0.039
Florida

Key Largo KLH > 10000 3375  0.000 0.875 0.621 -0.421
Hammock

Matheson MH 12 10000 3375  0.000 0.586 0.460 -0.205
Hammock

Corkscrew CS 13

Swamp 100.00 4.625  0.000 0.875 0.667 -0.331
Sanctuary

Jonathan b 12 10000 4875 0.125 0.615 0.715 0.142
Dickinson

Tosohatchee T 11 10000 2875 0.125 0.920 0.549 -0.663
Myakka River MR 8 8750 2375  0.000 0.556 0.447 -0.261
Collier-Seminole  CLS & 10000 3875 0.000 0.719 0.616 0.172
State Park 3

Fakahatchee FS % 10000 4375  0.000 0.826 0.655 0.270
Strand

Savannas SV 13 10000 5000 0.000 0.614 0.669 0.068
Preserve

Wingate Creek WG 12 100.00 3250 0.250 0.863 0.582 -0.487
Highlands HH 36 10000 4875 0.500 0.844 0.681 -0.242
Hammock

E:umepr Owaissa OB 10 10000 2375  0.000 0.913 0.506 -0.785

Mean 95.83 3.632 0.069 0.684 0.561 -0.231
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Table 3. Genetic diversity statistics at eight microsatellite loci in the Tillandsia fasciculata
group: number of alleles (A); observed heterozygosity (Ho); expected heterozygosity (He);

among population genetic differentiation (Fsr).

Locus Ho He Fst

alel1 6 0.523 0.389 0.210
CA21 7 0.767 0.586 0.167
CT5 6 0.716 0.612 0.142
eb 7 0.772 0.493 0.179
ebb 13 0.657 0.660 0.181
el8 7 0.720 0.625 0.180
mll 5 0.508 0.432 0.205
p2p19 12 0.810 0.691 0.179
Mean 7.875 0.684 0.561 0.180
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Table 4. Florida and Bahamas, all data (N=215). Analysis of molecular variance (AMOVA)
based on eight microsatellite loci for 18 populations of the “Tillandsia fasciculata” group.

Fst=0.172, P<0.001.
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Source of variation d.f. SS MS % of variation
Among regions 1 46.570 46.570 7

Among populations 16 156.644 9.790 10

Within populations 412 1025.263 2.489 83

Total 429 1228.477 100
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Table 5. Bahamas only. Analysis of molecular variance (AMOVA) based on eight microsatellite
loci for six populations of the “Tillandsia fasciculata” group in the Bahamas. n=61. Fst=0.056,

P<0.001.
Source of variation d.f. SS MS % of variation
Among populations 5 24.040 4.808 6
Within populations 116 259.747 2.239 94
Total 121 283.787 100
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Table 6. Florida only. Analysis of molecular variance (AMOVA) based on eight microsatellite
loci for twelve populations of the “Tillandsia fasciculata” group in Florida. n=154. Fst=0.128,
P<0.001.

Source of variation  d.f. SS MS % of variation
Among populations 11 132.604 12.055 13
Within populations 296 765.516 2.586 87

Total 307 898.120 100




Table 7. Analysis of molecular variance (AMOVA) based on eight microsatellite loci for 14

populations of Tillandsia fasciculata var. densispica in Florida and Tillandsia fasciculata var.
aff. laxispica in the Bahamas, as two regions. n=170. Fst=0.142 , P<0.001.
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Source of variation d.f. SS MS % of variation
Among regions 1 32.622 32.622 5

Among populations 15 107.696 7.180 9

Within populations 323 781.320 2.419 86

Total 339 921.638 100
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Table 8. Analysis of molecular variance (AMOVA) based on eight microsatellite loci for eight
populations of Tillandsia fasciculata var. densispica (including the white flowered form) in

Florida n=109. Fst=0.106 , P<0.001.

Source of variation d.f. SS MS % of variation
Among populations 10 83.657 8.366 11

Within populations 207 521.573 2.520 89

Total 217 605.229 100
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Figure 1. Bahamas: A & B) Tillandsia fasciculata aff. laxispica.
Florida: C) T. fasciculata var. densispica D) T. fasciculata var.
densispica f. alba, E) T. xfloridana.
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Figure 2. Collecting sites of T. fasciculata var. densispica and T. fasciculata aff. laxispica (in
blue), T. fasciculata var. densispica f. alba (in purple), T. xfloridana (in orange), and T.
bartramii (in orange). USA. Florida. William Beardall Tosohatchee State Reserve, Christmas,
Orange Co. (N = 11); Dagny Johnson Key Largo Hammock Botanical State Park, Key Largo,
Monroe Co. (N = 5); Jonathan Dickinson State Park, Hobe Sound, Martin Co. (N = 12);
Matheson Hammock, Miami, Miami-Dade Co. (N = 12); Savannas Preserve State Park, Jensen
Beach, Martin Co. (N = 12); Camp Owaissa Bauer, Miami, Miami-Dade Co. (N=10); Collier-
Seminole State Park, Naples, Collier Co. (N = 8); Corkscrew Swamp Sanctuary, Naples, Collier
Co. (N = 13); Fakahatchee Strand Preserve State Park, Copeland, Collier Co. (N = 14);
Highlands Hammaock State Park, Sebring, Highlands Co. (N =36); Myakka River State Park,
Sarasota, Sarasota Co. (N = 8); Wingate Creek State Park, Manatee Co. (N=12). BAHAMAS.
Andros: Atala Coppice (N = 6); Jungle Pond (n = 20); Rainbow Blue Hole (N = 12); Maidenhair
(N = 4); Stafford Creek (N = 10); Abaco, near Abaco Heights (N = 9).
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Deltak = mean(|L"(K)}]) / sd(L{K))

400 |

Delta K
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K
Figure 4. Microsatellite STRUCTURE analysis of Bahamas and Florida populations of
Tillandsia fasciculata group. Each vertical line represents an individual from collecting site.
Colors represent membership coefficient. Number of runs per K is 20. N=215. A) K=2,
AK=439.514932. B) K=3, AK =141.284374. C) STRUCTURE analysis with map (following

page).
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Figure 5. Microsatellite STRUCTURE analysis of Bahamas and Florida populations of
Tillandsia fasciculata group without T. xfloridana and T. bartramii. Each vertical line represents
an individual from collecting site. Colors represent membership coefficient. Number of runs per
Kis 20. n=170. A) K=2, AK=785.279879 B) STRUCTURE analysis with map (following page).
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Figure 6. Association between geographic distance (log transformed degree decimal) and genetic
distance (linearized Fst=Fst/(1-Fst) among 18 populations of Tillandsia fasciculata group in the
Bahamas and Florida (Mantel test of correlation, P<0.001).
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Figure 7. Association between geographic distance (log transformed degree decimal) and genetic
distance (linearized Fst=Fst/(1-Fst) among six populations of Tillandsia fasciculata group in the
Bahamas (Mantel test of correlation, P=0.016).
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Figure 8. Association between geographic distance (log transformed degree decimal) and genetic
distance (linearized Fst=Fst/(1-Fst) among 12 populations of the Tillandsia fasciculata group in

the Florida (Mantel test of correlation, P=0.037).
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Figure 9. Association between geographic distance (log transformed degree decimal) and genetic
distance (linearized Fst=Fst/(1-Fst) among 11 populations of Tillandsia fasciculata group
excluding T. xfloridana in the Florida (Mantel test of correlation, P=0.158).
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Chapter 3: Past, present, and future species distribution modeling for four varieties of
Tillandsia fasciculata (Bromeliaceae) throughout the Caribbean Basin

ABSTRACT

Species distribution models (SDM) offer biologists a spatial tool to better understand processes
of evolution and biogeography. SDM may also aid in addressing questions such as which abiotic
factors are most influential in determining suitable localities. Few studies have incorporated
SDM in the Caribbean and no studies have applied SDM on bromeliads in this region. Our goals
for incorporating species distribution models in our broader systematics work are to address the
following questions: 1) Does the predicted geographic space corroborate the taxonomic and
genetic groupings uncovered in earlier studies? 2) Can we determine which environmental
factors contribute the most to Tillandsia fasciculata distribution in the past, present, and future?
3) Will paleoclimate data be valuable to explore areas in the Caribbean Basin that may have
acted as past refugia for these taxa? and 4) What are implications of our results for applicable
conservation measures today and tomorrow? We ran MaxEnt on eight bioclimatic layers based
on MIROC-ESM from WorldClim across past (last interglacial, last glacial maximum, mid-
Holocene), current, and future (2050 and 2070, each with 4.5 and 8.5 rcp) climatic conditions.
Additional environmental data layers included in SDM were soil and altitude. Jackknife results
find that the most important single environmental data layer across taxa and across different
climatic conditions is harmonized world soil data. The ranking of bioclimatic data on suitable
localities changes depending on the taxon studied. For T. fasciculata var. densispica the most
important single variable is mean temperature of coldest quarter, reflecting its northernmost
range which experiences frost. MaxEnt results support hypothesized past distributions, such as T.

fasciculata var. clavispica in Mexico and northern Central America. Projected climatic
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conditions in 2050 and 2070 suggest less suitable localities for all four taxa. While our SDM
study was limited to soil, altitude, and bioclimatic data, we find SDM useful in aiding our

understanding of past and future direction of the T. fasciculata group in the Caribbean.
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Species distribution models (SDM) are a spatial tool that may help systematists,
ecologists, and conservation biologists better understand processes of evolution and
biogeography. SDM can be used to explain how past population ranges contribute to current
patterns of divergence and diversity (Beatty & Provan 2011, Kozak et al, 2008, Knowles et al
2007), and how future distributions may be effected by climate change. SDM can also be used to
assess how likely it will be that currently protected areas capture future distribution patterns, or
prioritize areas for protection that currently are at risk of habit loss. SDM also aid in addressing
questions such as “what role do environmental variables play in species distribution?”” and

“which abiotic factors are most influential in determining where a species grows?”

Only a limited number of published studies have incorporated SDM to help elucidate
biogeographic patterns of organisms across the Caribbean — a biodiversity hotspot. Glor and
Warren (2011) applied the SDM technique to examine the role of Merten’s Line (low lying
valley, xeric conditions) on the island of Hispaniola for two Anolis lizard species. Algar and
Losos (2011) used a suite of both classic and modern approaches on their study of Anolis to
address the paradox of why islands, which are predicted to be species poor compared to the

mainland, host so many adaptive radiations.

There is scant literature on plant studies in the Caribbean that utilize SDM, and none that
have considered vascular epiphytes or Bromeliaceae. In fact, the two papers most relevant to our
study, because they also consider distribution patterns of epiphytes across the Caribbean, were
published prior to the development of SDM techniques. Based on current species distributions of
Orchidaceae (both terrestrial and epiphytic), Trejo and Ackerman (2001) showed that Caribbean
island orchid floras grouped together based on similar geomorphologic or physiographic

characters, e.g., low elevation, calcareous islands. In another study, Ackerman et al. (2007)
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investigated the relationships of orchid species vs. island size (and/or vs. elevation) in the West
Indies. They found that large montane islands are the best predictors for orchid species richness.

Neither study employed SDM or considered past or future distribution scenarios.

There do exist a few published studies on bromeliads that have utilized predictive species
modeling. Zizka et al. (2009) research on species richness of Chilean Bromeliaceae and
placement over protected areas is the most applicable to our study. Additionally, Zizka et al.
(2009) assessed species distribution and centers of diversity of Bromeliaceae in Chile. Barve et
al. (2014) studied the widely-distributed “Spanish moss” (Tillandsia usneoides) and considered
various environmental layers in their models. Likewise, Judith et al (2013) applied SDM to study
bromeliads distribution across soilsealing areas in Merida, Venezuela. It is expected that more
studies of these kinds will be forthcoming as bromeliad systematists begin to explore the value of
SDM. In the meantime, bromeliad ecology and systematics continues to be examined by more

traditional means.

Floristic inventories and ecological studies on epiphytic Bromeliaceae have shown that
species abundance is greatest in moist mid-montane (1500-2500 m) ecosystems because of the
large amount of lateral light and atmospheric moisture present in these habitats (Benzing 1980,
Kromer 2006;). Kromer’s (2005) research in Bolivia also supported bromeliad species richness
peaks at mid-elevations. Beyond these basic conclusions stating a mid-elevation preference for
bromeliads, few studies exist that predict their broader distributions in a way that may add to our
understanding of which environmental factors influence epiphytic plant, and specifically

Bromeliaceae, distributions across the landscape.

In contrast, there have been a handful of studies that consider Bromeliaceae

diversification driven by biotic and abiotic factors in evolutionary time. For example, Givnish
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(2010) suggested that recently uplifted, extensive montane regions play a role in bromeliad
species diversification, in addition to biotic features of the plant such as evolution of the tank
habit and absorptive foliar trichomes. Further research by Givnish et al. (2014) tied these traits
and avian pollination to changes in net species diversification rates. Silverstro et al. (2014) also
examined key innovations and net diversification in Bromeliaceae, but restricted their study to
the effects of CAM photosynthesis and the water impounding tank habit in the subfamily

Bromelioideae.

The research presented here, focused on four distinct varieties of Tillandsia fasciculata, is
the first bromeliad study, and one of the few plant studies to date, that employs the contemporary
methods of SDM across the Caribbean Basin. Our aims for incorporating species distribution
models in our broader systematics work are to address the following questions: 1) Does the
predicted geographic space corroborate the taxonomic and genetic groupings uncovered in
earlier studies? 2) Can we determine which environmental factors contribute the most to T.
fasciculata distribution in the past, present, and future? 3) Will paleoclimate data be valuable to
explore areas in the Caribbean Basin that may have acted as past refugia for these taxa? and 4)

What are implications of our results for applicable conservation measures today and tomorrow?

METHODS

Taxon Selection. Four varieties from the Tillandsia fasciculata complex were selected for this
study, and each was analyzed independently. The distribution of the T. fasciculata group is
Caribbean Basin, but Tillandsia fasciculata var. densispica (N=50), Tillandsia fasciculata var.

laxispica (N=15), T. fasciculata var. clavispica (N=43), and T. fasciculata var. venosispica
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(N=36) are generally restricted to Florida and the Bahamas, Cuba, and the Lesser Antilles,
respectively (Supplemental Tables 1-4). They occur from sea level to ca. 1500 m, from coastal
scrub and tropical hardwood hammock to pine-oak forests. The main criterion for selection of
these taxa was clear taxonomic boundaries. Tillandsia fasciculata var. densispica, T. fasciculata
var. laxispica, and T. fasciculata var. clavispica form a monophyletic clade (Chapter 1), but can
be further delimited by morphometrics (T. fasciculata var. clavispica) or population genetics (T.
fasciculata var. densispica and T. fasciculata var. laxispica, Chapter 2). Tillandsia fasciculata
var. venosispica is genetically (Chapter 1) and morphologically distinct with clear biogeographic
boundaries. Additional criteria for inclusion in this study was actual number of samples and
representation. Taxa that had only a scarce number of collections were not considered (e.g., T.
kuzmae or T. trelawniensis). Geographic breath of sampling across island or region of islands

was also taken into account.

Data collection. Locality. For newly collected material, coordinates were recorded in the field
with a GPS unit (Magellan eXplorist). When explicitly stated on the historical specimens,
latitude and longitude coordinates were taken directly from herbarium labels. When latitude and
longitude points were not provided on an herbarium sheet, coordinates were estimated from

stated locations via georeferencing. A global gazetteer was used (http://www.fallingrain.com or

http://www.latlong.net) when cities were given. In cases where more specific directions were

provided, but still no coordinates given, points were georeferenced using Google maps. If
latitude and longitude points were provided as Degrees Minutes Seconds or Degrees Minutes,

they were converted to Decimal degrees (https://www.fcc.gov/encyclopedia/degrees-minutes-

seconds-tofrom-decimal-degrees). . In total, data for 144 specimens were obtained from both, the

new material and/or herbarium specimens, which came from the following 20 herbaria -- BM,


http://www.fallingrain.com/
http://www.latlong.net/
https://www.fcc.gov/encyclopedia/degrees-minutes-seconds-tofrom-decimal-degrees
https://www.fcc.gov/encyclopedia/degrees-minutes-seconds-tofrom-decimal-degrees
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BH, F, FLAS, FTG, GH, HAC, HAJB, IJ, K, MAPR, NY, S, SEL, TEX, UPR, UPRRP, US,
USF, and WIS. Data were then manually thinned to remove sites with duplicate latitude and
longitude points, and any locality that was vaguely described. Although a greater number of
records exist for these four taxa than what we used for this study, the final data locations used for
each taxon were greatly reduced to avoid overfitting, a phenomenon that results in predicted

distribution clustered near location points.

Data layers. Nineteen Bioclim layers were downloaded from the Worldclim database (Hijmans
et al. 2005). Past, present, and future climatic conditions included: last interglacial period (ca.
120-140 kya), last glacial maximum (ca. 22 kya), mid Holocene (ca. 6 kya), current conditions
(ca. 1950-2000), and climate forecasted for the year 2050 (2041-2060) and 2070 (2061-2080).
For the future climate conditions we used two representative concentration pathways (rcp), 4.5
and 8.5. All climate data were downloaded with a spatial resolution of 30 arc-seconds (ca. 1 km),
except for the last glacial maximum and mid-Holocene at 2.5 min—the highest resolution
available. The Last glacial maximum and mid-Holocene climatic layers were changed to 30 arc-
seconds using the resampled toolbox in ArcGIS. Altitude, soil data, and Florida protected regions
were downloaded at 30 arc-seconds from WorldClim (Hijmans et al. 2005), Harmonized World
Soil Data base v1.21 (FAO/IIASA/ISRIC/ISSCAS/IRC, 2012), and Florida conservation lands

(Florida Natural Areas Inventory 2015), respectively.

General Circulation Models (or global climate model, GCM). Of the listed GCMs on
WorldClim, three models Community Climate System Model (CCSM4), Model for
Interdisciplinary Research on Climate (MIROC-ESM), and Max Planck Institute (MPI-ESM-P),
were available across periods of study interest. We used the climatic data calculated by the

MIROC-ESM (Watanabe et al 2011). This model “couples the atmosphere, ocean and land
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surface through the exchange of energy, momentum, water and important trace gases such as

carbon dioxide” (Watanabe et al 2011).

ArcGIS v10.2. Once the data was downloaded, we followed Brown et al.’s protocol (2014) for
SDM toolkit in MaxEnt. First, we opened one of the data files in ArcGIS. The region of study
interest was selected including the recommended 50-100 km area outside region of distribution.
WorldClim climate data were extracted by masking it, converted from raster to asci via the SDM

toolbox, and then projected as WGS 1984. This process was repeated for all environmental data.

Next we tested autocorrelations of the 19 Bioclim data using the SDM toolbox. Data that
was autocorrelated with a value above 80% was excluded. Autocorrelated variables were ranked
by frequency to determine which ones to remove. For example, we removed precipitation of
wettest quarter (BIO1s) because it is autocorrolated with annual mean temperature (B10a),
isothermality (B103), precipitation of driest quarter (BIO17), and precipitation of coldest quarter
(B1019). Bioclimatic layers such as temperature seasonality (BIO4) and precipitation seasonality
(B1015) were excluded because data are not original input climate data (Brown et al 2014). For
this study, we used eight Bioclimatic data layers per climate condition (Table 1). A PCA and
heterogeneity calculation were conducted to examine climate heterogeneity among the eight

climatic conditions.

Species Distribution Modeling. MaxEnt (Phillips et al., 2004) has been found to be useful for
presence only data, and successful at predicting the likelihood of species distribution (Baldwin,
2009; Elith and Graham, 2009, Ortega-Huerta & Townsend Peterson, 2008; Hernandez et al.
2008; Wisz et al. 2008). For each taxon, MaxEnt 3.3.3k was performed on paleoclimatic, current,

and future climate conditions. Response curves were created and jackknife test conducted to
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measure variable importance. Default settings were used except for: a 10% training threshold

applied and 10,000 iterations.

RESULTS

Data layers

After removing 11 of the BioClim data layers due to autocorrelation, we conducted
heterogeneity tests on the existing eight layers using the SDM toolkit box. Climate heterogeneity
raster results find that the areas with highest areas of climate heterogeneity are the mountainous

areas of Guatemala and Costa Rica, across the eight climatic conditions.

According to Jackknife of AUC, the harmonized world soil data layer is the most
important single environmental layer for predicting suitable locality. Of the bioclimatic data
tested, Jackknife results for Tillandsia fasciculata var. densispica indicate that the mean
temperature of coldest quarter is the most important single variable for predicting suitable

localities across the eight climatic conditions.

For Tillandsia fasciculata var. laxispica, the single variable scores for jackknife of
regularized training gain and jackknife of test gain are much lower than the other three taxa.
Based on jackknife of AUC, the most important single variables are harmonized world soil data,

altitude, and precipitation of driest month.

Of the bioclimatic data tested, Jackknife results of AUC for Tillandsia fasciculata var.

clavispica finds mean temperature of driest quarter to be the most important single variable
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across the eight climate conditions. Temperature annual range is also important (in 7 of the 8

climatic conditions).

Jackknife results of AUC for Tillandsia fasciculata var. venosispica find three
bioclimatic variables ranking higher than the harmonized world soil data. These results are
opposite of the Jackknife results of AUC for T. fasciculata var. densispica, T. fascisculata var.
laxispica, and T. fasciculata var. clavispica which ranks harmonized world soil data as first for
the eight climatic conditions. The most important single bioclimatic data layer in determining
suitability of T. fasciculata var. venosispica is maximum temperature of warmest month across
the eight climatic conditions. Precipitation of driest month is the next most important single data

layer.

SDM maps: past, present, future

We tested the Maxent model using four taxa for which we feel we have thorough
sampling. Tillandsia fasciculata var. densispica current distribution is probably restricted to
Florida, and the SDM reflect its limited range (Figure 1). Outside of Florida, suitable localities
for Tillandsia fasciculata var. densispica are the Bahamas and Louisiana. Our study does not
include sea level as a component to the SDM, and the projected suitable area for this taxon in
southern Florida would have been inundated during the last interglacial (ca. 120-140 kya).
Protected areas in Florida encompass the projected suitable localities for Tillandsia fasciculata

var. densispica (Figure 2).

The past SDM for Tillandsia fasciculata var. laxispica suggest a wide range of suitable

habitats across the Yucatan region, northern Cuba (last glacial maximum), and even northern
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South America (mid-Holocene; Figure 3). Projected climate data in 2050 and 2070 show a
narrower range. Across all climatic conditions, Antigua and Barbuda, Barbados, and the northern
South American islands of Aruba and Curacao are suitable for Tillandsia fasciculata var.

laxispica even though no records of this variety occur on these islands.

Tillandsia fasciculata var. clavispica is a Cuban endemic plant. The MaxEnt model
predicts that suitable localities exist outside of Cuba for this taxon (Figure 4). The Yucatan
Peninsula contains suitable localities especially during the last glacial maximum and mid-
Holocene. In future projections 2050 and 2070 with rcp 4.5 and 8.5, suitable localities in Mexico

and Central America diminish compared to paleoclimatic conditions.

For Tillandsia fasciculata var. venosispica, current distribution of this taxon is in Puerto
Rico and the Lesser Antilles. In all eight climatic conditions tested, predicted suitable localities
occur in eastern Hispaniola and Jamaica (Figure 5). Cuba and the Atlantic coast of Nicaragua

also contain suitable localities in some of the models.

DISCUSSION

Repeated glacial cycles during the Pleistocene (ca. 1.8 kya—2.5 ma) greatly affected the
landscape of Florida and the Bahamas. During the late Pleistocene (210-330 kya), the Wicomico
shoreline was ca. 20—-35 m above present level and reached the Lake Wales Ridge region (Myers
& Ewel 1990). In contrast, during the last interglacial period (ca. 75-125 kya), the Pamlico
terrace and shoreline were 2-8 m higher than they are today (Hine 2013). Southern Florida and
much of the Bahamas were flooded at this time. The highest point on the Bahamas Bank is on

Cat Island (63 m). During the last glacial maximum, ca 20 kya, northern North America was
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covered with the Laurentide ice sheet causing the world’s sea level to fall ca 125 m lower than

today (Hine 2013).

Our results find that Tillandsia fasciculata group arose about 1.75-4.75 ma, and that the
mostly Caribbean T. fasciculata s.s. arose about 1-3.2 ma (Chapter 1). Due to the fluctuating sea
levels during these glacial cycles, the evolutionary processes and dispersal of T. fasciculata var.
densispica and T. fasciculata var. laxispica would be most affected because they occur in regions

of lower elevation compared to T. fasciculata var. clavispica in Cuba.

Case study: four Caribbean Tillandsia fasciculata varieties

The SDM for the four Caribbean taxa aids in our understanding of possible patterns of
dispersal in past and future climate conditions. The actual distribution of Tillandsia fasciculata
var. densispica (which these SDM are based on) is dependent on the recognized taxonomy and
distribution of this taxon. Historically, T. fasciculata var. densispica is recognized to occur from
Mexico and throughout the Greater Antilles. Our phylogenetic study (Chapter 1) and population
genetic studies (Chapter 2) suggest T. fasciculata var. densispica range is much narrower than
previously hypothesized. For our SDM, we restricted data points to Florida. Based on this, SDM
suggest suitable localities outside Florida in nearby Bahamas and Cuba. Our SDM did not
incorporate sea levels. Knowledge of past and future sea levels is critical to interpreting SDM.
During the last interglacial, our SDM suggests southern Florida as a suitable locality even though
it would be inundated. Likewise, future climatic conditions suggest southern Florida as suitable,
but a projected rise in sea level would make these suitable localities inhospitable. Central Florida
is the northern most range of the T. fasciculata group and the fact that the most important single
variable to suitable localities for this taxon is mean temperature of coldest quarter is not

surprising, i.e., frost is lethal to the plant.
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Compared to SDM for the other tested taxa, Tillandsia fasciculata var. laxispica SDM
exhibit a less narrow range of suitable habitats, especially under past climatic conditions. This
may be due our sample size of only 15 individuals. Most of the herbarium collections in the
Bahamas had to be georeferenced and ultimately were not included in this study due to possible
errors with georeferencing (Chan et al. 2011). A balance is needed between obtaining enough
locality data points that are ideally representative of their full climatic niches (Feeley 2011), and
thinning data so as to not overfit it (Radosavljevic and Anderson 2013). While a sample size of
five locations produces acceptable models, at least 30 locations are recommended (Baldwin

2009).

Suitable localities during the last glacial maximum, but especially during the mid-
Holocene, suggest that Tillandsia fasciculata var. clavispica most likely originated in Mexico.
These results are not surprising considering Mexico is one of the centers of diversity for the
subgenus Tillandsia (Till 2000). Moreover, phylogenetic results (Chapter 1) support a Mexican
origin. As climatic conditions change from current to projected, 2050 and 2070, SDM indicate
that Mexico becomes less suitable. Although Hispaniola appears suitable, the biological reality is
Haiti would not be a likely locality due to heavy deforestation. Puerto Rico also appears as a
suitable location, but T. fasciculata var. venosispica is already established there. Tillandsia
fasciculata var. clavispica would have to compete for the same resources and/or it would start to
interbreed with T. fasciculata var. venosispica. Within Cuba, T. fasciculata var. clavispica is one
of the most common tillandsias across the landscape. The central valley is deforested mainly due

to agriculture, and our SDM reflect that (cooler colors).

Tillandsia fasciculata var. venosispica current distribution is restricted to Puerto Rico and

the Lesser Antilles. Suitable localities for this taxon are found in Jamaica, eastern Hispaniola,
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Trinidad and Tobago, and northern Venezuela for all eight climate models tested. Eastern
Nicaragua is suitable for this taxon during the last glacial maximum and under current and
projected climatic conditions remains so, albeit with a reduced range that borders Honduras.
While these results suggest suitable habitat in Trinidad and Tobago and northern South America,
the biologic reality is they will have to co-occur and compete with the already existing T. aff.
fasciculata. Within Puerto Rico and the Lesser Antilles little change in suitable localities across
different climatic conditions was observed, which may be a reflection of resolution (1 km) and

size of islands.

Environmental variables and bromeliads

MaxEnt allows one to test the relative importance of environmental layers for predicting
suitable localities. Across taxa and across different climatic conditions, our results find that
harmonized world soil data is the most important single environmental data layer. Of the
bioclimatic variables, annual temperature range (BIOv) is the most important single variable for
three of the four taxa. While there is overlap in the remaining bioclimatic data layers across the
eight climatic conditions, the actual ranking varies. For example with T. fasciculata var.
densispica the most important bioclimatic single variable is mean temperature of coldest quarter
(B1011) which reflects its northernmost range which experiences frost. Mean temperature of
coldest quarter was ranked as the third (7 of 8 climatic conditions) and second (last interglacial)
most important single variable for T. fasciculata var. clavispica. Precipitation of driest month
(B1014) is the most important bioclimatic single factor for Tillandsia fasciculata var. laxispica
which suggests that the limiting factor is access to water. This bioclimatic variable ranks as the
second most important single variable for T. fasciculata var. venosispica. For T. fasciculata var.

venosispica, maximum temperature of warmest month (B10Os) is the most important variable in
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eight climatic conditions. For T. fasciculata var. clavispica, mean temperature of driest quarter
(B10y) is the most important single bioclimatic variable in eight climatic conditions.

The main caveat to this study is that we only used the bioclimatic data available in
WorldClim. Other data that should be incorporated in future research are humidity and land use,
preferably at an even higher resolution. Creation of pseudo absence selection methods that
incorporate bathymetric data is critical especially since low lying Florida and the Bahamas are

effected by fluctuating sea levels.

Even though Tillandsia fasciculata is predominantly epiphytic, harmonized world soil
data is the most important single environmental variable which may reflect phorophytes
dependence on soil. Givnish et al (2014) found fertile, moist cordilleras to be one of the
important factors to the net rates of species diversification in bromeliads. When focusing on just
the Caribbean islands in our PCA and heterogeneity tests, Hispaniola is the most heterogeneous.
These results confirm what is already known about that island. Hispaniola has five major
mountain ranges and including Pico Duarte (3,098 m), the highest peak in the Antilles, and is
comprised of four distinct ecoregions (moist forest, pine forest, dry forests, and grasslands). In
Swenson & Umana (2014) phylofloristic study on the Lesser Antilles, they found that for non-
endemic plants, environmental heterogeneity played a larger role in species assemblages on

islands rather than spatial distance:

Future climatic conditions

Our SDM show there are suitable localities for Tillandsia fasciculata var. densispica, T.
fasciculata var. laxispica, T. fasciculata var. clavispica, and T. fasciculata var. venosispica, and
T. fasciculata var. densispica under future climatic conditions. While nearby islands offer

possible solutions to where these taxa could disperse or be repatriated, the reality is these taxa
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face much bigger threats such as habitat destruction and climate change (e.g., inundation from
rising sea levels). Research suggests that projected sea level rise due to climate change is
analogous to the 46 m rise experienced during the last interglacial (Clark & Huybers 2009),
meaning much of the low lying suitable localities in Florida and the Bahamas are not suitable.

Another critical factor is that SDM does not include basic biological processes. Inclusion
of Tillandsia fasciculata in several physiological bromeliad studies provide insight into how it
may react to climate change. Germination and seedling establishment are critical phases to
overcome, with water often being the limiting factor. Zotz and Thomas (1999) examined water
movement in tank bromeliads. They found that T. fasciculata was less effective in maintaining
moisture in their tanks than the soft leaved Guzmania monostachia. They also provided evidence
that smaller individual plants dry out faster than larger plants. In a later study, Zotz et al (2010)
found that water availability had a significant impact on growth rates of epiphytic bromeliads,
but that elevated COz2 had little effect. Within that study, they also found that T. fasciculata
relative growth rates were most responsive to increase in nutrient solution, and that water supply
did increase relative growth rates, but it was not statistically significant. On a community scale,
most of the Caribbean islands already have well established varieties of T. fasciculata on them so
introduction of new taxa would have to be able to compete for the same resources, namely space.
Additionally, since these taxa are varieties possible interbreeding could occur.

Hurricanes

The number and intensity of cyclones (hurricanes in the Atlantic) are expected to increase
due to climate change. Several studies track the projected frequency in the Caribbean Basin.
Fraza and Elsner (2014) found that the central part of the Basin will experience more frequent

hurricanes, but regions in the southern portion of the Basin will experience the highest intensity
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hurricanes. Another study examining hurricane tracks supported a similar path. Gannon (2014)
found that the region with the most return intervals, or location of hurricane strikes, was western

Cuba.

Broad effects of hurricanes on forest ecosytems were proposed by Lugo (2000) and
include such topics as sudden or delayed tree mortality, changes in successional direction, and
biomass turnover. Long term studies have been conducted to test the effects hurricanes have on
Caribbean ecosystems. Van Blem et al. (2006) examined forest structure in a Puerto Rican dry
forest after Hurricane Georges. They examined stem mortality, and stem sprouting, and
concluded that tropical dry forests are better able to withstand hurricanes because of their dense,
short stature. Another long term study examined tree growth and mortality in the Blue Mountains
of Jamaica after Hurricane Gilbert (Tanner et al. 2014). Their results found that topographic
position, tree size, and species identity are important factors for crown damage by hurricanes.
Knowledge about post hurricane effects on tree growth and mortality is fundamental to
understand viability of epiphytic bromeliads since they are dependent on tree limbs for structural
support. Tillandsia fasciculata s.l. does occur as a lithophyte, but the ground must be porous so

as to not rot the plant.

The effects of hurricanes on epiphytes has been studied much less. Goode and Allen
(2008) found 50% less observed vascular epiphytes in EI Edén Ecological Reserve in Quintana
Roo, Mexico than prior to Hurricane Wilma. They also found that epiphytic individuals in
wetland areas sustained greater losses than mature forests, but that overall species composition
remained the same. Oberbauer et al. (1996) studied the effects of Hurricane Andrew on the
epiphytes in cypress domes in Everglades National Park. They found that overall epiphyte

mortality was relatively low despite the large number of dead epiphytes, and suggested that
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opening in the canopy may promote epiphyte establishment through increased light conditions.
Oberbauer et al. (1996) did not include T. fasciculata in their overall analyses, but they found

that this taxon sustained a 50% loss even though its roots are strongly attached to host plants.

The future does not look bleak for the widely distributed Tillandsia fasciculata group. In
fact Zotz (2007) census work of vascular epiphytes suggests that more widely distributed taxa

are more likely to increase in abundance in the future.

CONCLUSIONS

Even though our SDM study included only two environmental variables (harmonized
world soil data and altitude) and was limited to bioclimatic data from WorldClim, we found
these data layers informative. Paleoclimatic data were able to shed light on possible areas where
some of the Tillandsia fasciculata varieties arose. Future climatic data also found suitable
localities outside current distribution, although factors such as habitat destruction, rising sea
levels, increase in number and intensity of hurricanes, and biologic interactions, need to be taken

into consideration and play more of a critical role than these models can capture.

Future research should test other GCM, such as CCSM4 and MPI-ESM-P, to see how
results compare to MIROC-ESM. Incorporation of other data layers land use, topography, and
bathymetric data may prove useful. Finally, looking at these SDM in a phylogenetic sense may

help better understand the evolutionary patterns of the Tillandsia fasciculata group.
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Table 1. Environmental data layers used in this study

Bioclimatic (BioClim) data from WorldClim (Hijmans et al. 2005):
BI1O; = Annual Mean Temperature

BIOs = Max Temperature of Warmest Month

B10O; = Temperature Annual Range (BIO5-BIO6)

B1Oy = Mean Temperature of Driest Quarter

B101; = Mean Temperature of Coldest Quarter

B1012 = Annual Precipitation

B10.14 = Precipitation of Driest Month

B10.s = Precipitation of Warmest Quarter

Other layers:
Altitude from WorldClim (Hijmans et al. 2005)

Harmonized World Soil Data Base v1.21 (FAO/IIASA/ISRIC/ISSCAS/IRC, 2012)
Florida conservation lands (Florida Natural Areas Inventory 2015)
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Figure 1. Species distribution models of Tillandsia fasciculata var. densispica (N=50) using
MaxEnt. Based on A) last interglacial (ca. 120-140 kya), B) last glacial maximum (ca. 22 kya),
C) mid-Holocene (ca. 6 kya), and D) current, and future projections E) 2050 with 4.5 rcp, F)
2050 with 8.5 rcp, G) 2070 with 4.5 rcp, and H) 2070 with 8.5 rcp climatic conditions. Spatial
resolution for A, DH, 30” (ca. 1 km), and for B and C, originally 2.5’ but resampled to 30” .
Warmer colors indicate most suitable conditions.
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Figure 2. A) Locality points (red dots) and protected areas (green shading) of Tillandsia
fasciculata var. densispica (N=50). Species distribution models of Tillandsia fasciculata var.
densispica using MaxEnt. Based on B) current and future projections C) 2050 with 4.5 rcp, D)
2050 with 8.5 rcp, E) 2070 with 4.5 rcp, and F) 2070 with 8.5 rcp climatic conditions. Spatial
resolution 30” (ca. 1 km). Warmer colors indicate most suitable conditions. Horizontal hash
mark=protected areas
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Figure 3. Species distribution models of Tillandsia fasciculata var. laxispica (N=15) using
MaxEnt. Based on A) last interglacial (ca. 120-140 kya), B) last glacial maximum (ca. 22 kya),
C) mid-Holocene (ca. 6 kya), and D) current, and future projections E) 2050 with 4.5 rcp, F)
2050 with 8.5 rcp, G) 2070 with 4.5 rcp, and H) 2070 with 8.5 rcp climatic conditions. Spatial
resolution for A, DH, 30” (ca. 1 km), and for B and C, originally 2.5’ but resampled to 30”.
Warmer colors indicate most suitable conditions.
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Figure 4. Species distribution models of Tillandsia fasciculata var. clavispica (N=43) using
MaxEnt. Based on A) last interglacial (ca. 120-140 kya), B) last glacial maximum (ca. 22 kya),
C) mid-Holocene (ca. 6 kya), and D) current, and future projections E) 2050 with 4.5 rcp, F)
2050 with 8.5 rcp, G) 2070 with 4.5 rcp, and H) 2070 with 8.5 rcp climatic conditions. Spatial
resolution for A, DH, 30” (ca. 1 km), and for B and C, originally 2.5’ but resampled to 30”.
Warmer colors indicate most suitable conditions
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Figure 5. Species distribution models of Tillandsia fasciculata var. venosispica (N=36) using
MaxEnt. Based on A) last interglacial (ca. 120-140 kya), B) last glacial maximum (ca. 22 kya),
C) mid-Holocene (ca. 6 kya), and D) current, and future projections E) 2050 with 4.5 rcp, F)
2050 with 8.5 rcp, G) 2070 with 4.5 rcp, and H) 2070 with 8.5 rcp climatic conditions. Spatial
resolution for A, DH, 30” (ca. 1 km), and for B and C, originally 2.5’ but resampled to 30”.
Warmer colors indicate most suitable conditions.
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