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Orchids are the most diverse family of angiosperms, with over 25 000 species,
more than mammals, birds and reptiles combined. Tests of hypotheses to
account for such diversity have been stymied by the lack of a fully resolved
broad-scale phylogeny. Here, we provide such a phylogeny, based on 75 chlor-
oplast genes for 39 species representing all orchid subfamilies and 16 of
17 tribes, time-calibrated against 17 angiosperm fossils. A supermatrix analysis
places an additional 144 species based on three plastid genes. Orchids appear
to have arisen roughly 112 million years ago (Mya); the subfamilies Orchi-
doideae and Epidendroideae diverged from each other at the end of the
Cretaceous; and the eight tribes and three previously unplaced subtribes of
the upper epidendroids diverged rapidly from each other between 37.9 and
30.8 Mya. Orchids appear to have undergone one significant acceleration of
net species diversification in the orchidoids, and two accelerations and one
deceleration in the upper epidendroids. Consistent with theory, such accele-
rations were correlated with the evolution of pollinia, the epiphytic habit,
CAM photosynthesis, tropical distribution (especially in extensive cordilleras),
and pollination via Lepidoptera or euglossine bees. Deceit pollination appears
to have elevated the number of orchid species by one-half but not via accele-
ration of the rate of net diversification. The highest rate of net species
diversification within the orchids (0.382spsp ' My ') is 6.8 times that at
the Asparagales crown.

1. Introduction

Orchids form the largest family of flowering plants, with over 880 genera and
25 000 species; they comprise roughly 8% of all vascular plant species and grow in
a wide range of habitats worldwide [1,2]. Essentially all temperate orchids are ter-
restrial, but most orchids inhabit tropical forests and over 80% of those are
epiphytes. All orchids rely on fungi for germination and carbon capture in the
protocorm stage, and in many taxa this mycorrhizal association remains obligate
for life [3]. Orchids in more than 30 small mycoheterotrophic lineages have lost all
photosynthetic capacity and rely entirely on fungi for energy [4]. Finally, orchids
display extraordinary floral diversity, with striking adaptations to different polli-
nators among close relatives, partitioning of individual pollinators by precise
placement of pollen packets (pollinia) on different parts of their bodies, and
extreme convergence and divergence among crossable taxa. The evolution of
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pollinia, specialization on individual pollinators or mycorrhi-
zal fungi, pollination via deceit, euglossine bees or
Lepidoptera, epiphytism per se or associated traits such as
CAM photosynthesis, and predominant distribution in the tro-
pics (and especially in extensive cordilleras) have all been
proposed as drivers of the extraordinary species richness of
orchids [5-18].

A well-resolved, strongly supported, time-calibrated phy-
logeny is fundamental to any attempt to test such hypotheses
and assess the impact of individual traits and the history of
geographical and ecological spread on net rates of species
diversification. Over the past two decades, molecular phylo-
genetics has greatly advanced our understanding of orchid
relationships. Investigators have used sequences of one to
five plastid loci, segments of nuclear ribosomal DNA, or
single mitochondrial or low-copy nuclear genes to identify
five orchid subfamilies and their relationships to each other,
identifying Apostasioideae as sister to all other orchids,
Vanilloideae or Cypripedioideae next divergent, and the
two largest subfamilies, Orchidoideae and Epidendroideae,
sister to each other [19-25]. These advances have overturned
many classic views of orchid relationships based on mor-
phology alone [7,26] and led to a new phylogenetic
classification of the orchids [1,2], including 17 tribes and 44
subtribes of orchidoids and epidendroids. Molecular phylo-
genetic studies to date have, however, failed to agree in the
placement of Cypripedioideae and Vanilloideae, or to resolve
and strongly support relationships among many of the 13
tribes of subfamily Epidendroideae [25-28], which comprises
around 80% of all orchid species.

To clarify relationships across orchids and test theories
about the impact of various traits on their net rate of species
diversification, we adopted a phylogenomic approach, using
massively parallel sequencing to amass data on a large frac-
tion of the coding regions present in the plastid genome,
including a far greater number of characters per taxon than
any prior broad-scale study of orchid phylogeny. We
extended this phylogeny using a supermatrix approach to
include representatives of 40 of 43 orchid subtribes, and cali-
brated this tree against the ages of several angiosperm fossils
to produce a new timeline for orchid evolution, identify
points in the family’s history at which the rate of net species
diversification accelerated significantly and determine
whether such accelerations are correlated significantly with
characters that have been proposed as likely drivers of
orchid speciation.

2. Material and methods
(a) Phylogenetics

We aligned data for 75 plastid genes from 39 species representing
all orchid subfamilies and 16 of 17 tribes, as well as 73 species
stratified across all monocot orders and 23 placeholders for
major groups of eudicots and basal angiosperms employed as
outgroups (electronic supplementary material, table S1). A maxi-
mum-likelihood (ML) analysis of the plastome data was
conducted using RAXML v. 8.0.9 using the automatic bootstrap
option [29]; we compared results obtained from unpartitioned
data with those using an optimal partitioning of the 75 loci ident-
ified using AIC in PArTITIONFINDER v. 1.1.1 [30]. We conducted a
similar analysis of a second dataset that added three plastid
genes (atpB, psaB and rbcL) for 162 orchid species, including pla-
ceholders for all five orchid subfamilies, 18 of 19 tribes and 40 of

43 subtribes, representing all but 0.4% of described orchid
species (electronic supplementary material, table S52).

(b) Time calibration

We calibrated the supermatrix tree against time using branch
lengths based on afpB, psaB and rbcL in a Bayesian framework
using BEAST v. 1.8.0 [31] (see electronic supplementary material).
Seventeen fossils were used as calibration priors, with offsets
corresponding to their minimum estimated ages (electronic sup-
plementary material, table S3). All fossil priors were assigned a
lognormal distribution (s.d. = 2), accounting for uncertainty in
both absolute fossil age estimation and phylogenetic placement.
Priors were also placed on the crowns of rosids, magnoliids and
Caryophyllales + asterids. Due to a lack of fossils easily attributed
to these clades, normal priors were placed on them with mean
offsets and 95% confidence intervals mirroring the posterior ages
from the exponential clock analysis of Bell et al. [32], with the
expectation that the true ages of these nodes would be captured
by these wide, conservative priors. Uniform priors were placed
on the root node and the stem of Illicium following [33]. Two
chains of 100 million generations were run. Tree files from
these independent chains were combined after removing 25% as
burn-in to construct the maximum clade credibility chronogram.

(c) Rates of net species diversification

To test for significant shifts in net diversification regimes across
lineages, we used the Bayesian approach implemented in BAMM
v. 2.0 using Bayes factors [34] (see the electronic supplementary
material). Analyses were conducted on a chronogram limited to
Orchidaceae and other lineages of Asparagales, for Poisson rate
priors of 0, 0.2, 04, 0.6, 0.8, 1, 5 and 10. For each prior value, two
independent MCMC chains of 50 million generations were run;
after removing 15% as burn-in, we analysed the output to identify
the single best shift configuration with the highest posterior density
and the maximum shift credibility configuration. The relative prob-
abilities of less likely shift configurations were also calculated for
each value of the Poisson prior.

(d) Correlates of net diversification rates

Based on existing hypotheses, we assessed correlations between
six sets of character states and apparent rates of speciation and
extinction in orchid lineages using BiSSE [35]. Rationales for
these hypotheses are given in the Discussion. Sources of pheno-
typic data are provided in the electronic supplementary material.
BiSSE cannot calculate likelihoods on unresolved tips represent-
ing more than 190 taxa, so all tips were down-weighted by a
factor of 25, with small clades rounded up to 1 [36].

Gains and losses of each character-state were mapped onto
the chronogram using MP and ML. For each character, an uncon-
strained model for diversification was compared to models
where speciation (A), extinction (u) and character-state transi-
tion rates (g) were individually constrained (o= A1, o= 1,
do1 = g10)- Likelihoods of the constrained models were compared
to the unconstrained model, with significance of likelihood
scores assessed with ANOVA tests. Net rates of diversification
for different character-states were calculated as A — u. For indi-
vidual traits, we measured the advantage in net diversification
per million years within lineages conferred by a character-
state as { =exp(A1 — ) — (Ao — o) — 1; é=exp(qo1 — q10) — 1
measures the advantage in net diversification per million years
per lineage across lineages. & is a heuristic measure, given that
the realized shifts in character-states (i.e. in births of lineages
marked by those states) depends on the standing number of
lineages with each alternative state at any one time. Previous
studies have used { as the rate of net species diversification;
essentially, it measures the average rate of diversification
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Figure 1. Plastome phylogeny for Orchidaceae, based on an ML analysis of sequence variation in 75 genes from the plastid genome of 39 orchid species and 100
angiosperm outgroups (latter not shown). Bootstrap support values are shown above each branch. Orchid genus, subtribe, tribe and subfamily are indicated for each
placeholder. Inset: Phylogram shows branch lengths based on inferred genetic substitutions down each branch. Asterisks indicate mycoheterotrophic taxa (Coral-
lorhiza, Rhizanthella and Neottia, top to bottom).

within lineages marked by a particular character-state, such as
red flowers. We are coining the term ‘across-lineage diversifica-
tion” for & it essentially measures the rate at which new
lineages marked by, say, red flowers arise via mutation of char-
acter-states.

We conducted a phylogenetically unstructured comparison
of differences among tropical terrestrial clades, tropical epiphytic
clades and temperate terrestrial clades in net diversification rate
D = (InS)/T, where S = number of species in a clade and T =
stem age of that clade [36].

backbone phylogeny for Orchidaceae, including representa-
tives of all tribes except the small mycoheterotrophic
Gastrodieae (six genera, 70 species). This phylogeny places
Apostasioideae sister to all other subfamilies, then Vanilloideae,
then Cypripedioideae sister to Orchidoideae and Epidendroi-
deae, and resolving relationships among the tribes of the
latter. The exceptionally short branches along the spine of Epi-
dendroideae may help explain why previous analyses based
on only one or a few genes have been unable to resolve and
strongly support many of the intertribal relationships within
that subfamily (figure 1). The plastome tree strongly supports
the positions of two previously unplaced subtribes, with Colla-
biinae sister to Podochileae and Dendrobiinae sister to
Malaxideae (figure 1). As expected, the mycoheterotrophic
taxa examined (Corallorhiza, Neottia, Rhizanthella) all exhibited

3. Results

ML analysis of 77 880 aligned bases (including 31 691 infor-
mative characters, of which 9315 were informative within

orchids) produced a fully resolved tree in which 26 of 38
nodes within Orchidaceae have bootstrap support values
more than or equal to 98% (figure 1). The same topology,
with negligible differences in branch lengths and support
values, was recovered with an analysis based on the 50 par-
titions identified by PARTITIONFINDER; for simplicity, we
focus here on the tree obtained from the unpartitioned
data. This is the first fully resolved, strongly supported

accelerated rates of nucleotide substitution. Rhizanthella has
one of the most highly reduced plastomes of any angiosperm
sequenced to date, with only 59910 bp and 33 genes [37], and
shows a huge acceleration of nucleotide substitution (figure 1).

Our supermatrix analysis indicates that the highly special-
ized Rhizanthella (which flowers underground and has fleshy
fruits) diverged from its closest relatives 31 Mya (figure 2;
electronic supplementary material, figure S2). This analysis

€6615107 ‘78T § 0§ Y 20id  biobuiysigndiianosieforqdss H


http://rspb.royalsocietypublishing.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on November 25, 2015

filly

= Eulophiinae

=) Angraecinae
Aerangidinae
Aeridinae

Maxillariinae
Coeliopsidinae
Stanhopeinae
Zygopetalinae
Eriopsidinae
Oncidiinae

Cymbidieae

Catasetinae
Cymbidiinae

Vandeae

Polystachyinae
Pleurothallidinae
Ponerinae
Laeliinae
Bletiinae

F Podochilinae
Eriinae

K:T

L Thelasinae

E Dendrobiinae
Malaxideae

' _E Arethusinae
' .
. Coelogyninae

Thelymitrinae
Tz Rhizanthellinae

Agrostophyllinae
Calypsoeae

Podochilieae Epidendreae
Epidendroideae

Collabiinae

Tropidieae
Nervilieae
Triphoreae
Sobralieae
Neottieae
Spiranthinae
Cranichidinae
Goodyerinae
Pterostylidinae
Chloraeinae

Cranichideae

Diuridinae
Cryptostylidinae

Diurideae

Prasophyllinae

Orchidoideae

Caladeniinae
Acianthinae
Codonorchideae

' Disineae

'
! L Brownleeinae

Orchidinae ]

Orchideae

Cypripedioideae

Vanilleae ] Vanilloideae

Pogonicae

Apostasioideae

'
| LI s

120 100 80 60 40

time before present (Mya)

T
0

Figure 2. Backbone chronogram for Orchidaceae, based on a supermatrix analysis including a total of 201 orchid species and 100 outgroups. Relationships are
summarized by subtribes (-inae) and tribes (-eae); subfamilies are indicated on the right. Branch lengths are proportional to time in millions of years. Bootstrap

support values are shown above each branch.

largely preserved relationships among subfamilies, tribes
and subtribes seen in the plastome study, but greatly
increased the numbers of species and subtribes represented.
The supermatrix tree identifies the previously unplaced sub-
tribe Agrostophyllinae as sister to the unplaced genus Coelia,
with both sister to Epidendreae, and Calypsoeae sister to all
three lineages (figure 1; electronic supplementary material,
figure S1).

Orchids appear to have diverged from the common
ancestor of all other members of Asparagales ca 112 Mya,
and extant orchid lineages began diverging from each other
90 Mya. Orchids diverged from the common ancestor of all
other Asparagales ca 112 Mya, and extant orchid lineages
began diverging from each other 90 Mya (see electronic sup-
plementary material, figure S1, and figure 2 for ages +95%
confidence intervals). The stem age of Vanilloideae is 84 My;
of Cypripedioideae, 77 My; and of Orchidoideae and Epiden-
droideae, 64 My, at the dawn of the Tertiary. The eight
tribes and three previously unplaced subtribes of so-called
‘upper’ epidendroids—the clade spanned by Arethuseae and
Cymbidieae—diverged rapidly from each other between 37.9
and 30.8 Mya (figure 2). A series of short branches also separate
four of the five tribes of the ‘lower” epidendroids (Nervilieae,

Tropidieae, Sobralieae and Triphoreae). Our age estimates
push back the stem and crown ages of Orchidaceae by 7 and
10 My, respectively, relative to the estimates by Gustafsson
et al. [24], but are supported by a much wider set of fossil
calibration points.

(a) Evolution of characters hypothesized to affect net
diversification

Pollinia characterize Orchidoideae and Epidendroideae and
evolved no later than 64 Mya (electronic supplementary
material, figure S2a). Epiphytism appears to have evolved
once at the base of the upper epidendroids, no later than
35 Mya, and to have been lost at least three times, in Bletiinae,
Calypsoeae and Arethusinae (electronic supplementary
material, figure S2b). A very few cases of epiphytism are
also known from scattered species of Cypripedioideae (e.g.
Paphiopedilum, Phragmipedium) and Orchidoideae (e.g. Disper-
sis, Eurystyles, Pseudoeurystyles) [2]. CAM photosynthesis
appears to have arisen at least four times, in the upper epiden-
droids (with several subsequent losses and reappearance
in Epidendreae minus Ponerinae), in Sobralieae, and in scat-
tered species of Vanilleae (electronic supplementary material,
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figure S2c). Orchids initially had tropical distributions, lost
them in ancestral Orchidoideae, secondarily regained them
in Cranichideae, and within the latter again lost them in
Pterostylidinae and Cranichidinae (electronic supplementary
material, figure S2d).

Deceit pollination evolved at least once, in the stem group
of all orchids except Apostasioideae, and then was lost in
Codonorchideae, Goodyerinae—Spiranthinae—Cranichidinae,
Neottieae, Sobralieae—Triphorieae, Tropideae, Thelasinae,
Podochilinae, ~ Agrostophyllinae,  Bletiinae, = Ponerinae,
Aerangidinae—Angraecinae, Cymbidiinae, Catasetinae and
Zygophyllinae—Stanhopeinae—Coeliopsidinae—Maxillariinae
(electronic supplementary material, figure S2¢). Deceit appears
to involve Hymenoptera in cypripedioids, and many orchi-
doids in Orchideae and especially Diurideae, except for
fungus gnats in subtribe Acianthinae. Dipterans are involved
in pollination of many species of the pleurothallid alliance
and others, whereas oil-gathering Centris bees appear to be
duped by many Oncidiinae. Pollination by male euglossine
bees appears to have arisen at least twice, in Catasetinae and
Zygophyllinae—Stanhopeinae—Coeliopsidinae, in subtribes
that evolved 1622 Mya, with a later loss in Maxillariinae (elec-
tronic supplementary material, figure S2f). Pollination by
Lepidoptera appears to have arisen at least five times, in
Disinae and Orchidinae, Collabinae, Eriinae, Epidendreae and
allies, and Angraecinae—Aerangidinae, with losses in Bletiinae
and Pleurothallidinae—Ponerinae (electronic supplementary
material, figure S2g).

Invasion of the Andes at more than 1300 m elevation
appears to have arisen in at least 10 lineages, including Vanil-
leae, Orchidinae, Goodyerinae—Spiranthinae—Cranichidinae,
Malaxideae, Calypsoeae, Epidendreae, Angraecinae, and
Cymbidieae minus Cymbidiinae (electronic supplementary
material, figure S2h). Invasion of the New Guinea Highlands
at more than 1000 m elevation occurred in at least 15 lineages
(electronic supplementary material, figure S2i). Although MP
and ML reconstructions suggest many fewer invasions, deep
sharing of a distribution in the New Guinea Highlands is
impossible given their recent uplift ca 12 Mya [38].

(b) Rates of net diversification within orchids and their
close relatives

Apparent rates of speciation and extinction at the crown of
Asparagales are A = 0.088 spsp ' My 'and u=0.031spsp "
My !, respectively. A wide range of Poisson priors—from 0.6
to 10.0—each identified significant shifts of net diversification
within Asparagales as sampled, all within the orchids, with
one acceleration in the orchidoids, a second acceleration in the
upper epidendroids, a nested deceleration in Agrostophyllinae
plus Calypsoeae, and a further nested acceleration in
Laeliinae—Pleurothallidinae—Ponerinae (figure 3). Initial rates
of speciation and extinction in the last, most rapidly diversify-
ing clade—endemic to the Neotropics—are A =0.510 My '
and p=0.128 My . Rates of net species diversification per
million years (A—pu) in that clade were thus 6.8 times that at
the Asparagalean crown; that across the orchidoids, 1.3 times
that rate; and that at the base of the upper epidendroids, 2.9
times that rate. Low rates of net diversification persisted in the
lower epidendroids, coupled with a drop by two-thirds in the
speciation rate. Low values of the Poisson prior (0.0-0.4) led to
two inferred shifts in net diversification, in the orchidoids and
the upper epidendroids. This same set of shifts was identified

as much less likely (52-82%) than the four-shift set emerging
from Poisson priors of 0.6, 0.8, 1.0, 5 and 10.

(c) Correlates of net diversification rate

Evolution of pollinia significantly accelerated both speciation
and extinction rates, as predicted, and resulted in a 4.9%
higher rate of net diversification per million years within
lineages (table 1). Only one transition to pollinia occurred, so
rates of net diversification across lineages per million years
caused by initiation of new lineages with pollinia present
or absent was quite low (0.5%). Epiphytism significantly
accelerated both speciation and extinction rates relative to the
terrestrial habit, yielding a 8.8% edge in net diversification
per million years within lineages; go; and g, did not differ sig-
nificantly, so &= 0.0%. Tropical distributions significantly
accelerated speciation and extinction rates relative to extra-
tropical distributions, resulting in a 2.1% higher rate in net
diversification per million years within lineages and 1.9%
across lineages. In orchids, this last difference, however,
appears to be driven primarily by habit, not latitude per se.
A phylogenetically unstructured comparison among subtribes
and similar taxonomic units showed that the average net diver-
sification rate did not differ significantly between extratropical
and tropical terrestrial lineages (0.115 + 0.057 My ' versus
0.118 4+ 0.061 My ', p > 0.92), and that the average rate for tro-
pical epiphytic lineages (0.266 + 0.077 My ') was significantly
greater than that for both temperate and tropical terrestrial
lineages (p < 0.001) (table 2). CAM photosynthesis accelerated
speciation and extinction rates relative to C; photosynthesis,
yielding a 20.3% advantage in net diversification per million
years within lineages and an 11.8% disadvantage across
lineages (&£= —11.8%, table 1). This calculation overstates
CAM’s disadvantage across lineages, because CAM character-
izes a minority of lineages (electronic supplementary material,
table S4), and the actual flux between CAM and non-CAM
lineages depends on both ¢ and the relative abundance of
CAM and non-CAM taxa. Tropical distributions significantly
increased speciation and extinction rates, and boosted diversi-
fication rates within lineages by 2.1% and across lineages
by 1.9%.

Deceit pollination—via mimicry of food sources, nesting
sites or potential mates—significantly increased speciation
and extinction rates but resulted in a small decrease in net
diversification within lineages ({= —2.2%), balanced by a
comparable increase across lineages (&= 1.9%). Provision of
chemical allurants for male euglossine bees had no signifi-
cant impact on A or w but increased net diversification rates
within lineages by 5.2% with a smaller negative effect
(—2.0%) across lineages (table 1). Pollination by Lepidoptera
increased speciation and extinction rates within lineages,
albeit non-significantly, resulting in a large positive effect
(7.1%) on net diversification within lineages and a negligi-
ble effect on diversification across lineages (table 1). Life in
extensive tropical cordilleras—as exemplified by the Andes
and New Guinea Highlands—significantly increased specia-
tion and extinction rates, yielding a large 24.9% advantage
in net diversification rate within lineages, but also an appar-
ently large 21.3% disadvantage across lineages (table 1).
However, the latter effect is overstated, because most lineages
did not invade these cordilleras (electronic supplementary
material, table S4) and because diversification within and
across montane lineages is underestimated by overestimates
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Figure 3. Diversigram for Orchidaceae, showing three significant shifts of net diversification rate, inferred from BAMM analysis. Initial inferred rates of speciation (A)
and extinction (w) are shown for each of the numbered clades. Warmer branch colours represent faster rates of net diversification for each lineage (see inset scale).
Triangle heights are proportional to the number of present-day taxa in each lineage; triangle lengths reflect crown ages. Insets: rates of speciation (green), extinction
(black) and net species diversification (red, with blue probability distribution) projected forward from each of the four critical nodes.
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Table 1. Apparent rates of speciation (A), extinction (w) and character-state transition (q) associated with particular character-states based on BiSSE analysis.

Significantly larger rates are indicated by asterisks. £ = exp(A; — wq) — (Ao — ) — 1 measures the advantage in net diversification (r = A — ) per
million years within lineages conferred by a character-state; & = exp(go — g1p) — 1 measures the advantage in net diversification per million years per
lineage across lineages; it is a heuristic measure, given that the realized shifts in character-states (i.e. in births of lineages marked by those states) depends on

the standing number of lineages with each alternative state at any one time.

character-state M Ao M

pollinia 0.355%* 0025 02877+
“epiphytism 0574 0071 0478
tropical 0.465%+* 0.067 0.381%
oM 1486 0362 1356
deceit 0881 0420 0.851%
euglossine 0.409 0.319 0.361
lepidoptera 0.694 0.426 0.577
tropical cordilleras 0.858%** 0152 0663*

*p < 0,05, *p < 0.01, **p < 0.001.

Table 2. Diversification rate D (mean =+ s.d.) for orchid clades composed
of more than 90% temperate terrestrial species, tropical terrestrial species
and tropical epiphytes. Values with different superscripts are significantly
different (p << 0.01) based on a t-test with unequal variances; values with
the same superscript do not differ significantly.

dade type D

temperate terrestrial clades (n = 6)

0.118 4 0.061°
0.266 + 0.077°

tropical terrestrial clades (n - 6)
tropical epiphytic dades (n = 5)

of the age of montane lineages in New Guinea (see above).
Epiphytism and pollination via deceit, euglossine bees
or Lepidoptera accelerated net diversification by large
amounts, but their overall effect is less than that of CAM
photosynthesis and (especially) life in extensive tropical cor-
dilleras. A 5% advantage in net diversification per million
years translates, via compound interest, into a 165% advan-
tage in species numbers in 20My; a 15% advantage
translates into a 1536% advantage over the same period.

4. Discussion

The evolution of pollinia should accelerate speciation by
permitting precise placement of pollen and allowing special-
ization on individual pollinators (e.g. moths versus bees)
or parts thereof [6], and by increasing the importance of
genetic drift, perhaps resulting in an alternation of drift
with strong selection on sexual characteristics [16]. In
addition, pollinia allow very small numbers of variants to
produce large numbers of offspring, promoting speciation
from small numerical bases (perhaps due to highly inefficient
pollination), which might otherwise lead to demographic
collapse and extinction.

Epiphytism should accelerate speciation in several
ways. First, epiphytism is a key innovation that allows the
invasion of a new adaptive zone—the branches and boles
of trees—largely unoccupied by other vascular plants.

Mo
0.000

0056
0.005

0381
0367
0493
0378
0.179

£ (%) U] G & (%)
5.1 0.0046** 56 x 107" 0.5
88 00007 00010 00
21 00179 0.0006*** 19
203 00073 0133 —118
~22 00183+ 13 % 10 19
52 18 x 10 0.0158** —16
7.1 00016 60 x 1077 02
249 00148 01975 —213

Second, epiphytism should help generate and maintain
high levels of plant diversity because the habitable surface
of bark, branches and twigs is much greater than the
ground occupied by a forest; because variation in insolation
and humidity within tree crowns allows local, fine-scale
niche partitioning; and because altitudinal and topographic
variation in fog deposition and evaporation rates creates a
range of conditions that can be partitioned at broader spatial
scales and may serve to isolate populations and foster local
speciation [12-15,36]. Third, epiphytism is associated with
high rainfall and humidity, and thus often with tropical mon-
tane conditions; the latter can provide large-scale barriers to
gene flow (e.g. deep valleys, high ridges) that can isolate popu-
lations at larger spatial scales and further accelerate speciation
[13,36]. Finally, the tiny seeds associated with epiphytism can
provide occasional long-distance dispersal, permitting genetic
differentiation to proceed in parallel at many sites along the
length of extensive montane areas, such as the Andes [36].
Indeed, epiphytism in Bromeliaceae—the angiosperm family
with the second largest number of epiphytic species after
Orchidaceae—is associated with an acceleration of speciation
rates by 2.5- to 5.3-fold relative to terrestrial lineages [36].
Almost all bromeliads have a Neotropical distribution,
so they show no confounding of latitude with epiphytism.
Tropical distributions should increase rates of speciation rela-
tive to those outside the tropics as a result of greater habitat
area, more stable climates, lack of glaciation, and greater oppor-
tunity for coevolution of plants and their mutualists and
specialized herbivores [17]. Within orchids, temperate versus
tropical latitudes per se appear to have had no significant effect
on diversification, but the epiphytic habit appears to have accel-
erated net diversification rates by 8.8% per million years (table 1).
Gravendeel et al. [12] used a phylogenetically unstructured
analysis to show that epiphytic orchid genera contain more
species, on average, than terrestrial genera. Our results general-
ize their findings and are the first rigorous demonstration,
for orchids, that epiphytism accelerates differentiation when
phylogeny at various levels is taken account.

CAM photosynthesis had no significant effect on net diver-
sification in bromeliads—in which it occurs both in terrestrial
lineages on dry sites and in epiphytic lineages [36]—but it
did accelerate speciation, extinction and net diversification in
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orchids, perhaps because it is so closely tied to epiphytism in
orchids [15] and may permit invasion of the most exposed
perches, as well as drier forests at lower elevations.

Deceit pollination characterizes one-third of all orchids
[9,39]. Mimicry of potential mates is much less common than
mimicry of food or nesting sites, but is thought likely to accel-
erate speciation because subtle changes in floral morphology or
volatile compounds can attract different pollinators and lead to
reproductive isolation [9], and often results in high efficiency of
pollen transfer to conspecifics [40]. We propose that pollination
via deceit inevitably involves a density-dependent advantage
of new mimetic morphs that are rare relative to models; such
negative density-dependence is a potentially strong but pre-
viously overlooked force that could favour high rates of
diversification. Pollination by male euglossine bees should
accelerate speciation by allowing small chemical changes
in the allurants provided by orchids to attract bees that are
reproductively isolated from each other and by permitting
partitioning of individual bee species by placing pollinia
on different parts of their bodies [6,18]. Pollination by
Lepidoptera often involves nectar storage in corolla tubes or
spurs whose lengths can be easily modified and, in so doing,
lead to the rapid recruitment or evolution of different pollina-
tors and, ultimately, to accelerated rates of speciation. Floral
spurs are not, however, always associated with nectar pro-
duction [41], so that the argument favouring the evolution of
progressively longer spurs and pollinator mouthparts [42]
does not necessarily hold, and is difficult to test given the possi-
bility that some orchids (e.g. Disa) use empty spurs as a
deceitful means of attracting pollinators.

This study shows that orchids are remarkably species-rich
partly as a result of three likely accelerations of net diversifica-
tion rates, apparently driven in part by the acquisition of
pollinia, epiphytism, tropical distributions, CAM photo-
synthesis, pollination via deceit, male euglossine bees or
Lepidoptera, and life on extensive tropical cordilleras. It must
be recognized, however, that shifts in net diversification are
scale-dependent. Our sampling is well suited to detect shifts
in diversification at tribal or subtribal levels within orchids,
but inadequate to identify such shifts within genera. Neverthe-
less, our findings provide the first quantitative support for
several earlier hypotheses regarding the genesis of orchid
diversity and identify specific points in orchid evolution
where these factors played a role. They show that multiple
factors—several of them interconnected—have contributed to
orchid diversification.

The first significant acceleration of net diversification is at
the base of Orchidoideae, one node removed from that at
which pollinia evolved (figure 3). The second acceleration
coincides with the origin of epiphytism in the upper epiden-
droids and, less precisely, with the origin of several montane
clades in the Andes. A deceleration of diversification occurs
in Epidendreae—Agrostophyllinae—Calypsoeae, as expected
because this group does not consist of montane epiphytic
lineages: Calypsoeae are temperate terrestrials, most Agros-
trophyllinae are epiphytes from lowland tropical forests,
and—uniquely within tribe Epidendreae—early-divergent
Bletiinae have regained the terrestrial habit. The final accel-
eration coincides with the later divergent elements of tribe
Epidendreae and a large concentration of Andean taxa polli-
nated via deceit or Lepidoptera. Pleurothallids, the most
diverse element of this clade, are largely pollinated by dipter-
ans. Low rates of net diversification persisted in the lower

epidendroids, which are marked (as are orchidoids) by a lack n

of epiphytism but, unlike orchidoids, largely lack pollination
via deceit, euglossine bees or Lepidoptera. We suspect that
this last distinction accounts for low diversification in the
lower epidendroids and the displacement of the first accelera-
tion of diversification from the orchidoid—epidendroid crown
to the orchidoid crown.

The synergistic effects of epiphytism and life in extensive,
topographically complex, tropical cordilleras on geographical
speciation at small spatial scales are likely to have had quite
large effects on orchid diversity, given the very large number
of species in certain clades centred on the Andes (e.g. Cymbi-
dieae minus Cymbidiinae, Epidendreae) and the New
Guinea Highlands (e.g. Dendrobiinae), as well as the high
local diversity, narrow endemism and rapid spatial turnover
of orchid species in these areas [43,44]. The effects of epiphyt-
ism per se, CAM photosynthesis and life in tropical cordilleras
cannot be teased apart using current techniques, and will
always be hard to separate given the causal links among
these traits. Surprisingly, epiphytism appears to have had a
stronger effect than tropical distribution in accelerating
species diversification in orchids. There is no doubt that
sexual selection and floral diversification have had a large
impact on orchid diversification (table 1). The fact that
approximately one-third of all orchids engage in deceit polli-
nation—a mechanism almost unknown in other plants—is
especially striking, and suggests that the evolution of such
pollination may have increased orchid diversity by 50%
over what it otherwise would have been, given non-deceit
pollination in the remaining two-thirds of all orchids. Yet
deceit, considered alone, appears to have augmented orchid
diversity not by accelerating net diversification, but simply
by adding more species at roughly the same rate.

The fact that orchids show no significant acceleration of
diversification relative to other Asparagales among the
three earliest divergent subfamilies (figure 3) implies that
the defining characteristics of the orchids as a whole—the
column, mycoheterotrophic germination, minute seeds lack-
ing endosperm and a specialized labellum—did not, by
themselves, accelerate diversification. But these traits almost
surely acted in concert with the evolutionary triggers ident-
ified above to promote high levels of speciation. The ability
of pollinia to allow small numbers of variants (based on lim-
ited pollination or recent mutation) to produce large numbers
of offspring, promoting speciation from small numerical
bases, depends on the production of large numbers of (there-
fore) small seeds, and such seeds would be favoured by
mycoheterotrophic germination [45]. The dispersal of pollinia
and extreme specialization on individual pollinators or polli-
nator body parts clearly were facilitated by the orchid column
and labellum [6]. Evolution of epiphytism was surely
favoured by the possession of tiny, dust-like seeds that
could settle on twigs and branches regardless of orientation.

The extent and resolution of our phylogenetic reconstruc-
tion is inadequate currently to detect the likely diversifying
influence of repeated, small-scale adaptive radiations in
pollinators or mycorrhizal fungi. Within Platanthera, Disa,
Corycium and Drakaea, closely related species often diverge in
pollinators or the placement of pollinia on the same pollinator,
suggesting that adaptive radiation in pollinators or pollinia
position may be an important driver of diversification among
closely related orchids [6-8,46]. By contrast, the evidence for
narrow specialization of closely related orchids on different
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myecorrhizal fungi is limited to mycoheterotrophic taxa; photo-
synthetic species often overlap strongly in their fungal partners
[46]. Pollinators but not mycorrhizal fungi are likely to provide
a mating barrier between orchid species.

Finally, invasion of extensive tropical cordilleras per se
should accelerate speciation, extinction and net diversifica-
tion, given the abundance of natural barriers to gene flow,
dynamic shifts in the location of favourable habitats, and
the possibility for geographical speciation proceeding in
parallel along the lengths of mountain chains [13,14,17,36].
Invasion of such cordilleras as the Andes and the New
Guinea Highlands had by far the largest positive effect on
net species diversification within lineages (see above).

We suggest that three additional factors likely to contribute
to orchid diversification should be explored, as follows.

(a) Dispersal, time and familial range

The small seeds of orchids and the long time since their
initial diversification almost surely fostered greater diversity
by permitting them to spread to every continent and most
latitudes. Across angiosperm families, species richness and
age are unrelated, but families with broader geographical
and latitudinal ranges are more diverse [47]. Analyses of
orchid historical biogeography (Givnish et al., in preparation)
suggest that intercontinental dispersal in orchids is relatively
uncommon, but alone appears to have greatly increased
orchid species number over what it would have been had
orchids remained on a single continent.

(b) Karyotypic evolution

Chromosomal evolution is often overlooked as a diversifying
influence in orchids. Yet orchids show a remarkable amount
of polyploid and aneuploid variation in chromosome number
across subfamilies and within many of the largest genera (e.g.
Bulbophyllum, Dendrobium, Epidendrum, Malaxis, Pleurothallis
s.1.) [48]. The combination of small seeds, early mycohetero-
trophy and pollinia in orchids allows demographic recovery
from repeated bottlenecks in effective population size; such

bottlenecks are likely to fix mutations via drift, and fixation n

of karyotypic mutants would quickly generate post-mating
isolation barriers.

() Limited gene flow or local pollinators in montane
epiphytes

A number of epiphytic groups from tropical cordilleras (e.g.
Bulbophyllum, Lepanthes) show substantial genetic differen-
tiation among populations even though most temperate
orchids surveyed do not (see data of Phillips et al. [49]). The
evolution of dozens of closely related Teaguiea species over
only a few kilometres in Andean Ecuador [50] and rapid
geographical turnover of species identity with distance in
Andean epiphytic orchids more generally [43,44] are both
consistent with gene flow over only short distances. Whether
this is a result of rapid rainout of seeds over a short distance
in wet tropical cordilleras, or limited physiological tolerance
or dispersal ability in small, soft-bodied, desiccation-intoler-
ant dipterans and other weak-flying pollinators specific to
individual species or clades, is currently unknown. The
roles of limited dispersal and species ranges of such pollina-
tors, and of intermittent population bottlenecks and drift on
chromosome number and speciation in epiphytic orchids,
deserve further study.
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