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During the end-Permian ecological crisis, terrestrial ecosystems
experienced preferential dieback of woody vegetation. Across the
world, surviving herbaceous lycopsids played a pioneering role in
repopulating deforested terrain. We document that the micro-
spores of these lycopsids were regularly released in unseparated
tetrads indicative of failure to complete the normal process of
spore development. Although involvement of mutation has long
been hinted at or proposed in theory, this finding provides con-
crete evidence for chronic environmental mutagenesis at the time
of global ecological crisis. Prolonged exposure to enhanced UV
radiation could account satisfactorily for a worldwide increase in
land plant mutation. At the end of the Permian, a period of raised
UV stress may have been the consequence of severe disruption
of the stratospheric ozone balance by excessive emission of
hydrothermal organohalogens in the vast area of Siberian Traps
volcanism.

A t the end of the Permian Period, worldwide collapse of
terrestrial and marine ecosystems resulted in major pertur-

bation of global biogeochemical cycles and unrivaled extinction
(1). End-Permian extinctions did not occur at an instantaneous
time horizon; particularly, f loral extinction was delayed in time
(2). Among chronic environmental stress factors that have been
advocated as killing agents, only atmospheric contamination
could have exerted widespread destruction of plant life on land
(3). Contaminants of our present-day atmosphere include chem-
icals (organic and inorganic) and radiation (ionizing and UV).
Each of these qualifies as potent environmental mutagens. The
most prominent fraction of present mutation is induced by UV
radiation in the 290- to 315-nm spectral region (UV-B) (4).
Under long-term background conditions, the biological impact
of the mutagenic agents is a combined function of error-prone
DNA-damage repair and adaptation. Excessive levels increase
the frequency of mutation and can alter the genome or its proper
functioning (5, 6). Modeling studies predict that accumulation of
harmful mutations can cause or aid population decline and
eventual extinction (7, 8). Severe environmental mutagenesis
should therefore be a central component of mass-extinction
scenarios. Ideas that mutation has affected end-Permian life
have arisen repeatedly since the 1950s, when the German
paleontologist Otto Schindewolf hypothesized that mutation
induced by cosmic radiation could account not only for extinc-
tion, but also for accelerated origination of new clades (9).
However, distinctive mutational symptoms have never been
identified in the fossil record of end-Permian terrestrial and
aquatic biota (10).

Because of its sensitivity to chemical and radiation mutagens
(5, 6, 11, 12), land vegetation is one of the most obvious biotal
constituents to be explored for worldwide mutational responses
to atmospheric stress factors. Among fossil plants, assemblages
of dispersed spores and pollen provide the sample size and
temporal spacing needed to recognize morphogenetic traits that
reflect mutation. We hypothesize that environmental mutagen-

esis could have imprinted a detectable signature in the end-
Permian spore�pollen record.

Apart from cytological aberration, mutational effects on
spore�pollen development can be discerned morphologically by
anomalous variation in overall shape, size and wall thickness
(13–16), disorganized wall structure (17), number and arrange-
ment of germinal apertures (18, 19), and the presence of
permanent tetrads in which four individual spores or pollen
grains fail to separate from one another during sporogenesis
(20–23). Unusual levels of morphological variants or imperfec-
tions have long been evident among Late Permian gymnosperm
pollen, both in situ in pollen-bearing organs (24) and in dispersed
spore�pollen assemblages (25). Although not explicitly linked to
mutation, this variability has been interpreted as evidence of
microevolutionary processes. Here, we document the worldwide
proliferation of tetrads of lycopsid microspores that occurs in
conjunction with the end-Permian ecological crisis. We present
evidence and arguments that this conspicuous bioevent reflects
environmental mutagenesis in response to increased fluxes of
UV-B radiation triggered by stratospheric ozone destruction.

Proliferation of Lycopsid Microspore Tetrads
Superimposed on long-term effects of Late Permian–Early
Triassic climatic trends, preferential dieback among dominant
woody gymnosperms dramatically affected end-Permian terres-
trial ecosystems (2, 3, 26, 27). Opportunistic herbs, capable of
rapid population expansion into stressed environments, colo-
nized the vacated ecospace. Palynological data confirm a pio-
neering role for herbaceous heterosporous lycopsids (2). Re-
markably, in many Permian–Triassic (P-Tr) transition
sequences, lycopsid microspores regularly occur in tetrahedral
tetrads. These tetrads have been dispersed intact, with the four
spores remaining firmly attached during transportation and
burial (Fig. 1).

As a result of high sedimentation rates, fine-grained siliciclas-
tic sediments in East Greenland provide an exceptionally de-
tailed spore�pollen record of end-Permian vegetation succes-
sion (2, 28). From this section, we show the temporal distribution
trend of lycopsid tetrads by calculating their proportion in
successive spore�pollen assemblages (Fig. 2). A peak-occurrence
of tetrads is apparent just above an interval with last-occurrences
of Permian brachiopods, such as Martinia, and just below the
onset of the characteristic negative shift in �13C values for
end-Permian carbonates. The peak corresponds to an initial
rapid conversion from closed-canopied gymnosperm woodland
to open lycopsid-dominant vegetation. After several hundred
thousand years (28), a second increase in tetrad abundance
occurs close to the P-Tr boundary, where renewed dieback of
woody elements and renewed expansion of lycopsids marks the
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coup de grâce for lingering gymnosperms that were once dom-
inant in the pre-crisis Permian vegetation (2). This time-delayed,
selective extinction results in the establishment of low-diversity
open-shrubland vegetation, in which lycopsid taxa continue to
play a central role until full recovery of woodland ecosystems
takes place �4 million years later at the transition between Early
and Middle Triassic (29).

The tetrad abundances documented from Greenland can be
traced across the world, irrespective of climatic zonation (Fig. 3).
Identical or similar tetrads are known, often in relatively high
frequencies, from time-equivalent sequences in North America
(30), Europe (31–35), Asia (36–40), and Africa (41). The
lycopsid tetrads are generally identified as species of form-
genera for dispersed spores such as Decisporis, Densoisporites,
Kraeuselisporites, Lundbladispora, and Uvaesporites. Alterna-
tively, they are sometimes assigned to Lapposisporites, a separate
form-genus for tetrahedral spore tetrads. Microspores corre-
sponding to Densoisporites are known from spore-bearing organs
of Early Triassic Pleuromeia, an extinct relative of modern
Isoetales (43). Before and after their end-Permian proliferation,
lycopsid tetrads can be found occasionally as subordinate ele-
ments in late Paleozoic, Mesozoic, and Cenozoic spore�pollen
assemblages. Only at the Triassic–Jurassic transition is there
evidence, at least locally, of another frequency increase. Facul-
tative tetrads still occur in some extant species of Selaginella,
such as S. selaginoides (44).

Significance of Mutant Tetrads
In most extant plants, unseparated tetrads occur only in early
spore and pollen ontogeny, immediately after male meiosis.
Permanent tetrads as functional dispersal units are presently
produced by a limited number of bryophyte taxa and, more
particularly, by representatives of a wide variety of angiosperm
families. With a few exceptions, tetrads of angiosperm pollen are
associated with insect pollination (45). Retention of mature
spores and pollen in a facultative tetrad configuration has a
genetic basis. Experiments have identified two genes that are
required for microspore separation during normal development
(21). In the quartet (qrt1, qrt2) mutants of Arabidopsis thaliana,
lesions in either of these genes lead to defects of pectin degra-
dation in the primary wall of the pollen mother cell, preventing
separation of juvenile pollen grains from one another (22).
Other mutants produce tetrads in combination with unusually
large and malformed pollen (23).

Coupled to male sterility, generation of cytologically and
morphologically aberrant pollen may occur systematically in
near-extinct plant species (15, 16, 19). Similarly, the wide vari-
ability in Late Permian conifer pollen involves genera that did
not outlive the end-Permian crisis (25). In marked contrast, P-Tr
lycopsid tetrads were produced by stress-tolerant survivors that
profited by the ecological crisis. Nevertheless, the functional
biology of microspore structure renders it unlikely that a tetrad
condition among extinct and extant lycopsids has any adaptive
significance. The contact area of the four attached spores covers
their triradiate germinal apertures, preformed for release of
internally produced antherozoids. As a consequence, although
not necessarily sterile, mutant lycopsid tetrads may be less
effective or even ineffective in sexual reproduction. This defi-
ciency should not be a disadvantage for those plants. Because of
the presence of unisexual gametophytes, free-sporing heteros-
pory cannot be regarded as an efficient, long-range dispersal
strategy in water-limited environments. However, under unfa-
vorable environmental conditions, heterosporous lycopsids fre-
quently employ asexual, apomictic reproduction strategies that
complement or replace the sexual life cycle (46). Apomixis is
genetically directed. Dispersed megaspores that have the capac-
ity to produce sporophyte plants without fertilization provide an

Fig. 1. Selection of the latest Permian microspores of heterosporous lycop-
sids in tetrads from the Wordie Creek Formation, southern Jamesonland, East
Greenland. Specimens can be assigned to various species of microspore form-
genera Lundbladispora (a, c, e, and f ), Densoisporites (b), and Uvaesporites
(d). (Scale bar � 50 �m.)

Fig. 2. Carbon-isotope (�13C) profile for carbonates, spore�pollen ratio, and
distribution of lycopsid microspores preserved in tetrads in the P-Tr transition
sequence of southern Jamesonland, East Greenland. Assuming uniform sed-
imentation rates, 1 m of lower Wordie Creek Formation represents between
20 and 60 kyr (28). Although the conodont element Hindeodus parvus is the
first unquestionable indication of earliest Triassic age, first occurrences of the
bivalve Claraia approximate the P-Tr boundary. Small horizontal lines repre-
sent position of palynological samples. The sample gap is due to lack of
accessible exposures. Relative abundance of the microspores is expressed as a
percentage of the total spore�pollen assemblage content. The spore�pollen
ratio represents the counted number of spores of lycopsids, ferns, and bryo-
phytes, divided by the total number of counted identifiable spores and pollen
grains [n � 80–380 per sample (standard count 200), tetrads representing four
spores]. Successive ratios depict two-step vegetation development from
closed gymnosperm woodland to open shrubland dominated by herbaceous
lycopsids. A, Collapse phase; B, delayed-extinction phase (for details, see
ref. 2).
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effective route to species survival. In populations of modern
Selaginella that grow in stressful environments, generation of
permanent tetrads or other mutant microspores can be coupled
to apomixis (47). By analogy, it is entirely possible that oppor-
tunistic P-Tr lycopsids have been able to achieve their otherwise
inexplicably wide dispersal into drought-prone habitats through
apomixis.

Causation of Global Environmental Mutagenesis
Abundances of lycopsid tetrads recorded from the P-Tr transi-
tion in India have been interpreted as a developmental response
to regional climate change (38). However, the cosmopolitan
nature of the bioevent demands globally operating stress factors.
A variety of astrophysical radiation models illustrate the far-
reaching repercussions of excessive cosmic or solar radiation on
the biosphere. Notably, nearby supernova explosions and gam-
ma-ray bursts are considered to be powerful events, producing
lethal or mutagenic radiation doses that could contribute to mass
extinction (48–50). Predicted exposure periods and resultant
effects of radiation stress on plant and animal life might last for
years, decades, or even centuries. But, in the context of the
end-Permian ecological crisis, these durations would be far too
short. This short-term effect also applies to UV-B pulses caused
by asteroid or comet impacts (51).

If extraterrestrial causation is ruled out, a scenario of multi-
millennial pulses of environmental mutagenesis would invoke a
less cataclysmic terrestrial vector. Among chemical contami-
nants that could have disrupted end-Permian biota, volcano-
genic SO2 gas is favored to explain extinction. This gas rapidly
converts into H2SO4 aerosols that could produce acid precipi-
tation. Large-scale atmospheric acidification is generally attrib-
uted to extensive P-Tr volcanism in Siberia (3, 52, 53). Flood
basalts, pyroclastic deposits, and intrusives that characterize the
vast Siberian Traps igneous province have been traced over an
area of 6–7 � 106 km2 from the Siberian Platform to the Ural
Mountains (54–56). 40Ar�39Ar dating suggests that the main
phase of volcanic activity was contemporaneous with the end-

Permian crisis (52, 56). However, crisis scenarios that rely on
adverse effects of acid precipitation suffer an obvious difficulty.
Intercalated sediments in the lower part of the volcanic rock
sequence (57, 58), as well as crater-lake deposits (59), contain
leaf remains and spore�pollen assemblages that witness the
presence of remarkably diverse floras coincident with the area
of Siberian Traps volcanism.

Apart from producing acid rain, massive gas release associated
with explosive volcanic eruptions causes severe disruption of the
stratospheric ozone balance, resulting in elevated UV-B radia-
tion. Volcanic H2SO4 aerosols do not directly deplete ozone but
accelerate activation of chlorine (Cl) compounds that catalyti-
cally destroy ozone molecules (60, 61). Effects are short-lived.
The most common Cl species in volcanic gases is HCl, but the
fraction that reaches the stratosphere is small, due to rapid
washout in the ascending volcanic plume (62, 63). By contrast,
volcanogenic bromine (Br), although less abundant than chlo-
rine, contributes to ozone depletion (63). Notwithstanding the
possibility that explosive gas emissions related to the Siberian
Traps volcanism have been unusual in frequency and intensity,
any UV-B increase triggered by volcanic gases would still remain
a short-term event.

Within multimillennial time frames, effective stratospheric Cl
and Br buildup could result potentially from excessive emission
of hydrothermal organohalogens. A wide variety of chlorinated
and brominated hydrocarbons have been detected in fumaroles,
sometimes in concentrations that are two orders of magnitude
greater than average atmospheric background levels (64–66).
Most abundant is CH3Cl (methyl chloride, chloromethane).
Although frequently termed ‘‘volcanogenic,’’ proposed mecha-
nisms for the synthesis of these noneruptive volatile organohalo-
gens are still controversial. Thermodynamic equilibrium calcu-
lations do not favor ‘‘deep’’ formation at magma-chamber
conditions (67). Similar to CH4 (methane) and other common
hydrocarbon gases in hydrothermal systems (68), it is likely that
the compounds are generated in the relatively shallow subsur-
face by thermal degradation of organic precursors buried in
fossil soil or sediments, in the presence of appropriate halide-ion
concentrations. Pyrolysis experiments with chloride-impreg-
nated lignocellulosic plant material show that peak production of
CH3Cl may proceed under temperatures between 240°C and
270°C (69).

Fluxes of organohalogens from modern hydrothermal systems
are still unquantified but are constrained primarily by the size of
the system, in combination with the availability of suitable source
materials. Due to a modest total size, any effect of this source on
global organohalogen budgets should be limited in comparison
to other natural sources of CH3Cl and CH3Br (70). However, a
completely different situation existed at the time of the end-
Permian crisis. Over large areas of Siberia, up to 50% of the
volume of the Siberian Traps igneous rocks consists of dolerite
sills and other intrusives in the Neoproterozoic–Paleozoic sed-
imentary succession (71), many of which are synmagmatic with
the main eruptive lava flows. It is conceivable that these intru-
sives have driven a giant hydrothermal system in which wide-
spread coal-bearing deposits (72), Neoproterozoic-sourced oil
accumulations (71), and salt layers (73) in the Paleozoic formed
an unlimited source of suitable ingredients for the formation of
hydrothermal organohalogens.

Extensive borehole information from the Siberian Platform
and modeling indicate that thermal maturation of Carbonifer-
ous–Permian sedimentary organic matter was related to non-
uniform heating (�150°C) by contact metamorphism from
dolerite sills, rather than to the heat effect of deep burial (71).
Due to dissolution by hydrothermal water, Cambrian salt layers
were reduced considerably (73). We postulate, therefore, that
the size of the Siberian Traps province and the emplacement of
voluminous intrusives in the organic-rich and halogen-rich Pa-

Fig. 3. Known occurrences of lycopsid microspore tetrads in P-Tr transition
sequences. 1, East Greenland; 2, Sverdrup Basin, Arctic Canada (30); 3, Barents
Sea (31); 4, Pechora Basin�Urals, Russia (32); 5, Russian Platform (33); 6,
Southern Alps, Italy (34); 7, Transdanubian Mountains, Hungary (35); 8, Jungar
Basin, North China (36); 9, Meishan, South China (37); 10, Raniganj Basin, India
(38); 11, Auranga Basin, India (39); 12, Sri Lanka (40); 13, Mombasa Basin,
Kenya (41) (paleogeography after ref. 42).
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leozoic sediments furnished appropriate preconditions for sig-
nificant generation of hydrothermal organohalogens. These
volatiles could have been responsible for end-Permian pulses of
stratospheric ozone destruction and resulting UV-B stress that
contributed to worldwide ecosystem destabilization, ecosystem
collapse, and extinction.

Concluding Remarks
In comparison with all other major ecological crises in Earth
history, recovery from the end-Permian crisis proceeded excep-
tionally slowly (74). Reestablishment of woodland ecosystems
took place eventually after �4 million years, at the end of the
Early Triassic (29). On the Siberian Platform, the principal
outcrop area of the Siberian Traps, radiometric dating implies an
eruption time of a million years or less for the exposed volcanic
sequence (75). The probability of rapid eruption is strengthened
by paleomagnetic evidence indicating that the volcanics were
largely laid down during a single normal-polarity interval (76).
However, detection of at least three successive normal intervals
in volcanic rocks encountered in deep exploration wells in the
West Siberian Basin (76, 77) suggests that lengthy phases of
degassing at hydrothermal fields may have continued to exist
during the Early Triassic. Hence, resulting UV-B stress could
have retarded the process of biotic recovery.

A coherent scenario explaining the end-Permian ecological
crisis still needs to be established. Yet, our findings strongly
suggest that mutagenesis in an enhanced UV-B radiation envi-
ronment has played a critical role. To corroborate the concept,
we need to recover additional morphological and chemical
evidence of mutagenesis that is still preserved in the fossil
record. Complementary to further analysis of pollen variability
in P-Tr gymnosperms,** variation in structure and composition
of leaf cuticles is another potential source of botanical evidence
on mutational effects of environmental stress factors (78) af-
fecting both victims and survivors of the crisis.

**Foster, C. B., Oral Presentation, 15th International Congress on Carboniferous and
Permian Stratigraphy, Aug. 10–16, 2003, Utrecht, The Netherlands.
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