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Abstract

Angiosperms evolved rapidly in the late Mesozoic. Data from the genetic-based approach called ’molecular clock’ 
permit an evaluation of the radiation of flowering plants through geological time and of the possible influences of Me-
sozoic mass extinctions. A total of 261 divergence ages of angiosperm families are considered. The radiation of flowe-
ring plants peaked in the Albian, early Campanian, and Maastrichtian. From the three late Mesozoic mass extinctions 
(Jurassic/Cretaceous, Cenomanian/Turonian, and Cretaceous/Palaeogene), only the Cretaceous/Palaeogene event 
coincided with a significant, abrupt, and long-term decline in angiosperm radiation. If their link will be further pro-
ven, this means that global-scale environmental perturbation precluded from many innovations in the development of 
plants. This decline was, however, not unprecedented in the history of the angiosperms. The implication of data from 
the molecular clock for evolutionary reconstructions is limited, primarily because this approach deals with only extant 
lineages.
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1. Introduction

The origin and early evolution of an-
giosperm plants remains a hotly debated sub-
ject (Moldowan et al., 1984; Crane, 1987; Mar-
tin et al., 1989; Hughes, 1994; Crane et al., 1996; 
Philippe et al., 1999, 2008; Friis et al., 2003; 
Feild et al., 2004; Heimhofer et al., 2005, 2007; 
Soltis et al., 2005; Magallón & Costello, 2009; 
Archangelsky et al., 2009; Dilcher, 2010). When 
their development since the Mesozoic is exam-
ined conventionally (such as by, among others, 
Heimhofer et al., 2005, 2007; Archangelsky et 
al., 2009; Magallón in Hedges & Kumar, 2009; 
Dilcher, 2010), biogeochemical evidence (the 
presence of oleanane) suggests Late Palaeozoic 
‘roots’ (Taylor et al., 2006). Both intrinsic (evo-

lutionary) and extrinsic (environmental) factors 
were responsible for the angiosperm evolution 
(e.g., Russell, 2009). One particular question 
is whether any known mass extinction (Raup 
& Sepkoski, 1982; Sepkoski, 1986; Sepkoski & 
Raup, 1986; Hallam & Wignall, 1997) affected 
the Mesozoic radiation of angiosperms (e.g., 
McElwain & Punyasena, 2007).

Genetic studies of extant organisms, includ-
ing ������������������������������������������flowering��������������������������������� plants, have provided a new pow-
erful approach, called ’molecular clock’, which 
permits to reveal phylogenies and to estimate 
the time of lineage divergences on the basis of 
analyses of DNA and protein sequences from 
present-day life forms (Smith & Peterson, 2002; 
Hedges & Kumar, 2009; Magallón & Costello, 
2009; Quental & Marshall, 2010). Generally, the 
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molecular-clock approach is a combination of 
biochemical (including genetic) and statistical 
state-of-the-art techniques, which are focused 
on possibly neutral mutations occurring sto-
chastically (at least, this is supposed to be so). 
The recent synthetic volume edited by Hedg-
es & Kumar (2009) is among the most ‘fresh’ 
and extensive sources of data obtained with 
the above-mentioned approach. In the present 
viewpoint, I want to discuss whether these data 
are important for answering the above ques-
tion about influences of the Mesozoic mass 
extinctions on the angiosperm evolution. It 
should be emphasized here, however, that this 
is not an attempt to promote the genetic-based 
approach in fossil diversity studies as better 
than the classical approach, or to present an al-
ternative description of the early angiosperm 
evolution. The objective of the present contri-
bution is just to find out whether the usage of 
molecular-clock data can be useful for special-
ists studying critical transitions in the history 
of plants in a ‘classical’ way.

2. Material and method

Results of the molecular-clock analyses of 
angiosperms have recently been summarized 
by Hedges & Kumar (2009). Particularly, they 
summarize the available data on magnoliids 
(Forest & Chase, in Hedges & Kumar, 2009: 
table 1, p. 168), eudicots (Forest & Chase, in 
Hedges & Kumar, 2009: table 1, pp. 172–173), 
asterids (Bremer, in Hedges & Kumar, 2009: 
table 1, p. 181), eurosids (Forest & Chase, in 
Hedges & Kumar, 2009: table 1, p. 191 and table 
1, p. 199), and monocots (Anderson & Janβen, 
in Hedges & Kumar, 2009: table 1, p. 207). 
Hedges & Kumar (2009) report a����������������� total of 261 di-
vergences at the taxonomic level of families, to-
gether with their absolute ages. These data are 
used for the purpose of the present study. The 
molecular clock permits to trace divergences of 
angiosperm extant families back to the Jurassic. 
I here deal with the time interval of 150–60 Ma 
in order to embrace the first divergences of an-
giosperms in the Tithonian and to record the 
consequences of the end-Cretaceous ecosystem 
collapse in the early Palaeocene.

The original data presented by Hedges and 
Kumar (2009) have a moderate resolution, and 
the divergences are dated with an accuracy of 
1 Ma. It therefore appears logical to quantify 
the number of divergences per interval of 1 
Ma within the 150–60 Ma interval. The result-
ing graph then reflects changes in the radiation 
of ancestors of modern angiosperms with the 
maximum possible resolution permitted by the 
available data. These changes are subsequent-
ly compared with the available knowledge on 
mass extinctions. Three mass extinctions are 
known to have occurred during the 150–60 Ma 
time interval, namely the Jurassic/Cretaceous, 
Cenomanian/Turonian, and Cretaceous/Pal-
aeogene mass extinctions. Only the last of these 
three can be judged as a major event (Raup & 
Sepkoski, 1982; Hallam & Wignall, 1997; Cour-
tillot, 2007; Alvarez, 2008), whereas the two 
earlier mass extinctions were minor events 
with a  somewhat questionable spatial extent 
and strength (Hallam, 1986; Hallam & Wignall, 
1997; Harries & Little, 1999; Smith, 2001; Smith 
et al., 2001).

The above-mentioned comparison aims at 
answering two important questions: (1) were 
these mass extinctions associated with any 
prominent changes in the radiation of an-
giosperms, and, if so, (2) what were the links? 
Two alternative hypotheses can be imagined: 
if mass extinctions affected angiosperms, they 
either reduced their ability to radiate at post-
extinction intervals, or they offered opportuni-
ties for innovation, thus accelerating the radia-
tion of flowering plants.

3. Results

The angiosperm radiation changed strongly 
during the 150–60 Ma time interval (Fig. 1). Di-
vergences before the Barremian (before 130 Ma) 
were sporadic, but later they became both numer-
ous and frequent. The first peak in angiosperm 
radiation was reached in the Albian (112–99.6 
Ma). Particularly, 9 divergences occurred at 107 
Ma, which is an absolute maximum for the Mes-
ozoic. However, the radiation did not remain 
stable during the Albian, because the number of 
divergences fell for 2 Ma in the second part of this 
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stage. In the early Late Cretaceous, the intensity 
of radiation declined slightly, and then it fluc-
tuated around the same level. New peaks were 
reached in the early Campanian (83.5–70.6 Ma) 
and the Maastrichtian (70.6–65.5 Ma). The latter 
stage was characterised by a permanently high 
rate of origination of lineages. Speaking gener-
ally, the fluctuating radiation of angiosperms 
was superimposed by the above peaks, which 
is in agreement with the idea of punctuated 
equilibrium (Eldredge & Gould, 1972; Prothero, 
1992; Ivany & Schopf, 1996; Gould, 2002, 2007). 
In the time-span under study, only one evident 
and relatively long-term interruption occurred, 
viz. in the late Campanian (Fig.1).

It appears that the Jurassic/Cretaceous 
mass extinction did not affect the angiosperm 
radiation, which remained the same during 
the post-extinction interval as before (Fig. 1). 
In contrast, a  decline in intensity occurred at 
the time of the Cenomanian/Turonian event, 
although this decline had a short duration and 
was largely comparable to those that occurred 
earlier and later and that were not linked with 
any mass extinction (Fig. 1). Moreover, the ra-
diation intensity had already declined well be-
fore the mass extinction. 

The Cretaceous/Palaeogene mass extinc-
tion was followed by a strong reduction in the 
radiation intensity, which occurred abruptly 

(Fig. 1). The number of family divergences 
after this catastrophe was about half of the 
number before this extinction, and this lasted 
for several millions of years. This interruption 
is, however, not unique. Its strength and dura-
tion are well comparable with those of inter-
ruptions that occurred in the late Albian or 
the late Campanian. If it was the Cretaceous/
Palaeogene mass extinction which reduced the 
angiosperm radiation in the early Palaeocene, 
this disaster did not create an opportunity for 
an increase in evolutionary innovations. The 
environmental perturbations which affected 
the terrestrial vegetation at the Cretaceous/
Palaeogene boundary (Tshudy & Tshudy, 1986; 
Vajda et al., 2001; Wilf & Johnson, 2004; McEl-
wain & Panyasena, 2007; Vajda & McLough-
lin, 2007) probably suppressed the appearance 
of new lineages of flowering plants for some 
time. This observation resembles some very re-
cent conclusions on the role of the Cretaceous/
Palaeogene mass extinction in the evolution of 
terrestrial mammals, but those conclusions are 
far from to be final (Meredith et al., 2011).

4. Discussion

The analysis of the Mesozoic radiation of 
angiosperms raises three questions: (1) how 

Fig. 1. Number of angiosperm diver-
gences during the 150–60 Ma time 
interval and mass extinctions (ar-
rows). Original data are taken 
from Hedges & Kumar (2009), 
where ages are indicated with an 
accuracy of 1 Ma. Abbreviations of 
mass extinctions: J/K = Jurassic/
Cretaceous, C/T = Cenomanian/
Turonian, K/Pg = Cretaceous/
Palaeogene. Abbreviations of Cre-
taceous stages: Be = Berriasian, Va 
= Valanginian, Ha = Hauterivian, 
Ba = Barremian, Ap = Aptian, Al 
= Albian, Ce = Cenomanian, Tu 
= Turonian, Co = Coniacian, Sa = 
Santonian, Ca = Campanian, Ma 
= Maastrichtian. Geological time 
scale after Ogg et al. (2008).
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realistic are the interpretations of the present 
study, (2) how different are the results of the 
present study from those obtained earlier with 
the same molecular-clock approach, and (3) 
how well do the results and the interpretations 
of the present study match those obtained with 
field-based palaeobotanical data?

Interpretations like those presented here 
have been attempted earlier for the entire biota 
(Hedges & Kumar, 2009) as well as for particu-
lar fossil groups (e.g., Medlin et al., 2008). All 
these studies face, however, one significant 
limitation: genetic information used by the 
molecular-clock approach is based on extant 
organisms only. The reconstruction of fossil 
diversity or radiation on the basis of genetic 
phylogenies remains therefore incomplete as 
the lack of data from extinct lineages cannot be 
taken into account (Quental & Marshall, 2010). 
This problem cannot be solved without further 
involvement of data on fossils. 

The present study suggests that the Creta-
ceous/Palaeogene mass extinction affected the 
radiation of angiosperms. This conclusion is 
more or less true only, however, for the radia-
tion of extant lineages. It cannot be excluded 
that further consideration of extinct lineages 
will lead to a  stronger or, in contrast, a  less 
outspoken effect. If there were many lineages 
which appeared just after the Cretaceous/
Palaeogene boundary, but went extinct some-
where in the Cenozoic, their number might 
be enough to compensate for the losses in the 
radiation registered with extant lineages only. 
On the other hand, a decrease in the radiation 
of extant flowering plants as a  result of this 
mass extinction would, if proven, be interest-
ing because it could reflect the ’invisible’ mech-
anisms of plant/environment interactions at 
critical transitions. In other words, if the molec-
ular clock provides more or less clear evidence 
of the influence of any mass extinction on the 
radiation of extant lineages, this might be in-
terpreted as putting some flowering plants un-
der stress because of the catastrophe, but this 
would not imply direct evidence of a total re-
duction of radiation (i.e., of both extant and ex-
tinct lineages).

The present study deals only with family-
level lineages. This raises two additional prob-

lems. First, it is impossible to be certain that 
the documented patterns are relevant to the 
angiosperm evolution at the level of species 
or even genera. Second, suprageneric taxa are 
realistic taxa only in 'ideal' cases, but actually 
they are sometimes artificial. In other words, it 
is always uncertain that high-ranked taxa have 
been established properly. Both problems are 
significant, but, unfortunately, inevitable. Even 
if the first problem could be solved in the fu-
ture with special studies aimed at species and 
genera, the second problem still could not be 
totally avoided. A plausible solution might be 
an estimation of the possible error induced by 
incorrect designations of suprageneric taxa. 

In short, the results of any palaeobiological 
interpretation of molecular-clock data should 
be regarded with caution, viz. as only an addi-
tional – although new and important – piece of 
evidence. Caution is also required because of 
a large possible error in the absolute dating of 
divergences by means of the molecular clock. 
Although such errors are not indicated for all 
divergences listed in the work by Hedges and 
Kumar (2009), and although they are presented 
in different ways by the various contributors to 
this work (see the ‘Material and method’ sec-
tion for more details about the original data 
sources), the information available there per-
mits to conclude that the maximum errors can 
reach 10 Ma. For instance, Forest and Chase 
(table 1, p. 172, in Hedges & Kumar, 2009) indi-
cate that the divergence of Berberidaceae and 
Ranunculaceae occurred between 90 and 78 
Ma (with a mean age of 84 Ma).

Magallón & Costello (2009) used the mo-
lecular-clock approach in order to examine 
the angiosperm diversification at the level of 
orders. Their results suggest that modern or-
ders appeared within the Barremian to early 
Campanian interval. This is consistent with the 
results of the present study, which indicates 
a high number of family-level divergences dur-
ing the same time interval (Fig. 1). However, 
the data of Magallón & Costello (2009) permit 
neither to trace the Maastrichtian radiation nor 
the effect of the Cretaceous/Palaeogene mass 
extinction, which two aspects are considered 
here. Magallón also contributed to the volume 
edited by Hedges & Kumar (2009, pp. 161–165), 
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and shows that major lineages of angiosperms 
appeared in the Jurassic.

Field-based palaeobotanical assessments 
of angiosperm radiation remain fairly scarce. 
A  realistic – although, probably, somewhat 
outdated – reconstruction of the angiosperm 
diversity through the Cretaceous has been 
made by Crane (1987) and was repeated by An-
derson et al. (1999). The curve indicates a rapid 
but steady diversification of angiosperms dur-
ing the Cenomanian-Campanian time inter-
val and an acceleration of this process in the 
Maastrichtian. The latter is in agreement with 
the observation of numerous and frequent di-
vergences of flowering plants during this stage 
(Fig. 1). There is no evidence from the curve 
found by Crane (1987) and Anderson et al. 
(1999) that Mesozoic flowering plants suffered 
from either a major or a minor mass extinction. 
It should be mentioned here, however, that the 
reconstruction by Crane (1987) and Anderson 
et al. (1999) depicts the total diversity dynam-
ics, but not the rate of origination, that is the 
intensity of radiation.

5. Conclusions

The data produced by the new genetic (mo-
lecular-clock) approach are interesting because 
of two aspects concerning the late Mesozoic 
evolution of the flowering plants. First, the ra-
diation of angiosperms during the Mesozoic 
was not gradual but took place in the form of 
a  series of pulses. Second, the only Mesozoic 
mass extinction which might have had a  dis-
tinct impact on the number of newly originat-
ing angiosperm families was the Cretaceous/
Palaeogene catastrophe, which was followed 
by a  strong decline in the intensity of radia-
tion. The post-extinction radiation decline was, 
however, not unprecedented. 

All observations made in the present con-
tribution are preliminary with regard to the 
limitations that interpretations based on the 
molecular clock are presumed to have. Future 
studies should therefore pay much attention to 
– if not focus mainly on – the calibration of the 
molecular-clock results with palaeobotanical 
data and the creation of a solid basis for realis-

tic interpretations of the information obtained 
through such innovative approaches as the 
molecular clock.
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