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Angiosperm Diversification and Paleolatitudinal
Gradients in Cretaceous Floristic Diversity

PETER R. CRANE AND ScOTT LIDGARD

The latitudinally diachronous appearance of angiosperm pollen during the Cretaceous
is well documented, but the subsequent diversification and accompanying significant
changes in floristic dominance have not been assessed quantitatively for a wide range of
paleolatitudes. Trend surfaces fitted to within-palynoflora diversity data from 1125
pollen and spore assemblages show that angiosperms first become floristically promi-
nent in low paleolatitude areas (~20°N to 20°S). Non-magnoliid dicotyledons show a
similar but slightly delayed pattern of increase and are the principal component of
angiosperm diversity from all areas sampled. Monocotyledons and magnoliid dicotyle-
dons are significant primarily in low to middle paleolatitude palynofloras (~50°N to
20°S) during the latest Cretaceous. As angiosperms become increasingly prevalent the
importance of most non-angiosperm taxa either decreases or remains unchanged. The
only apparent exception is a striking increase in gnetalean diversity concurrent with the
initial angiosperm diversification at low paleolatitudes.

LTHOUGH THE ORIGIN OF ANGIO-
sperms persists as one of the most
widely debated issues in evolution-

ary botany (1-4), the paleobotanical record

demonstrates unequivocally that the major
early diversification of the group occurred
during the mid-Cretaceous (4-10). Through
this interval many of the characteristic re-
productive features of extant flowering
plants appear in the fossil record for the first
time (11), and fossil angiosperm leaves and
pollen exhibit marked, coincident, patterns
of increasing diversity (6-10). By the Ceno-
manian (earliest Late Cretaceous), at least

P. R. Crane and S. Lidgard, Department of Geology,
Field Muscum of Natural History, Roosevelt Road at
Lake Shore Drive, Chicago, IL 60605.

four of the eleven extant angiosperm sub-
classes (Magnoliidae, Hamamelidae, Rosi-
dae, and at least one subclass of Liliopsida),
as well as several distinct clades within these
groups, had already differentiated (9). In-
creased abundance of angiosperm fossils
parallels this rise in diversity, and together
these patterns have been used to infer eco-
logical expansion (6, 7), perhaps as a func-
tion of biological attributes of the angio-
sperm clade (3, 12, 13), and possibly with
direct effects on other plant groups (13).
Although detailed analyses of local strati-
graphic sections provide partial resolution
of such ecological effects (7), extrapolation
to the level of angiosperms as a whole
requires a more inclusive geographic and
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temporal framework, as well as clarification
of large-scale patterns exhibited by angio-
sperm subclades and non-angiosperm com-
ponents of Cretaceous vegetation.

Angiosperm pollen appears first in the
fossil record at low to middle paleolatitudes,
and only subsequently at higher latitudes in
both hemispheres (7, 14). Quantitative anal-
yses of macrofossil and palynological data
from mid- to high paleolatitude assemblages
in the Northern Hemisphere (Southern and
Northern Laurasia) show that angiosperms
were floristically dominant by the Ceno-
manian-Campanian and that this rise to
dominance coincided with  profound
changes in the diversity of other plant
groups (8-10). Previous qualitative evalua-
tions of mid-Cretaceous floristic provinciali-
ty indicate that the details of these patterns
probably vary at different paleolatitudes (14,
15).

Our quantitative analyses assess floristic
change between paleolatitudes 80°N and
20°S and clarify the extent to which latitudi-
nally diachronous patterns in first appear-
ance data are also reflected in patterns of
change in the relative importance of angio-
sperms in successive Cretaceous palyno-
floras. Because a latitudinally diachronous
pattern is most pronounced for first appear-
ances of triaperturate pollen (7, 14)—char-
acteristic of non-magnoliid (“higher”) dicot-
yledons (Fig. 1)—we also examine the rela-
tive importance of this clade as a component
of latitudinal gradients in the diversification
of flowering plants.

We compiled data from 1125 Cretaceous
pollen and spore samples (assemblages or
palynofloras) predominantly from the
Northern Hemisphere (Fig. 2) and in par-
ticular Europe and North America. On the
basis of geographic position and sedimento-
logical occurrence, samples represent a
range of predominantly lowland deposition-
al environments in diverse physiographic
settings. Data were not compiled from as-
semblages with fewer than ten “species” to
reduce potential effects of small sample sizes.
Each sample was assigned an age equivalent
to the midpoint of its possible time-strati-
graphic range based on recent studies, and
paleolatitude-paleolongitude  coordinates
were calculated with present latitude and
longitude with paleomagnetic and paleo-
geographic data (16). In each sample the
number of “species” of angiosperm pollen,
pteridophyte and bryophyte spores, conifer
pollen, ephedroid pollen, and pollen of oth-
er (non-conifer, non-ephedroid) gymno-
sperms was scored to the extent permitted
by the systematic resolution in the original
studies. The contribution of each systematic
group to each sample was calculated as a
percentage of the number of palynomorph
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Fig. 1. Systematic relationships of angiosperm
subgroups and related sced plants [Bennettitales
(Benn.), Gnetales, and Pentoxylales (Pent.)] (2,
3). Non-magnoliid dicotyledons (subclasses Ha-
mamelidac, Dilleniidae, Asteridae, Caryophylli-
dac, Rosidac) make up a clade including approxi-
mately 72% of extant angiosperm species (28)
that is defined by the presence of triaperturate (or
putatively derivative) pollen (29, 30). Monocoty-
ledons (Liliopsida) and magnoliid dicotyledons
(Magnoliidac) together account for 28% of extant
angiosperm species (28) and are characterized by
monosulcate (or putatively derivative) pollen
(29). Pollen of most angiosperms is readily distin-
guished from that of other seed plants by the
characteristic tectate, columellate pollen wall (29).

“species” recognized (including palyno-
morphs incertae sedis). Mean percentage val-
ues were calculated for groups of samples
with the same combination of paleolatitude,
paleolongitude, and geologic age. The sys-
tematic assignment of all palynomorph “spe-
cies” was standardized based on the affinities
of the 593 genera encountered in compiling
our data. Palynomorphs incertae sedis make
up less than 2% of the palynomorph diversi-
ty of individual samples and occur in only
42% of samples studied. Paleolatitudinal
gradients and temporal trends in the palyno-
logical data are summarized graphically with
a moving average method (kriging) (17) to
fit trend surfaces to the within-palynoflora
percentage values (Fig. 2).

Use of within-palynoflora diversity over-
comes many of the biases associated with
direct evaluation of total (summed) diversity
(8-10), but because values for a single flora
must sum to 100%, the strength of such
comparisons depends on the consistency
with which the floristic compositions of
many floras independently conform to an
overall pattern through time. Previous anal-
yses (8—10) show that temporal changes in
the within-flora percentages of angiosperms
and other groups cannot be accounted for
solely by the increase in mean palynoflora
diversity that occurs during the Late Creta-
ceous (10).

The earliest widely accepted evidence of
angiosperm pollen is from the Hauterivian
of southern England and Israel (18), where-
as at higher paleolatitudes, for example,
western Canada and southeastern Australia
(19), angiosperm pollen is first recorded in

the Aptian. Within-palynoflora diversity re-
sults are consistent with first appearance
data and indicate that the subsequent angio-
sperm diversification was also latitudinally
diachronous (Fig. 2). Angiosperm pollen
first becomes an important component of
palynoflora diversity at low paleolatitudes,
and only subsequently becomes important
in middle and higher latitudes. Angiosperm
pollen is still absent from high latitude
samples well after it 1s diverse at low paleola-
titudes. By the latest Cretaceous, angio-
sperms dominate the diversity of low-lati-
tude palynofloras and typically account for
60 to 80% of the palynomorph “species”
present, whereas at high latitudes typical
angiosperm values are 30 to 50%. On the
basis of comparison with macrofloras these
values may actually underestimate the rate of
angiosperm diversification (10).
Triaperturate, or triaperturate-derived,
pollen occurs in the almost three-quarters of
extant angiosperm species that make up the
non-magnoliid dicotyledons (Fig. 1). Lati-
tudinally diachronous first appearances of
triaperturate pollen are particularly pro-
nounced (7, 14), and this pattern is also
reflected in the increase of triaperturate pol-
len “species” as a proportion of within-
palynoflora diversity. In samples over the
full range of paleolatitudes examined, tri-
aperturate pollen typically accounts for the
majority of angiosperm pollen “species” ex-
cept during the earliest (pretriaperturate)
phases of the angiosperm diversification
(Fig. 2). In contrast, monosulcate and mon-
osulcate-derived pollen of magnoliid dicots
and monocots is generally a relatively minor
component of the palynofloras sampled ex-
cept at low paleolatitudes in the latest Creta-
ceous (Fig. 2). Qualitative assessments of
palynofloras from these areas show that this
relatively high diversity of monosulcate or
monosulcate-derived pollen largely reflects
the diversification of palms (Arecaceae)
(15). Our data provide insufficient systemat-
ic resolution within the monocot-magnoliid
group to test the hypothesis, based on extant
taxa and fossil pollen data, that the initial
diversification of monocotyledons was cen-
tered primarily in middle paleolatitudes of
the Northern Hemisphere (22).
Within-flora diversity measures for non-
angiosperm groups show various temporal
and latitudinal trends complementary to the
angiosperm pattern. “Species” of conifer
pollen and bryophyte-pteridophyte spores
are the major systematic components of
Early Cretaceous palynofloras. Spores show
the most pronounced decline in diversity,
particularly through the mid-Cretaceous, al-
though they remain a consistently important
floristic component at high latitudes. Coni-
fer pollen shows only a slight decline in
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relative diversity through the mid-Creta-
ceous, and is also consistently better repre-
sented in higher, rather than lower, paleola-
titude palynofloras. Other (non-conifer,
nonephedroid) gymnosperms show a minor
decline in percentage diversity through the
Cretaceous and typically account for less
than 20% of the species in palynomorph
samples. In contrast to conifers and free-
sporing plants (bryophytes and pterido-
phytes), they are most significant as compo-
nents of low to mid-latitude palynofloras.

Among non-angiosperm taxa, the most
striking paleolatitudinal pattern is shown by
a group of distinctive polyplicate ephedroid
pollen grains probably produced by extinct
Gnetales (21-24). These grains range in
morphology from simple plicate types (for
example, Ephedripites) to more complex
forms with club-shaped or elater-like projec-
tions (for example, Elaterocolpites and Galea-
cornea), and are particularly diverse in Barre-
mian to Santonian low latitude samples
(Fig. 2). Their gnetalean affinities are indi-
cated by comparisons with pollen of extant
Ephedra and Welwitschia, as well as unequivo-
cal gnetalean pollen from middle paleolati-
tudes (21-24). Current phylogenetic
hypotheses place Gnetales as the extant seed
plants most closely related to angiosperms
(Fig. 1) (2, 3), and it has long been recog-
nized that taxa in the two groups share
important biological characteristics, includ-
ing the occurrence of vessels, reticulate-
veined laminar leaves, insect pollination, and
a tendency toward “progenetic” develop-
ment of micro- and megagametophytes (2,
3,9).

The mid-Cretaceous diversity of ephe-
droid grains at low paleolatitudes (Northern
Gondwana) is documented in palynofloras
ranging from Peru to South China (25). In
samples from South America and West Afri-
ca relatively high abundances of angiosperm
and ephedroid pollen are often positively
correlated (23, 26), and in probable Aptian
sediments from eastern North America mac-
rofossils of Gnetales and early angiosperms
co-occur in a low diversity plant assemblage
(24). These data complement the large-scale
similarities between the latitudinal and tem-
poral patterns of increasing angiosperm and
ephedroid diversity and suggest that angio-
sperms and Gnetales may have occurred,
both locally and regionally, in similar habi-
tats (23, 24).

The most pronounced difference between
the diversification of gnetalean and angio-
sperm pollen is that ephedroid “species”
never became diverse at mid- to high paleo-
latitudes and decline significantly in the Late
Cretaceous. However, the ephedroid in-
crease at low paleolatitudes indicates clearly
that mid-Cretaceous floristic change did not
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uniformly result in decrease or stability in
the diversity of non-angiosperm groups of
Mesozoic plants (8-10, 13). Competitive
effects between early angiosperms and non-
angiosperm groups may have been impor-
tant (13), but are not manifested initially in
the ephedroid pattern and need to be inter-
preted in the context of marked mid-Creta-

ceous changes in the physical environment
(27). The extent to which the parallel in-
crease in angiosperm and ephedroid diversi-
ty reflects biological similarities between the
two groups remains uncertain in the absence
of a more detailed understanding of these
critical mid-Cretaceous seed plants from low
paleolatitudes.
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Fig. 2. Temporal and paleolatitudinal changes in' relative “species” diversity within Cretaceous
palynofloras for angiosperms, angiosperm subgroups (non-magnoliid dicotyledons, monocotyledons
and magnoliid dicotyledons), and ephedroids. Inaperturate and polyporate angiosperm grains (a
consistently minor component of within-palynoflora angiosperm diversity) are included in the total
angiosperm analysis but not in either of the angiosperm subgroups considered here. Sample
distribution incorporates 252 distinct combinations of paleolatitude, paleolongitude, and geologic age
(Ma). Note that samples are numerous and closely spaced through the critical mid-Cretaceous interval,
but are more sparse at low and high paleolatitudes, particularly during the Neocomian. Surfaces were
constructed from percentage estimates for evenly spaced points calculated from the unevenly spaced
values with the use of a kriging moving-average method (17). This technique is sensitive to unevenness
in the “spatial” distribution of samples and maintains high fidelity to local changes in percentage values.
Thus, values for single floras may deviate from the fitted surface, but the surface nonetheless provides an
accurate “best fit” of the overall trends. A limitation of the kriging technique and other surface fitting
methods is the potential for error inherent in estimating percentage values where sampling is sparse. For
example, Neocomian levels of angiosperms and ephedroids at paleolatitudes 5° to 20°S are estimates
derived from nearby sample data rather than observations within those temporal and paleolatitudinal
limits. In order to test the robustness of the kriging model, surfaces were also fitted by locally weighted
least-squares moving-average methods and low-order polynominal trend surface methods (31), and
these corroborate the patterns shown here. Neo, Neocomian; B-A, Barremian-Aptian; Alb, Albian; C,
Cenomanian; T-S, Turonian-Santonian; Cmp, Campanian; Maa, Maastrichtian.
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