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Palaeobotany is the science devoted to the study of
fossil plants and their evolution. Prior to the 17™
century, fossils were collected as curiosities and seen
as freaks of nature (lusus naturae), but during the 18t
century natural historians gradually began to under-
stand them as the remains of formerly living organ-
isms (Andrews 1980). The foundation of the scientific
discipline was established in the early 19th century by
the Frenchman Adolphe Brongniart (1801-1876), the
Czech Kaspar Maria von Sternberg (1761-1837), and
the German Ernst Friedrich von Schlotheim (1764-
1832), who are considered to be the “fathers” of mod-
ern Palacobotany. They were among the first to apply
the binomial system to fossil plants and to write sys-
tematic treatise with detailed descriptions and illustra-
tions (Andrews 1980; Torrens 2005). The invention of
thin sections and their application to permineralized
fossils in 1831 was a major early technical break-
through (Andrews 1980), enabling microscopy and
the description of anatomical features, which greatly
improved our knowledge of the relationships and
biology of extinct plants. Advances like these led to
our understanding of the plants that gave rise to the
economically important coals of the Carboniferous
Period. It was also soon realised that the geographic
distributions of fossil plants conveyed information
about Earth history. Fossil plants were central to the
formulation of the concept of Gondwana (Suess 1885)
and to the recognition of climate change through
geological time (Heer 1861).

Palynology, on the other hand, is the science
devoted to palynomorphs, a general term for entities
found in palynological preparations, including pollen
and spores, but also cysts or other organisms or parts
of organisms. Pollen grains have been described since
the 17" century (e.g. Grew 1682). Palacopalynology
was established during the 19™ century, with works
such as that of Reinsch (1884) who published micro-
graphs of fossil pollen and spores from Russian coal
measure. During the 20™ century, palacopalynology
became extremely useful for biostratigraphy (i.e.

placing rock units in stratigraphic order based on the
fossils they contain), not only for the coal industry, but
also for petroleum exploration (e.g. Potonie 1934;
Schopf 1957).

During the first half of the 20™ century the fossil
record continued to inform on plant evolution
through the discovery of key extinct groups that
bridged major living clades, notably the pteridosperms
(Oliver and Scott 1904), the early land plants of the
Rhynie chert (Kidston and Lang 1921), and the pro-
gymnosperms (Beck 1960). One landmark synthesis
was the ambitious Traité de Paléobotanique, which
was edited by Edouard Boureau (1913-1999) and pub-
lished in four volumes (Boureau 1964-1975). Other
innovations included the further development of pol-
len analysis as a tool for the study of vegetation change
during the Quaternary Period (Faegri and Iversen
1950).

Today, palaeobotany and palaeopalynology con-
tinue to play important roles in developing our under-
standing of the evolution of plants and floras, climate
change, and biostratigraphy. They are developing as
interdisciplinary fields. Research areas such as geo-
chemistry, molecular developmental biology, micro-
biology, biomechanics, and phylogenetics are
transforming our approaches to, and perceptions of,
the analysis of fossil plants and ancient ecosystems
(Taylor et al. 2009). Likewise, advances in imaging
methods including electron and confocal microscopy
and more recently high-resolution X-ray computed
tomography are opening new ways of looking at
plant fossils. Issue 169 (4) and the first part of issue
170 (2) present a selection of articles showing the
dynamism of Palaeobotany today. These contributions
are summarized below.

The early records of land plant colonization

Evidence from the calibrated plant tree of life and
from fossil spores indicates that the earliest plants
(embryophytes) evolved on land during the early
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Paleozoic, probably sometime between ~500 and
480 million years ago (Morris et al. 2018; Puttick
et al. 2018; Strother and Foster 2021). The nature of
these first land plants is an enduring mystery as they
have never been seen in their entirety. The oldest
land plant fossils date back to the Silurian. However,
there is now abundant evidence from the palynolo-
gical record that land plants were already wide-
spread beforehand. The earliest evidence comes
from dispersed cryptospores, in which the most
common configurations are permanent tetrads,
dyads or hilate monads. The oldest of these assem-
blages are from the Middle Ordovician (Rubinstein
et al. 2010). These cryptospores dominated assem-
blages for 60 million years (Edwards et al. 2022).
Later, miospores (i.e. spores with trilete marks that
are dispersed as single grains) provide evidence for
rhyniophytoid land plants as they have been recov-
ered from the sporangia of Cooksonia pertoni Lang
in the late Silurian (Edwards and Kenrick 2015),
although the first record of dispersed spores of this
type comes from the Late Ordovician (Steemans
et al. 2009). The two genera Virgatasporites and
Attritasporites, described in the 1960’s from the
Early Ordovician of Algeria, are morphologically
close to miospores and therefore pose a dilemma,
because these microfossils are recorded before the
first appearance of the oldest land plant-derived
spores. Several authors considered the two genera
to be spore-like microfossils, whereas other authors
classified them as acritarchs (i.e. organic-walled
microfossils of unknown biological affinity). Navidi-
Izad et al. (2022) revised the taxonomy, biostratigra-
phy and palaeobiogeography of the two genera. They
concluded that they should be temporarily classified
as incertae sedis (i.e. as acritarchs) until their true
biological affinity is better understood.

Because of the nature of the early rock record, it is
not until the Devonian that fossil evidence of land
plants becomes truly abundant (Kenrick et al. 2012).
During this period, the fossils document the initial
diversification of many of the major groups of plants
and the evolution of their fundamental organs and
tissue systems, including roots (Kenrick and Strullu-
Derrien 2014), leaves (Boyce and Knoll 2002), seeds
(Prestianni et al. 2013; Meade et al. 2021), and wood
(Strullu-Derrien 2010; Hoffman and Tomescu 2013;
Strullu-Derrien et al. 2014; Pfeiler et al. 2021). French
Lower Devonian floras are rare (Bureau 1913; Ducassou
et al. 2009; Strullu-Derrien et al. 2010, 2014), especially
compared to certain other Western European countries.
Capel et al. (2022) reassessed a Lower Devonian assem-
blage collected in the 1930s in the Rebreuve quarry
(Pas-de-Calais, northern France). The palaeoflora con-
sists of 10 taxa, and the assemblage is typical of Emsian
floras from Laurussia. It bears striking resemblance
with coeval Belgian assemblages.

The Carboniferous biomes

The Carboniferous Period contains two major sub-
divisions: the Mississippian (358.9 to 323.2 Ma) and
the Pennsylvanian (323.2 to 298.9 Ma). Compared
to the coal-swamps that extended over large areas
of palaeotropical Euramerica during the late
Carboniferous and early Permian, the earliest evo-
lution of the coal swamp biome in the latest
Mississippian ~ is  less  well  understood.
Palacobotanical remains of that age are well pre-
served in the Pays-de-Loire region of north-
western France and were documented in detail
notably by Bureau (1913) and more recently by
Strullu-Derrien et al. (2021). Most of this evidence
was derived from coal mines that are no longer
accessible. An interesting new macroflora has
been recently discovered in situ at the “Coteaux
du Pont Barré”, in the Southern Armorican
Massif, France. This macroflora studied by Strullu-
Derrien et al. (2023) differs in composition from
those reported from the coal mines, especially in
the total absence of lycopsids and Calymmotheca
pteridosperms, and instead having abundant
medullosan foliage (Neuralethopteris). These new
data demonstrate floristic variation in the coal
swamps at a landscape level.

Arborescent lycopods were among the most abun-
dant plants of the Paleozoic coal swamps of the late
Mississippian - early Permian. Thomas and Cleal
(2022) re-examined the known species of arborescent
lycopod leafy shoots from the Pennsylvanian and pro-
vide a key to identify them. Sometimes leafy shoots
can be directly related to known species of stems that
are defined on the surface features of leaf cushions as
in Lepidodendron, Lepidophloios and Ulodendron, or
directly on the stem surface as in Bothrodendron.
Insight was also provided on the determinate growth
pattern of these plants.

The isoetalean flora

The Mississippian is characterized by global cooling
and the development of steeper latitudinal variation
in the climate of the Earth. Whereas the tropical
floras of the palaeoequatorial regions are relatively
well known, higher latitude floras are still poorly
understood. Argentina at that time occupied
a latitude of about 60°S, which proves to be inter-
esting in the context of its Mississippian vegetation.
Prestianni et al. (2022) described a new isoetalean
lycopsid, Porongodendron minitensis, from the Agua
de Lucho Formation. This plant is shown to be of
low stature and with features that are interpreted as
representing specific adaptations to the harsher tun-
dra conditions prevailing in these southern latitudes
during the Mississippian.



Isoetes (Isoetaceae, Lycophytes) is the closest living
relative of the isoetalean lycopsids that originated dur-
ing the Paleozoic (Larsén et al. 2022). Although it is
doubtful that any Paleozoic or Mesozoic fossil can
confidently be attributed to the crown group
(Wikstrom et al. 2023), Isoetes beestonii from the ear-
liest Triassic shales of the Sydney and Bowen Basins of
Australia is the most ancient species attributed to the
genus (Retallack 1997). Palynology recently offered
Nowak et al. (2023) the opportunity to reinvestigate
four species of lycophytes from the early Middle
Triassic of the Kithwiesenkopf/Monte Pra della Vacca
section in the Dolomites (northern Italy). In situ spores
of the lycophytes were studied with a focus on their
variability. Microspores and a single megaspore from
Lycopia dezanchei (order and family indet.) and possi-
ble poorly preserved microspores from L. bechstaedtii
were described for the first time. The microspores from
a paratype of Isoetites brandneri proved to be highly
variable and unusual. Both micro- and megaspores
from a specimen previously assigned to I brandneri
indicate that it is a biologically distinct species.

Plant traits and interactions

Well-preserved material from the Carboniferous
offers the possibility to date the appearance of
significant functional traits, for example the
occurrence of tyloses in wood (De Micco et al.
2016). These are protoplasmic swellings formed
by a parenchyma cell projecting into the lumen
of an adjacent conducting cell; they extend
through a pit, and some eventually occlude the
entire lumen of the conducting cell. Tyloses
develop as part of a heartwood formation process
or in response to embolism or pathogen infection.
Decombeix et al. (2022) reported the oldest evi-
dence of tyloses from the wood of ca 350 Ma
progymnosperm Dameria hueberi from Australia.
They provided details of different developmental
stages in the formation of the tyloses, but the
trigger for their development (fungal or not) was
not resolved. Combined with previous reports the
authors suggested that tyloses may have played
important roles in the early evolution of
arborescence.

Upper Triassic deposits bearing fossil plants are of
unequal distribution on Earth. The Leigh Creek Coal
Measures in South Australia yield exquisitely pre-
served plant fossils of a mid- to high-latitude
Gondwanan flora. From this site, Unverfirth et al.
(2022) provided a detailed cuticular analysis of the
ginkgoalean leaf Sphenobaiera insecta. They also
reported evidence of a particular type of herbivory
damage along the leaf margin in the form of small
semi-circular patches, each lined by a crescent-shaped,
darkened reaction rim. The consistency of these
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features in size and position suggests that they repre-
sent arthropod feeding damage, which appears to have
been primarily within the leaf mesophyll. These fea-
tures are reminiscent of simple forms of marginal leaf
mining evident in various other Permian and Triassic
plant groups.

By the mid Cretaceous, forests diversified as
angiosperms rose to ecological prominence.
Insect damage on fossil plants provides direct evi-
dence of the past ecological history between the
two groups. Santos et al. (2022a) recorded plant -
insect interactions from a lower Cenomanian
palaeoforest in western France, the Puy-Puy
Quarry of the Nouvelle-Aquitaine Region. The
authors identified functional feeding groups and
insect damage types preserved on the foliage and
demonstrated preferential herbivory of angios-
perms amid a forest composed of ferns, gymnos-
perms, and angiosperms. The most diverse
interactions were mining and galling, indicating
a mosaic of humid and xeric habitats for the Puy-
Puy palaeoforest,

New groups of plants developed through time

During the Permian (298.9 to 251.9), Euramerica was
characterized by a progressive trend towards drier
climates (Hilton and Cleal 2007; Montanez et al.
2007). By the end of the Permian, evidence from the
Val Gardena flora in the southern Alps and the
Zechstein flora (England and Germany) shows that
European plant assemblages were dominated by con-
ifers with adaptations to an arid climate (Grauvogel-
Stamm and Ash 2005). Many late Permian conifer
remains are difficult to identify based on their mor-
phology because leaf compressions of different taxa
can look very similar. Kerp et al. (2022) studied con-
ifers from Gera-Trebnitz, east Thuringia, Germany,
and found that the two genera, Ortiseia and
Majonica, so far only known from the Southern
Alps, were well represented in the Zechstein Basin
and that they had a much wider distribution than
originally thought, not being restricted to coastal
regions of the Palaeotethys. Xeromorphic features
observed in the cuticles, such as strongly sunken sto-
mata, stomatal pores covered by overarching papillae,
and a high density of hairs, demonstrated the aridity of
the climate.

For many decades, liverworts have been widely
viewed as the earliest diverging land plant group
(e.g. Kenrick and Crane 1997a, b). This hypothesis
has been overturned by recent molecular analyses
that resolve tracheophytes (vascular plants) and
bryophytes (liverworts, hornworts and mosses) as
sister clades (Morris et al. 2018; Puttick et al.
2018; Harris et al. 2020). The simple morphology
of liverworts more probably reflects losses of traits
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rather than their primitive absence. The fossil
record of bryophytes is meagre compared with
the high number of living species. For example,
it is notable that there are only 40 records from
Jurassic deposits around the world (Tomescu et al.
2018). Santos et al. (2022b) described a new spe-
cies of liverwort from the Upper Jurassic Lastres
Formation in Asturias (NW Spain, Iberian
Peninsula). This new species, found in life posi-
tion, represents the oldest evidence of a bryophyte
from the Mesozoic of the Iberian Peninsula.
Palynological studies showed that some areas of
the Lastres Formation preserved shallow fresh-
water pools in channel abandonment areas that
provided habitats for the liverworts during the
semiarid climatic conditions that prevailed at the
time.

Bennettitales is an extinct group of seed plants
with reproductive structures that are similar in
some respects to both Gnetales and angiosperms,
but systematic relationships among the three
clades remain controversial (Rothwell et al.
2009). They were clearly present in Gondwana by
the Middle Triassic and became one of the chief
plant groups of lowland ecosystems across
Gondwana from the Early Jurassic to mid-
Cretaceous (Bomfleur et al. 2018). Upper Triassic
plant macro-remains are extremely rare in an
equatorial belt stretching across the North of
Gondwana, from northern South America to
Arabia. Based on impressions from ferruginous
crusts, El Atfy et al. (2022) provided the first
record of plant macro-remains belonging to the
bennettitalean taxon Zamites aff. persicus from
the Late Triassic Minjur Formation of Saudi-
Arabia. This new finding at least tentatively sup-
ports palynological data that indicated similarities
between the Late Triassic flora of the southern and
northern parts of the Tethys.

Traditional and advanced imaging techniques
for palaeobotany and palynology

Traditionally fossil plants and palynomorphs have
been studied using standard light microscopy.
Thanks to technological advances in the 1970s,
electron microscopy became a new tool for these
studies. T.N. Taylor (1938-2016) pioneered the
use of scanning and transmission electron micro-
scopy for the study of fossil spores and pollen
(Taylor 1973). El Atfy et al. (2023) studied paly-
nomorphs from the Paleocene (66-56Ma)
Konservat-Lagerstatte of Menat (Puy-de-Dome,
France). Using light microscopy and scanning
electron microscopy, selected palynomorphs were
analysed with the single grain technique. This
preliminary study demonstrated the occurrence

of diverse lineages comprising algae, plant spores
and pollen; angiosperms were the most diverse
group.

3D scanners are non-contact metrology (science
of measurement) systems which utilize laser or
structured light-based scanning technology. The
first scanning technology appeared in the late
1960s. Due to their ability to measure complex
geometrical features with precision and reliability,
these scanners are now widely used in industry
and also in research to reconstruct objects of
large size. Using standard light microscopy and
a 3D handheld laser scanner, Steart et al. (2023)
document the overall habit and affinity of the
most complete Mesozoic Era tree to be excavated
in the UK. The fossil was found in situ in
a palaeosol of the Upper Jurassic Purbeck Group
of southern England (ca. 152-145 million years).
Anatomical details reveal that the wood belongs to
the fossil-genus Agathoxylon. This conifer tree was
of modest size, not greatly exceeding 12m in
height. Its habit differed significantly from most
modern arborescent conifers, and from known
growth forms in the Cheirolepidiaceae, an impor-
tant extinct group of Mesozoic conifers Figure 1.

Figure 1. Reconstruction of the Eocene flora from Anjou by V.
0. Leshyk (with courtesy).



More recently, non-invasive X-ray imaging techni-
ques have proved to be extremely useful tools to docu-
ment fossil plants and palynomorphs in three
dimensions. Among these techniques, X-ray com-
puted tomography (CT) was originally developed in
the 1980s as a medical diagnostic tool. Since then, the
method has been extended to additional industrial and
scientific applications. Because X-ray dose is not an
issue for fossils, high-resolution X-ray computed
tomography (HRXCT) can take advantage of
a variety of optimizations such as higher energy
x-rays, smaller detectors, and longer exposure times
than is practical in conventional medical CT devices
(DeVore et al. 2006). Selected fruits and seeds pre-
served as moulds and casts in sediments from the
Eocene Anjou flora of Maine-et-Loire (Figure 1)
have been re-examined with the aid of X-ray com-
puted tomography by Strullu-Derrien et al. (2022).
Virtual casts and surface renderings from micro-CT
scanning data revealed external and internal morpho-
logical characters that were not visible using standard
reflected light microscopy. Application of this metho-
dology led to a revision of the fruit formerly treated as
Juglandicarya (Juglandaceae) showing that its prob-
able affinity is within Sapindaceae.

Perspectives

The collection of papers presented in these volumes
provides an insight into some of the varied contem-
porary questions, methods, and approaches in palaeo-
botany. For half a billion years, the evolution of plants
has shaped the development of life on Earth and also
the geochemistry of land, ocean, and atmosphere. New
plants continue to be discovered and new technologies
allow us to study them in unprecedented ways increas-
ing our knowledge of their evolutionary history. Plants
and climate are intimately linked; investigating these
links is also a booming area in Palaeobotany.
Important steps still need to be taken, for example
deciphering the origins of the angiosperms and
increasing our knowledge on the interactions between
plants and their fungal parasites, pathogens and sym-
bionts (Krings et al. 2007; Strullu-Derrien et al. 2014).

Several key areas would benefit from further
cross-disciplinary developments. First, the compara-
tive investigation of modern relatives is informative
and can be key to interpreting early fossils and the
evolution of fundamental tissues and organ systems
in plants [e.g. identification of transfer cells
(Edwards et al. 2022), early evolution of roots
(Hetherington et al. 2021)]. Second, establishing the
sequence in which events occurred during plant
evolution is important, hence the fossil record is
crucial to improve time-tree calibrations (Morris
et al. 2018), especially when the application of dif-
ferent molecular clock models results in greatly
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different tree calibrations (Coiro et al. 2019;
Wikstrom et al. 2023). Fossils also provide insights
into the diversity of depauperate modern groups like
gymnosperms (Hilton and Bateman 2006; Friis et al.
2007, 2009; Dilcher et al. 2021) and are likely even-
tually to shed light on the origins of angiosperms
(Herendeen et al. 2017; Shi et al. 2021). Third,
improving our knowledge of the extinct plant groups
allied to modern bryophytes, lycopods, and ferns will
help inform our developing understanding of the
how the plant genome works (Donoghue et al.
2021; Harris et al. 2020; Bowman 2022).

With this initiative, we would like to invite palaeo-
botanist colleagues to continue publishing their results
in Botany Letters and to encourage botanists to engage
in collaboration with palaeobotanists.
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