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Palaeozoic landscapes shaped by plant evolution
Martin R. Gibling* and Neil S. Davies’

Fluvial landscapes diversified markedly over the 250 million years between the Cambrian and Pennsylvanian periods. The
diversification occurred in tandem with the evolution of vascular plants and expanding vegetation cover. In the absence of
widespread vegetation, landscapes during the Cambrian and Ordovican periods were dominated by rivers with wide sand-beds
and aeolian tracts. During the late Silurian and Devonian periods, the appearance of vascular plants with root systems was
associated with the development of channelled sand-bed rivers, meandering rivers and muddy floodplains. The widespread
expansion of trees by the Early Pennsylvanian marks the appearance of narrow fixed channels, some representing anabranching
systems, and braided rivers with vegetated islands. We conclude that the development of roots stabilized the banks of rivers and
streams. The subsequent appearance of woody debris led to log jams that promoted the rapid formation of new river channels.
Our contention is supported by studies of modern fluvial systems and laboratory experiments. In turn, fluvial styles influenced
plant evolution as new ecological settings developed along the fluvial systems. We suggest that terrestrial plant and landscape

evolution allowed colonization by an increasingly diverse array of organisms.

blage of vascular plants, mosses and liverworts, lichen, fungi,
algae and microbial mats. Vegetation cover is so perva-
sive that we take it for granted, and some 84% of the land surface
experiences geomorphological change associated with organisms'.
Paradoxically, studies of ancient sedimentary systems have often
undervalued the role of plants in shaping fluvial systems, partly
because human activity has profoundly influenced vegetation along
many modern rivers with which we are familiar. The science of
fluvial geomorphology, for example, was based largely on channel
systems that lacked a substantial load of woody debris®. The fun-
damental interaction between vegetation and landscape through
the Palaeozoic era, when land plants first colonized the Earth, is
receiving increased attention. This Review draws together recent
contributions from the disciplines of sedimentology, palaecontology,
geomorphology, ecology, engineering and experimental science.
The Palaeozoic ‘greening’ of terrestrial landscapes heralded a
fundamental and irreversible change in sedimentation patterns,
one of the most remarkable in the planet’s history, and resulted
in far-reaching modifications to the atmosphere, oceans and bio-
logical ecosystems (Fig. 1). These changes were set against the
background of continental collision and the progressive assem-
bly of the Pangaean supercontinent with its Himalayan-scale
mountain ranges.

| errestrial landscapes are dominated by a remarkable assem-

Biogeomorphology and the Devonian plant hypothesis

The expanding discipline of biogeomorphology owes its origin
to Charles Darwin’s far-sighted treatise on earthworms published
late in his life, which highlighted the importance of these animals
in promoting landscape denudation over geological timescales®.
The discipline emphasizes the two-way coupling between organ-
isms and landscapes: organisms serve as geomorphic engineers to
shape landscapes to their own advantage or as an indirect conse-
quence of their activity, and landscapes in turn influence organic
evolution'*%. On a global scale, such geomorphic engineering may
reflect the activity of many taxonomic groups over tens to hun-
dreds of millions of years.

How did the Palaeozoic evolution of plants influence terres-
trial landscapes? The ‘Devonian plant hypothesis®!® draws on
known events in plant evolution, the marine record and the evo-
lution of the atmosphere', inferring that the spread of vascular

plants greatly influenced the Earth system because plants medi-
ate weathering intensity through their effect on soils. As increased
plant cover and root penetration enhanced bedrock weathering,
nutrient runoft promoted plankton blooms in shallow seas and
the extinction of goniatites and other marine fauna. Marine and
coastal strata stored large amounts of carbon'? and, as photosyn-
thetic activity increased, the rise of atmospheric O, and extrac-
tion of CO, (Fig. 1) plunged the Earth into a major ice age by the
Late Devonian. However, until recently, research on the global
influence of Palaeozoic vegetation has provided little information
about the terrestrial landscapes where land plants grew.

Fluvial style and plant evolution throughout the Palaeozoic
Before vegetation cover, rivers were broad bed-load systems with
unstable banks'>'*. This inference is borne out by observations
of Precambrian and earliest Palaeozoic fluvial-channel deposits
that demonstrate a ‘sheet-braided” style (Figs 1, 2a, 3) generated
by wide, shallow channels with low relief margins, and with little
evidence of muddy floodplains'*'8. Aeolian deposits were wide-
spread, and fine sediment was largely deflated and blown out to
sea'”??. At basin margins, some Cambro-Ordovician alluvial-
fan deposits show little sand and mud, suggesting that adjoining
uplands were only slightly weathered in the absence of vascular-
plant cover?. However, by the late Proterozoic eon, increased for-
mation of pedogenic clay minerals implies enhanced biotic soil
activity and the inception of the ‘clay mineral factory’*.

Embryophytes (land plants) first appeared by the Middle
Ordovician period, on the basis of discoveries of palynomorphs
and plant fragments?2* (Fig. 1). Mud then became prominent in
alluvial settings from basin-margin alluvial fans down to the coastal
zone, signifying enhanced upland mud production, reduced defla-
tion and the rise of floodplains'. The universal sheet-braided style
gave way progressively to a ‘channelled-braided’ style (Fig. 3) of
thick sandstone sheets composed of amalgamated lenses, suggest-
ing that channel sediments were more cohesive and channel forms
more readily preserved'®.

Through the Late Silurian and Early Devonian, many funda-
mental evolutionary traits appeared in plants for the first time?®,
and vascular plants with water-transmission and supporting struc-
tures became abundant, although rooting structures were mod-
est®**! (Fig. 2b). The enigmatic Prototaxites appeared, interpreted
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Figure 1| Palaeozoic events of fluvial and landscape development, in relation to plant evolution and atmospheric change. Data sources: atmospheric
CO, and O, curves", employing volcanic weathering factor in CO, curve, and carbon burial curve (curves have wide error bars); fluvial styles and vascular-
plant events'*'3755 numbers of plant families in time intervals and their origination rates®®®’; plant nutritional traits?’; events of rapid vegetation expansion,
inferred from isotopic excursions at the Siluro-Devonian boundary?* and at the Famennian-Frasnian boundary (Late Devonian)*; key events in animal
evolution®890939498.99: geological timescale'®. Protero., Proterozoic; Miss., Mississippian; Penn., Pennsylvanian; Serp., Serpukhovian; Vis., Visean; Tour.,
Tournaisian; Prid., Pridolian; Lud., Ludfordian; Wen., Wenlockian; Llan., Llandovery.

as a gigantic fungus®>*. Isotopic excursions documented in marine
carbonates (Fig. 1) are consistent with greatly increased vegetation
cover at the Siluro-Devonian boundary?. By the Early Devonian,
the presence of charcoal testifies to the earliest forest fires®, the
first wood appeared®, and vegetation was sufficiently abundant to
accumulate locally as peat™.

By the latest Silurian, single-thread meandering systems
appeared, identified by the presence of lateral-accretion (point
bar) surfaces”. Initially restricted to small creeks, meandering
systems are present in more than 30% of fluvial rock units of Late
Devonian age, forming trunk channels (Fig. 3). Their presence sig-
nifies a considerable increase in avulsive behaviour through chute
and neck cutoff and the relocation of entire channel belts. The par-
allel evolution of meandering rivers and rooted vegetation pro-
vides circumstantial evidence that vegetation stabilized banks and
promoted systematic channel migration. In Early Devonian strata,
plant fragments are found in braided-river and alluvial-fan depos-
its, supporting the isotopic evidence for increased plant cover®.

By the Middle to Late Devonian, lowlands were colonized by
archaeopteridalean and cladoxylalean trees, some up to 25 m
tall with large roots, which formed the Earth’s first dense, shady
forests*»*. Isotopic excursions suggest that vegetation cover may
have increased from 10% to 30% at the Middle-Upper Devonian
boundary*'. The Late Devonian advent of the seed habit allowed
trees to colonize drier alluvial plains*. Mississippian plants also
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greatly diversified (Fig. 1), with some developing tolerance of sea-
sonal growth and water stress (as indicated by tree rings)*. Late
in the Mississippian, conifer pollen appeared for the first time,
and the related group of cordaitalean trees, some nearly 50 m tall,
became prominent**. These gymnosperms diversified early in
the Pennsylvanian (Fig. 1), colonizing dry alluvial plains and even
evaporitic sabkhas***”. By the Pennsylvanian, vegetation was capa-
ble of growing within channels*.

Although the prolific coal-swamp flora (Fig. 2¢) is often featured
as the archetypal Pennsylvanian vegetation in museum dioramas,
the gymnosperm floras of alluvial plains were arguably the domi-
nant biome, and their rise probably marked a threshold in land-
scape evolution. Modern conifers have a high tracheid content,
which provides effective support and water transport, explaining
in part their drought resistance and successful colonization of
drier terrain®. Many modern conifers and other plants have roots
that reach depths of tens of metres, allowing direct and efficient
access to the water table. Although Palaeozoic roots are incom-
pletely preserved, some reached at least 4 m below the surface of
well-drained alluvial plains®. Log jams are prominent in some
Early Pennsylvanian fluvial deposits®»*? highlighting the increased
abundance of large woody debris as riparian trees grew higher
and became more common, causing channel blockage and pro-
moting break-out (avulsion). By the Mississippian, more frequent
occurrences of charcoal-bearing strata indicate the importance of
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Figure 2 | Plants and fluvial systems in ancient and modern settings. a, Braided-fluvial sheets, Alderney Sandstone, Cambrian, Channel Islands.

b, Rhynia (R) and Aglaophyton (A) in growth position in hotspring silica, Rhynie Chert, Pragian, Scotland. Pound coin is 2.3 cm in diameter (See Fig. 6a,b

of ref. 31 for more detail). Image courtesy of N. Trewin. ¢, Lycopsid trees, arrowed, rooted in former peat (coal seam), Sydney Mines Formation, Middle
Pennsylvanian, Canada. Hammer (centre, right) is 30 cm long. d, Fixed-channel body of sandstone and mudstone, possibly deposited by an anastomosing river,
with red mudstone and crevasse-splay sandstone, Joggins Formation, Canada. e, Anastomosing Diamantina River, Queensland, Australia, with eucalyptus
trees (Eucalyptus microtheca) along riparian zones. f, Extensive eucalyptus roots exposed by bank erosion, Thomson River, Queensland, Australia.

wildfire as a geomorphic agent, with strong effects on landscape
stability and sedimentation®.

Two distinctive fluvial styles appear prominently in the
Pennsylvanian for the first time (Fig. 3). First, suites of channel
sandstones encased in floodplain mudstones are sufficiently narrow
for one or both margins to be visible in outcrop (Fig. 2d). These
sand-filled fixed channels have commonly been attributed to anas-
tomosing or anabranching rivers with several coexisting threads,
although they may also represent single-thread channels that
avulsed frequently. Although some mud-filled channels in Siluro-
Devonian rocks may have been part of anabranching networks™,
sand-filled narrow channels first appear commonly early in the
Pennsylvanian®. Second, within braided-river deposits, the abun-
dance of logs filling deep channels™ suggests comparison to modern
island-braided systems that have discrete channels with abundant
woody debris between vegetated islands®. These two fluvial styles
imply the further expansion of riparian corridors and avulsive
strategies (Fig. 3). They correspond broadly with the Mississippian
and Pennsylvanian diversification of plants, the incoming of coni-
fers, the expansion of vegetation across dry alluvial plains, and the
appearance of large log jams (Fig. 1). More directly, the abundance
of sedimentary features formed around upright trees and the pres-
ervation of upright trees on channel banks*>*” suggest that vegeta-
tion influenced erosion and deposition on the scale of bedforms and
channel belts. Although difficult to assess, vegetation had probably
spread to upland bedrock tracts, or at least to upland valleys**>>%,

The study of molecular clocks has yielded evidence that many
key evolutionary traits originated long before their first appear-
ance in the fossil record. Although the earliest undisputed embry-
ophyte fossils are Ordovician, embryophytes may have originated
in the Precambrian, perhaps more than one billion years ago®.
However, the influence of plants on landscape evolution is closely
tied to the extent and density of vegetation, which should lag well
behind the first appearances of taxa'. As noted above, the general
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accord between changes in fluvial style and macrofossil abundance
suggests that the latter is a reasonable proxy for ‘critical mass’ in
landscape evolution.

The impact of vegetation on modern landscapes

The profound influence of vegetation (largely angiosperm-domi-
nated) on fluvial style is supported by a wealth of evidence from
modern landscapes. In Australian anabranching rivers (Fig. 2e),
vegetation exerts an influence on all scales from scours and vegeta-
tion shadows associated with individual trees to the sculpturing
of whole channel systems®-%. These studies show that vegetation
promotes channel stability by increasing bank cohesion and reduc-
ing erosion, principally through the binding power of roots that
commonly extend below bank base or form surface mats. During
dry periods, trees that become established within the channels
buttress the banks and generate bars and ridges that separate the
anabranches. Studies elsewhere confirm the influence of vegeta-
tion in a wide range of fluvial settings®>*.

On the basis of field and laboratory engineering studies, the
effect of root strength in stabilizing landscapes has been progres-
sively quantified®%. The root systems of individual plants are
impressive (Fig. 2f), and roots play a vital role in soil and slope
stability because they impart tensile strength. In some cases, roots
provide virtually all the cohesive strength of the soil, with which
they are frictionally coupled.

Within many channels, large woody debris accumulates in suffi-
cient quantity to create log jams and promote channel avulsion®>**-7°,
and woody debris has been cited as a crucial driver of landscape
evolution”. In sandy braided settings, woody debris promotes bar
development and island formation, especially through the regrowth
of transported live wood and the germination of seeds stranded
along banks during floods**’2. Some buried logs resist decay for
thousands of years and may be reworked into modern streams, con-
tributing to blockage”.
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Figure 3 | Palaeozoic diversification of fluvial style. Proportions of

rock units with braided, meandering and fixed-channel styles based on
assessment of 330 rock units'**, Meandering rivers were identified by
heterolithic lateral-accretion sets, and fixed channels by ribbons to narrow
sheets with vertically aggraded fill. The proportion of channelled-braided
and island-braided styles is estimated, as few literature descriptions
provide sufficient detail for assessment. Penn., Pennsylvanian; Miss.,
Mississipian; Dev., Devonian; Sil., Silurian; Ord., Ordovician; Camb.,
Cambrian; Protero.; Proterozoic.

Unfortunately, we know little about alluvial tracts that have
escaped human interference, and we have probably underesti-
mated the influence of vegetation on unmodified river systems.
Comparison of a pristine Australian watershed with a neighbour-
ing one affected by agricultural activity, logging and the removal
of woody ‘snags’ from the channels yielded arresting results™.
The pristine channel was a narrow, winding creek, beset by fallen
trees, whereas the modified channel was a straight, wide system
with caving banks and rapid sediment transport. It is clear that
few modern rivers are suitable analogues for Late Palaeozoic riv-
ers. In northwest Europe, floodplain deforestation was underway
by about 6,000 BP and many lowland rivers may have been ana-
branching before human modification””.

Fluvial analogue and numerical modelling has recently made
great strides in adding vegetation to the models”-*!. Although
braided rivers are only part of the planform range, earlier flume
studies created virtually nothing else, suggesting that a key experi-
mental parameter was missing. Recent experiments have modified
experimental sediment surfaces by seeding them with rapidly ger-
minating alfalfa, demonstrating that an important missing ingre-
dient was vegetation, which suppresses the basic instability that
causes braiding’. In all the experimental set-ups with vegetation,
bank mobility and the number of active channels were reduced,
leading to lower migration rates, narrower and deeper channels,
and a decreased width/depth ratio. Even with a relatively sparse
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Figure 4 | Experimental study of effects of vegetation on channels.
Meandering channel created in flume at St Anthony Falls Laboratory,
Minneapolis. Following initial set-up of a braided channel, seeding with
alfalfa (green) during low-discharge periods stabilized the banks and
resulted in restriction of flow to a self-maintaining single-thread channel,
shown with red dye. The channel migrated systematically, and was
bordered by a stable floodplain®. A flume length of 10 m is shown, viewed
during low flow. Image courtesy of M. Tal.

alfalfa cover, flows began to split around stable islands, generating
anisland-braided style’””. By seeding alfalfa during simulated low-
flow stages, researchers generated a meandering channel that, for
the first time in experiments, migrated and maintained its form by
balancing erosion and deposition, resulting in alluvial tracts with
stable floodplains® (Fig. 4). Furthermore, when fine sediment is
deposited in chute channels of vegetated systems, the chutes do
not develop into full-scale cutoffs; this prevents the channel belts
from being destroyed too rapidly and maintains a meandering
style®!. Thus, the experiments illustrate how vegetation and clay
deposition promote island-braided and single-thread channels,
and shift the braided planform towards an anabranching pattern”.

Experiments have also shown that flood disturbance selec-
tively uproots seedlings with particular root and stem character-
istics, until the remaining plants are sufficiently robust to survive
later floods as they are out of scale with flows that might uproot
them®®. These experiments highlight the ability of roots to grow
sufficiently rapidly to survive uprooting during intermittent floods,
and confirm the dynamic interaction between hydrology and veg-
etation growth over a range of timescales.

Evolving landscapes and biological evolution
Shaped themselves by plants, how may evolving landscapes have
in turn influenced organic evolution? From the Silurian onwards,
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plant colonization ushered in a fundamental global coupling
between geomorphic and biological processes, with particular
importance for faunal diversification associated with standing veg-
etation and leaf litter®. New ecosystems appeared during this inter-
val in a series of major palacoecological events®.

We identify three key changes in Palaecozoic fluvial systems
(Fig. 3), forced by plant evolution, that would have led to posi-
tive feedbacks for both plant and animal evolution'*. First, as a
consequence of enhanced upland weathering, a general increase in
mud from the Middle Ordovician onward produced varied low-
land substrates and more accessible nutrients. Second, the develop-
ment of meandering rivers with strengthened banks through the
Late Silurian and Devonian promoted stable muddy floodplains
partially protected by levees and highly suitable for vegetation
growth and soil development, including carbonate-rich soils'**.
Third, Early Pennsylvanian suites of narrow fixed channels on
muddy plains and of island-braided styles in sand-bed rivers imply
an increased length of channel margins and riparian corridors
with their varied plant communities and subsurface water prisms,
which are of crucial importance for many animal species®. The
Devonian to Pennsylvanian development of avulsive channel sys-
tems generated abandoned channels suitable for organic occupa-
tion, especially during dry periods. Towards the sea, concomitant
expansion of muddy coastal plains and deltas would have also had
many biological consequences. Feedback loops are likely to have
been complex.

It is probably no coincidence that many key plant develop-
ments” took place within this diversifying alluvial framework,
and these changes must collectively have influenced the evolution
of animals. Although animals made intermittent passage across
subaerial substrates during the Cambro-Ordovician®, uncontro-
versial fossil evidence for robust terrestrial faunas is absent until
the Siluro-Devonian, when vegetated muddy floodplains and plant
litter became available®. Trace-fossil suites testify to a significant
Silurian to Pennsylvanian invasion of continental ecospace, with
distinctive assemblages recorded in active and abandoned chan-
nels, desiccated overbank areas and poorly drained swamps, lakes
and soils”*". This invasion may be linked to plant diversification, as
postulated for the diversification of brackish traces® within evolv-
ing coastal and deltaic landscapes. Trophically modern ecosys-
tems appeared during the Late Silurian to Middle Devonian when
arthropods were feeding on sporangia, stems and fungal thalli;
by the late Mississippian to Pennsylvanian, they were also target-
ing roots, leaves, woods and seeds®”. For vertebrates, fish began to
move into terrestrial settings during the Middle to Late Silurian®,
and there is an expanding Devonian tetrapod record with tracks
known from the early Middle Devonian*, although the earliest
herbivorous tetrapods date to the Pennsylvanian®.

The body of research reviewed here records not only the
Palaeozoic invasion of the land by plants and animals over a period
of some 250 million years, but also an intricate interplay between
organisms and physical environments, represented in the growing
discipline of biogeomorphology. Plants in particular acted as geo-
morphic engineers, but the diversified fluvial realm that they engi-
neered in turn altered the framework for organic evolution.
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