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MOLECULAR EVOLUTION, ADAPTIVE RADIATION, AND GEOGRAPHIC
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Abstract.—Rapateaceae (16 genera, ~100 species) is largely restricted to the tepuis and sandplains of the Guayana
Shield in northern South America, with Maschal ocephalus endemic to West Africa. The family has undergone extensive
radiation in flower form, leaf shape, habit, and habitat. To analyze the evolution of these distributions and traits, we
derived a molecular phylogeny for representatives of 14 genera, based on sequence variation in the chloroplast-encoded
ndhF gene. The lowland subfamily Rapateoideae is paraphyletic and includes the largely montane subfamily Saxo-
fridericioideae as a monophyletic subset. Overall, the morphological/anatomical data differ significantly from ndhF
sequences in phylogenetic structure, but show a high degree of concordance with the molecular tree in three of four
tribes. Branch lengths are consistent with the operation of a molecular clock. Maschal ocephalus diverges only slightly
from other Monotremae: it is the product of relatively recent, long-distance dispersal, not continental drift—only its
habitat atop rifted, nutrient-poor sandstones is vicariant. The family appears to have originated approximately 65 Mya
in inundated lowlands of the Guayana Shield, followed by: (1) wide geographic spread of lowland taxa along riverine
corridors; (2) colonization of Amazonian white-sand savannas in the western Shield; (3) invasion of tepui habitats
with frequent speciation, evolution of narrow endemism, and origin of hummingbird pollination in the western Shield,;
and (4) reinvasion of lowland white-sand savannas. The apparent timing of speciation in the Stegolepis alliance about
6-12 Mya occurred long after the tepuis began to be dissected from each other as the Atlantic rifted approximately
90 Mya. Given the narrow distributions of most montane taxa, this suggests that infrequent long-distance dispersal
combined with vicariance accounts for speciation atop tepuis in the Stegolepis alliance.

Key words.—Amazonian savannas, continental drift, Guayana Shield, hummingbird pollination, ndhF, Rapateaceae,
seed dispersal, tepuis, vicariance biogeography.
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The monocot family Rapateaceae (16 genera, ~ 100 spe-
cies) is of considerable biogeographic and evolutionary in-
terest. Most genera and species are restricted to the Guayana
Shield (Table 1), an ancient core of South America and a
center of speciation and endemism in many plant and animal
groups (Mayr and Phelps 1967; Steyermark 1986; Mc-
Diarmid and Gorzula 1989; Funk and Brooks 1990; Berry et
al. 1995; Givnish et al. 1997). Tepuis of sandstones or quartz-
ites of the Roraima Super Group soar 500—-2900 m above the
tropical lowlands of the Guayana Shield. These ‘‘islands in
the sky’’ are characterized by cool, wet weather and excep-
tionally infertile substrates and are separated from each other
by up to 200 km (Huber 1995a; Givnish et al. 1997). Many
Rapateaceae occupy narrow ranges atop individual tepuis or
adjacent sandplains (Maguire 1979, 1982, 1984; Huber
1988), have seeds with no apparent means of long-distance
dispersal, and thus appear to be evolutionarily quite seden-
tary. Yet the family has an amphiatlantic distribution, with
monotypic Maschal ocephalusrestricted to West Africa(Good
1974) and native to a sandstone region that abutted the Gua-
yana Shield before continental drift opened the tropical At-
lantic 84—102 million years ago (Bricefio and Schubert 1990;
Gibbs and Barron 1993; Pitman et al. 1993; Potter 1997).

The family has undergone adaptiveradiationsin floral mor-
phology, habitat, and growth form. Most genera (e.g., Sax-
ofridericia, Stegolepis) have yellow, cup-shaped flowers that
lack nectar and are buzz-pollinated by bees (Renner 1989),
but Guacamaya, Kunhardtia, and Schoenocephalium have tu-

bular flowers that are red, yellow, or white; secrete nectar;
and are visited by hummingbirds (P. E. Berry and T. J. Giv-
nish, pers. obs.); Spathanthus has a whitish ‘‘spathe’’ and a
spicate inflorescence adnate to the involucral bract (Fig. 1).
Almost all members of the family are terrestrial herbs native
to wet, acidic, highly infertile sands, peats, or mucks, but
Epidryosis epiphytic. Stegolepis and Marahuacaea dominate
extensive peatlands atop tepuis and neighboring uplands, and
bear strap-shaped leaves in bizarre, fan-shaped arrays with
closely sheathed leaf-bases (Fig. 1). Cephal ostemon and Mon-
otrema grow in open Amazonian savannas, inundated forests,
and caatingas at low to moderate elevations and bear narrow,
sometimes terete, and mostly erect leaves. Potarophytum and
Rapatea grow in densely shaded, inundated forests and bear
broad, often horizontal foliage (Fig. 1). Saxofridericia grows
in partly open habitats in lowland swamps, tepui meadows,
and granitic slopes, with leaves often less than 8 cm wide
but up to 5 m long; remarkably, its flowers pierce a pair of
connate involucral bracts, which never open and surround
the inflorescence (Fig. 1).

Morphological, anatomical, and palynological characters
have been used to recognize four tribes and two subfamilies
(Maguire 1958; Carlquist 1961, 1966, 1969; Venturelli and
Bouman 1988; Stevenson et al. 1998), but these characters
have yet to receive careful phylogenetic analysis. Relation-
ships of rapateads to other monocot families have been among
the most controversial issues in higher-level angiosperm sys-
tematics, with morphological and anatomical data tieing the
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PHYLOGENY AND EVOLUTION IN RAPATEACEAE

family to Xyridaceae (Hamann 1962), Commelinaceae (Ven-
turelli and Bouman 1988), or the order Commelinales gen-
erally (Cronquist 1981; Dahlgren et al. 1985; Stevenson and
Loconte 1995), to Thurniaceae of the Cyperales (Tiemann
1985), or to Bromeliaceae (Gilmartin and Brown 1987). In
the only study to analyze DNA sequence variation across
these groups and their putative relatives, Givnish et al. (1999)
identified Bromeliaceae and Mayacaceae as the sister groups
of Rapateaceae and redefined the order Bromeliales to en-
compass these three families.

Here we present the first detailed molecular phylogeny for
Rapateaceae, based on a cladistic analysis of sequence var-
iation in the chloroplast-encoded ndhF gene. We use thistree
to: (1) reconstruct patterns of morphological evolution, adap-
tive radiation, and geographic diversification within the fam-
ily in a noncircular fashion; (2) evaluate the congruence of
molecular data with morphology and anatomy, and the extent
to which traditionally recognized subfamilies and tribes re-
flect evolutionary relationships; and (3) determine the pros-
pects for using a molecular clock in this group to assess the
rates of plant evolution in the Guayana Shield. We test wheth-
er: (4) hummingbird pollination has arisen once or many
times; (5) similarities between rapatead genera in growth
form represent shared ancestry or evolutionary convergence;
(6) highland habitats were invaded from the lowlands or vice
versa; (7) Maschal ocephal us represents recent, long-distance
dispersal or ancient vicariance via continental drift; and (8)
the circumscription of the largest genus Stegolepis, which is
differentiated from several segregate genera by the absence
of involucral bracts, is valid. Our results suggest that that
speciation atop tepuis could not have occurred solely via
vicariance, given the apparent timing of speciation in tepui
rapateads versus the uplift and initial dissection of the tepuis
from each other approximately 90 Mya, triggered by the rift-
ing Atlantic Ocean pushing South America against the Pacific
Plate (Sidder and Mendoza 1991, Stallard et al. 1991; Ed-
mond et al. 1995; Potter 1997).
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METHODS

Taxon Sampling and Outgroup Analysis

Twenty-five ndhF sequences were included in our phylo-
genetic analysis, of which we obtained 17 for species rep-
resenting 14 of the 16 genera, all four tribes, and both sub-
families of Rapateaceae (Table 2). Species representing all
three sections of the large genus Stegolepis were included.
To maximize the resolution of relationships among ingroup
taxa while minimizing the likelihood of artifacts caused by
a poor sampling of outgroups (Sytsma and Baum 1996), we
used eight outgroup taxa from Bromeliaceae, Mayacaceae,
and the order Poales (sensu Dahlgren et al. 1985) to polarize
character states within Rapateaceae. Based on a cladistic
analysis of rbcL cpDNA sequence variation, Givnish et al.
(1999) identified Bromeliaceae-M ayacaceae as sister to Ra-
pateaceae, with this larger group (Bromeliales) being sister
to a clade consisting of Poales, Xyridaceae-Eriocaulaceae,
Cyperales, and Typhales. A combined analysis of rbcL se-
guence data and morphological charactersfor alessinclusive
set of commelinoids produced a phylogeny consistent with
these results (Chase et al. 1995). Based on these inferred
relationships, we used species representing each of the four
subfamilies of Bromeliaceae (Terry et a. 1997) and Mayaca
as outgroups, and species from three families of Poales as
superoutgroups (Table 2).

DNA Extraction, Amplification, and Sequencing

Total DNA was isolated from fresh leaves or frozen ma-
terial maintained at —80° C, using the CTAB procedure of
Doyle and Doyle (1987) as modified by Smith et al. (1991).
The chloroplast-encoded ndhF gene was amplified in two
separate fragments using primer sequences kindly provided
by R. Olmstead. The 5’ end was amplified using one primer
that anneals approximately 52 nucleotides upstream of the
coding region of the gene and another that anneals near po-

—

Fic. 1.

Floral morphology, inflorescence structure, and growth form in Rapateaceae. Top row. Tribe Rapateeae: (a) Spathanthus

bicolor inflorescence with flowers at anthesis surrounded by single whitish bract; (b) S. bicolor habit, growing on wet shore near
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Canaima (note elongate petioles); (¢) Cephalostemon affinis, habit, Amazonian savanna at
base of Cerro Yapacana; (d) C. affinis, inflorescence; (e) Rapatea paludosa inflorescence
being visited by euglossine bee. Second row. Tribe Monotremeae: (f) Potarophytum ri-
parium, in streamside forest over quartz gravel, Kaieteur Plateau; (g) Monotrema xyri-
doides, close-up of inflorescence; (h) M. bracteatum, inflorescences; (i) Maschalocephalus
dinklagei, habit with sessile inflorescence, Sierra Leone. Third row. Tribe Saxofrideri-
cieae: (j) inflorescence of Stegolepis parvipetala being visited by weevils, Auyan-tepui, at
edge of cloud forest above Angel Falls; (k) habit of S. hitchcockii, showing tightly packed
leaf bases and distichous fan of strap-shaped leaves, Cerro Yapacana; (I) close-up of
Stegolepis angustata flower being visited by halictid bee chewing the corrugated anthers;
(m) inflorescence of Saxofridericia grandis, with flowers piercing saccate involucral bracts
from mucilage-filled chamber. Bottom row. Tribe Saxofridericieae: (n) habit of Saxofri-
dericia compressa, showing exceptionally long, narrow leaves near edge of bog atop Cerro
de la Neblina and Elizabeth Burkhart, field assistant, Harvard University; tribe Schoen-
ocephalieae: (0) inflorescence of Kunhardtia rhodantha, with long red corollas at anthesis;
(p) inflorescence and mature flower of Guacamaya superba (note spikelets piercing in-
volucral bracts); and (q) inflorescence and mature flowers of Schoenocephalium cucullatum.
Photograph credits: T. J. Givnish (b, c, d, f, j, |, n); P. E. Berry (g, h, m, o, p, q); K. J.
Sytsma (e, k); G. Romero (a); and A. Carle (i).
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TaBLE 3. Morphological and anatomical character states used in analyses of phylogenetic relationships and evolutionary trends in Rapateaceae.
Characters and character states (all unordered): 1. placentation: (0) axile/parietal, (1) basal/subbasal axile; 2. carpels: (0) multiovulate, (1)
uniovulate (rarely biovulate, in Spathanthus); 3. seed shape: (0) angular/prismatic, (1) oblong/ovaliform, (2) disciform, (3) ovoid, (4) winged,
(5) plumose; 4. petal shape: (0) obovate/obcordate, (1) lanceolate; 5. petal color: (0) yellow, (1) red, (2) white, (3) other; 6. number of bracts:
(0) 0, (2) 1, (2) 2, (3) 3to many, (4) noninvolucral bracts present; 7. pollen type: (0) bisulcate, (1) zonisulcate, (2) monosulcate diplococcoid,
(3) monosulcate simple, (4) monoporate simple; 8. pollen scrobiculi: (0) absent, (1) present; 9. pollen size: (0) small, (1) large, (2) very large;
10. seed striations: (0) absent, (1) present; 11. scapes: (0) absent, (1) one, (2) two to many; 12. nectaries: (0) absent, (1) present; 13. seeds
applanate-appendaged: (0) no, (1) yes; 14. number of anther locules: (0) 2, (1) 4; 15. seeds white-granulate: (0) no, (1) yes; 16. bracts saccate:
(0) no, (1) yes; 17. number of carpels, (0) 1, (1) 3; 18. spikelet bracts showy: (0) no, (1) yes; 19. asymmetric arm-parenchyma cells in roots:
(0) absent, (1) present; 20. arrangement of tanniniferous cells in roots: (0) radial plates, (1) narrow radial series; 21. metaphloem sieve tubes

Characters
10

Taxon

Spathanthus bicolor
Rapatea paludosa

Cephal ostemon flavus
Maschal ocephalus dinklagei
Potarophytum riparium
Monotrema bracteatum
Monotrema xyridoides
Amphiphyllum rigidum
Epidryos guayanensis
Marahuacaea schomburgkii
Saxofridericia regalis
Segolepis hitchcockii
Stegolepis ptaritepuiensis
Stegolepis steyermarkii
Kunhardtia rhodantha
Schoenocephalium cucullatum
Guacamaya superba
Aechmea haltonii
Brocchinia acuminata
Puya aequatorialis

Vriesea viridiflora

Mayaca fluviatilis
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Sources of data: Maguire 1982, 1984 (characters 1, 2, 4-6, 10, 11, 13-18); Stevenson et al. 1998, Smith and Downs 1974, P. E. Berry, unpubl. data (3);

Carlquist 1966 (7-9); P. E. Berry, unpubl. data (12); Carlquist 1969 (19-23, 25-29); Stevenson and Loconte 1995 (30—44); Stevenson et al. 1998 (24); Venturelli
and Bouman 1988 (2).
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sition 1318 of the coding region. Primers for amplification sequence fragments were obtained from both strands using
of the 3" end of the gene were located near positions 972 and a total of 14 primers. Sequences were aligned visually and
2110 of the coding region. Amplifications were conducted indels coded using the guidelines of Baum et al. (1994), and
on a Cetus DNA Thermocycler (Perkin Elmer, Wellesley, entered into a computer file using MacClade version 3.05
MA), using dGTP nucleotides from United States Biochem- (Maddison and Maddison 1992). Twelve indels (involving
ical (USB, Cleveland, OH) and either Taq polymerase or Tfl the insertion of one to three codons) were detected.
DNA polymerase from Promega (Madison, WI).

Sequences were obtained from double-stranded amplified Phylogenetic Analyses
products as described by Gyllensten (1989), using the Sanger
dideoxy method (Sanger et al. 1977). Sequencing reactions
were executed manually using the USB Sequenase kit pro- Variation in ndhF sequences was used to reconstruct re-
tocol with the cold-shock modification of Conti et al. (1993), lationships using PAUP* 4.0b2a (Swofford 1999). Global
or via cycle-sequencing using the ABI Prism® dye-termi- parsimony (Maddison et al. 1984) was employed to polarize
nator kit (Perkin-Elmer). Cycle-sequencing used 25 cyclesof  character states and search for the shortest tree(s). Nucleotide
10 sec at 96°C, 5 sec at 48°C, and 240 sec at 60°C. Manual positions were considered multistate, unordered characters;
sequencing products were electrophoresed on 6% acrylam- unknown nucleotides were treated as uncertainties. Bases be-
ide gels and autoradiograms interpreted visually; cycle-se- yond position 2119 in the aligned sequences were excluded
quencing products were run on similar gels and interpreted from analysis due to the relatively incomplete coverage
by an ABI 373A DNA Automated Sequencer (Applied Bios-  across taxa
ystems, Foster City, CA). Chromatograms for autosequen- To determine whether multiple islands of most parsimo-
ces were inspected using Sequencher™ 3.0 (Gene Codes nioustreeswere present (Maddison 1991), we conducted heu-
Corp., Ann Arbor, MI); misinterpreted sites were identified ristic searches seeded with 1000 random addition sequences,
and corrected using established guidelines. The amplification using tree bisection and reconnection (TBR) with MULPARS
primers, as well as internal primers spaced approximately on. Setting MULPARS on should facilitate the recovery of
300 bases apart, were used to obtain sequence data for all  all trees within an island (Olmstead et al. 1992, 1993; Conti
but roughly the last 150 nucleotides of ndhF. Overlapping et al. 1996). Two searches were conducted, using unweighted

Molecular data
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TaBLE 3. Extended. in roots: (0) wide, (1) narrow; 22. arrangement of tannin-filled cellsin stem cortex and stele; (0) idioblastic; (1) aggregated;
(2) absent; 23. inflorescence position; (0) axillary; (1) terminal; 24. inflorescence type: (0) indeterminate thyrse, (1) determinate thyrse, (2)
solitary flowers, (3) spike or raceme; 25. slime canals/cavities in root cortex: (0) absent, (1) present; 26. stelar parenchyma: (0) unlignified,
(1) slightly lignified, (2) lignified; 27. hypodermal fibrous strands: (0) absent, (1) present; 28. silicain epidermal cells: (0) absent, (1) present;
29. silicain cortical hypodermis: (0) absent, (1) present; 30. calcium oxalate raphides: (0) absent, (1) present; 31. ptyxis: (0) adplicate, (1)
supervolute, (2) conduplicate; 32. hairsin leaf axils: (0) absent, (1) present; 33. air canals: (0) absent, (1) present; 34. septae in air canals: (0)
absent, (1) present; 35. number of stamens: (0) 6, (1) 3 from outer whorl; 36. anther dehiscence: (0) longitudinal, (1) poricidal; 37. micros-
porogensis: (0) successive, (1) simultaneous; 38. endexine: (0) absent; (1) present; 39. stigmatic surface: (0) dry, (1) wet; 40. endosperm
formation: (0) nuclear, (1) helobial; 41. fruit: (0) baccate, (1) septicidal capsule, (2) loculicidal capsule; 42. embryo type: (0) broad, (1) linear;
43. peltate trichomes: (0) absent, (1) present; 44. rugose anthers: (0) absent, (1) present.
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(Fitch) parsimony and codon-weighted parsimony (Albert et
al. 1993; Hilliset al. 1994). Indelsweretreated as unweighted
characters under Fitch parsimony, and given a weight equal
to the average (604 steps) of the weights assigned to various
base mutations under codon-weighted parsimony.

Following each search, we formed the strict consensus of
all the most parsimonious trees resulting from that search.
To explorethe relative degree of support for specific relation-
ships, we conducted parsimony jackknife analyses (Farris et
al. 1996) on both the equally weighted and codon-weighted
phylogenies. Analyses used 1000 replicate del etions of 36.8%
of potentially informative characters, based on full heuristic
searches in PAUP*; no more than 5000 trees were retained
for swapping per replicate. Finally, searches using unweight-
ed and codon-weighted parsimony were conducted after ex-
cluding Poales and some or all the other outgroups. A max-
imum-likelihood analysis was conducted excluding Poales,
using a heuristic search strategy and the Hasegawa-Kishino-
Yano (Hasegawa et al. 1985) two-parameter model of se-
quence evolution.

Morphological and combined analyses

Unweighted searches were also conducted using 44 mor-
phological/anatomical characters (Table 3) derived from the
literature for the taxa sequenced (Carlquist 1961, 1966, 1969;
Maguire 1979, 1982, 1984; Venturelli and Bouman 1988;
Stevenson and Loconte 1995; Stevenson et al. 1998) and
unpublished data (P. E. Berry), using the five designated

outgroupsin Bromeliaceae and M ayacaceae. Parsimony-jack-
knife support values were calculated for all nodes.

We performed a partition-homogeneity test (Farris et al.
1995) on the informative molecular and morphological/an-
atomical charactersto determineif they showed no significant
difference in phylogenetic structure and, thus, could be jus-
tifiably combined in atotal-data analysis (Sytsma 1990; Huel-
senbeck et al. 1996; Ballard et al. 1998). The search strategy
used in the jackknife analyses was employed. A comparison
of the relative power of the two datasets was performed,
calculating the highest potential probability that each dataset
could lead to correct phylogenetic inference, using the model
and equations of Givnish and Sytsma (1997a,b). These prob-
abilities are based on the best-case scenario of adichotomous
phylogeny with branches of equal length and form a ceiling
on the actual probability of inferring a correct phylogeny.

Character-Sate Mapping

We assessed patterns of phenotypic evolution and geo-
graphic diversification by overlaying morphological, anatom-
ical, ecological, and distributional character states on the ter-
minal taxa and outgroups and then using MacClade 3.05
(Maddison and Maddison 1992) to infer character-state evo-
lution consistent with all of the most parsimonious changes
on the underlying tree. Accelerated transformation was used
to minimize the number of apparent convergent gains. Mor-
phological and anatomical characters (Table 3) included all
those considered characteristic of the two subfamilies, four
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tribes, and 16 genera of Rapateaceae (Carlquist 1961, 1966,
1969; Maguire 1982, 1984; Venturelli and Bouman 1988;
Stevenson et al. 1998).

Molecular Clock and Time of Origin of Rapateaceae

Variation in branch length within Rapateaceae, Bromeli-
aceae, and Poaceae was quantified as the standard deviation
divided by the mean of the ndhF branch lengths (under Fitch
parsimony) from the terminal taxa to the inferred origin of
each family in one of the shortest trees obtained under equal-
and codon-weighted parsimony and accelerated transforma-
tion. Variation in divergence was also calculated using P-
values (Nei and Li 1979) for all pairs of different species
within each family. To test the operation of an ndhF molec-
ular clock in Rapateaceae, we first obtained the most parsi-
monious tree(s) implied by the sequence data after excluding
nonrapateads, using the earliest divergent species in the un-
weighted and weighted analyses as the outgroup(s). We then
calculated the log-likelihoods of these shortest trees with and
without enforcing a molecular clock. The difference of these
log-likelihoods was then compared with the x2 distribution
with n — 2 degrees of freedom (where n is the number of
taxaincluded in the analysis) to test for significant departures
from a molecular clock (Felsenstein 1994).

We estimated the date of origin of Rapateaceae from the
age of known fossils of closely related monocot groups, based
on the topology and branch Iengths of the rbcL tree for com-
melinoids (Givnish et al. 1999). We assumed the operation
of lineage-specific molecular clocks leading back to the com-
mon ancestor of Poales, Typhales, Zingiberales, and Bro-
meliaceae. Average branch lengths were calculated from this
ancestor to each terminal member of a lineage, using accel-
erated transformation. We then estimated the age of Rapa-
teaceae by assuming the operation of an rbcL clock within
the immediate lineage leading to it. The timing of cladoge-
netic events within Rapateaceae was then calculated assum-
ing the clocklike evolution of ndhF sequences, calibrated
against the estimated time of the family’s origin. These in-
ferred dates were correlated with the estimated times of uplift
and dissection of the tepuis, formation of the Amazon Basin,
and uplift of the Andes (Ghosh 1985; Bricefio and Schubert
1990; Bricefio et al. 1990; Sidder and Mendoza 1991; Stallard
et al. 1991; Hoorn 1994; Hoorn et al. 1995; Edmond et al.
1995; Rasanen et al. 1995; Schubert 1995; Potter 1997; Doerr
1999).

REsuLTS

Molecular Phylogenetic Analyses

Fitch parsimony resulted in nine shortest trees of length
995 steps and a well-resolved strict consensus (Fig. 2). The
same number of trees and tree topology were obtained when
Poal es, Poales and Bromeliaceae or Mayaca, or all outgroups
were excluded. The consistency index Cl for these trees was
0.78 (ClI’ = 0.67 excluding autapomorphies); the standard-
ized Cl'*4 (rescaled to nine taxa to eliminate the effect of
number of taxa; Givnish and Sytsma 1997a,b) was 0.93; the
retention index (RI) was 0.82. In all, 639 sites and 12 indels
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were variable, of which 360 sites and four indels were phy-
logenetically informative.

Codon-weighted parsimony resulted in three shortest trees,
each one step longer than the unweighted trees under Fitch
parsimony. The strict consensus of the codon-weighted trees
placed Spathanthus sister to Rapatea-Cephal ostemon, making
the basalmost tribe Rapateeae monophyletic (Fig. 2, inset).
Tree topology was unaffected by outgroup omission, except
that Spathanthus became sister to the other rapateads (as with
the unweighted analysis) when Poales and either Bromeli-
aceae or Mayaca were excluded. Values of CI, CI’, Cl'*g,
and RI for the weighted analysis were nearly identical to
those for the unweighted analysis. Because the codon-weight-
ed analysis agrees slightly better with the pattern of mor-
phological variation and because simulations suggest that
codon-weighted parsimony is more likely than unweighted
parsimony to recover the correct phylogeny (Hillis et al.
1994; Hillis 1995), we focus on conclusions drawn from the
weighted consensus tree.

Our analysis strongly supports the monophyly of Rapa-
teaceae (100% jackknife support) and Bromeliaceae being
sister to Mayacaceae (Fig. 2). However, the subfamily Ra-
pateoideae, which generally grows below 400-m elevation,
is paraphyletic, including the monophyletic subfamily Sax-
ofridericioideae (100% support) as a subclade. Saxofrideri-
cioideae usually occurs above 1000-m elevation and is sister
to the tribe Monotremeae of Rapateoideae (81% support).
Within Saxofridericioideae, the tribe Saxofridericieae is par-
aphyletic, with the monophyletic tribe Schoenocephalieae
(100% support) embedded within it and sister to Saxofrider-
icia (100% support).

Within tribe Rapateeae, Spathanthus is sister to Rapatea
and Cephalostemon in the weighted tree (Fig. 2, inset), and
to all other members of the family in the unweighted analysis.
These three genera were the earliest to diverge from other
rapateads and are notabl e in having rangesthat extend outside
the Guayana Shield into the Amazon Basin or (in Cephal-
ostemon-Rapatea) the Brazilian Shield (Table 1). Within tribe
Monotremeae, the West African endemic Maschal ocephalus
dinklagei is sister to the other genera sampled (Fig. 2). Po-
tarophytumriparium, abroad-leaved herb of wet, open forests
over quartz sand and gravel along the Potaro River on the
Kaieteur Plateau in Guyana, is sister to Monotrema (96%
support); all Monotrema are restricted to Amazonian savan-
nas in the western Guayana Shield.

Within tribe Saxofridericieae, the large genus Stegolepis
(~ 35 species) appears to be paraphyletic. Speciesin sections
Pauciflora and Guianensis (Stegolepis hitchcockii, S. steyer-
markii) cluster with Amphiphyllum and Marahuacaea; the
species sampled in section Pungens (S. ptaritepuiensis) is part
of a basal polytomy with Epidyros (Fig. 2). Stegolepis has
no involucral bracts subtending the inflorescence at maturity,
except for the two species of section Pauciflora subsection
Gleasoniana. The segregate tepui genera Amphiphyllum and
Marahuacaea have three or more involucral bracts surround-
ing the mature inflorescence. Members of Saxofridericieae
are generally restricted to wet sand, bogs, and meadows on
the summits and slopes of tepuis (see data of Maguire 1982,
1984; Huber 1988). Epidryos (three species) is epiphytic in
montane forests, and is the only genus of Saxofridericieaeto
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Rapateaceae ndhF phylogeny
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Schoenocephalieae

Saxofridericioideae

Saxofridericieae

Monotremeae

Rapateoideae

Rapateeae

Bromeliaceae

:l Mayacaceae

100

Flagellaria indlica

Joinvillea ascendens

Bambusa stenostachya

Poales

Fic. 2. Phylogram showing relationships among rapateads and outgroups for one of the nine shortest trees inferred from an unweighted
cladistic analysis of ndh F sequence variation. Branch lengths are proportional to the number of inferred mutations along each branch;
jackknife support values are indicated above each node. The tree shown has the same topology as the strict consensus of the unweighted
analysis, except that the branch labeled with a dot collapses in the strict consensus. The same topology emerges in the strict consensus
of the codon-weighted analysis, except that the labelled branch does not collapse, while Spathanthus becomes sister to Cephal ostemon-

Rapatea (inset), preserving the monophyly of the tribe Rapateeae.

range beyond the Guayana Shield, into Panama and Andean
Colombia and Ecuador. Individual species of Stegolepis are
mostly restricted to single tepuis and a fairly narrow eleva-
tional range (Huber 1988). Saxofridericia grows in partly
open microsites at the edges of tepui meadows and lowland
swamps, with some lowland species extending into the Am-
azon Basin. It is not part of the same clade as Stegolepis, but
instead sister (95% support) to Schoenocephaliae. Within that
tribe, the mainly highland Kunhardtia is sister (100% sup-
port) to the lowland Guacamaya and Schoenocephalium na-
tive to Amazonian savannas in southwestern Venezuela and
adjacent Colombia, with Guacamaya known from only afew
sites within the more extensive range of Schoenocephalium.
Kunhardtia grows in boggy habitats ranging from granitic
SierraMaigualidaand Serrania Sipapo in the central Guayana
Shield to several tepuis (Autana, Cuao, Guanay, Coro-Coro,
Y utajé) at the western limit of the tall Roraima table-moun-
tains (Fig. 3) and afew lowland sites on damp granite nearby,

near the northeasternmost of the Amazonian savannas to
which Schoenocephalium is native.

A two-parameter maximum-likelihood analysis, using
members of Bromeliaceae and Mayacaceae as outgroups, re-
covered essentially the same tree topology as the unweighted
parsimony analysis when the molecular-clock hypothesiswas
not enforced, except that Mayaca was embedded in Brome-
liaceae (tree not shown). When a molecular clock was en-
forced, this branching pattern was preserved, except that Spa-
thanthus became sister to all other taxa in an unrooted net-
work.

Both the unweighted and weighted maximum-parsimony
trees (Fig. 2) appear to show rather clocklike patterns of
molecular evolution within Rapateaceae, with similar
amounts of genetic change down each lineage. The average
Fitch branch length (relative to the inferred divergence point
of Bromeliales) was 119.2 += 8.8 steps (SD/mean = 0.074)
across all rapatead lineages in the unweighted analysis, and
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FiGc. 3. Distribution of sandstone tepuis, granitic uplands, and lowland Amazonian savannas in the Venezuelan portion of the Guayana
Shield (based on maps by Huber 1988, 1995a; Givnish et al. 1997). Location relative to other physiographic regions of South America
is shown in the inset. The extensive occurrence of Amazonian savannas in Colombia has not yet been mapped.

110.7 = 18.0 (SD/mean = 0.162) for the weighted analysis.
West African Maschalocephalus was only slightly divergent
from its closest relatives among the South American Mon-
otremeae (minimum P = 0.0083); this is only 3.7% of the
maximum divergence (P = 0.223) within the family, seen
between Spathanthus and Marahuacaea. The observed
amounts of genetic divergence in Rapateaceae (P = 0.041 =
0.032) appear to be roughly double those in Bromeliaceae
(P = 0.019 = 0.003), with the difference being highly sig-
nificant (P < 0.0001, two-tailed t-test with 20 df). These
figures may underrepresent the greater divergence in Rapa-
teaceae, given that the datainclude several within-genuscom-
parisons for Rapateaceae, but only four highly divergent
members of Bromeliaceae. For the species of Poalesincluded
in this study, the mean genetic divergence (P = 0.107 =+

0.024) was 2.6 times that in Rapateaceae, and 5.6 times that
in Bromeliaceae.

A comparison of log-likelihoods, with and without en-
forcement of amolecular clock, of the unweighted parsimony
trees showed no significant departure from clocklike behavior
within the family (P > 0.27, x2 test with 15 df for each of
the nine shortest trees, using Spathanthus as the outgroup).
A similar calculation on the branching patterns resulting from
codon-weighted parsimony, however, did show a significant
departure from clocklike behavior (P = 0.003, x2 test with
15 df for each of the three shortest trees, using Rapateeae as
the outgroup). Inspection of the weighted trees indicated this
deviation is ascribable to Spathanthus occupying an espe-
cially long branch; the ratio of the standard devation/mean
branch length drops by nearly half—from 0.163 to 0.088 (this
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A. All outgroups B. Bromeliaceae only
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FiG. 4. Strict consensus trees arising from cladistic analyses of morphological data in Rapateaceae and allies, using global parsimony
and representative outgroupsin (A) Bromeliaceae and Mayacaceae; (B) Bromeliaceae only; and (C) Mayacaceae only. When no outgroups
are included an unrooted network emerges (D), polarized here using Spathanthus based on the molecular data.

is comparable to the value for the unweighted analysis
[0.073], which passes the molecular-clock test)—if it alone
is excluded from the calculations.

Morphological Phylogenetic Analyses

When members of both Bromeliaceae and Mayacaceae
were used as outgroups, an unweighted search based on 44
morphological and anatomical characters (three of which
were uninformative) resulted in 166 shortest trees of length
79 steps, with Cl = 0.80 (0.79 excluding uninformative char-
acters), Cl'*g = 0.92, and Rl = 0.90. The strict consensus
tree (Fig. 4A) was poorly resolved, with a sixfold polytomy
at the base of the ingroup. Within Rapateaceae, the only
clades identified were the subfamily Rapateoideae, the tribes
Schoenocephalieae and Monotremeae, Rapatea-Cephal oste-
mon, and Stegolepis-Epidryos; of these groups, only Schoen-
ocephalieae was fully resolved, with a topology identical to
that seen in the ndh F analyses. When Mayaca was excluded,
112 shortest trees of length 69 steps were detected; with a
total of 40 informative characters, Cl = CI’ = 0.84, Cl'*q
= 0.94, and Rl = 0.93. Inthe strict consensus of this narrower
group, Rapateaceae was monophyletic, with Schoenocephal -
ieae basalmost and a monophyletic subfamily Rapateoideae
sister to the tribe Saxofridericieae (Fig. 4B). When bromeliad
outgroups were excluded, 264 trees 58 steps long were ob-

tained; with 29 informative characters, CI = 0.79, ClI' =
0.76, Cl'*g = 0.89, and RI = 0.88. The strict consensus in
this case had only six nodes resolved, with a ninefold basal
polytomy (Fig. 4C). Finally, when all outgroups were ex-
cluded and the resulting unrooted network was polarized us-
ing Spathanthus (based solely on the molecular results), 32
trees 49 steps long were obtained; with 27 informative char-
acters, Cl = 0.82, Cl' = 0.80, Cl'*¢ = 0.91, and Rl = 0.91.
The strict consensus (Fig. 4D) was topologically similar to
the molecular tree, except that Saxofridericia fell into a po-
lytomy with genera allied to Stegolepis, relationships within
Monotremeae were unresolved, and a basal trichotomy made
it impossible to determine whether Rapateoi deae was mono-
phyletic or (as with the molecular data) paraphyletic.

The only clades recognized by all of these analyses and
the molecular data were Monotremeae, Schoenocephalieae,
and Rapatea-Cephalostemon. In several cases, the morpho-
logical data confirm the tribal branches of the molecular tree
without specifying (or specifying in afashion contrary to that
implied by the molecular data) how those branches arerelated
to each other. Based on the observed differences in overall
tree topology, the molecular and morphological data gener-
ally appear to be incompatible. Only when all outgroupswere
excluded did a topology emerge (Fig. 4D) that was nearly
compatible with the molecular tree, but less resolved and less
well-supported.
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A partition-homogeneity test demonstrated that there was,
in fact, a significant difference in phylogenetic structure be-
tween the molecular and morphological datasets (P < 0.017
for 1000 random data reshufflings). Following the guidelines
advocated by Sytsma (1990), Huelsenbeck et al. (1996), and
Ballard et al. (1998), these two datasets were thus not amal-
gamated for a combined analysis, and character-state evo-
lution was analyzed by overlaying morphological, anatomi-
cal, ecological, and biogeographic traits on the weighted ndhF
tree. According to the equations presented by Givnish and
Sytsma (1997a,b), there was at most a 58% chance of infer-
ring the correct tree using the unweighted morphol ogical data
(64% if Mayaca is excluded), compared with at most a 100%
chance for the unweighted molecular data. Both datasets had
similar normalized consistency indices (0.89 to 0.94 for mor-
phology, 0.93 for ndhF sequences), but the molecular dataset
involved nine times as many informative characters.

Patterns of Character-Sate Evolution

Despite the significant difference in phylogenetic structure
in the morphological and molecular datasets, thereis afairly
high degree of congruence between individual morphol ogical/
anatomical characters and the molecular phylogeny, espe-
cially at the tribal level and below. Of 44 characters, 29
mapped cleanly onto the ndhF tree with no parallel gains or
losses; 11, with one parallel gain or loss; three with two
parallelisms; and one with four parallelisms (see Fig. 5A—
F). Highly homoplasious characters involve pollination and
inflorescence structure: lanceolate petals arose five times in-
dependently (Fig. 5C), whereas multiple/absent bracts (Fig.
5E), white flowers, and rugose anthers each arose indepen-
dently three times. Data are currently unavailablefor 11 char-
acters in the outgroups, including seven in which there were
no parallel gains or losses of state currently apparent in Ra-
pateaceae.

Multiovulate carpels and axile placentation characterize
both the outgroups and Saxofridericioideae (Fig. 5A). This
implies a transition to uniovulate (rarely biovulate) carpels
and basal placentation at the base of Rapateoideae, followed
by areversal to the multiovulate and axile conditions in Sax-
ofridericioideae, concurrent with the evolution of prismatic
seeds. However, it must be recognized that these characters
may be developmentally interdependent. Multiovulate car-
pels may favor the evolution (or, more simply, the devel-
opment) of prismatic seeds and axile versus basal placenta-
tion, simply as a result of packing constraints within the
carpels. The two saxofridericioid genera with nonprismatic
seeds have, as expected, different patterns of placentation
and seed packing: Epidryos, with discoid seeds, has ovules
staggered alternately in a planar array, whereas several Sax-
ofridericia have carpels that abort all but one ovule and de-
velop ovoid seeds (P. E. Berry, unpubl. data).

Schoenocephaliae is marked by lanceolate petals (also in
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Epidryos, Spathanthus, and some Monotrema and Stegolepis),
and the unique presence of nectaries and reddish or yellowish
petals, sepals, and/or spikelet bracts (Fig. 5C). These traits
are associated with the evolution of red, yellow, or white
tubular flowers pollinated by hummingbirds. Petals are ba-
sally connate throughout Rapateaceae, but are fused over a
greater length in Kunhardtia than in other rapateads. Hum-
mingbird pollination appears to have evolved relatively re-
cently from bee pollination in the western Guayana Shield
(see below). Nectar secretion is otherwise unknown in Ra-
pateaceae and Mayacaceae, or in commelinoid monocots dis-
tal to Bromeliales (Givnish et al. 1999), but is widespread
in Bromeliaceae (Smith and Downs 1974). Monophyly of
Schoenocephalieaeis al so supported by the shared possession
of slime canals/cavities in the root cortex (Fig. 5D).

Broad (> 10 cm wide), relatively thin, horizontal leaves
evolved independently in Rapatea and Potarophytum of the
tribes Rapateeae and Monotremae, respectively (Fig. 5F).
These genera grow in shaded understories of seasonally in-
undated lowland forests and streamside cloud forests, re-
spectively. Narrow, grass- or sedge-like foliage (< 2 cm
wide) evolved independently in Cephalostemon and Mono-
trema, both native to open, wet, highly infertile savannas over
quartz sand in southwestern Venezuela and adjacent Colom-
bia (and to similar habitats in the Brazilian Shield, in four
species of Cephalostemon). The leaf bases of both of these
genera are sometimes filled with mucilage. Tightly packed,
massive, persistent, mucilage-filled leaf bases—associated
with a distichous fan of vertically oriented, straplike leaf
blades (~ 5 cm wide) and massive rhizomes—characterize
several members of Saxofridericioideae. Observations on
Cerro delaNeblina (Givnish et al. 1986) and the Gran Sabana
(T. J. Givnish and K. J. Sytsma, unpubl. data) indicate that
Stegolepis, the most common and widespread saxofridericioid
genus, can survive at least modest ground fires in tepui bogs
and meadows, with leaves resprouting from among the per-
sistent leaf bases to replace those lost to the flames. The same
is true of Schoenocephalium and Guacamaya in lowland Am-
azonian savannas (P. E. Berry, pers. obs.). Unusually elongate
petioles, devoid of laminar tissue, have evolved in Spathan-
thus (e.g., Mori et al. 1997) and some Saxofridericia, both
of which occupy habitats that can undergo substantial flood-
ing (Fig. 5F). Such petioles, which are coupled with long (to
2.5 m), Typha-like blades in Spathanthus, might prolong the
time all or part of the leaf surface is held above water. How-
ever, both leaf blades and petioles are most elongate in S.
bicolor under shady conditions (P. E. Berry, pers. obs.).

Ecology and Biogeography

If genera are classified as lowland (occuring mainly below
500-m elevation), upland (500-1500 m) or highland (mainly
> 1500-m) following Huber (1995b), we infer that Rapatea-
ceae originated in the lowlands and then invaded highland

-

Fic. 5. Overlays of character states on the weighted rapatead phylogeny. Accelerated transformation (ACCTRAN) was used to minimize
the number of apparent independent origins. Boxes indicate character states of terminal taxa; multishaded boxes represent polymorphism,
and absence of a box indicates missing data. (A) Placentation; (B) pollen morphology; (C) nectaries; (D) slime canals/cavities in the

root cortex; (E) number of involucral bracts; (F) leaf form.
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Evolution of elevational distribution
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Fic. 6. Evolution of elevational distribution in Rapateaceae. Bar indicates origin of hummingbird pollination. (A) Invasion of high-
elevation habitats by ancestral Saxofridericioideae inferred if Kunhardtia originated in the highlands, as suspected based on the present-
day occurrence there of aimost all Kunhardtia populations. In this case, hummingbird pollination arose under montane conditions. Note
independent highland invasion by Potarophytum, secondary invasion of lowlands by Schoenocephalium-Guacamaya, and Saxofridericia
sect. Saxofridericia. (B) Independent invasions of highlands by ancestor of Stegolepis complex, Kunhardtia rhodantha, Saxofridericia
sect. Inermis, and Potarophytuminferred if Kunhardtia originated in the lowlands or both lowlands and highlands. In this case, hummingbird
pollination arose under lowland conditions in the rainy, western Guayana Shield.

habitats in concert with the diversification of the subfamily
Saxofridericioideae or possibly later, with the rise of Ste-
golepis and allied genera (Fig. 6). This finding parallels the
pattern recently documented in Brocchinia (Bromeliaceae),
the only group of plants from the Guayana Shield for which
a molecular phylogeny has previously been published (Giv-
nish et al. 1997). Secondary re-invasions of the lowlands may
have occurred twice, in Schoenocephaliae (one widespread
species of Kunhardtia is wholly montane, whereas the other
is rare and found in the lowlands) and in Saxofridericia. Ad-
ditional taxa must be sequenced to determine whether the
montane distribution of several Saxofridericia and most pop-
ulations of Kunhardtia is a derived feature shared with Ste-
golepis and allied genera or whether they instead represent
independent colonization(s) of the highlands.

Several genera with wide geographic ranges are lowland
taxa that diverged relatively early in the evolution of the
family; most of these are found in swamps, thickets, and
caatinga along riverine corridors. Cephalostemon is found in
relatively open, sandy, lowland habitats in both the Guayana
and Brazilian Shields, on either side of the Amazon Basin;

Spathanthus and especially Rapatea range from the Guayana
Shield into the Amazon Basin, in riverine thickets and mucky
forests, respectively. Epidryos is an exception: P. E. Berry
(pers. obs.) has found that this genus is unique in the family
in possessing viscid seed appendages. This feature fits Epi-
dryos's epiphytic role and may coincidentally permit long-
distance dispersal and arange including parts of the Guayana
Shield, Panama, Colombia, and Ecuador.

Most montane genera and species are narrowly endemic
to small areas or individual tepuis within the Guayana Shield.
Amphiphyllum and Marahuacaea are restricted to the neigh-
boring tepuis of Duida and Marahuaca in central Amazonas,
Venezuela (Fig. 3); Phelpsiella is restricted to Parl, about
60 km to the north; and most species of Stegolepis are re-
stricted to one or a few tepuis each, with each tepui having
one or more species present (Huber 1988). The recently di-
vergent Schoenocephalieae are restricted to the western
Shield: Kunhardtia in the Sierra Maigualida, Sipapo, Autana,
Cuao, Guanay, Yutgjé, Coro-Coro and nearby lowlands in
northern Venezuelan Amazonas, and Schoenocephalium in
Amazonian savannas on white sand in nearby portions of
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western Amazonas and adjacent Colombia and Brazil, in the
drainages of the Orinoco, Guainia, Atabapo, Ventuari, Inir-
ida, Vaupés, Caqueta, and Rio Negro. Guacamaya is known
from a small area of Amazonian savannas along the Guainia
and Atabapo (Fig. 3). Finally, genera of Monotremeae gen-
erally have rather narrow geographic ranges. Broad-leaved
Potarophytum is native only to streamside cloud forests at
moderate elevations (~ 800 m) on the Kaieteur Plateau in
central Guyana; Windsorina is restricted to seasonally in-
undated forests at low elevations along the Potaro below
Kaieteur (Fig. 3). Monotrema is restricted to Amazonian sa-
vannas and surrounding thickets in western Amazonas in
Venezuela and nearby Colombia and Brazil, with most spe-
cies known from only a few sites (Maguire 1982, 1984).
Maschalocephalus is the exception, growing in wet sandy
savannas across a substantial African rangein Liberia, Sierra
Leone, and Cote d’Ivoire.

Phylogenetic reconstruction using parsimony implies: (1)
the order Bromeliales arose on the Guayana Shield (Givnish
et al. 1999); (2) within Rapateaceae, the Amazon Basin was
secondarily invaded by the tribe Rapateeae, with Cephalos-
temon extending into the Brazilian Shield; (3) Epidryos
reached the Andes and Panama from the Guayana Shield;
and (4) Maschalocephalus evolved after dispersal to West
Africa. The tribe Schoenocephalieae appears to have arisen
in the western Guayana Shield near the triple confluence of
the Orinoco, Atabapo, and Guaviare, based on the close prox-
imity there of the ranges of Kunhardtia and Schoenocephal -
ium,

Rapateaceae, Bromeliaceae, and Mayacaceae share a
strong tendency toward growing on highly infertile substrates
(Givnish et al. 1999). Such substrates are generally wet sands
in Mayacaceae and wet sands or peats in Rapateaceae—as
they are in Brocchinia (Givnish et al. 1997), the earliest di-
vergent element of Bromeliaceae (Terry et al. 1997). Within
Brocchinia, nutrient poverty and high rainfall favored therise
of the tank habit, and the subsequent origins of carnivory,
ant-fed myrmecophily, and tank epiphytism (Givnish et al.
1997). The invasion of drier terrestrial substrates and epi-
phytic perches in other Bromeliaceae appears to be a derived
condition within Bromeliales; both Rapateaceae and Maya-
caceae grow in mesic to wet sites.

Reconstruction of ancestral habitats implies: (1) Rapatea-
ceae arose in lowland white-sand savannas (as did the earliest
divergent species of Brocchinia; Givnish et al. 1997); (2)
Spathanthus invaded open, inundated riverbanks and savan-
nas; (3) Rapatea and Potarophytum independently invaded
more or less closed inundated forests; (4) Saxofridericioideae
invaded tepui meadows and bogs; (5) Epidryos subsequently
became epiphytic in cloud forests; (6) elements of Schoen-
ocephalieae reinvaded lowland, Amazonian white-sand sa-
vannas in the western Guayana Shield; and (7) certain species
of Saxofridericia may have reinvaded lowland inundated for-
ests (Fig. 7).

Discussion

Systematics

Although our molecular data supports the monophyly of
the family, they do not support its current infrafamial clas-
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sification (sensu Maguire 1982, 1984; Steyermark 1989; Ste-
venson et al. 1998). The subfamily Rapateoideae is para-
phyletic, with its tribe Monotremeae sister to the subfamily
Saxofridericioideae. Tribe Saxofridericieae is clearly para-
phyletic, with Saxofridericia sister to the hummingbird-pol-
linated Schoenocephalieae in the ndh F tree. Tribe Rapateeae
is weakly supported, being monophyletic only in the weight-
ed molecular analysis, in which Spathanthus is sister to Ce-
phalostemon-Rapatea. In polarized morphological analyses,
Spathanthus always lies in an unresolved trichotomy with
Cephalostemon-Rapatea and the tribe Monotremeae. The
tribes M onotremeae and Schoenocephalieae are each strongly
supported by both the molecular and morphological data.

The generally strong agreement between many anatomical
and palynological characters and the groups recognized in
the ndhF trees at or below the tribal level suggests that such
characters could be used to infer the closest relatives of the
two (monotypic) genera we have thus far been unable to
collect and sequence. Windsorina clearly belongs to Mono-
tremeae based on morphology and anatomy. Furthermore,
within Rapateaceae, it shares determinate thyrses and spin-
dle-shaped, diplococcoid pollen only with Maschal ocephal us.
This suggests that Guyanese Windsorina is sister to West
African Maschal ocephalus and that M onotremeae (with Mon-
otrema sister to Maschal ocephal us-Windsorina and Guyanese
Potar ophytum basal most) may have arisen in the eastern Gua-
yana Shield, centered on the Potaro River and its moderately
elevated sandstone plateaus. Phelpsiella is known only from
the summit of Cerro Parl between 1600 m and 2000 m el-
evation. Except for saccate bracts enveloping the inflores-
cence, it is remarkably similar to Stegolepis breweri, from
the sinkholes on Cerro Sarisarifiama at about 1000-m ele-
vation. Both taxa have narrow, ribbonlike leaves with auric-
ulate sheaths, as well as flattened, winged scapes with two
to four spikelets.

The circumscription of Stegolepis and the four segregate
genera allied to it need to be reexamined. Stegolepis and
Epidryos have been distinguished by their lack of involucral
bracts on mature inflorescences, versus two bracts in Phelp-
siella, and three to many bracts in Amphiphyllum and Mar-
ahuacaea. However, bract number is one of the two most
homoplasious morphological characters within Rapateaceae
(Fig. 5D), suggesting that this trait may lack critical system-
atic value. A key question is how inflorescences develop in
the Segolepis alliance. Specifically, how many bract pri-
mordia appear early in the ontogeny of inflorescences in dif-
ferent groups? The number of bract primordia seems far more
likely to represent a homologous character-state than the
number of bracts at maturity, given the ease with which bracts
might be shed at intermediate stages of inflorescence devel-
opment.

Morphological Evolution and Ecological Diversification
Leaf and flower characteristics

Adaptation to densely shaded environments—in the form
of broad, thin leaves—appearsto have occurred at | east twice,
in Rapatea and Potarophytum. Phenotypic traits associated
with pollination (number of scapes, number of bracts, show-
iness of bracts) are, as might be expected, highly homopla-



1930 T.J. GIVNISH ET AL.

Habitat

[ white-sand savannas
riverbanks

Schoenocephalium []

B inundated forests I

B tepui bogs and meadows
rain and cloud forests

[7] forest/bog ecotone

[A puna

aquatic 1L
[I granite outcrops
M equivocal

Guacamaya ]
Kunhardtia | Bl
Saxofridericia 0

Stegolepis 1

|
Stegolepis 2 |
Amphiphyllum |

|

Marahuacaea

Epidryos
Stegolepis 3
Monotrema 1

Monotrema 2

Potarophytum

Maschalocephalus

Rapatea

Cephalostemon

|
]
]
=
O]
=
U
E

Spathanthus

Puya

Aechmea

Brocchinia N | 0

Mayaca

Fic. 7. Historical pattern of ecological diversification in Rapateaceae. Note the inferred origin of the family in lowland white-sand
savannas. The same ancestral state is inferred if riverbanks and/or inundated forests are coded as white-sand savannas, into which they

grade.

sious. Evans et al. (1999) report similar results for Com-
melinaceae, in which aspects of floral and inflorescence struc-
ture show a high degree of homoplasy relative to their ndhF
tree, while anatomical traits (perhaps better insulated from
external selection) show a high degree of concordance. Giv-

nish et al. (1999) report qualitatively similar results for com-
melinoid monocots based on an rbcL phylogeny.
Numerous adaptations to hummingbird pollination (nec-
taries; red to yellow petals, sepals, bracts, and/or spikelets)
arose once, at the base of the Schoenocephalieae. Lanceolate
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petals also evolved in this group (asin Epidryos, Spathanthus,
and some Monotrema and Stegolepis) and form moderately
long, essentially tubular flowers. In Kunhardtia, the petal
bases are also fused for 10-15 mm. Nectar production and
accumulation is necessary for hummingbird pollination,
which favored the evolution of a narrow, tubular corolla and
areddish visual display. The ancestor of Schoenocephalieae
may have arisen under montane conditions atop tepuis, given
this condition in the Stegolepis alliance and many Saxofri-
dericia, and in amost all populations of basal Kunhardtia
(see Fig. 6). If so, hummingbird pollination would have orig-
inated under wet, cool conditions, which favor thermoregu-
lating pollinators, and been retained in two genera (Guaca-
maya, Schoenocephalium) that grow in lowlands that receive
more rainfall (~ 3 m; Huber 1982) than most similar areas
in the Guayana Shield and Amazon Basin. Nectar production
is otherwise unknown in Rapateaceae. However, the evolu-
tionary origin and loss of nectaries are not uncommon in
monocots. Givnish et al. (1999) inferred that gynoecial nec-
taries were lost three times in commelinoids and arose twice
subsequently (in Bromeliaceae and Rapateaceae [although
the exact placement of the nectaries in Schoenocephalieae
remainsto be determined]), and that petalar nectaries evolved
once (in Eriocaulaceae) following the loss of gynoecial nec-
taries at the base of the Typhales and its graminoid sister
groups. In monocots as a whole, Simpson (1998) recently
inferred atotal of at least 13 parallel gains of septal nectaries.

The pollination biology of Rapateaceae merits further in-
vestigation. Renner (1989) reported that species of Saxofri-
dericia and Stegolepis are buzz-pollinated by bees, with pol-
len being released from the anthers through apical pores. K.
J. Sytsma and A. R. Mast (unpubl. data) observed halictid
bees chewing the corrugated anthers of Stegolepis angustata
in the Gran Sabana (Fig. 1). T. J. Givnish and K. J. Sytsma
(unpubl. data) observed euglossine bees visiting Rapatea pal-
udosa, and T. J. Givnish has seen weevils visiting the flowers
of Stegolepis parvipetala on Auyan-tepui (Fig. 1). Whether
floral visitation by the last two groups results in pollination
is, at present, unknown.

Fire adaptation

Fire atop tepuis may have played akey role in the adaptive
evolution of Stegolepis and relatives. Stegolepis dominates
bogs and peaty meadows on tepuis and sandstone plateaus.
It possesses massive rhizomes and tough, tightly packed, per-
sistent, mucilage-filled leaf bases that ensheath the stem and
bear a distichous fan of strap-shaped leaves. Stegolepis can
survive moderate ground fires, apparently aided by its pro-
tective leaf bases (Givnish et al. 1986, 1997). The three her-
baceous genera that are known to survive fires atop tepuis,
Segolepis, Brocchinia (tough leaf tips ensheathing the ter-
minal bud), and Heliamphora (pitcher |eaves ensheathing the
rhizome tip; Givnish et al. 1986), are frequent dominants in
tepui bogs and meadows. Although it is doubtful that fires
are very frequent in such habitats or that even these plants
could survive repeated intense fires, occasional fires would
favor them and temporarily obliterate fire-intolerant species.
Such fires seem inevitable. Infertile conditions atop tepuis
favor heavy allocation to antiherbivore defenses, selecting
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for tough, tannin-laden leaves. The resulting accumulation
of slowly decomposing litter would provide ample fuel for
fireignited by lightning during infrequent droughts; lightning
strikes might be especially common near tepui escarpments,
where convection can be quite strong (Givnish et al. 1997).

Habitat diversification

The ancestral rapateads appear to have arisen in wet, open,
nutrient-poor, lowland habitats of the Guayana Shield, like
Amazonian savannas and similar sites inhabited today by
Cephalostemon, Monotrema, and the earliest divergent mem-
ber of the basal bromeliad genus Brocchinia (see Givnish et
al. 1997) and like some of the aquatic sites occupied by
Mayaca. Seasonally inundated, partly open riverine forests,
caatingas, and savannas found on peats, sands, and gravels
were invaded by Spathanthus and Maschalocephalus, more
densely shaded inundated forests, sometimes on muckier soil,
were invaded by Rapatea and Potarophytum. The subfamily
Saxofridericioideae then invaded bogs and similar habitats
atop tepuis. A lowland-to-highland shift parallels that re-
cently documented in the Guayana Shield for the basal bro-
meliad genus Brocchinia (Givnish et al. 1997). In Saxofri-
dericioideae, secondary reinvasions of the lowlands appear
to have occurred in tribe Schoenocephalieae near the western
limit of the tall tepuis, and in Saxofridericia. Epidryos di-
verged early from other taxa in this group, acquiring viscid
seeds that presumably are bird dispersed and adapted to an
epiphytic habit. Several species of Stegolepisand related gen-
era evolved massive, persistent leaf bases and may thereby
have become ecological dominants in tepui bogs and mead-
ows swept by infrequent fire. Saxofridericia invaded scrubby,
partly closed sites transitional from open bogs or streamsides
into closed forests. The remarkably long (up to 5 m) but
narrow (~ 5 cm) leaves of a few species (e.g., S spongiosa)
seem adapted to lean on competitors, overtopping the tall,
relatively dense shrubs and herbsin its ecotonal habitat, while
using them to support its sprawling, mechanically somewhat
unstable foliage. Some taxa (e.g., Saxofridericia inermis)
have short, narrow leaves and are self-supporting, so it will
be interesting to trace biomechanical evolution in this genus
once its phylogeny is obtained.

Biogeography

Members of Rapateaceae today are native to six floristic
regions. (1) Guayana Shield; (2) Amazon Basin; (3) Brazilian
Shield; (4) Andes; (5) Central America; and (6) tropical West
Africa. Bromeliaceae occur in these areas, as well asin (7)
North America and (8) the Caribbean. Mayacaceae occursin
regions 1, 2, 3, 4, 5, 6, and 7. A cladistic analysis at the
continental scale across commelinoid monocots showed that
the common ancestor of Bromeliaceae, M ayacaceae, and Ra-
pateaceae was likely to have evolved in the Guayana Shield
(Givnish et al. 1999); a similar analysis, using Mayaca and
the bromeliad outgroups employed in this study, indicates
that Rapateaceae initially arose in the Guayana Shield.

Within Rapateaceae, genera of the tribe Rapateeae di-
verged early from the other lineages, and today range widely
from the Guayana Shield into other parts of South America:
Spathanthus into the Amazon Basin; Cephal ostemon into the
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Brazilian Shield as well; and Rapatea into the Amazon Basin,
coastal Brazil (Bahia), and Pacific Colombia. Rapatea and
Spathanthus are restricted to low elevations, in seasonally
inundated forests and scrub along riverbanks; Cephal ostemon
grows in lowland and upland sites, mainly on open, herb-
covered sites on wet, extremely infertile sands. It seemslikely
that all genera were able to spread widely aong riverine
corridors of appropriate habitat, before and after silty sedi-
ments along the Amazon separated the Guayanaand Brazilian
Shields. Given Rapatea’s growth on siltier substrates, its
presence in the Amazon Basin may reflect long-distance dis-
persal. Its presence in Pacific Colombia may represent vi-
cariance caused by uplift of the northern Andes and eastward
shunting of the Amazon 20 Mya (Potter 1997), given the
inferred origin of the common ancestor of Rapatea and Ce-
phalostemon approximately 32 Mya (see below). If so, Ce-
phalostemon’s disjunct range likely represents long-distance
dispersal, given its restriction to sandy substrates, itsinferred
divergence from Rapatea only nine Mya (see below), and the
fact that the Amazon has been running its current course to
the Atlantic—thereby separating the Guayana and Brazilian
Shields with a band of edaphically distinct, noncratonic sed-
iments—since at least the Miocene, roughly 20 Mya (Hoorn
1994; Hoorn et al. 1995; Potter 1997). An earlier ecological
isolation of the shieldsis possible, given the Mesozoic down-
warping of the Trans-Amazonian Platform and the presence
of more than 6000 m of terrigenous sediments from the lower
Cretaceous in the trough underlying the bed of the lower
Amazon (Potter 1997). Roughly 10 Mya, a seaway in this
trough separated the Guayana and Brazilian Shields (Rasanen
et al. 1995).

Genera of Monotremeae grow on wet, infertile sands at
low to intermediate elevations, and all but Maschal ocephalus
are narrowly distributed within the Guayana Shield, with
Monotrema in the west and Potarophytum and Windsorina in
the east. Maschal ocephal us inhabits wet sandy savannas from
Liberia to Céte d'Ivoire in tropical west Africa. This sand-
stone region, overlying part of the West African Shield, abut-
ted the Guayana Shield before continental drift opened the
Atlantic 84-102 Mya (Sidder and Mendoza 1991; Edmond
et al. 1995). However, our sequence data indicate that Mas-
chalocephalusisthe product of relatively recent long-distance
dispersal, not ancient continental drift. Genetic divergence
between this genus and its South American relatives repre-
sents only 3.7% of the maximum divergence in the family
as a whole. Given the clocklike evolution of ndhF in Ra-
pateaceae, if Maschalocephalus had diverged from South
American lineages when the Atlantic became a substantial
barrier to dispersal, the family would have had to arisen 2.3—
2.8 hillion years ago! A recent origin (~ 6 Mya, see below)
of Maschalocephalus via long-distance dispersal isin accord
with the lack of rapatead speciation in Africa (Good 1974).
Historical cycles of aridity on that continent (Goldblatt 1993)
may also have played arole, given the present restriction of
rapateads to mesic/wet habitats. Continental drift was a po-
tential explanation for the shared amphiatlantic distributions
of closely related Rapateaceae, Mayacaceae, and Bromeli-
aceae. However, our results show that, if continental drift
played a role in creating the distribution of Rapateaceae, it
did so by creating comparable sandy, wet, nutrient-poor sub-
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strates favorable to the family on both sides of the Atlantic,
not by rafting rapateads across it. Vicariance of habitat, not
vicariance of species, accounts for the observed disjunction.
Given that Mayaca is favored by highly infertile conditions,
and has also undergone no additional, multiplicative speci-
ation in Africa, its amphiatlantic distribution may have a
similar explanation (Givnish et al. 1999).

With the origin of Saxofridericioideae, rapateads invaded
high-elevation habitats atop tepuis. Coincident with this eco-
logical shift was an apparent acceleration in speciation, with
44 species in tepui Saxofridericieae versus eight in its low-
land sister group (Monotremeae) and seven in an embedded,
largely lowland clade (Schoenocephalieae). In addition, most
highland Saxofridericioideae are narrowly endemic to single
tepuis or groups of adjacent tepuis. Vicariance and/or infre-
quent long-distance dispersal would favor frequent speciation
and narrow endemism in this montane group. Chemical dis-
solution and (to a lesser extent) mechanical erosion have
slowly dissected the tepuis one from the other, forming a
megakarstic landscape (Bricefio and Schubert 1990; Bricefio
et al. 1990; Edmond et al. 1995; Schubert 1995; Doerr 1999).
The resulting fragmentation and isolation of these sky is-
lands—each marked by unusually infertile, rainy, humid, and
cool environments in an ocean of lowland tropical forests
and savannas—would have helped isolate populations on dif-
ferent tepuis. Over time, such isolation should lead to genetic
divergence and ultimately speciation. Poor powers of seed
dispersal presumably accelerated this process: epiphytic Ep-
idryos, with viscid seeds well-adapted for bird dispersal, has
only three species versus 35 in Stegolepis.

In Schoenocephalieae, at least one lowland reinvasion (or
perhaps a highland colonization, see Fig. 6) appears to have
occurred in the western Guayana Shield near where the Ori-
noco enters the sandstone region, where the westernmost por-
tion of Kunhardtia’s range on Cuao and Autana abuts the
northernmost Amazonian savannas and approaches the north-
eastern limit of Schoenocephalium’s range (Fig. 3). Such sa-
vannas form an archipelago of open habitats on quartz sands
and gravels, with a high water table that may vary seasonally
several decimeters or more (Huber 1982). Dispersal among
these savannas might have occurred as their boundaries fluc-
tuated in response to climatic change or fire. In addition,
water dispersal along streams or across the exceedingly flat
interfluves during heavy rains seems likely. Several creeks
on the middle Orinoco, with Amazonian savannas near their
banks, reverse directions seasonally, in response to the earlier
start of rains in the equatorial headwaters. Amazonian sa-
vannas with Guacamaya and Schoenocephaliumon the Guain-
ialie a short distance from the Orinoco-Atabapo across aflat
interfluve, where the Guainia appears to have recently been
captured by the Rio Negro. Many species of Saxofridericia,
sister to Schoencephalieae, are restricted to the western Gua-
yana Shield on and near Duida (Maguire 1982), reinforcing
the conclusion that both groups arose in this general region.

Origin of Rapateaceae and Invasion of Tepui Habitats

When did the Rapateaceae arise? This question is difficult
to answer, especially given the absence of rapatead fossils
(Herendeen and Crane 1995). Fossil Bromeliaceae are known
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from 40 Mya, fossil Poales (Poaceae and Restionaceae) from
70 Mya, and fossil Typhales and Zingiberales from 76 Mya
(Herendeen and Crane 1995). The order Bromeliales (Bro-
meliaceae, Mayacaceae, Rapateaceae) diverged from other
commelinoids between when the Zingiberales and allies orig-

inated and when the Typhales and Poales arose, based on a
codon-weighted analysis of rbcL sequence variation (Givnish
et al. 1999). Based on branch lengths in that analysis, these
groups diverged in arelatively short time (Fig. 8). Although
the rates of rbcL evolution vary substantially among com-
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melinoid lineages (Gaut et al. 1992, 1997), one can extrap-
olate rates for each lineage a short distance to estimate the
age of their common ancestor A (Fig. 8), and then use that
age to derive the time of origin for Rapateaceae. Lineage-
specific rates were estimated as the mean number of muta-
tions inferred from the earliest common ancestor of each
lineage to the present-day taxa, divided by the age of the
oldest known fossils. The age of the common ancestor A was
estimated as 98.6 My, based on calculated ages of 92.3 My
(Poaceae-Restionaceae), 92.9 My (Bromeliaceae, Zingiber-
ales), and 116.4 My (Typhales). This yielded an estimated
time of origin for Rapateaceae of 69.6 My; an age of 61.2
My was cal culated by extrapolating the rate of rbcL evolution
in Bromeliaceae extrapolated to the origin of Rapateaceae.

If we thus assume that Rapateaceae arose roughly 65 Mya,
then the branch lengths in the clocklike, unweighted ndhF
tree (Fig. 2) imply that Maschal ocephalus diverged from oth-
er Monotremeae 6 Mya (long after the tropical Atlantic rifted
84-102 Mya), that Rapatea and Cephalostemon diverged
from each other 9 Mya (long after the Amazon assumed its
current course ~ 20 Mya), and that the common ancestor of
Rapatea-Cephalostemon arose 32 Mya. But the ndhF clock
also implies that the montane saxofridericioids arose about
24 Mya, that the Stegolepis alliance (many of whose species
are restricted to single tepuis or groups of tepuis) arose 12
Mya, and that the extant stegolepids began to diverge only
6 Mya. These dates are so recent as to create a paradox
regarding speciation atop tepuis.

The Roraima sandstones are known to be roughly 1.6 Gy
old (Gibbs and Barron 1985; Schubert 1995), and these ma-
rine sediments overlie granites more than 2.1 Gy old (Gold-
stein et al. 1997). Theinitial uplift of the Roraima Sandstones
is widely assumed to coincide with the initial opening of the
tropical Atlantic (Sidder and Mendoza 1991; Edmond et al.
1995). Stallard et al. (1991) and Edmond et al. (1995) esti-
mated the denudation rate of the Roraima sandstones and the
entire Guayana Shield, averaged over their entire extent in
the Orinoco watershed, as 10-20 m My~1; this calculation is
predicated on uplift beginning roughly 90 Mya. Based on
fluvial geochemistry, Stallard (1988) and Stallard et al.
(1991) estimated the denudation rates of flat, sandy lowlands
and tepui summits to be roughly 1-5 m My-1. There should
have been especially high rates of weathering and erosion in
the steep, heavily fissured tepui rims and adjacent tal us slopes
(Bricefio et al. 1990); erosion in these small areas (~ 1% of
the total extent of the Guayana Shield in Venezuela; Huber
1995a) would have increased the regional rate of denudation
far above that on the tepui summits and extensive lowlands.
If we assume an average denudation of 3 m My-1 for tepui
summits and lowlands and an average denudation of 15 m
My-1 for the Venezuelan part of the Guayana Shield (see
above), then the denudation rate x on the tepui rims and talus
slopes must satisfy

(3mMy-1 x 0.99) + (xm My-1 x 0.01)
~ 15 m My-1, (@

implying that x + 1.2 km My~1. This denudation should cause
the tepui margins mainly to retreat horizontally, rather than
being lowered below the general elevation of the tepui in-
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teriors (sandstone tends to shear off in blocks, and tepuis
have square edges, not round ones). Thus, we estimate that
dissolution and erosion should cause the margins of adjacent
tepuis to retreat from each other at a rate of about 2.4 km
My-1. If we assume that the same rate of dissection has
operated in the past (2-fold variation in rainfall does not
appear to affect present-day denudation rates in the Guayana
Shield; Stallard et al. 1991), then the margins of adjacent
tepuis could have been roughly 200-250 km closer when the
central Atlantic began to rift 84-102 Mya. The rifting At-
lantic floor, by pushing against the South American and (ul-
timately) the Pacific Plates, provided the motive force to
accelerate the uplift of the Guayana Shield and dissection of
the overlying Roraima sandstones. The breadth of the Ven-
tuari valley which separates Sipapo-Cuao in the northwest
from Par( and the Duida complex in the southeast, as well
as of the gaps between Jaua and Par and between Chimanta
and Cerro Ichln are broadly consistent with this very crude
estimate of dissection rate.

If one assumes speciation only by vicariance, it is difficult
to reconcile the uplift of tepuis rougly 90 Mya with their
apparent invasion by the Stegolepis alliance only 6-12 Mya.
Segolepistoday occurs across all tepuis, and most individual
species are narrowly endemic to single tepuis or small groups
of neighboring tepuis (Huber 1988), with no obvious means
of long-distance dispersal. If vicariance did underlie most
speciation in this group, then the uplift of the Roraima sand-
stones had to commence much more recently than currently
thought, and the rate of their dissection had to be at least 10
times greater. Given our estimated rates of dissection, vi-
cariance could (at most) account for the distribution of closely
related taxa on tepuis isolated by narrow, recently formed
gulfs (e.g., Duida vs. Marahuaca or Huachamacari; or these
tepuis vs. Par().

In contrast, if long-distance dispersal after the tepui land-
scape had become dissected accounts for the broad distri-
bution of Stegolepis, questions arise about the lag between
the origin of tepuis and their invasion by saxofridericioids,
and about frequent speciation and narrow endemism in Ste-
golepisdespite substantial geneflow. Finally, if the Stegolepis
aliance arose long enough ago (~ 90 Mya) that speciation
began with the dissection of the tepuis as the Atlantic rifted,
it would imply that the Rapateaceae arose long before any
angiosperms are known from the fossil record. Thus, if we
assume the operation of a molecular clock in Rapateaceae,
we are confronted with unavoidable contradictions, requiring
us to rethink the timing of uplift and rate of weathering of
the Guayana Shield, or (perhaps better) the process by which
speciation occurred in the montane rapateads and, most es-
pecialy, the role played by long-distance dispersal. Simply
abandoning the molecular clock for Rapateaceae does not
appear justified, given that ndhF sequences within the family
evolve in strikingly clocklike fashion. Infrequent long-dis-
tance dispersal would be consistent with the recent origin via
dispersal of Maschalocephalus and with extensive speciation
and narrow endemism in montane saxofridericioids. Infre-
quent dispersal over geographic scales roughly comparable
to those between major tepuis has spurred speciation and
local endemism in several plant groups in the Hawaiian Is-
lands without gene flow swamping local differentiation (e.g.,
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Alsinidendron-Schiedea, Wagner et al. 1995; the silversword
aliance, Baldwin 1997; Baldwin and Sanderson 1998; and
Cyanea, Givnish et al. 1994, 1995; Givnish 1998). Similar
processes appear to have shaped plant speciation at similar
scales on other oceanic archipelagoes, including Macaronesia
(Francisco-Ortega et al. 1996, 1997; Kim et al. 1996, 1999;
Mes et al. 1996) and the Juan Fernandez Islands (Sang et al.
1994, 1995).

The geological rate of dissection of the Roraima table
mountains from each other needs further study. Some of the
larger intertepui gaps (e.g., that between Duida and the south-
ern cluster of Aracamuni, Avispa, and Neblina) could reflect
weathering along the margins of intervening tepuis that have
since been weathered away themselves (e.g., near present-
day Aratitiyope). The added presence of just one intermediate
gulf, initiated by weathering along fault lines, could double
the apparent rate at which the margins of present-day tepuis
receded from each other, so that recession rates of only 0.6
km My~1 could account for the observed gaps between major
tepuis. The presence of tiny Y apacana roughly halfway be-
tween Duida and Cuao/Autana testifies to the presence of at
least some intermediate weathering fronts in the large pre-
sent-day gap between tepuis along the upper Orinoco and
Ventuari. Further research, perhaps using Ar40-Ar3° and K-
Ar analyses to measure the time over which uplifted rocks
have been exposed to weathering (Vasconcelos et al. 1994;
Vasconcelos 1999), is needed to determine the age of uplift
of the tepuis to at or above their current elevation. Such
research, together with improvements of the estimated rates
of tepui dissection advanced by Edmond et al. (1995), are
needed to refine future calibrations of the rates of genetic
divergence in rapatead populations atop the tepuis.
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