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Abstract 

Hillieae is a group of ∼30 florally diverse, Neotropical epiphyte species. Species richness peaks in southern Central America and taxa display 
bat, hawkmoth, or hummingbird pollination syndromes. A phylogenetic framework is needed to understand floral and biogeographic e v olution. 
We used target enrichment data to infer a species tree and a B a y esian time-calibrated tree including ∼83% of the species in the group. We 
inferred ancestral biogeography and pollination syndromes, described species’ realized bioclimatic niches via a principal component analysis, and 
estimated significant nic he shif ts using Ornstein–Uhlenbeck models to understand how different abiotic and biotic variables have shaped Hillieae 
e v olution. We estimated that Hillieae originated in southern Central America 19 Ma and that hawkmoth pollination is the ancestral character 
state. Multiple independent shifts in pollination syndrome, biogeographic distribution, and realized bioclimatic niche ha v e occurred, though 
bioclimatic niche is largely conserved. Using generalized linear models, we identify two interactions—between species’ biogeographic ranges 
and pollination syndromes, and between phylogenetic covariance and pollination syndromes—that additively affect the degree of bioclimatic 
niche o v erlap betw een species. R egional v ariation in pollination syndrome div ersity and pat terns of species bioclimatic nic he o v erlap indicate a 
link between biogeography and species ecology in driving Hillieae diversification and syndrome evolution. 
Keywords: biogeography, competition, epiphyte, mountains, pollination syndromes, Rubiaceae 
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Altogether, the Neotropics comprise an estimated 118,000 
flowering plant species, amounting to 40% of the world’s 
known flora ( Raven et al., 2020) . Macroevolutionary stud- 
ies to date have consistently underscored the important roles 
of multiple abiotic and biotic factors in generating this bio- 
diversity, including mountain uplift, barriers to dispersal,
evolution of growth forms (especially epiphytism), mutual- 
istic interactions between plants and pollinators, and an- 
tagonistic interactions such as herbivory and nectar rob- 
bing ( Dellinger et al., 2024 ; Givnish et al., 2014 , 2015 ; 
Lagomarsino et al., 2016 ; Maron et al., 2019 ). The contri- 
bution of each factor to diversification may vary with envi- 
ronmental context ( Vargas et al., 2020) . For example, in lin- 
eages inhabiting highly mountainous regions such as the An- 
des, abiotic factors may play a more significant role. Moun- 
tains can act as physical barriers to dispersal, fostering geo- 
graphic speciation. Surface uplift can also alter environmen- 
tal variables such as climate, drainage pathways, and soil 
conditions, generating new environmental niches that can 
foster local adaptation and speciation ( Hoorn et al., 2010) .
In other regions with less topography, specialized ecologi- 
cal interactions may have played a larger role in structur- 
ing evolutionary relationships than the abiotic environment 
( Verboom et al., 2015) . 

Rubiaceae is one of the largest and most diverse plant 
families, comprising ∼13,500 species spread across ∼620 
genera and 3 subfamilies ( POW O, 2025 ). The family has a 
cosmopolitan distribution but is mainly tropical. It includes 
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everal ecologically and economically important plants such 
s coffee, quinine, and gardenias. Within the subfamily Cin- 
honoideae, the Hillieae tribe is a small but morpholog- 
cally and ecologically diverse group of plants that has 
eceived relatively little attention in the scientific litera- 
ure ( D’hondt et al., 2004 ; Knudsen & Tollsten, 1993 ;
amírez & Briceño, 2021 ; Sazima et al., 1999 ; Taylor,
994 ; Wolff, 2006 ). This group comprises ∼30 mostly 
hrubby, epiphytic species distributed among the genera 
almea (1 species), Cosmibuena (4 species), and Hillia 
 ∼25 species). Despite its relatively low species richness,
he group exhibits remarkable floral diversity. This sug- 
ests that pollinator-mediated selection has likely played 
n important role in evolution, resulting in species dis- 
laying bat, hawkmoth, and hummingbird pollination syn- 
romes, with observed intermediates. Most species lack 
eld observations of pollinators, but four species—C. va- 
erii (hawkmoth), H. illustris (bat), H. parasitica (hawk- 
oth), and H. triflora var. triflora (hummingbird)—have 
ocumented pollinator visits and their observed pollina- 
ors match expectations based on pollination syndromes 
 Knudsen & Tollsten, 1993 ; Ramírez & Briceño, 2021 ; 
azima et al., 1999 ; Wolff, 2006 ; personal observa-
ion). 
A distinguishing trait of Hillieae among other Rubiaceae 

s the presence of tiny, flattened, trichome-tufted (i.e., co- 
ose) seeds that develop within woody capsular fruits and 
re wind-dispersed. This seed morphology, which is unique 
, 2025 
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o the genus Hillia , may be an adaptation that allows seeds
o stay in the air for longer and travel farther, even relative
o other Hillieae (Taylor, 1994) . Hillieae are broadly dis-
ributed throughout most of the Neotropics and most species
ccur in southern Central America and the Northern An-
es of South America (Taylor, 1994) . Species mainly occur
n moist or wet low-to-mid elevation forests; however, some
pecies can occur at relatively high elevations and in drier
abitats. 
Despite its marked floral and biogeographic diversity,
hylogenetic relationships within Hillieae have been under-
tudied. While a few species have been included in molecu-
ar phylogenetic studies, those have focused on evolution-
ry relationships and patterns across Rubiaceae broadly
 Manns & Bremer, 2010 ; Manns et al., 2012 ; Paudyal et
l., 2014 ; Robbrecht & Manen, 2006 ). These studies agree
n the placement of Hillieae within the subfamily Cin-
honoideae, monophyly of the three Hillieae subgenera, and
he placement of Balmea and Hillia as sister genera. Hillieae
as also been the focus of multiple morphological cladis-
ic analyses ( D’hondt et al., 2004 ; Taylor, 1994 ). However,
orphological characters can mislead phylogenetic analy-
es when convergently evolved traits are included in data
atrices, as may be the case in Hillieae. Consequently, our
nowledge of relationships within Hillieae has remained
ncertain. 
Given its high floral diversity and occurrence in vari-
us habitats across the Neotropics, both abiotic and biotic
actors have likely strongly influenced Hillieae diversifica-
ion. To understand evolutionary relationships in the tribe
nd assess how biogeography and plant–pollinator inter-
ctions have shaped its evolution, we infer the first deeply
ampled, time-calibrated, molecular phylogeny for Hillieae.
e estimate historical biogeography, describe species’ biocli-
atic niche shifts, estimate pairwise niche overlap between
pecies, and reconstruct pollination syndrome evolution. Ad-
itionally, we apply generalized linear models (GLMs) to
ssess how different variables—including geographic co-
ccurrence, shared pollination syndrome, and phylogenetic
elatedness—both independently and interactively affect the
egree of niche overlap among pairs of species. Our findings
uggest that although dispersal, shifts into different environ-
ental niches, and changes in pollination syndromes have
acilitated diversification, the weight of these mechanisms
eems to vary geographically. 

aterials and methods 

ene tree inference 

axon sampling, DNA extraction protocol, sequencing,
nd locus assembly follow Ball et al. (2023) . Briefly, we
erformed target enrichment sequencing using a custom,
ubiaceae-specific probe set (Rubiaceae2270x) designed to
arget 2,270 exonic loci (Ball et al., 2023) , which were as-
embled via HybPiper 2 ( Johnson et al., 2016) . We included
ll Hillieae taxa with assembled contigs for at least 10%
f loci, as well as all Hamelieae (Cinchonoideae) taxa and
wo species from the subfamily Rubioideae ( Palicourea at-
enuata and Psychotria panamensis ). This sampling repre-
ents 25 Hillieae species, or ∼83% of all species in the tribe
 Supplementary Table S1 ). 
The HybPiper 2 “paralog_retriever” command was used
o extract all assembled contigs for all loci, and we identi-
ed as putative paralogs those loci for which two or more
ontigs were assembled across samples. Sets of both pu-
atively single-copy and paralogous loci were aligned us-
ng macse (version 2.07; Ranwez et al., 2018 ) under de-
ault settings, and then alignments were visually inspected
n Geneious Prime (version 2021.1.1). Putatively paralogous
oci were then removed from the dataset and processed sep-
rately (see the next paragraph). For the remaining puta-
ively single-copy loci, erroneous sequences from alignments
i.e., short segments of DNA from a given species that ap-
ear nearly random relative to the rest of the alignment)
ere removed with TAPER (version 1.1.1; Zhang et al.,
021 ), columns with more than 80% missing data were re-
oved with the pxcslq function in phyx (version 1.1; Brown
t al., 2017 ), and sequences shorter than 20% of the total
lignment length were removed using trimAl (version 1.2;
apella-Gutiérrez et al., 2009 ). Alignments with fewer than
5 taxa ( > 60% missing taxa) were removed from down-
tream analyses. 
Putatively paralogous loci were processed using a modi-
ed version of the monophyletic outgroups (MO) pipeline of
orales-Briones et al. (2022 ; https:// github.com/ ambed0ya/
alicourea ). First, columns with more than 80% missing
ata were removed with the pxcslq function in phyx, and
purious sequences were removed with trimAl. Preliminary
ene trees were inferred using the program RAxML-NG
 Kozlov et al., 2019 ) under the GTR + G nucleotide evo-
ution model. Ortholog trees were then inferred by prun-
ng trees with monophyletic and single-copy outgroup taxa.
uring orthology inference, we chose to only retain gene
rees with at least 25 (60%) taxa. Sequence matrices were
hen generated from the MO-pruned gene trees (i.e., the
leaned original alignments were realigned to only include
axa remaining in the pruned gene tree). These alignments
ere again visually inspected in Geneious, and erroneous
equences were removed with TAPER. Columns with more
han 80% missing data were removed with the pxcslq
unction in phyx, and spurious sequences were removed
ith trimAl. RAxML-NG was used to infer the final gene
rees using the GTR + G model. We calculated summary
tatistics for all final processed alignments with AMAS
version 1.1.0; Borowiec, 2016 ; Supplementary Table S3 ).
AxML-NG was used to infer gene trees using the GTR + G
odel. 

hylogenetic inference and time calibration 

hylogenetic trees were inferred using multiple approaches.
e performed species tree inference analyses using the
eighted ASTRAL (i.e., wASTRAL) algorithm (Zhang &
irarab, 2022) , a two-step coalescence-aware approach.
ASTRAL is a version of ASTRAL (Zhang et al., 2018) with
eighting schemes to reduce the impact of quartets with low
upport and long terminal branches. All final gene trees (i.e.,
ingle-copy and inferred orthologs) were used as input. Phy-
ogenetic relationships were also inferred in a concatenation
nalysis using RAxML-NG. In addition to the local pos-
erior probability (LPP) values estimated with wASTRAL,
uartet sampling (Pease et al., 2018) was used to calculate
upport for the wASTRAL species tree topology and distin-
uish lack of support from gene-tree conflict (–align concate-

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf099#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf099#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf099#supplementary-data
https://github.com/ambed0ya/Palicourea
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf099#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf099#supplementary-data
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Evolution (2025), Vol. 0 3 

 

C  

f
3  

t
w
(  

a
t
m  

m
r
m  

“
s  

m
u

n
A  

k
b
l
i  

l  

c  

s  

b
m  

c  

o
r  

t
(
e
c  

k
i  

p

R

T
l
w
w
m  

l
u
(
r  

1
t
2  

T  

s
a
s

r  

w  

H
f  

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/advance-article/doi/10.1093/evolut/qpaf099/8129705 by Louisiana State U

niversity user on 01 July 2025
nated.phylip –reps 200 –threads 4 –lnlike 2). For the con- 
catenation analysis, all final processed alignments were con- 
catenated into a single matrix, and a tree was inferred under 
the GTR + G model of nucleotide evolution. Branch support 
was estimated via the calculation of Felsenstein’s bootstrap 
proportions. 

We estimated divergence times for our inferred species tree 
with RevBayes (version 1.2.1; Höhna et al., 2016 ). We used a 
secondary calibration on the crown node of Hillieae, derived 
from previous study of tribe Cinchonoideae where four fos- 
sil calibration constraints were specified to infer divergence 
times ( Manns et al., 2012) . We acknowledge that divergence 
time estimates are subject to many biases, and additional 
caveats come with using secondary calibrations (see Schenk,
2016 ). Therefore, these estimates should be taken cautiously 
and viewed as a means of exploring plausible evolutionary 
scenarios. 

To subset our loci and make the calibration more 
computationally feasible, we used the program genesortR 

(Mongiardino Koch, 2021) . GenesortR ranks loci by first 
calculating seven locus properties (pairwise patristic dis- 
tance, compositional heterogeneity, level of saturation, root- 
to-tip variance, Robinson-Foulds similarity to a target topol- 
ogy [here, we use the wASTRAL species tree], average boot- 
strap support, and the proportion of variable sites) and then 
it uses a principal component analysis (PCA) to identify 
an axis where proxies for phylogenetic signal increase and 
sources of bias decrease. We limited the genesortR search 
to 15 loci that included all 37 ingroup taxa. Next, we used 
the chronos function from the ape R package (version 5.7.1; 
Paradis & Schliep, 2019 ) to generate an ultrametric start- 
ing tree compatible with our secondary calibration. We used 
the wASTRAL tree as input after pruning it to only include 
one individual per species and exclude all outgroups. For 
each species, we retained the individual with the most as- 
sembled loci, except for H. macrophylla for which we kept 
two individuals that were polyphyletic and sampled from ge- 
ographically distant regions (i.e., Costa Rica and Ecuador).
We applied a relaxed clock model and normal distribution 
with a minimum and maximum root age of 13.6 and 28.8 
Ma, respectively. In the RevBayes analysis, we specified a 
partitioned GTR + G substitution model, an exponential re- 
laxed clock model, and a birth–death tree prior. We ran two 
independent chains for 300,000 generations and discarded 
25% of posterior trees. A maximum clade credibility tree 
was generated from the remaining posterior distribution of 
trees. Convergence was assessed by visually inspecting trace 
files in the program TRACER (v.1.7.1; Rambaut et al., 2018 ) 
and checking that all parameters had good mixing (effective 
sample size > 200). 

Biogeographic modeling in Hillieae 

We used BioGeoBEARS (version 1.1.3; Matzke, 2013 ) for 
biogeographic estimation under the dispersal–extinction–
cladogenesis (DEC; Ree & Smith, 2008 ), BayArea-like 
( Landis et al., 2013) , and dispersal–vicariance analysis 
(DIVA)-like (Ronquist, 1997) models using our time- 
calibrated phylogeny. To define species’ ranges, we retrieved 
occurrence data for all Hillieae species with accessible lo- 
cality information from GBIF ( https:// doi.org/ 10.15468/ dl. 
wjanz2 ), focusing on specimens from the following herbaria: 
OL, CR, F, INB, MO, NY, and US. The clean_coordinates
unction from the CoordinateCleaner R package (version 
.0.1; Zizka et al., 2019 ) under default settings was used
o filter out erroneous or invalid records. Occurrence points 
ere also compared with published species distributions 

 Taylor, 1989, 1992, 1994 ; Taylor & Gereau, 2010 ). In
ddition to the coordinates retrieved from GBIF, we es- 
imated latitude and longitude for two additional speci- 
ens of Hillia bonoi and two additional specimens of H.
acbridei , which had particularly few total georeferenced 
ecords on GBIF, using locality information from the speci- 
en labels. Based on our inferred species tree topology (see
Phylogenetic inference and time calibration” in the Results 
ection), the Central American and Andean collections of H.
acrophylla were treated as separate operational taxonomic 
nits. 
We defined the bioregions included in the analysis as 
orthern Central America, southern Central America, the 
ndes, and Amazonia ( Figure 2A ). These regions have
nown importance for Neotropical flora and were selected 
ased on Hillieae distribution patterns in georeferenced col- 
ections. While multiple distantly related species also occur 
n the Caribbean ( H. parasitica and H. tetrandra ) and At-
antic forest ( H. illustris , H. parasitica , and H. ulei ), we ex-
luded these areas from the analysis to limit parameters,
ince they hold no endemic species and are areas occupied
y Hillieae taxa with broad distribution ranges. For each 
odel, we set the maximum number of areas that an an-
estor could occupy to three, which is the greatest number
f areas that any extant Hillieae species occupies. Dispersal 
ates between regions were scaled based on the shortest dis-
ances between their edges, which were calculated in QGIS 
version QGIS 3.14.15) using the expression length (short- 
st_line($geometry, geometry(get_feature()))) in the field cal- 
ulator. The distance between adjacent regions was set to 1
m. Disjunct ranges were constrained by manually modify- 
ng the list of possible states. The three models were com-
ared using the Akaike information criterion (AIC). 

 ealiz ed bioclimatic niche evolution 

o describe species’ realized bioclimatic niches, raster 
ayers for all 19 bioclimatic variables and elevation 
ere first downloaded from the WorldClim ( https://www. 
orldclim.org/ data/ worldclim21.html ) online historical cli- 
ate database at a resolution of 2.5 arcmin. The 20 raster

ayers were clipped to the extent of Hillieae’s distribution 
sing the GDAL “clip raster by extent” function in QGIS 
version 3.22.4). After clipping the rasters, we used the 
aster .cor .plot function of the ENMTools R package (version
.1.1; Warren et al., 2021 ) and the removeCollinearity func- 
ion of the virtualspecies package (version 1.6; Leroy et al.,
016 ) to identify and filter out strongly correlated variables.
his left a remainder of five bioclimatic variables for down-
tream analyses: annual precipitation, annual mean temper- 
ture, elevation, precipitation seasonality, and temperature 
easonality. 
To summarize and visually inspect the available envi- 

onmental conditions based on the five filtered variables,
e performed a PCA on the 455,929 land pixels covering
illieae’s distribution (excluding the Caribbean and Atlantic 

orest) ( Figure 2C ), following Alexandre et al. (2017) . We

https://doi.org/10.15468/dl.wjanz2
https://www.worldclim.org/data/worldclim21.html
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onsidered the first two axes of the PCA, which explain
ost of the variation in the data. For each species with at

east five occurrence records, we used the geographic co-
rdinates retrieved in the previous section to identify the
and pixels in which the taxon occurs (using the cellFromXY
unction of the rts package [version 1.1.14]) and then calcu-
ated the average score of these pixels on both dimensions
f the PCA. These average scores were used as a proxy for
he realized bioclimatic niche of the respective species. Ad-
itionally, we tested for significant differences among indi-
iduals with bat, hawkmoth, and hummingbird pollination
yndromes on each climatic PCA axis using two approaches:
1) ANOVA, incorporating all species from the climatic PCA
nd including species assignment as a random effect; and
2) a phylogenetically informed analysis using the MCM-
glmm R package (version 2.36; Hadfield, 2010 ), includ-
ng only species present in both the climatic PCA and the
hylogeny. For the MCMCglmm analysis, we used our time-
alibrated phylogeny as input, included species assignment
s a random effect, and kept all other settings at default val-
es. An R script used to perform the analyses is available at
ttps:// github.com/ laymonb/ Hillieae _ macroevolution . 
To estimate niche overlap across taxa, we estimated

choener’s D index using the ecospat.niche.equivalency.test
unction from the ecospat R package (version 4.0.0; Di Cola
t al., 2017 ). We included all species with at least five oc-
urrence records that were sampled in the phylogeny. Us-
ng GLMs, we tested whether sharing the same pollination
yndrome, occurring in the same biogeographic region, be-
ng closely related, or an interaction between these variables
ould explain patterns of niche overlap. Phylogenetic co-
ariance, calculated using the vcv.phylo function from the
pe R package, was used as a measure of relatedness. In to-
al, we tested 17 models ( Supplementary Table S9 ) using the
lmmTMB R package (version 1.1.10; Brooks et al., 2017 ).
or each model, we applied a Beta family distribution and a
ogit link. We used the Bayesian information criterion (BIC)
o compare the full set of models; for models with simi-
ar BIC values, we used the R DHARMa package (version
.4.7) to compute additional diagnostic statistics and evalu-
te model fit. 
Finally, we used the estimate_shift_configuration function

rom the l1ou R package ( Khabbazian et al., 2016 ) to de-
ect evolutionary shifts in bioclimatic niche optimum. Briefly,
he function fits multi-optima Ornstein–Uhlenbeck models
sing the lasso method ( Tibshirani et al., 2012 ) to detect
hifts in phenotypic optima across a phylogeny, without
uantifying whether optimal values are reached. For every
pecies included in the phylogeny (including species with
ew occurrences—H. bonoi , H. foldatsii , and H. macbridei ),
e calculated the median of the log 10 -transformed values
or each of the five filtered bioclimatic variables used in
he climatic PCA, and these median values were used as in-
ut for the analysis. We raised the “alpha.upper” parame-
er to eight to improve model convergence, and we used the
hylogenetic-aware BIC (pBIC; Khabbazian et al., 2016 ) for
odel comparison. All other parameters were kept at default
ettings. Bootstrap support for shift positions was calculated
sing the l1ou_bootstrap_support function with 1,000 repli-
ates. 

ollination syndrome evolution 

e performed an ancestral state reconstruction of pollina-
ion syndromes to better understand how floral morphology
 =
as evolved through time. Floral diversity is a hallmark of
illieae, and this variation reflects pollination mode diver-
ity within the tribe. Multiple species (including H. illustris ,
. triflora , H. parasitica , and H. wurdackii ) have been in-
luded in pollination studies where reported visits match ex-
ectations based on the classic definitions of the bat, hawk-
oth, and hummingbird pollination syndromes ( Faegri &
ijl, 1979 ; Knudsen & Tollsten, 1993 ; Ramírez & Briceño,
021 ; Sazima et al., 1999 ; Wolff, 2006 ). This suggests that
ower color and shape are good proxies for pollination
ode in Hillieae, and these traits were used to assign Hillieae
pecies to syndromes. Species with red corollas (regardless
f shape) were assigned the hummingbird syndrome, species
ith green and funnelform corollas were assigned the bat
yndrome, and species with white and salverform corollas
ere assigned the hawkmoth syndrome. For the analysis,
e first estimated the optimal model of character evolu-
ion using different functions from the phytools R pack-
ge. Four models were run using equal rates: a continuous-
ime Markov (Mk) model using the fitMk function; two hid-
en rates models with one and two hidden states using the
tHRM function; and an Mk model with edge rates assumed
o have been randomly sampled from a � distribution us-
ng the fitgammaMk function. The same four models were
lso run using symmetrical rates and all rates different, for
 total of 12 models, which were compared using the AIC.
ext, we inferred ancestral states for pollination syndrome

n RevBayes under the best-fit model (i.e., continuous-time
k model with equal rates). We ran two Markov chains

or 10,000 generations each, sampling a stochastic charac-
er map every generation. We then summarized the 20,000
tochastic character maps generated from the two Markov
hains using the describe.simmap function from the phytools
ackage. 
To better understand whether multiple independent ori-

ins of hummingbird and bat pollination syndromes could
eflect hemiplasy (i.e., apparent trait convergence driven by
ene trees underlying the trait of interest and discordant
ith the species tree [ Avise & Robinson, 2008 ; Guerrero
 Hahn, 2018 ]) rather than true convergence, we used

 custom R script ( https:// github.com/ laymonb/ Hillieae _
acroevolution ) to calculate the number of gene trees from
he total 1,375 trees in our dataset in which species inferred
o be distantly related in the species tree but that share
ollination syndromes were inferred to be monophyletic.
ene trees were rooted on the most distant outgroup avail-
ble prior to the analysis using the pxrr function from
hyx. 

esults 

ene tree inference 

ybPiper assembly statistics for the 42 samples included in
he present study are shown in Supplementary Table S2 . Six
undred eighty-one loci were recovered as putatively single-
opy and 1,578 exonic regions (loci) identified as putative
aralogs were processed via the MO pipeline, resulting in
n additional 801 inferred orthologs, for a total of 1,482
oci. After alignment, cleaning, and filtering for loci with at
east 25 taxa, we were left with a total of 1,375 loci for phy-
ogenetic inference. Alignments included 25–42 taxa ( ̄x = 36
axa) of 99–4,791 bp length ( ̄x = 328 bp), 0%–47% missing
ata ( ̄x = 3.7%), and 0–243 parsimony informative sites ( ̄x
 40 sites). 

https://github.com/laymonb/Hillieae_macroevolution
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf099#supplementary-data
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Phylogenetic inference and time calibration 

Relationships between Hillieae genera and Hillia subgen- 
era in the wASTRAL and RAxML-NG topologies were 
fully congruent. However, the placement of some individuals 
within clades varied slightly ( Figure 1 ; Supplementary Figure 
S1 ). Specifically, the trees were discordant in the mono- 
phyly of Cosmibuena gr andiflor a and Hillia maxonii , and 
in the placement of several taxa within Hillia subg. Hillia .
In both trees, Cosmibuena and Hillia were recovered as 
monophyletic, and Balmea and Hillia as sister taxa. Boot- 
strap support in the RAXML-NG topology was 100 at all 
branches, except for four in the Hillia subg. Hillia clade in 
which bootstrap support ranged from 62 to 100 ( ̄x = 0.98; 
Supplementary Figure S1 ). LPP support in the wASTRAL 

species tree ranged from 0.67 to 1 ( ̄x = 0.99) across all 
branches ( Figure 1 ). Five branches had an LPP less than 0.98 
and all but one of these were concentrated in the Hillia subg.
Hillia clade. 

Three species—H. macrophylla , H. parasitica , and H.
triflora—were recovered as non-monophyletic in both the 
wASTRAL and RAxML-NG phylogenetic analyses. In the 
case of H. macrophylla , one individual collected in Cen- 
tral America was sister to the rest of subgenus Hillia in the 
wASTRAL tree, while the other individuals, all from South 
America, formed a grade successively sister to H. wurdackii ,
a species with suspected affinity to H. macrophylla ( Taylor,
1994) . The individuals of H. parasitica form a clade in which 
two species ( H. killipii and H. pumila ) are embedded. Within 
this clade, two Caribbean H. parasitica individuals were sis- 
ter to one another and the South American representative 
was sister to H. killipii , also from South America. 

Most branches had quartet concordance (QC) scores 
above 0.2 ( −0.30 to 1; x̄ = 0.42), which indicates good 
support for the species tree topology ( Figure 1 ; Pease et 
al., 2018 ). All branches had a quartet informativeness score 
above 0.95 (range: 0.99–1; x̄ = 0.99), suggesting that low 

information was not an important source of gene tree dis- 
cordance in our data. The quartet fidelity (QF) score for taxa 
ranged from 0.56 to 0.91 ( ̄x = 0.72). Higher QF scores in- 
dicate that when sampled in quartets, taxa tended to pro- 
duce a topology that was concordant with the species tree; 
this approach is similar to a “rogue taxon” test (Pease et al.,
2018) . The quartet differential (QD) score, which measures 
the skewness in the frequencies of the two discordant quartet 
topologies, ranged from 0 to 1 ( ̄x = 0.36). 

We estimated that Hillieae originated during the early 
Miocene, 19.1 Ma (95% Highest Posterior Density 
[HPD] = 11.1–26.6; Figure 2A and B ; Supplementary 
Figure S2 and Supplementary Table S5 ). The crown age 
of Cosmibuena was estimated to be 11.8 Ma (95% 

HPD = 5.9–18.1). Balmea and Hillia diverged 16.4 Ma 
(95% HPD = 9.0–23.7) and the crown age of Hillia was 
estimated to be 10 Ma (95% HPD = 5.3–14.9). 

Biogeographic modeling in Hillieae 

The DIVA-like model was the best supported based on hav- 
ing the lowest AIC; however, it differed only slightly from 

the DEC model ( �AIC < 1; Supplementary Table S4 ). We 
present results from the DIVA-like model. Marginal sup- 
port for ancestral ranges ranged from 0.34 to 1 ( ̄x = 0.84) 
across all nodes ( Figure 2A ; Supplementary Figure S2 and 
Supplementary Table S5 ). Southern Central America was 
stimated as the most probable geographic range at the 
oot of Hillieae and its subgenera. Our results indicate that
illieae have undergone many biogeographic movements 
ithin the Neotropics. When Cosmibuena split from the 
est of Hillieae, the genus continued to diversify primarily 
ithin Central America until around 5.72 Ma (95% HPD 

.5–9.1), when the ancestor of the subclade excluding C.
alerii expanded its range into the Andes (marginal prob- 
bility = 0.42). A vicariance event likely separated the lin- 
age leading to C. matudae (restricted to northern and south-
rn Central America) from the ancestor of C. macrocarpa 
nd C. gr andiflor a (restricted to the Andes), and the latter
wo species independently expanded their ranges back into 
outhern Central America, as well as the Amazon; this is
he only instance where Hillieae returned to southern Cen- 
ral America after its dispersal from the region. Prior to
he split between the two genera ∼16.4 Ma (95% HPD
.0–23.7), the ancestor of Hillia and Balmea expanded its 
ange from southern Central America into northern Central 
merica (marginal probability = 0.88). This expansion was 
ollowed by a vicariance event that left Balmea restricted 
o northern Central America and Hillia to southern Cen- 
ral America. Crown Hillia originated 9.9 Ma (95% HPD 

.3–14.9) and primarily diversified within southern Central 
merica. At ∼5.8 Ma, the ancestor of subgenera Ravnia and
llustres expanded its range into the Andes and the Ama-
on (marginal probability = 0.51). A subsequent vicariance 
vent restricted subgenus Illustres to the Andes and Amazon,
nd Ravnia to southern Central America. The largest sub- 
enus of Hillia , Hillia subg. Hillia , expanded its range from
outhern Central America into the Andes 5.5 Ma (marginal 
robability = 1), after which point the group continued 
o diversify primarily within the Andes. In total, Hillieae 
ave independently dispersed north from southern Central 
merica into northern Central America at least four times 
nd south into the Andes at least five times; dispersal from
he Andes into the Amazon has taken place at least seven
imes. 

ioclimatic niche evolution 

he first two axes of the PCA explained a total of 82% of the
limatic variation over Hillieae’s distribution ( Figure 2C ).
C1 explained 55.3% of the variation and was positively 
orrelated with temperature seasonality (bio4), precipitation 
easonality (bio15), and elevation, and negatively correlated 
ith annual mean temperature (bio1) and annual precipi- 
ation (bio12). PC2 explained 26.7% of the variation and 
as positively correlated with annual precipitation and ele- 
ation, and negatively correlated with annual mean temper- 
ture, temperature seasonality, and precipitation seasonal- 
ty ( Figure 2C ; Supplementary Table S6 and Supplementary
igure S3 ). When projected onto the PCA, most species (ex-
ept Balmea stormiae ) clustered closely together. Plants with 
he bat pollination syndrome tend to have lower PC1 and
C2 scores than those with hawkmoth or hummingbird syn- 
romes ( Figure 2D ). However, these differences were not sta-
istically significant, regardless of whether phylogeny was 
ccounted for (ANOVA: p > 0.05 for both axes; MCM-
glmm: pMCMC > 0.05 for both axes and all syndrome
ategories). These results suggest that pollination syndrome 
lone does not strongly explain variation in species’ realized 
iches. 
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Figure 1. Phylogenetic tree inferred using wASTRAL with quartet sampling (QS) support measures. Branch color indicates quartet concordance (QC) 
score, an entrop y -lik e measure quantifying how often the concordant quartet was inferred over both discordant ones. Pie charts at nodes show the 
frequencies of QS replicates supporting concordant and discordant topologies. The quartet differential (QD) score, which measures the skewness in the 
frequencies of the two discordant quartet topologies, is plotted above branches, except for instances where all quartets are concordant. wASTRAL LPP 
scores are plotted below branches. Colors at the tips indicate the quartet fidelity (QF) score, which reports the frequency of a taxon’s inclusion in 
concordant topologies. The cloudogram in the top left shows discordance between the wASTRAL (black) and RAxML-NG (gray) topologies. Each genus 
and subgenus are highlighted in a different color and are represented by a flo w er image on the right. A scale bar is included f or e v ery genus. From top to 
bottom: Hillia subg. Hillia (photograph a [ H. parasitica ] taken by Jason Grant), Hillia subg. Ravnia (photographs b [ H. triflora var. triflora ] and c [ H. 
longifilamentosa ] taken by Laymon Ball and Barry Hammel, respectively), Hillia subg. Illustres (photograph d [ H. illustris ] taken by Laymon Ball), Hillia 
subg. Tetrandrae (photograph e [ H. tetrandra ] taken by Miriam Jiménez and Mariano Gorostiza), Balmea (photograph f from Meji´a-Jime´nez et al., 2022 ), 
and Cosmibuena (photograph g [ C. valerii ] taken by Laymon Ball). Icons to the right of taxon names depict species’ flower shapes. 
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Schoener’s index of niche overlap ( D ) between species
anged from 0 to 0.72 ( ̄x = 0.17; Supplementary Table
8 ). The most complex model ( df = 9), which includes a
hree-way interaction between phylogenetic relatedness (i.e.,
hylogenetic covariance), pollination syndrome, and biogeo-
raphic region, had the lowest BIC ( Supplementary Table
9 ). However, this did not drastically differ from the next
est-fitting, simpler model ( df = 7), which includes interac-
ions between pollination syndrome and biogeographic re-
ion and between pollination syndrome and phylogenetic
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Figure 2. Biogeographic, pollination syndrome, and bioclimatic niche e v olution in Hillieae. In panels (A) and (B), sizes of the circles at the nodes indicate 
marginal and posterior probabilities of the ancestral state, respectively. In panel (A), the lengths of the bars at the nodes represent the 95% HPD. (A) 
Biogeographic modeling (dispersal–vicariance analysis [DIVA]-like) results. Hillia subgenera are labeled. (B) Pollination syndrome evolution. Plot in the 
upper right corner shows the number of transitions between syndrome states (with confidence intervals in parentheses). Images of different species 
are used to e x emplify each state (hawkmoth = H. tetrandra ; hummingbird = H. triflora var. triflora ; bat = H. illustris ). (C) Principal component analysis 
(PCA) results of bioclimatic variables on the land pixels covering Hillieae’s distribution. On the upper plot, pixels are colored according to geographic 
region. A random sample of 5,0 0 0 pixels (of 455,929) is included for visualization. Variable loadings scaled by a factor of 6 for visibility are also included 
(bio1 = annual mean temperature; bio4 = temperature seasonality; bio12 = annual precipitation; bio15 = precipitation seasonality; elev = elevation). The 
lo w er plot includes species’ a v eraged bioclimatic niche positions, and points are colored according to region. (D) Species’ mean niche positions (points), 
ranges (transparent lines), and standard deviations (solid lines) along each PC axis. Points and lines are colored by geographic region and grouped by 
pollination syndrome. The density plots above each panel, shaded by pollination syndrome, depict niche variability across individuals for each syndrome 
along the corresponding PC axis. Species names are abbreviated as follows, from top to bottom: Bsto = B. stormiae ; Htri = H. triflora var. triflora ; 
Hpit = H. triflora var. pittieri ; Hlon = H. longifilamentosa ; Hall = H. allenii ; Htet = H. tetrandra ; Hpan = H. panamensis ; Hlor = H. loranthoides ; Cmat = C. 
matudae ; Hpal = H. palmana ; Hmap CA = Central American H. macrophylla ; Cval = C. valerii ; Hpar = H. parasitica ; Hmac = H. macromeris ; Hmax = H. 
maxonii ; Cmac = C. macrocarpa ; Cgra = C. grandiflora ; Hwur = H. wurdackii ; Hpum = H. pumila ; Hmap SA = South American H. macrophylla ; Hkil = H. 
killipii ; Hgra = H. grayumii ; Hill = H. illustris ; Hcos = H. costanensis ; Hule = H. ulei . (E) Bioclimatic niche shifts detected via l1ou analysis. Shifts are 
colored according to species’ geographic range ( Balmea stormiae = yellow; Andean Hillia subg. Hillia = light blue; additional shifts within Hillia subg. 
Hillia are light blue and transparent). Bootstrap support values for each shift are shown at the corresponding nodes of the tree. 
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Figure 3. Results from the generalized linear model demonstrating additive effects of two interactions on species’ pairwise niche overlap. Left: 
Interaction between region and pollination syndrome. Species in the same region tend to have greater niche overlap, except when they also share the 
same pollination syndrome ( p = 0.001). Right: Interaction between phylogenetic covariance and pollination syndrome. Niche overlap generally increases 
with phylogenetic relatedness, but this effect is weaker when species share the same pollination syndrome ( p = 0.0 0 02). 
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elatedness, both additively affecting niche overlap ( Figure
 ). The difference in BIC between these models was 2.99,
ndicating positive, but not strong, support for the more
omplex model (Raftery , 1995) . Ultimately , we selected the
impler model, which explained 21.3% of the total vari-
nce in the data, and had slightly better residual uniformity
han the more complex model (Kolmogorov–Smirnov test p
alue = 0.68 for the simpler model and 0.47 for the more
omplex). Individually, closely related species exhibit sig-
ificantly higher niche overlap than distantly related ones
 p = 8.20 × 10 −7 ); species sharing the same pollination syn-
rome have significantly higher niche overlap than those
ith different syndromes ( p = 9.49 × 10 −11 ); and species
ccurring in the same region show significantly higher niche
verlap than those in different regions ( p = 4.64 × 10 −5 ).
hen species share the same pollination syndrome and oc-

ur in the same region, the interaction between these vari-
bles negatively affects niche overlap ( p = 0.001). Similarly,
hen species are closely related and share the same pollina-
ion syndrome, the interaction between the variables results
n a combined negative effect ( p = 0.0002). 
We detected four evolutionary shifts in bioclimatic niche
ith l1ou : one shift was in B. stormiae , and the other
hree shifts were in the mainly Andean subclade of Hillia
ubg. Hillia ( Figure 2E ; see Supplementary Figure S4 and
upplementary Table S7 for species-specific distributions of
ioclimatic variables) . 

ollination syndrome evolution 

awkmoth pollination syndrome is inferred as the ancestral
haracter state for Hillieae with moderate posterior prob-
bility (0.82). There have been two (95% confidence in-
erval [CI]: 0–4) shifts from hawkmoth to bat, one shift
rom bat to hummingbird (95% CI: 0–3), and one (95%
I: 0–3) shift from hawkmoth to hummingbird pollination
yndromes. Posterior support for ancestral syndrome states
anged from 0.78 to 1 ( ̄x = 0.94) across all nodes ( Figure 2B ;
upplementary Figure S2 and Table S5 ). All repeated shifts
ere likely the result of convergence, as we did not find ev-

dence for hemiplasy in our dataset—only two gene trees
howed monophyly with respect to the bat syndrome (i.e.,
illia ulei formed a monophyletic clade with bat-syndrome
illia . subg. Ravnia ). No gene trees showed monophyly
ith respect to the hummingbird syndrome (i.e., within the
ene trees, Balmea never formed a monophyletic clade with
ummingbird-syndrome Hillia subg. Ravnia ). 

iscussion 

ystematics and taxonomy 

e infer the first densely sampled, well-supported phylogeny
or tribe Hillieae using target enrichment sequencing and a
ubiaceae-specific probe set designed to target 2,270 loci.
e found that current taxonomy (i.e., generic and species
escriptions) was consistent with phylogeny with a few ex-
eptions. Cosmibuena and Hillia are recovered as mono-
hyletic, with Cosmibuena sister to both Hillia and mono-
ypic Balmea . This result corroborates previous molecular
tudies, which have only included one to three species from
ach genus ( Manns & Bremer, 2010 ; Manns et al., 2012 ;
audyal et al., 2014 ; Robbrecht & Manen, 2006 ). In our
hylogenetic analysis, we recovered four subgenera slightly
odified from Taylor (1994) , which we hereafter refer to as
illia , Illustres , Ravnia , and Tetr andr ae . 
Multiple species were inferred as non-monophyletic. The
on-monophyly of both H. macrophylla and H. parasitica
ndicates that disjunct lineages in those species may repre-
ent distinct species that have become reproductively iso-
ated without notable morphological divergence. In both
hylogenetic analyses, the two Hillia triflora varieties never
ormed a clade; our results show H. triflora var. pittieri as
ister to H. allenii with strong support and H. triflora var. tri-
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flora as sister to H. longifilamentosa , but with weak support 
(the placement of H. longifilamentosa within this clade is 
highly uncertain). This suggests that these two varieties may,
in fact, represent two distinct species. Alternatively, incom- 
plete lineage sorting (ILS) or gene flow in areas of sympatry 
can also result in the recovery of species as paraphyletic. Our 
quartet sampling results suggest that these are both plausi- 
ble scenarios contributing to gene tree discordance and pa- 
raphyly, particularly for H. parasitica . All three H. parasitica 
individuals (in addition to the rest of the taxa in its subgenus,
Hillia ) have low QF scores, which could indicate erroneous 
taxa placement, or that lineage-specific processes are distort- 
ing the phylogeny (Pease et al., 2018) . Additionally, many 
of the branches within this clade have low QC ( < 0.2), and 
QD scores are highly variable, suggesting that a combination 
of ILS and introgression could be causing discordance and 
non-monophyly of species. Approximately 28% of quartets 
sampled for the branch leading to H. killipii and one H. para- 
sitica support an alternative topology where all H. parasitica 
and H. pumila are monophyletic. The low QD score (0.29) 
at this branch is also consistent with introgression causing 
discordance. However, it should be noted that low QD can 
also reflect discordance due to other underlying biological 
processes such as heterogeneity in evolutionary rates or base 
compositions (Pease et al., 2018) . Ongoing work at the pop- 
ulation level for these species will help unravel geographical 
patterns of genetic variability and inform species delimita- 
tion to support taxonomic revision. 

Biogeographic history and bioclimatic niche 

evolution 

Since their origin in southern Central America about 19 Ma 
(95% HPD 11.1–26.6), Hillieae have had a dynamic bio- 
geographic history characterized by frequent dispersal be- 
tween Central and South America. This is expected, given 
that these species are centered in geologically and ecologi- 
cally dynamic regions: southern Central America, which has 
some of the youngest ecosystems in the Neotropics, and the 
Northern Andes, which is the fastest uplifting portion of the 
continent-spanning mountain range ( Garzione et al., 2008 ; 
Gregory-Wodzicki, 2000 ; Pérez-Escobar et al., 2022 ). Addi- 
tionally, 10 of the 26 species sampled in the phylogeny have 
ranges spanning at least two major regions, with 4 extend- 
ing across the Andes mountains—a well-known barrier to 
dispersal for many other plant and animal groups. Hillieae’s 
wind-adapted seeds (i.e., small, papery, and lightweight) and 
epiphytic habit, which allows seed release from elevated 
heights, have likely facilitated its dispersibility, a pattern ob- 
served in other epiphytic groups ( Kessler, 2002 ; Mountier 
et al., 2018 ). 

Hillieae diversification was contemporaneous with three 
major geological events: the bridging of the Isthmus of 
Panama, mountain uplift in southern Central America, and 
the final uplift of the northernmost Andes. Coupled with 
Hillieae’s high dispersibility, these events would have likely 
played a significant role in structuring evolutionary rela- 
tionships. Based on our biogeographic modeling results, we 
estimate that three independent dispersal events across the 
Panamanian Isthmus into South America occurred ∼6 Ma,
involving the ancestors of Hillia subg. Hillia , Ravnia + Il- 
lustres , and Cosmibuena (excluding C. valerii ). Additionally,
four extant taxa ( H. maxonii , H. ulei , C. macrocarpa , and C.
r andiflor a ) expanded their ranges across the Isthmus. The
act that multiple lineages dispersed across the Isthmus at 
pproximately the same time supports a slightly earlier tim- 
ng of Isthmus closure (at least before 5 Ma), and challenges
he traditional view of a later closure ∼3.5 Ma ( Bacon et
l., 2015) . However, because these are wind-dispersed epi- 
hytes, we cannot rule out the alternative explanation that 
ong-distance dispersal over a discontinuous land bridge fa- 
ilitated their expansion. 
Showing an important role of the landscape on diversifica- 

ion within Hillieae, the predominantly Andean clade, Hillia 
ubg. Hillia , experienced rapid radiation relative to the rest
f the tribe since its origin ∼5.5 Ma. This is inferred from
he short internodes, lower support, and the relatively high 
evels of gene tree discordance observed within the clade,
hich is typical of rapidly radiating Andean-centered groups 

 Lagomarsino et al., 2022 ; Tribble et al., 2024 ). 
Differences in bioclimatic niche across Hillieae reflect the 
ighly variable and dynamic nature of the Neotropical land- 
cape, as well as the biology of the group. Hillieae are dis-
ributed throughout the Neotropics, though most species are 
onstrained to a central region of the total available niche
pace, preferring mid-elevation wet forests with low sea- 
onality in both precipitation and temperature. The preva- 
ence of bioclimatic niche conservatism among most species 
ay be indicative of constraints imposed by their epiphytic 
abit. Because many epiphytes capture rainwater either di- 
ectly from rainfall or from the surfaces on which they grow
ather than from the soil, their water supplies tend to be lim-
ted, and depending on the group, water stress can be even
nitiated by rainless periods of just a few hours in some epi-
hytic groups ( Spicer & Woods, 2022 ; Zotz & Hietz, 2001 ).
his limitation in water availability may constrain the sea- 
onal regimes within which most Hillieae are able to estab-
ish themselves, with less seasonal (i.e., more consistent rain- 
all) regions being more favorable ( Kreft et al., 2004 ). Con-
istent with this, species are more variable in their total an-
ual precipitation and elevation preferences than they are in 
easonality, as indicated by our PCA. We detect two major
volutionary shifts in bioclimatic niche that happen contem- 
oraneously with shifts in biogeography. One shift occurs in 
 subclade of Hillia subg. Hillia concurrently with its dis-
ersal into the Andes and indicates movement into to cooler,
rier, high-elevation habitats with low seasonality. The other 
ccurs in B. stormiae , and indicates an adaptation to higher
levation, cooler , drier , and more seasonal habitats. This shift
s contemporaneous with its dispersal to northern Central 
merica—the northernmost distribution in Hillieae. Balmea 
tormiae is also the only Hillieae species that is variably ter-
estrial or epiphytic ( Lorence & Taylor, 2012 ; Mejía-Jiménez 
 Montero-Castro, 2022 ; Taylor, 1994 ), which likely min- 

mizes water stress in these relatively seasonable environ- 
ents. 

ollination syndrome evolution 

sing color as a proxy, we found repeated shifts between
at, hawkmoth, and hummingbird pollination syndromes 
n the group. The hummingbird and bat pollination syn- 
romes evolved from hawkmoth-pollinated ancestors (once 
nd twice, respectively), and there has been a single shift to
he hummingbird pollination syndrome from the bat syn- 
rome; no reversals to the hawkmoth syndrome have oc- 
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urred. Certain ecological, morphological, physiological, or
henological traits can facilitate or inhibit shifts between
ollination modes ( Anderson & Johnson, 2009 ; Bradshaw
 Schemske, 2003 ; Givnish et al., 2020 ; Johnson et al.,
017 ; van der Niet & Johnson, 2012 ; Vereecken, 2009 ;
hittall & Carlson, 2009 ). For example, tubular corollas
re components of bat, hawkmoth, and hummingbird pol-
ination, and nocturnal flowering with scent production is
 component of both hawkmoth and bat pollination. It is
ikely that aspects of the hawkmoth pollination syndrome
acilitated shifts from hawkmoth to other pollination syn-
romes in Hillieae. 
While floral morphology tends to align with primary
oral visitors, deviations from expectations can occur
hen species are pollinated by multiple functional groups

 Ashworth et al., 2015 ; Fenster et al., 2004 ; Rosas-Guerrero
t al., 2014 ; Stebbins, 1970 ). Among the species sampled in
he current study, two species ( B. stormiae and Hillia allenii )
ave trait combinations that make it difficult to exclusively
ssign them to a single syndrome: B. stormiae has tubular
ed to purple flowers consistent with hummingbird polli-
ation, and is known to produce sweet-smelling odors at
ight, which is typical for hawkmoth pollination; and H.
llenii has a wide funnelform flower that is typical of bat
ollination, and a highly visible salmon-colored flower that
s consistent with hummingbird pollination, though these
re sometimes partially pale green-yellow ( Martínez, 1942 ;
ejía-Jiménez & Montero-Castro, 2022 ; observations from
erbarium specimens). Both species were coded as hum-
ingbird pollinated based on their primary floral color,
hough we suspect that their combined traits could reflect
ither recent transitions (hawkmoth to hummingbird for B.
tormiae and hummingbird to bat for H. allenii ) between
ollination modes or mixed pollination modes. These species
nderscore the nonbinary nature of syndromes ( Brightly et
l., 2024) and field studies to assess whether their trait com-
inations can be attributed to selection by multiple pollina-
ors in B. stormiae and H. allenii are an ongoing and partic-
larly promising line of future research. 
Hemiplasy has been implicated in apparent trait conver-

ence in some groups ( Hibbins et al., 2020) , including in the
ontext of pollination syndrome evolution ( Stankowski &
treisfeld, 2015) . However, we find no evidence for hemi-
lasy in the evolution of pollination syndromes in Hillieae,
t least not within the set of Rubiaceae2270x loci included
n this study. The frequency of pollination syndrome shifts
n Hillieae suggests that modifying floral traits may not be
articularly challenging for this group, potentially due to
elatively flexible developmental pathways. Hillieae’s small
lade size and the repeated evolution of pollination syn-
romes within it make it a promising system for understand-
ng the genetic basis of pollination syndromes when better
enomic resources are available. 

nterplay between abiotic and biotic factors in 

illieae evolution 

eographical patterns of pollination syndrome diversity
oint to the interplay between biogeographic history, cli-
atic preferences, and pollination in shaping Hillieae di-
ersification. Hillieae’s species and floral diversity are con-
entrated in southern Central America, where the group
riginated. This is the only region where all three pol-
ination syndromes are represented (including a mixed-
yndrome species, H. allenii from subgenus Ravnia ) and
ultiple shifts between syndromes have occurred. In con-
rast, species that diversified within the Andes (i.e., Hillia
ubg. Hillia ) display the ancestral hawkmoth syndrome. Cu-
iously, no hummingbird-syndrome Hillieae occur in the
ndes (i.e., all Andean Hillieae are either salverform and
hite or funnelform and green) even though humming-
ird pollination is common in this region, and the pro-
ortion of hummingbird pollinated taxa is expected to in-
rease with elevation ( Barreto et al., 2024 ; Cruden, 1972 ;
ellinger et al., 2023 ). Notably, species in Hillia subg. Hillia
ccur at markedly higher elevations than Central Amer-
can hummingbird-syndrome Hillieae. Despite originating
round the same time ( ∼5.8 and 5.5 Ma, respectively), the
lade comprising Hillia subgenera Illustres and Ravnia has
xperienced more pollination syndrome shifts compared to
ts sister clade, subgenus Hillia , even though the latter has
igher extant species richness. The disparity in pollination
yndrome diversity between southern Central America and
he Andes likely reflects a combination of evolutionary con-
ingency and regional differences in the influence of other
biotic (e.g., habitat heterogeneity and topographic barri-
rs) and biotic (e.g., species competition) factors, potentially
ediated by geological differences between the two regions.
Compared to Central American mountain ranges, the An-
es are characterized by much higher and more extensive
opography. These mountains, which are the longest conti-
ental mountain range in the world, stretch across the west-
rn edge of South America and have an average height of
,000 m. The extreme topography of the Andes lends it-
elf to high habitat and local climate variation ( Huddart &
tott, 2020) , which have been key abiotic drivers of rapid
iversification events in this region ( Givnish et al., 2014 ;
015 ; Jabaily & Sytsma, 2012 ; Lagomarsino et al., 2016 ;
inder, 2008 ; Luebert et al., 2011 ; Pouchon et al., 2018 ;
ánchez-Baracaldo & Thomas, 2014 ). Throughout the land-
cape, high peaks with dry and cold habitats are juxtaposed
ith warmer, wet or dry river valleys, which can serve as ge-
logical barriers separating populations and species (Hazzi
t al., 2018) . While this geological diversity is also present in
outhern Central America, it exists at a much smaller scale
n comparison. Some studies have found a positive relation-
hip between topographic complexity and intraspecific ge-
etic variation ( Dellinger et al., 2022 ; García-Rodríguez et
l., 2021 ; Guarnizo & Cannatella, 2013 ), which can lead to
peciation. The environmental heterogeneity of the Andes
s reflected in the bioclimatic niche diversity of the predomi-
antly Andean clade, Hillia subg. Hillia—while these species
o not show major differentiation on the climatic PCA, the
1ou analysis based on separate bioclimatic variables shows
hat multiple niche shifts have occurred within this group. 
Given their geological differences, the Andes and southern
entral America may promote coexistence among Hillieae
pecies through different mechanisms. Our best-fitting GLM
ndicates that same-syndrome species pairs tend to exhibit
reater climatic niche overlap, except when species co-occur
n the same region or are closely related. This pattern could
eflect niche partitioning driven by competition between
pecies in proximity for pollinator resources, or a mech-
nism of reproductive reinforcement to maintain species
oundaries. For Andean Hillia subg. Hillia , the heteroge-
eous nature of the Andes has likely provided abundant
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opportunity for allopatry and niche differentiation, allow- 
ing for diversification without major divergences in pol- 
linator niche. In contrast, floral variation and pollination 
syndrome diversity in southern Central American Hillieae 
likely reduce direct competition between species for pollina- 
tors and allow for coexistence over a smaller and relatively 
more homogeneous topography that is also highly species 
rich. Variation in floral morphology has been observed to 
reduce competition among co-occurring taxa in multiple sys- 
tems ( Armbruster & Muchhala, 2009 ; Johnson et al., 2017 ; 
Muchhala et al., 2014 ; Rodríguez-Gironés & Santamaría,
2007 ). 

Conclusions 

We present the first robust molecular phylogeny for tribe 
Hillieae, shedding light on a dark branch of the Tree of 
Life. Using this new phylogenetic framework, we charac- 
terized the evolution of pollination syndrome, biogeogra- 
phy, and bioclimatic niche within the tribe. Our results 
show that while bioclimatic niche has been largely con- 
served, with just four major evolutionary shifts (two in dis- 
tant lineages Balmea and Hillia subg. Hillia , and another 
two within Hillia subg. Hillia ), dispersal across the Neotrop- 
ics has been dynamic, and multiple independent shifts be- 
tween bat, hawkmoth, and hummingbird pollination syn- 
dromes have occurred. Notably, some of these shifts have 
occurred concurrently, highlighting the link between abiotic 
and biotic factors in driving Hillieae evolution. When species 
share pollination syndromes, climatic niche differentiation 
may facilitate coexistence of species either when they occur 
in the same biogeographic region, or they are closely related.
Neotropical topography has likely played a central role in 
shaping the ecological contexts of diversification, indicated 
by regional disparities in pollination syndrome diversity. We 
hope that this work will inform future evolutionary analy- 
ses in the tribe and broader Rubiaceae while offering insight 
into broader patterns of flowering plant diversification in the 
Neotropics. 
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