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diversity of angiosperms and other land plant taxa through
time, obtained from occurrence of species and genera in mac-
rofossil floras extending from the Late Jurassic to the Paleo-
cene. If the proportion of the total floristic diversity repre-
sented in fossil assemblages is approximately constant and
the effect of loss of older rocks is not significant among
temporally close intervals, then the difference in diversity
between floristic assemblages is a proportional representation
of the net increase (or decrease) in diversity between different
geological intervals.

Absolute values of angiosperm species diversity for each
Cretaceous geological interval (from Lidgard and Crane
1988) were placed in a (log) diversity versus age plot. Species
diversity shows a rapid rise from the Barremian-Aptian to
the mid-Cenomanian (Lidgard and Crane 1988), documenting
a phase of rapid early radiation. By calculating the slope
among the datapoints from the Barremian-Aptian to the Cen-
omanian through linear regression, we estimated a rate of
diversification during the early phase of angiosperm radiation
of r = 0.123 net speciation events per million years. Two
95% confidence intervals of expected species diversity
through time, corresponding to the absence of extinction (e
= 0.0) and to a high relative extinction rate (¢ = 0.9), were
obtained using the rate of diversification during the early
angiosperm radiation (» = 0.123). The resulting extreme con-
fidence intervals are presented in diversity/age plots, in which
datapoints for each angiosperm clade are included. Confi-
dence intervals were produced for crown groups only; pre-
vious results show that none of the clades for which stem
group age is available fall above the upper limit of expected
species diversity, given a background rate of diversification
(Fig. 3). Clades that fall above the upper limit of the con-
fidence intervals can be identified as being unexpectedly spe-
cies rich, even under extremely high rates of diversification
(Fig. 5).

Only three clades, Asterales, Lamiales, and Gentianales,
fall above the limit of the highest confidence interval (cor-
responding to € = 0.9) obtained using the extreme rate of
diversification, and the Cyperales are on the border line.
However, in the absence of extinction (e = 0.0), the Apiales,
Solanales, Rosaceae, Boraginales, and Fabales are also un-
expectedly species rich. Therefore, even if rates of diversi-
fication corresponding to the early radiation of angiosperms
are considered, some angiosperm clades are more diverse
than expected.

Phylogenetic Component

Are clades with unusually high or low diversification rates
phylogenetically scattered, or is there a nonrandom pattern
to their phylogenetic distribution? Clades with rates higher
than background are found only within the monocot and eu-
dicot clades. None of the independent ‘‘magnoliid’’ lineages
exhibit rates that are higher than background. Within the
monocots, Arecaceae, Poales, and Cyperales have rates high-
er than background. These three clades are members of a
larger, distinct, and well-supported clade, the higher mono-
cots (Fig. 2), that includes, among others, the Zingiberales
and Bromeliaceae (Figs. 2, 6). Rates of diversification esti-
mated for the higher monocots as a whole are ryy = 0.11
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an extremely high diversification rate. The 95% confidence interval
of expected species diversity through time of a clade that diversifies
with a rate of diversification corresponding to that of the earliest
radiation within the angiosperms (r = 0.123), under no extinction
(e = 0.0; solid lines) and under a high relative extinction rate (e
= 0.9; dashed lines), according to a starting crown group age is
shown. Angiosperm clades are mapped according to crown group
age and standing species diversity. Clades that fall above the upper
limit of the highest confidence interval (i.e., under ¢ = 0.9) are
considered as extraordinarily species rich, even under an extremely
high rate of diversification. Abbreviations for clade names as in
Table 1.

and rg9 = 0.09, which are slightly higher than the rates of
eudicots as a whole (rgq = 0.09, rgo = 0.08) and slightly
lower than those of the core eudicots as a whole (7o = 0.12,
ro.o = 0.10). Within the eudicots, clades with high diversi-
fication rates are found within the core eudicot clade (Figs.
2, 6). Two of these clades are the Santalales, which is a
distinct lineage of unresolved phylogenetic placement among
the major core eudicot clades, and the Caryophyllales, which
includes the bulk of diversity within the Caryophyllid clade.
All other core eudicot clades with high diversification rates
are found within the rosids and the core asterids (Figs. 2, 6).
Within the rosids (Figs. 2, 6), nine clades have rates that are
higher than background, both under € = 0.0 and € = 0.9.
Three of these are Sapindales, Malvales, and Myrtales, and
the six remaining clades are members of the core rosid clade
(Figs. 2, 6). In fact, except for the Fagales, all the clades
within the core rosid clade have rates of diversification higher
than background (Celastrales were excluded from consider-
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ation; see Data section). Diversification rates for the core
rosids as a whole are rgy = 0.10 and rg9 = 0.09. Seven
asterid clades (Figs. 2, 6) have diversification rates higher
than background. These seven clades belong within the core
asterid clade (Figs. 2, 6): three of them, the Apiales, Dip-
sacales, and Asterales, constitute Asteridae s.l., and the re-
maining four, Lamiales, Gentianales, Solanales, and Bora-
ginales, constitute Lamiidae s.l. (Figs. 2, 6). Core asterids as
a whole have extremely high rates, estimated as rgo = 0.23
and rp9 = 0.20.

Extraordinarily species-rich clades

Unexpectedly species-rich and species-poor clades are in-
dicated on a phylogeny for angiosperms (Fig. 6). Clades with
the highest rates of diversification, and thus with an exceed-
ingly high number of species, occur within the ‘‘higher’’
monocots (Poales and Cyperales), core rosids (Fabales and
Rosaceae), and core asterids (Apiales and Asterales [in As-
teridae s.l.], and Boraginales, Solanales, Gentianales, and
Lamiales [in Lamiidae s.1.]; Figs. 2, 6).

Poales and Cyperales are members of a clade that also
includes Typhales, within the monocots (Fig. 6). Phyloge-
netic relationships among these three clades are not fully
resolved, but according to several analyses (e.g., Duvall et
al. 1995; Soltis et al. 2000), Poales and Cyperales are sister
taxa. If this is true, then the high rates of diversification that
produced these extremely species-rich clades most likely do
not characterize Poales and Cyperales independently, but
rather, characterize the lineage that gave rise to both.

The same is probably true for the four clades of Lamiidae
s.l. and the three that constitute Asteridae s.1., all of which
are exceedingly species rich. A more interesting possibility
is that the elevated diversification appeared in the lineage
that gave rise to all core asterids (Fig. 6). Estimated rates of
diversification for Garryaceae, the sister group of Lamiidae
s.l., are substantially lower than background (Table 2). Ab-
solute rates were not estimated for Aquifoliaceae, the sister
group of Asteridae s.1., due to the absence of fossils for this
clade. If the elevated rates of diversification of Asteridae s.1.
and Lamiidae s.l. resulted from a single shift toward higher
rates in the lineage that gave rise to both clades, then the
low rate of Garryaceae (and perhaps also of Aquifoliaceae)
represents an independent loss of high diversification rates.
Nevertheless, it is simplest to interpret the elevated rates that
characterize Lamiidae s.1. and Asteridae s.l. as independent
acquisitions. Interestingly, as several botanists have re-
marked, Garryaceae and Aquifoliaceae comprise dioecious
plants, whereas all other asterid clades are dominated by
monoecious species.

The two remaining unexpectedly species-rich clades are
Fabales and Rosaceae, both members of the core rosid clade.
Although phylogenetic relationships within the core rosids
are not fully resolved, it appears that Fabales and Rosaceae
are not particularly closely related (Figs. 2, 6; e.g., Savolainen
et al. 2000; Soltis et al. 2000), and thus, their high rates of
diversification were derived independently. Furthermore, at
least within Fabales, it is clear that species richness is un-
evenly distributed. Not only are the legumes (Fabaceae s.1.)
overwhelmingly more species rich than all other members of
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the Fabales clade (i.e., Polygalaceae, Surianaceae, and Quil-
laja), but also within Fabaceae, Mimosoideae, and especially
Papilionoideae, are substantially more diverse than the cae-
salpinioid legumes. This uneven distribution of species di-
versity suggests that elevated rates of diversification evolved
within distinct clades of Fabaceae (cf. Sanderson and Wo-
jciechowski 1996). More detailed analyses of distribution of
species diversity within other species-rich clades are likely
to reveal similar uneven patterns.

Extraordinarily species-poor clades

Because the angiosperms as a whole are extraordinarily
diverse and ecologically predominant, it is easy to overlook
the fact that some angiosperm clades have diversified at an
extremely low rate. Angiosperm clades with extremely low
rates of diversification, that include unexpectedly few spe-
cies, occur among the magnoliid lineages, that is, Nym-
phaeales, Illiciales, Chloranthaceae, Calycanthales, Winter-
aceae, and Ceratophyllaceae (Fig. 6); within the eudicot
clade, that is, Eupteleaceae, Nelumbonaceae, Platanaceae,
Buxales, and Trochodendrales (Fig. 6); and within the higher
monocots, that is, Typhales. The mere existence of ancient,
species-poor clades is remarkable because, as demonstrated
by Strathmann and Slatkin (1983) under a variety of as-
sumptions, clades should either become diverse or become
extinct.

Strathmann and Slatkin (1983) identified the conditions
that, under several different models of diversification, are
most likely to produce ancient, species-poor clades. Their
first model is time homogeneous, with equal rates of speci-
ation and extinction (A = w; » = 0). Under these conditions,
the long-term survival of species-poor clades is best ex-
plained by very low rates of speciation and extinction and a
large number of lineages at the onset of the diversification
process (table 2 in Strathmann and Slatkin 1983).

Their second model is also time homogeneous, but the rates
of speciation and extinction are unequal (A # w). If the ex-
tinction rate is higher than speciation (A < p; r < 0) the
extended survival of a clade is unlikely, but if it does survive,
it will probably have very few species. The number of initial
lineages necessary to produce at least a few ancient and spe-
cies-poor clades is very high (table 3 in Strathmann and Slat-
kin 1983). If the speciation rate is higher than extinction (A
> w; r > 0), the possibility of extended survival is obviously
greater, as is the chance of producing large clades. Ancient
and species-poor clades can still result, but only if rates of
speciation and extinction are both very low. A clade resulting
from this diversification model has always been species poor
and its standing diversity has accumulated very slowly
through time.

Strathmann and Slatkin’s (1983) third model is time-het-
erogeneous, with a very short initial period in which the
speciation rate is much higher than the extinction rate (A >
W), followed by a long period during which speciation and
extinction are approximately equal (A = p). This model cor-
responds to a radiation in which the diversity of a clade is
controlled by the diversity of other clades or the availability
of environmental resources (Sepkoski 1979). In this case,
there is a significant chance that a clade persists for an ex-
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tended period of time, after which it will have a low species
diversity. An ancient and species-poor clade that results from
this model must have been formerly diverse, but is depau-
perate in the present day. Among angiosperms, a prime ex-
ample of this is the family Platanaceae, with a high diversity
and abundance during the Cretaceous and early Tertiary (e.g.,
Kvacek 1970; Manchester 1986; Friis et al. 1988; Pigg and
Stockey 1991; Crane et al. 1993; Pedersen et al. 1994; Ma-
gallén et al. 1997), but a present-day diversity of only 10
species.

Comparison with Other Taxa

Available estimated diversification rates for other taxa gen-
erally do not compensate for extinction in diversity counts
and are therefore likely to overestimate the true diversifi-
cation rates. However, comparisons may still be useful. An-
giosperms as a whole diversify with rates equivalent to or
slightly higher than those of the fastest-diversifying bivalves
(i.e., Petricolidae, r = 0.072; Mesodesmatidae, r = 0.078;
Semelidae, r = 0.087; Stanley 1979). Angiosperm clades with
the lowest rates of diversification (e.g., Chloranthaceae, Tro-
chodendrales, and Platanaceae) diversify even more slowly
than the slowest bivalves. The opposite extreme is repre-
sented by angiosperm clades with the highest rates (e.g., Cy-
perales, Gentianales, and Lamiales), which diversify at rates
equivalent to those of slowly diversifying mammals (i.e.,
Bovidae, r = 0.15; Cebidae, r = 0.19; Cricetidae, r = 0.19;
Stanley 1979) and comparable to several species-rich clades
of insects (i.e., Coleoptera, r = 0.20; Diptera, r = 0.23;
Hymenoptera, r = 0.25; Wilson 1983). However, the highest
estimated rate for an angiosperm clade, the Asterales (r =
0.33), is close to that of the fastest-diversifying major clade
of mammals, the murid rodents (» = 0.35; Stanley 1979).

Nevertheless, all these values are far below the rates es-
timated for the early phase of adaptive radiation in Neogene
horses (r = 0.5-1.4; Hulbert 1993) or the radiation of col-
ubrid snakes (r = 0.56; Stanley 1979). Estimates for com-
parable plant taxa are rare. Hawaiian silverswords, a textbook
case of an island adaptive radiation in plants, may have a net
diversification rate of about r = 0.57 (Baldwin and Sanderson
1998), which is also far above the values estimated for major
angiosperm clades in this paper.

Concluding Remarks

The differential phylogenetic distribution of angiosperm
clades with low and high rates of diversification provides at
least two insights regarding angiosperm evolution. Diversi-
fication models that best explain the existence of ancient and
species-poor clades (see above) predict that these clades are
the survivors of an initially large pool of lineages, most of
which became extinct. If at least some of these ancient and
species-poor angiosperm clades evolved according to the pro-
cesses depicted in the models, then there should be numerous
extinct angiosperm lineages at least in phylogenetic prox-
imity to ancient and species-poor clades. Although so far
these have not been recognized formally, their likely exis-
tence is supported by empirical observations regarding the
composition of ancient paleofloras. Friis et al. (2001), for
example, mention the existence of more than 100 different
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angiosperm taxa that cannot be assigned to extant families,
in early Cretaceous (Barremian-Aptian) fossiliferous locali-
ties of Portugal. These localities have yielded the oldest re-
mains of some presently species-poor angiosperm clades:
Chloranthaceae and Nymphaeales.

In this study, we deliberately make no attempt to identify
the proximal causes for high diversification rates or to test
the existence of a correlation between putative diversity-en-
hancing traits and high rates of diversification. The phylo-
genetically localized distribution of clades with high rates of
diversification, and particularly of clades with an exceedingly
high standing species diversity, strongly suggest that traits
that promote diversification, whichever they are, are not dis-
tributed homogeneously among angiosperms (Doyle and
Donoghue 1993; Sanderson and Donoghue 1994). It seems
likely that these traits are not prevalent among early diverging
angiosperm lineages and that they probably evolved within
particular angiosperm clades (i.e., within core rosids, core
asterids, and some ‘‘higher’’ monocots). Consequently, high
rates of diversification are not derived from the presence of
a single character, but rather from sets of traits, including
morphological, anatomical, vegetative, and reproductive
characters, habits, and syndromes, that, in combination, result
in high rates of diversification for particular clades or closely
related group of clades. These sets of diversity-promoting
features may be entirely different among independent spe-
cies-rich clades.
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