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Abstract
Geobiological impacts of Palaeozoic land plant evolution
Camille Valette

For two centuries, questions about the origin of terrestrial plants and their impacts on the Earth system
have occupied palaeobotanists. This essay attempts to synthesise the state of research to date, and outline
areas where major questions remain. Fossil evidence for land plants first appears in rocks of Middle
Ordovician age (~ 470 Ma), but it was not until the Devonian that vascular plants became the dominant
geobiological agents on the continents. Plants began as small organisms, lacking any vascular tissues,
and essentially confined to wetlands. Key developments in their reproductive biology and the evolution
of mycorrhizal symbiosis subsequently enabled early plants to exploit a broader range of environments,
enhancing water uptake and absorption of nutrients. In turn, the evolution of plant roots has significantly
impacted terrestrial landscapes. The Devonian rise of plants led to a modification of the weathering rate
and a sharp increase in the rate of mudrock production. This was driven by the impacts that plants ex-
erted on watercourses, with the creation of meandering rivers and deltas that retained fine siliciclastic
materials. This increase in weathering rate, combined with the development of leaves and the intensifi-
cation of photosynthesis also had consequences for the carbon cycle and atmosphere, reducing the level
of CO2 and increasing that of O2 in the atmosphere. The increased proportion of oxygen and creation of
combustible material is also thought to have led to the planets first wildfires, whilst the decrease in CO2

lowered global temperatures. Via a complex set of feedbacks, these modifications may even have driven
a series of anoxic events in the oceans, generating one of the five major mass extinctions at the end of
the Devonian.
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Populärvetenskaplig sammanfattning
Geobiologiska effekter av paleozoisk landväxtutveckling
Camille Valette

Paleobotanik är studien om fossiliserade växter. Då växter ursprungligen först saknades från jordens yta
har deras utveckling och kolonisering av kontinenterna (för 450 miljoner år sedan) haft många effekter.
Ursprungligen var de första landväxter små och liknande modernt gräs. Deras små rötter begränsade
dem till närvaron av vattenkällor (hav, flod, träsk…). En symbios med svampen (kallad mykorrhizal
symbios) underlättade landväxtens upptag av näring samt utvecklingen av djupare rötter, vilket också
underlättade deras upptag av vatten. Då landväxter nu kunde migrera till torrare landskap har antalet
landväxter ökat med tiden. Det växande antalet landväxter var viktigt för bildningen av exempelvis kol,
vilket är slutprodukten av dött växtmaterial som begravts och utsatts för höga tryck och temperaturför-
hållanden. Den geologiska perioden Karbon (359–299 miljoner år sedan) namngavs tack vare av den
enorma andelen kol som kan dateras tillbaka till denna tid.
    Genom fotosyntes kan växter även absorbera CO2 och frigöra syre, och på så vis förändra atmosfärens
sammansättning. På grund av högre syrehalter i atmosfären blev bränder ett allt vanligare fenomen ef-
tersom det försågs med växter och syre som bränsle, som i sin tur även förbättrade bevarandet av frön
och växtvävnader i form av träkol.
    Oavsett om det är växtens frigöring av syre, minskning av CO2 (som är en växthusgas) eller genom
bränder, har uppkomst av landväxter haft en stor inverkan på atmosfärens sammansättning, och därför
även klimatet. På grund av en hastig nedgång av temperatur och syrehalt i haven mellan 450–375 mil-
joner år sedan (från 40 till 25 °C), utrotades nästan 75% av allt djurliv. Upphovet av denna massutrot-
ning, genom försämringen av vattenkvalité, och uppkomsten av syrefritt vattenmiljöer tros bero på nä-
ringsläckage av jordar orsakat av ett ökat tillstånd av alger som spreds i samband med landväxters rot-
utveckling.
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1. Introduction
This essay will focus mainly on the Devonian period. However, it will also touch upon topics related
to land plant evolution from four periods; the Ordovician, the Silurian, the Devonian and the Carbonif-
erous Period.

1.1 History of research on land plants
Palaeobotany was first defined by Lester Ward in 1885 as the study of fossil plants through geological

time. However, the first reports on early land plants predate this definition. Indeed, J.W Dawson pub-

lished in 1857 a report describing the first fossil of vascular plants. Research on the latter continued,

until it was demonstrated that vascular plants appeared at the beginning of the Devonian, likely during

the Pragian (Figure 1) (Taylor et al., 2009). Currently, the oldest fossil plant known worldwide that has

vascular tissues is Cooksonia (Appendix). Dated at 425 Ma, it is found at the end of the Silurian (443Ma

± 1.5; 419.2 Ma ± 3.2), approximately at the Ludfordian (425.6 Ma ± 0.9; 423 Ma ± 2.3) (see Figure 1)

These ages are based on the chronostratigraphic scale of 2021 – the precise limits of each period are

subject to minor changes, thus, in 2009 Cooksonia was not placed in the Ludlow but in the Wenlock (as

we can see in Edwards and Feehan, 1980).

    Research on Palaeozoic land plants has a long history; indeed, a number of taxa mentioned in this

essay were studied for the first time during the 19th century. This is the case, for example, with many

of the major Palaeozoic plant groups; Lepidodendrales was first described in 1883 by Prand; Archeop-

teris in 1871 by Dawson; of Jungermanniales in 1858 by Von Klinggräff; and Rhacophyton

condrusorum by Crépin, in 1875 (see figure 13). However, major discoveries took place later, in the

first part of the 20th century, in particular with the important description of Pseudosporochnus in 1903

by Potonié and Bernard, but also and especially with the discovery in 1937 of Cooksonia by Lang. The

fascination with the first land plants as well as the questions about their evolution and the impacts they

may have had have therefore been around for some time, and still gives rise to much debate and con-

temporary research.
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1.2 Timeline of Palaeozoic land plant evolution
The Ordovician is a geological period defined by Charles Lapworth in 1879 (Gradstein et al., 2012).

According to the international chronostratigraphic chart 2021, it is defined from 485.4 ± 1.9 to 443.8 ±

1.5 (Figure 1). The Ordovician is a period that saw major glaciations and a mass extinction (this also

defines the end of the Ordovician), killing up to 50% of genera and 85% of marine species (Barnes,

2004). This is one of the ‘big five’ major mass extinctions. The oxygen levels in the atmosphere of the

Ordovician are thought to have been substantially lower than present levels (Berner and Kothavala,

2001), with estimates ranging between 10.8% and 15.2% (Saltzman and Edwards, 2017), but these levels

seem to increase throughout the Ordovician. Regardless of the model used (e.g., GEOCARB III or GE-

OCARBSULF), the level of CO2 in the atmosphere does not drop below 4000 ppm even if it is decreas-

ing (Berner, 2006). For comparison, nowadays the O2 level is around 21%, while the CO2 level is

constantly increasing and is around 400ppm.

    Following the Ordovician, the Silurian Period ranges from 443.8 ± 1.5 Ma to 419.2 ± 3.2 Ma (accord-

ing to the international chronostratigraphic chart 2021). It was named and initially established by Ro-

derick Murchinson in 1839 (Gradstein et al., 2012). During the Silurian, it is thought that the atmospheric

oxygen levels increased drastically (Figure 7 and Figure 9) (Berner, 2006), going so far as to exceed the

current atmospheric O2 levels (21%), but also the stage of widespread fire (25% of O2). The atmospheric

CO2 levels continued to decrease (Mora et al., 1996; Qu et al., 2010). The major Ordovician glaciations

had subsided, and temperatures increased (Quinby-Hunt and Berry, 1991) throughout the Silurian, re-

turning the Earth to the conditions of a relatively warm ‘hothouse’ climate, notably with the increase of

atmospheric CO2.

   After the Silurian, was the Devonian Period, spanning from 419.2 ± 3.2 Ma to 358.9 ± 0.4 Ma. At the

start of the Devonian, atmospheric CO2 levels continued to increase for a relatively brief episode, before

sharply decreasing of 1250ppm for the remainder of the Devonian Period (Berner 2006; Le Hir et al.,

2011) (Figure 7 and Figure 9). Atmospheric O2 decreased from the levels seen during the late Silurian,

potentially reaching the point where combustion and wildfires may have been difficult to sustain, if not

impossible (13% of O2, see Figure 8, 9 and 11). The average global temperature slowly decrease

throughout the Lower and Middle Devonian, before it started decreasing more drastically in the Late

Devonian (Qu et al., 2010; Scotese, 2008). It should be noted that the end of the Devonian appears to

have been punctuated by short glacial episodes.

    Following the Devonian is the Carboniferous Period, which saw the climax of Palaeozoic lowland

vegetation dominated by lycophytes. It began at 358.9 ± 0.4 Ma and end at 298.9 ± 0.15 Ma (interna-

tional chronostratigraphic chart 2021). At the beginning of the Period, the atmospheric CO2 was around

2000 ppm (Le Hir, 2001). Reconstruction of the atmospheric O2 levels are controversial and vary sub-

stantially according to the models used. However, all models of Carboniferous atmospheric oxygen lev-

els agree on a positive (increasing) trend throughout the Carboniferous with concentrations higher than

what is seen today (Figure 11.A). Following the Carboniferous Period, the character of global vegetation
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began to increasingly resemble that of modern terrestrial ecosystems (especially following the expansion

of gymnosperms, and later angiosperms), and is not discussed in detail here.

1.3 Brief outline of early land plant evolution
Land plants first appeared in one form or another during the Mid-Ordovician (~470 Ma). The earliest

land plants appear to have been similar to modern bryophytes; organisms without any vascular tissues,

small and essentially confined to wetlands. Little is known of their tissue construction or overall mor-

phology, since their presence has been largely inferred from their preserved reproductive spores (cryp-

tospores), and from other fragmentary mesofossil remains. Rubinstein et al., (2010) showed that liver-

wort-grade plants had also evolved by the mid-Ordovician, suggesting that the first land plants belonged

to this taxon. Land plants really started to diversify (and to leave a more detailed fossil record) with the

appearance of the first vascular land plants during the Silurian (~420 Ma) (Figure 1). The oldest known

vascular land plant is Cooksonia, and like every basal-embryophyte, it was short, without any leaves

and possessing only shallow roots. Due to these characteristics, and probably also their mode of repro-

duction, Cooksonia-type plants needed waterlogged habitats such as wetlands in order to thrive (Greb

et al., 2006). The eventual colonisation of other environments (inland, arid) on land came later, with the

growth of longer roots capable of penetrating rocky substrate and forming soils, and with the evolution

of mycorrhizal symbiosis. Soon after these major evolutionary steps, tree-scale plants evolved (eventu-

ally with large, broad leaves or leaf-equivalent structures for capturing light, Shougang et al., (2003)).

A final ‘major innovation’ in the Palaeozoic was the evolution of complex reproductive structures that

could allow plants to spread beyond waterlogged areas, in particular seeds and the diversification of

gymnosperms (Algeo & Scheckler, 1998, Beerling et al., 2001, Kenrick & Crane, 1997, Stein et al.,

2007).

    Though land plants had already evolved before, the Devonian (419. 2 –358.9Ma) seems to have been

the period when they diversified quickly, and this period will be most intensely studied in this essay.

Indeed, three different vegetation types were already present at the beginning of the Devonian, respec-

tively basal embryophites, Cladoxylopsids and Archeopteris, and they all had differing geobiological

impacts on the Earth (Le Hir et al., 2011). The first type that we will discuss are basal embryophytes.

The habit of these first embryophytes could be compared to that of a grassland; they were not higher

than 2 metres (mostly shorter than this), and developed in lowland areas during the Early Devonian.

Their shallow roots and their reproduction mode needed a readily accessible water source, which ex-

plains their localisation in wetlands (Wellman & Gray, 2000; Wellman et al., 2000). Such embryophytes

continued to subsist during the Mid-Devonian, when the first cladoxylopsids (tree ferns) evolved and

appear as fossils. These latter forms potentially reached higher than 5 metres (Stein et al., 2007), but
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still had quite shallow roots and no large leaves when compared to modern arboreal vegetation (~40 to

60m). These early tree forms were also confined to wetlands (Driese et al., 1997, Mintz et al., 2010). A

useful case study here is Pseudosporochnus (390-320 Ma), which survived from the Mid-Devonian to

Upper Mississipian (Carboniferous, see Figure 1 and 10). The Late Devonian saw the appearance of a

second type of forest with Archeopteris, the “woody tree”. These plants were essentially made of ligni-

fied wood and had large leaves (Beck, 1964; Driese et al., 1997). Unlike the two previously mentioned

plant groups, Archeopteris had a large root system, and could reach substantial heights even by the

standards of modern trees (~40 to 60m). Furthermore, these plants were no longer restricted to water-

logged habitats, allowing them to have a worldwide distribution (Anderson et al., 1995; Cressler et al.,

2010; Retallack, 1997). These factors combined to make plants like Archaeopteris have a major effect

on the Earth surface systems beginning in the Late Devonian, by the introduction of wood, root-bound

soils, leaf litter, and extensive coverage.

    This essay will study the biogeological impacts of these early land plants through different parame-

ters; first, the symbiosis with (mycorrhizal) fungi, which is the development that probably had the most

far-reaching consequences in the history of the first plants. Secondly, everything directly correlated to

the growth of roots, such as the increased biomass, the impact on landscapes, the weathering of silicates

and the production of novel sediment and rock types such as coals and peats. Here the consequences of

early land plant evolution on the variations of atmospheric composition will also be summarized. Indeed,

these changes brought about by land plant evolution impacted factors such as the frequency and intensity

of wildfires, the production of charcoal, atmospheric chemistry and the climate. All these changes in

turn had dramatic consequences, and a case study from the Late Devonian will be used to illustrate these

consequences.
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Figure 1. Chronostratigraphic scale with major evolutionary event in the plant realm and the temporal range of
taxa studied in this essay. Approximate origin of land plants based on fossil evidence is in mid-Ordovician,
around 470 Ma.  The earliest known fossils of vascular plant are Cooksonia. At that time, it coexisted with two
taxa which will have an importance in the geobiological impacts mentioned in this essay, Liverworts and Lyco-
phytes. It should be noted that these are not extinct nowadays. In mid-Devonian, evolves Pseudosporochnus
(Cladoxylopsid). These will disappear at the end of the Mississippian. Slightly later, during the upper Devonian,
two other taxa develop which interest us; Rhacophyton and Archeopteris (progymnosperm). If the Archeopteris
also survive until the end of the Mississippian, this is not the case with the Rhacophyton who will not survive at
the end of the Devonian.

Modified from the chart drafted by K.M. Cohen, D.A.T. Harper, P.L. Gibbard, J.-X. Fan (c) International Com-
mission on Stratigraphy, May 2021

Other sources : Edwards et al. 1983; Gensel, 2008; Jiao et al., 2011 ; Kendrick, 2014;  Mills et al., 2017; Rubins-
tein et al, 2010; Scutt, 2018, Servais et al., 2019; Taylor et al., 2009
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2. Material and methods
2.1 Material of this study
The data and source material for this essay are drawn from a range of bibliographic sources in the pri-

mary palaeobotanical literature. Information was synthesised from a total of 150 published articles.

    Figured fossil plant material was used to illustrate some sections. These specimens were photo-

graphed from the collections of the natural history museums of Aix en Provence, and Paris. Le musée

d’Histoire naturelle d’Aix-en-Provence (France) kindly authorised me to visit their collections during

the pandemic and to photograph selected materials. A total of 11 specimens were photographed, respec-

tively 2 from the Carboniferous, 7 from the Devonian (see Figure 10 and Figure 13) and 2 from the

Permian. All credits are included in figure captions and throughout the text.

2.2 Methods used in the bibliography
Over the past century, the techniques and elements being used to study the geobiological impacts of the

first terrestrial plants have advanced substantially. These range from new instruments, novel databases

and increased computing power to new fossil sites. A selection of some of the most important techniques

is synthesized below.

    One instrument and technique that has made a relatively major impact is the use of SEM (Scanning

Electron Microscopy) in fossil plant studies. Indeed, the use of SEM has been revolutionary and has

allowed a more detailed submicron view of the surface of fossil plants, as well as microscopic plant

structures such as pollen, seeds and spores. However, SEM has not only been used for the palaeobio-

logical aspect of Earth science, but also to describe and observe minerals. It thus has allowed the iden-

tification of the composition of certain elements such as charcoals (Mahesh et al., 2015) or black shales

(Wildman et al., 2004). The use of SEM has been particularly an important method in fossil charcoal

research. It thus allows for the classification of the different types of charcoal (see section 3.5) or to

identify minerals such as framboid pyrites (useful for identifying anaerobic facies), for example, making

it possible to have an estimate of the proportion of O2 at the time of crystallization (Scott & Glasspool,

2006). Charcoal has not only been studied with SEM. Several studies have also compared charcoal

fossils with some artificially recreated in the laboratory, in particular re-charring (Mc Parland et al.,

2009) and pyrolysis.

    Other novel methods for calculating the variations of O2 and CO2 are the GEOCARB III (used to

model the long-time carbon circle (Berner & Kothavala, 2001)), GEOCARBSULF (combination of GE-

OCARB and isotope mass balance (Berner, 2006)) and GEOCLIM models (carbon-cycle model includ-

ing a general circulation model (Le Hir et al., 2011).

    Molecular clock based methods have also become increasingly important in trying to establish a time-

scale for land plant evolution. These techniques have made it possible to estimate the origin times for

several major plant clades, through careful calibration with the fossil record. Molecular clocks have been

particularly frequently used to trace the origins of fungi and the first land plants, as well as angiosperms
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(flowering plants) in studies focussing on the Mesozoic (Gensel, 2008) and evoked by Prado &

McLoughin (2020). Fungi and by extension, mycorrhizal symbiosis have not only been studied with the

molecular clock, but also with comparisons between infected and unaffected individuals of fossil plants.

The influence of the level of CO2 in the atmosphere for these two groups has also been studied, in order

to have a better representation of the atmospheric conditions within the Palaeozoic (respectively under

400 and 1200ppm (Humphreys et al., 2010)).
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3. Mycorrhizal symbiosis
Whilst fungi are an opisthokonta meaning they are more closely related to animals than plants, the evo-

lution and ecology of fungi has been absolutely central to land plant evolution and their geobiological

impacts (Figure 2).

    The precise timing of the appearance of fungi remains unknown. The earliest fossil fungus is dated to

450 Ma (Redecker et al., 2000) and evidence of fungi symbiosis/interactions dated from the Early De-

vonian (Rhynie Chert, Mills et al., 2017; Remy et al., 1994) However, studies combining morphological,

ultrastructural, spectroscopic and molecular clock analyses have suggested a much older origin for the

fungal clade. Indeed, substantially older instances of potential fungal fossils have been documented by

Loron et al. (2019) (dating between 1010 and 890 Ma), while Prado & McLoughin (2020) have esti-

mated that their origin could be around 1600 Ma based on molecular clock reconstructions. In both these

cases, the estimates are much older than the first fossils.

    Fungi and land plants are able to live in symbiosis, each bringing mutual benefits to this cohabitation.

Indeed, mycorrhizal fungi (and more precisely the arbuscular mycorrhizal fungi [AMF]) which live in

intimate association with land plant rooting tissues, facilitate a higher supply of nutrients to their plant

symbionts in soils (Mills et al., 2017; Pirozynski & Malloch, 1975; Wang and Qiu, 2006), but also in

water (Pirozynski & Malloch, 1975). These two points have been highlighted by the fact that some

plants do not have this mycorrhizal symbiosis. These plants are often those living near water, and instead

have a network of large "hairs" covering their roots to maximise surface area. In areas of soil with

extremely high nutritional value some plants lack mycorrhizal associations, highlighting the important

role such symbioses play in most nutrient-depleted soils (Wang and Qiu, 2006).

    It should be noted that not all plant-fungal symbioses are the same; two of the most notable forms are

arbuscular mycorrhizae and ectomycorrhiza (ECM). These distinct types of mycorrhizal fungi do not

form symbioses with the same plants, nor do they have the same properties (there are many more spe-

cialised types of mycorrhizas, however, which will not be covered in this essay). Thus, ECMs tend to

form symbioses with plants living in more arid and nutrient-poor soils and habitats (Wang & Qiu, 2006).

    Fungi exude chemicals that are able to break down organic matter in the soil as well as rocks and

minerals (Bottjer, 2005; Prado & McLoughin, 2020) and extract nutrients necessary for the development

of the plant, such as phosphorus (Humphreys et al., 2010; Mills et al., 2017), nitrogen or even sulphides

(Prado & McLoughin, 2020). Fungi are also able to fix these essential nutrients (Humphreys et al., 2010;

Loron et al., 2019). In return, the host plant exchanges complex sugars produced via photosynthesis

(Prado & McLoughin, 2020) which are necessary for the survival and development of heterotrophic

fungi.

    The symbiosis of land plants and fungi has thus enabled the terrestrialization of land plants, as well

as the colonisation of more arid spaces less conducive to the development of humic soils (Humphreys

et al., 2010; Loron et al., 2019; Prado and McLoughin, 2020).
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In the modern environment, the vast majority of plants retain some kind of mycorrhizal relationship with

fungi (Figure 2).

Figure 2. Graphic showing the percentage of mycorrhizal symbiosis by families and species of four taxa/clades of
land plants; the Bryophytes, the Pteridophytes, the Gymnosperms and the Angiosperms respectively.

Graphic made after Wang and Qiu 2006 compilation.

A total of 263 families and 3617 species have been studied. The experiments were made on modern individuals.
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4. Geological impacts
The landscapes of the Earth have been vastly modified by the terrestrialization of life. The following

section details some of the backdrop to this initial terrestrial colonization by land plants, and also some

of the broad impacts that land plant evolution had on the terrestrial system. Principal among these im-

pacts are the changes to silicate weathering and the development of the first stabilised meandering rivers

across landscapes.

4.1 The colonization of lands

Latitude was an important factor in the development and colonization of land by plants. Palaeolatitude

exerted first-order control of factors that were key to land plant evolution and ecology, such as the

amount of incoming solar radiation, and the patterns of precipitation (Woodward, 1987). Indeed, the

position of the continents and the atmospheric circulation likely had consequences for where early land

plants could establish and evolve. During the Silurian and Devonian, the low latitudes (<15°) were wet

environments, auspicious to land plant colonization. However, due to the expansion of Hadley cells,

higher latitudes such as 15 to 30° were likely arid which prevented most early land plants from growing

at these latitudes. Considering this parameter, during the Devonian, it is thought that up to 75% of the

land surface of the Earth was covered by plants (Le Hir et al., 2011). The pattern of this early coloniza-

tion is illustrated in Figure 3.

    As previously mentioned, mycorrhizal symbiosis also helped to extend the colonization process to

more arid inland areas. Indeed, by the end of the Devonian, gymnosperms had also evolved and begun

to diversify, which are, as shown in Figure 2, 100% mycorrhizal. Plants were thus increasingly able to

obtain water and nutrients even on land less conducive to life, thanks to their more developed root net-

works (Kendrick & Strullu-Derien, 2014) (Figure 6).
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Figure 3. Schematisation of land plant colonization during the Devonian.

A. In the Early Devonian, the proportion of plants on land is quite small. It is thought that they were confined
to and spread essentially near the shore, where the soil would be more humid due to the proximity of the
sea and incoming precipitation.

No larger plants like tree-ferns or woody trees are observable at this stage.

B. During the mid-Devonian, it would have been possible to see the appearance of the first tree ferns (LP2).
The growing of larger more complex roots allowed vegetation to conquer drier parts of the continents,
establishing the first lowland forests.

C. Most of the southern hemisphere continent Gondwana would have been covered by tree ferns and woody
trees by the Late Devonian. The relative proportion of primitive plants has reduced drastically. Long roots
allowed them to grow in environments that are not wet and without free water. However, the continuing
sea-level rise could have reduced the continental aridity that was occurring in some latitudes and explain
why some lands have been colonized. The parts that remained vegetation-free were likely too dry and/or
desert (precipitations > 20cm/yr) according to Le Hir et al., (2011). An explanation to this phenomenon
is the distribution of Hadley cells at this time, a large-scale atmospheric circulation cell, where the air
streams would have been breaking at around 30° latitude.

(Le Hir et al., 2011)

    Other adaptations, independent of the mycorrhizal symbiosis, are observable. First, we observe the

development of a waxy cuticle (Sevento, 2019), which is useful in times of drought, when plants need

to save as much water as possible. By reducing the size of the stomata, it helps reduce transpiration (Liu

et al., 2017; Xu & Zhou, 2020). Another parameter, the transition from a mode of photosynthesis with
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C3 to C4 has allowed an evolution to an anatomy more conducive to warmer temperatures and a lack of

water (Figure 4). The rearrangement of the leaves necessary for photosynthesis with C4 makes it possi-

ble to maintain stomatal activity even in more arid climatic conditions (Osborne & Sack, 2012); in fact,

the closure of the stomata, although preventing transpiration (Martin-St-Paul et al., 2017) can be fatal

to the plant (if it’s a prolonged or definitive closure), as it also prevents photosynthesis and halts the

supply of CO2. C4 photosynthesis makes it possible to partially overcome this phenomenon. Indeed, the

movements of water in the plants are more limited, further reducing transpiration and allowing a contri-

bution of CO2, even with high temperatures (Sonawane et al., 2019).
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Figure 4. Summary of adaptations land plants had to colonize more arid areas.

Sources : Liu et al., 2017; Martin-St-Paul et al., 2017; Osborne & Sack, 2012; Sevento, 2019; Sonawane et al.,
2021;  White et al., 2020
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4.2 Weathering rate of silicates

With the evolution of land plants, the proportion of mudrocks in alluvium increased drastically, going

from a negligible state to a proportionally high amount. “Mudrock is defined lithologically as all rocks

dominantly composed of detrital and weathered sedimentary grains of ≤0.063 mm (siltstone)” (Ilgen et

al., 2017). Prior to land plant evolution, this type of material was only a minor component of sedimentary

units globally.

     If the proportion of mudrock in alluvium strata was negligible during almost the first three billion

years of Earth history (Eriksson et al, 2013), it drastically increased during the Phanerozoic (the last

~541 My). Indeed, the proportion of mudrock found in Archean strata ranges between 0 and 14%, while

in the Carboniferous it was between 0 and 90% as seen in Figure 5. During this transition, a major impact

on the speed and quantity of silicate weathering occurred and permanently altered the state of mudrock

production. Cyclic phenomenon such as glaciation and interglaciation (Hoffman, 2009), as well as ox-

ygenation events or orogeneses (Torsvik & Cocks., 2016) occurred and none of those events seemed to

have an impact as important as land plants on the silicate weathering.

Figure 5. This figure shows the percentage of mudrocks within alluvial strata through time. During the Archean,
the Paleoproterozoic and the Mesoproterozoic, the percentage is rarely higher than 2%, and almost always lower
than 10%. However, the mudrock percentage increased highly until 95% during the Phanerozoic.

Source: McMahon & Davies, 2018

So, what changed with the Phanerozoic? First we can note that during the Mid-Palaeozoic, a system of

intense tropical weathering develops, resulting in the production of a high abundance of fine sediments.

In terms of timing and candidates for the driver behind this change, the main candidate seems to be the

co-occurring evolution of land plants. Whilst land plants are not necessary for silicate dissolution, since

mudrocks were already present before their first appearance, they do however create processes that en-
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hance silicate weathering and the breakdown of regolith. Abiotic processes, as well as fungi and mi-

crobes could have been responsible for the relatively small amounts of silicate weathering that was

already occurring before the first land plants (Tosca et al., 2010); indeed fungi has an significant impact

on pedogenesis. Nevertheless, it was vegetation that fundamentally increased this phenomenon through

different processes (including even the corresponding increase in symbiotic fungi). It is possible to show

that the evolution of vegetation had an impact on the retention of these fine grains required to produce

mudrocks. Indeed, the covering of land plants themselves prevented the siltstone and silt particles from

being carried away by the wind and flash floods (Moore, 1984) which would have been the case prior

to the greening of the continents for most of Earth history. In an environment devoid of vegetation, the

wind sweeps the ground and can carry with it fine elements (that are therefore not very heavy) and erode

more of the material via saltation and scouring (Went, 2005). By contrast, a forest or any other area with

a lot of vegetation coverage will act as a windbreaker and retain those elements by slowing wind-speeds

at the surface and acting as a protective blanket against rainfall and erosion (Kendrick & Strullu-Derrien,

2014; Moore, 1984). The development of more sophisticated roots likely also have played a role in

changing weathering patterns, since they promote infiltration. Thus, before the development of wide-

spread vegetated areas, the precipitation remained essentially on the surface, causing a significant runoff

which also displaced the fines, preventing their accumulation  (Algeo & Sheckler, 1998). Following the

evolution of deeper roots, the proportion of precipitation that would have been able to penetrate into the

groundwater would have become much greater. The protective blanket of vegetation against wind and

rain in combination can help to explain why the amount of mudrocks increased already in the early

Silurian (Llandovery) (Davies & Gibling, 2010; Quirk et al., 2015) when roots were still relatively small.

    Secondly, plants can produce ligands that would accelerate the dissolution of silicate rocks. They can

also change the pH of the soil, notably by releasing H+ (Wu & Zou, 2013) through mechanic weathering,

ligands and redox. Studies show that below a pH of 4 or 5, the dissolution rate of silicates increases

significantly (by a factor of 3 to 10 (Berner, 2004; Bormann et al., 1998; Moulton & Berner, 1998).  The

Equation 1 is describing the regulation of pH.

Equation 1. Equation of pH regulation.

An ion of bicarbonate reacts with a hydrogen ion to create water and carbon dioxide. This reaction allows land
plant to regulate the pH of the soil. Ions of H+ could be released via the oxidation of pyrites.

Modified from : Berner (1992)
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    It is thus possible to observe an alteration of the feldspars, in particular via the formula presented in

equation 2, that can be used as a general representation of silicate weathering. Quartz grains have even

undergone an average reduction in size during the Palaeozoic (Bennett & Siegel, 1987), likely driven

by the increased release of H+ ions by plants. In general, a decrease in grain size and an increase in

fine material is observable between the mid-Ordovician and the early Silurian.

Equation 2. General representation of silicate weathering

Feldspars reacts with hydrogen ions coming from the dissolution of CO2 in the water, to produce kaolinite, cal-
cium ions and bicarbonate ions (weak acid). Such silicate weathering also has consequences on other geochemi-
cal phenomena.

Modified from Berner (1992).

Additional sources: Berner, 1992; Drever 1994

    All those phenomena and effects in combination lead to one conclusion; plants increased the dissolu-

tion of silicate material, and thereby the production of fines (Xue et al, 2016). The evolution of roots

played a major role in the step-up increase of this weathering in the Devonian. This is likely the reason

why bryophytes and early shallow rooting plants didn’t have such a measurable impact on the weather-

ing of silicate and fine element production as later plants with their very large root systems like progym-

nosperms, which were the main producer of early rhizoturbation (Algeo & Scheckler, 1998; Scheckler

1995). Root exudation, secretions (through mycorrhizal symbiosis) or even oxalic acid (C2H2O4) are all

organic acids produced by roots (Berner, 1992; Boyle & Voight, 1973; Graustein, 1981). As mentioned

previously, when the pH is below 4 or 5 in soils, the dissolution rate of silicates increase profoundly.

4.3 Rivers and deltas

Alongside the increased production of fines, there were also changes in how this fine material was trans-

ported and deposited across the landscape and in the sea following the evolution of land plants. Roots

also influence on the retention and fixation of fine material to constitute mudrock through binding (fix-

ation of the grains) and baffling, a process that removes grains from a fluid (Gurnell, 2014) and that

influence could potentially explain the increase of meandering rivers seen at this point in the geological

record (Braudrick et al. 2009; Tal & Paola, 2007). Although meandering rivers can form in the absence

of vegetation (Davies et al, 2017), there is little evidence that they existed before the terrestrialization
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of plants. However, according to Davies et al., (2011), by the Late Devonian, approximately 40% of the

rivers seen in the geological record were meandering ones.  Studies to compare rivers with and without

vegetation have been made, notably by studying well-preserved river channels on Mars, which lacked

vegetation when they were formed (Matsubara et al, 2015). These Martian channels tend to exhibit

highly anastomosing morphology, and rarely form cohesive channels or meanders, unlike modern ter-

restrial rivers, demonstrating even more clearly the impacts of land plants in modern landscape modifi-

cation.

    Plants provided muddy banks necessary for the formation of meandering river channels, by the pro-

duction and the retention of silt, clay and mud, which is one of the conditions to produce this type of

river (Long, 2011). One of the most important parameters in the production of meandering channels is

flow resistance (Lazarus & Constantine, 2013). Even the first land plants with their shallow root system

could provide this resistance (Leeder, 2007) and thereby producing a bounded floodplain in the sur-

rounding landscape. However, the development of more substantial root systems increased these phe-

nomena and allowed the development of fully mature soils, rather than just swamps and wetlands (Mor-

ris et al. 2015). Vegetation therefore increased riverbank stability and ultimately allowed lateral accre-

tion.

    Deltas are mainly composed of fine, muddy materials. However, as explained previously, such lighter

material were for the most part carried away by the wind and the runoff prior to the buffering effects of

vegetation. Fluvial successions dating from before land plants evolved had less fine materials than their

modern counterparts, and were almost lacking fines completely (Went, 2005). If deltas existed in the

Precambrian and early Phanerozoic, they must have been very different to modern forms.
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Figure 6. Summary of some of the impacts and feedback effects that the evolution of rooting plants had.

Modified from Davies & Gibling (2010).

Additional sources:  Algeo 1998; Algeo & Sheckler, 1998; Caplan & Bustin 1999; Davies et al., 2011; Lazarus
and Constantine, 2013; Leeder, 2007; Le Hir et al., 2011; Long 2011; Moore, 1984; Riquier et al., 2006; Went
2005
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5. Impacts on atmospheric composition
As mentioned previously, the weathering of silicates had consequences on the amount and proportion

of atmospheric CO2, by up taking some (Equation 2), but also by binding it into secondary minerals

(Equation 3). Studies show that it drastically dropped after the evolution of the first land plants. Indeed,

from the Early Devonian to the Late Devonian, a 4200 ppmv loss has been observed (from 6300 to 2100

ppmv). According to Foster et al. (2017) those values where the highest ever know since 400 Ma, with

the exception of the Triassic. For the purpose of simplicity, we are going to discuss here in terms of PAL

(Preindustrial Atmospheric Level). 1 PAL of CO2 = 270 ppmv, approximately the level of CO2 in the

atmosphere before industrialization. Note however, that the present atmosphere is at over 400 ppmv at

the time of writing.

     Estimates have put atmospheric composition at 4 to 20 PAL before the Devonian. The CO2 dropped

through millions of years to 1PAL in the Carboniferous (Berner, 1994).

Equation 3. Shows Ca-Silicate and Mg-silicate weathering. Silicate weathering has a long-term impact on atmos-
pheric CO2, and so on the climate.

    The three different stages of vegetation colonisation of the land are recorded in Figure 7, showing the

levels of atmospheric CO2 obtained following two different models (respectively GEOCLIM/SLAVE-

JR and GEOCARBII). This graphic allows us to see the major drop in CO2 levels that occurred, espe-

cially with the development of tree ferns which are also thought to have sequestered large portions of

atmospheric carbon. If the two models seem to disagree on early Devonian trends, they nevertheless

trend to the same point around 385 Ma (Middle Devonian) and both show a decreasing pattern.

Figure 7. Graphic showing atmospheric CO2 trend according to two different models (GEOCLIM/SLAVE-JR for
the green curve & GEOCARBII for the blue one) within the Devonian. Despite differences, both models show an
overall drop over the Devonian.

Source : Le Hir et al., 2011
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    The Figure 7 also supports the hypothesis that early plants had less impact on Earth and so on atmos-

pheric CO2 than did later plants (e.g., forest forming trees and deeper rooting plants). These differences

could be explained by the development of roots, but also by the worldwide geographic colonisation that

occurs during this period as shown by isotopic data, meaning that there were more vegetated landscapes

in total (Kennedy et al., 2013; Małkowski & Racki 2009). This vegetation cover produces photosynthe-

sis and burial of organic matter in sediments (Berner & Kothavala, 2001; Wildman et al., 2004) which

further increase the overall drop and drawdown of CO2. Photosynthesis is a reaction that occurs mainly

in the leaves (though it can also take place in stems and other tissues). Via this process, plants can then

produce oxygen and organic matter from CO2 (uptake) and H2O, all using incoming solar radiation to

power the process (Equation 4). Respiration is essentially the reverse and releases CO2 into the atmos-

phere. These processes likely had an impact on the short-term carbon cycle as vegetation spread or

retreated from different areas as the climate changed.

Equation 4. Photosynthesis

Source: Blakenship & Hartman, 1998

    As explained previously, plants played a huge role in establishing the modern atmospheric composi-

tion. Some studies have suggested that the amount of atmospheric oxygen increased drastically during

the Devonian (Berner, 2006), coinciding with the evolution of vascular land plants (Figure 8, 9 and 11).
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Figure 8. Percentage of O2 into the atmosphere through time. The two continuous lines represent the uncertainties
of the models.

During the Devonian and early Phanerozoic in general we can see an increasing amount of O2; by almost 20% in
100Ma.

Modified from Berner, 2006
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Figure 9. Comparison of the O2% and the CO2% in the atmosphere between the upper Silurian and the end of the
Carboniferous. The part one the percentage of O2 in the atmosphere will be more detailed in the section “Wildfire
and Charcoal”. The CO2 curve shows a drop. This drop is not linear, but it clearly shows a decreasing tendency
from the beginning of the Devonian to the end of the Mississippian. The most important drop in CO2 seems to
occur during the Mississippian, following an important diversification of land plants.

Modified from: Qie et al., 2019

Additional sources: Berner, 2006; Mora et al., 1996; Qie et al., 2019; Scott & Glasspool, 2006

Modified from the chart drafted by K.M. Cohen, D.A.T. Harper, P.L. Gibbard, J.-X. Fan (c) International Com-
mission on Stratigraphy, May 2021
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6. Biomass
Biomass is the total mass of living organisms expressed as C. Biomass is renewed continuously as or-

ganisms fix carbon, respire and die. For convenience, when discussing planetary biomass the total is

generally divided into subcategories; for example, the continental domain and the marine domain. With

respect to land plants, the most relevant focus is continental biomass, but it is important to clarify that

they are generally divided by kingdom of life, e.g. plants, animals and bacteria.

    Today, plants represent around 450 Gt C, and aside from seagrasses, are predominantly terrestrial

(Bar-On et al., 2018). 150 Gt of plant biomass are estimated to be from underground rooting struc-

tures (Bar-On et al., 2018).

    It is difficult to accurately estimate the amount of modern biomass, and therefore estimations of bio-

mass millions of years ago are highly speculative. Consequently, when discussed in the literature, bio-

mass in deep time is usually discussed in terms of relative changes in the proportions of biomass, rather

than in absolute values. These variations also make it possible to better understand the events. Later in

this document, will be evoked the fires which took place at the beginning of the Palaeozoic, based on

models of the oxygen in the atmosphere, but also of the fossilized chacoals found. The importance of

biomass is paramount here, since without this oxidizer, nothing could catch fire. It therefore comes into

play in the interpretation of the data.

    For the Devonian period, it is not possible to reconstruct the extent and composition of forests at an

accurate resolution. All the calculations presented here are therefore approximations, estimates and ex-

trapolations of results.

    Nevertheless, it is obvious that the evolution of terrestrial plants, through the development of forests,

large root systems and their propagation (no longer confining land plant mass to wetlands, but also

expanding vegetation into arid areas) had a significant impact on the total planetary standing biomass.

The Devonian development of true forests rather than meadows composed of short plants (e.g. Cook-

sonia) during the Silurian (Algeo & Scheckler, 2010) especially during the Frasnian-Famennian transi-

tion likely allowed biomass to reach proportions equal to 50% of the current level.

    By using the AmapSim model and the Xplo software (Griffon & de Coligny, 2014), Dambreville et

al., (2018) were able to show that in a predominant Devonian species, Pseudosporochnus (Figure 10),

forest density was high (Stein et al., 2012), but also that the biomass was mainly concentrated in the

branches and not in the trunk as one might expect in modern trees. This result was obtained by consid-

ering only the aerial part of the tree and by considering its final growth. A major lesson to draw from

such analyses, is that the specific anatomy and structure of extinct plants likely had a dramatic influence

on the contemporaneous standing biomass (see appendix, cooksonia and pseudosporochnus).
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    In the case of Pseudosporochnus (Figure 11), for example, the estimated biomass varied between 4.3

and 15.3 t C/ha (tons of carbon per hectare) depending on the carbon density chosen for reference (Dam-

breville et al, 2018).

    However, alongside these substantial variations based on the anatomy of extinct plants, it should also

be noted that the proportion of oxygen in the atmosphere as well as the atmospheric partial pressure of

CO2 also have a direct impact on biomass. Indeed, according to Beerling & Berner (2000)  pCO2 reduced

to 0.03% by the increasing pO2 within the Carboniferous (until 35%) would have dropped the production

of land plants by 20%.

    The proportion of biomass produced therefore does not only vary depending on the internal structure

and lifespan of plants, but also according to external factors such as the pO2 and the pCO2 in the atmos-

phere. The atmospheric composition indeed impacts nutrient uptake by mycorrhizal symbiosis. and so

on, the capacity of plants to incorporate them (Field et al., 2012).
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Figure 10. A. Pseudosporochnus, Givetian, Devonian. MHN-Aix-PB 2017 23 1. Natural history museum from
Aix-en-Provence (France). Sample for Belgium (Liege’s province). The fossil is on the right of the specimen and
is about 3.7cm wide and 4.5cm high.

B. Probably Pseudosporochnus, Givetian, Devonian. MHAN-Aix-PB 2017 23 2. Natural history museum from
Aix-en-Provence (France). Sample for Belgium (Liege’s province). The fossil is on the right and is about 1.8cm
wide and 6.0 cm high.

A

B
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7. Wildfire and charcoal
As mentioned above, atmospheric oxygen levels were likely increased by the expansion of land plants.

But how do we know that the amount of oxygen in the ancient atmosphere? Proxies are required, and

charcoal, a material produced by burning plant matter, is a good indicator (Capplan, 1999). The oldest

charcoal ever found dates from the end of the Silurian (Glasspool et al., 2004). The evolution of land

plants produced two essential elements for wildfire: oxygen, and fuel (Scott, 2010). Thereby, a study on

charcoal reflectance (Liu et al., 2020; McParland et al., 2009) can tell us about the temperature and the

time of charring. The higher the reflectance, the higher the temperature was (Scott & Glasspool 2007).

The properties of charcoal produced during such ancient wildfires can give clues to the nature of the fire

and the style of burning. Thereby, a study on charcoal reflectance (McParland et al., 2009) or from

volcanic charring (Scott, 2010).  In the geological record, the proportion of charcoal found when col-

lected and studied over many sedimentary deposits can be used as an approximation for the proportion

of atmospheric O2. Indeed, there are "thresholds" of charcoal levels that indicate certain levels of atmos-

pheric oxygen (Figure 11 A). Thus, below 13% oxygen in the atmosphere, fires will not be able to ignite.

The second step is 25%, where fire are widespread and relatively easy to ignite (via lightning or some

other means). The third threshold is at 30%, where fires will be frequent and distributed globally. And

finally, at 35% oxygen in the atmosphere, fires would erupt spontaneously and burn constantly.

    Thus, a very low proportion of charcoal found in the mid-Devonian both proves that oxygen levels

were very low at that time, being around 13%, if not less (Berner, 2006). Then this was followed by a

sharp increase in the O2 content during the late Devonian (Figure 11A). The oxygen drop at the begin-

ning of the Devonian can be explained by the proportion of fossilized charcoal found. It is very high,

considering the little vegetation that there was at that time. For so many plants to burn, the rate had to

be very high, around 25%, when the fire is widespread and easy to ignite. However, almost no charcoal

can be found at the Givetian and at the Frasnian.

    The type of plants that were charred to form fossil/sedimentary charcoal can also be established. This

is illustrated by the details of the internal structure (Bird, 2013), studied especially via SEM (Scanning

Electron Microscopy). The type, respectively vitrinite (woody tissus, ICCP, 1998), inertite (strongly

altered plant material, Falcon & Snyman, 1986) or liptinite (spore, algae … ICCP 1998), allow us to

trace the evolution of plants through time and in relation to the oxygen curve in the atmosphere (Figure

11A and 11B).

    Oxygen also had another impact. Indeed, it reacts with some metals to oxidise them, such as iron

(Eriksson et al., 2013), pyrite or even manganese (Nicot et al., 2014). Those oxidations drastically

changed the composition of earth rocks, for example, some minerals that were formerly common at the

surface or in fluvial systems became rare or disappeared, and other new minerals were formed.
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Figure 11. Graphs representing the percentage of O2 in the atmosphere during the Devonian and the Carboniferous
put in perspective with different fire steps.

A) The brown curve is the O2% in the atmosphere estimated from charcoal occurrence linked with models.
The first charcoal is found by the end of the Silurian, where the O2% was around 23%. We can note a
drastic decrease through the Devonian, reaching 13% by the Givetan. Some studies estimate that the
oxygen level has fallen below 13% by this time. However, since a small proportion of charcoal is still
found during this time window, it is more likely that the O2 level in the atmosphere was very close to
13%, but not around 9% as estimated previously. The high estimates show several times that the thresh-
olds of 25% (Widespread fire) and 30% (Globally distributed fire) have been crossed during the Palaeo-
zoic. Pridoli, Lochkovian, Eifelian and Bashkiran values were based on estimations extracted from the
literature. In some cases, only approximative values, such as 25-30% could be found. Concerning the
Visean, the estimations were 23 to 31.5%. The estimation presented in the graphic is based on an averag-
ing of several sources from the literature. From charcoal occurrence, it was obvious that oxygen levels
were increasing between the Tournaisian and Serpukhovian, so every % higher than 25 has been excluded.

B) The brown curve is the O2% in the atmosphere estimated from charcoal occurrence linked with models.
This time other parameters are taken into account. Here is shown major steps in land plant evolution.
Vascular land plants however appeared within Wenlock time, so their appearance isn’t displayed. The
first emergence of forests coincides with the evolution of forms such as Archeopteris and Rachophyton.
If we focus on Archeopteris only, it could be said that the development of forests, and of large rooting
systems and leaves could be the origin of the rebound in oxygen levels seen in the atmosphere at this
time.
Modified from Scott & Glasspool (2006).  Additional sources: Berner et al., 2003; Berner 2006; Edwards
et al. 1983; Gensel, 2008; Jiao et al., 2011; Le Hir et al., 2011; Rubinstein et al, 2010; Scott and Glasspool,
2006; Scutt, 2018; Taylor et al., 2009
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8. Coals and peats
Coal and peat are sedimentary deposits entirely dependent on the emergence of terrestrial plants (Davies

et al. 2020). Indeed, both are formed from organic matter (mostly plants, but it is also possible to find

shells and other debris in these sediments, see Figure 12), which has been buried and then compacted,

and in the case of coal, thermally altered to varying degrees. It is therefore possible to find vitrinite in

coal because of its higher degree of thermal alteration and maturity (Dai et al., 2020; Mahesh et al.,

2015; Marshall et al., 2019).

     Coal formation can be observed as early as the Devonian (Marshall et al., 2019), probably forming

from the first tree-like tracheophytes, but they remain rare compared to other geological ages. Thus, the

Carboniferous, the ‘age of coal’ (Cleal & Thomas, 2018; Cleal, 2018; Nelsen, 2016) was more condu-

cive to the development of these peats that went on to form substantial coal deposits (Berry, 2019;

McGhee et al., 2012; Nelsen, 2016). The evolution of land plants as well as the changing composition

of plant types found in ‘coal swamp’ forests played a major role in the formation of these sediments

(Dai et al, 2020).

     Some plants, such as lycophytes, were able to grow in very humid and sometimes anoxic environ-

ments. Their internal structure, rhizophores as well as their short lifespan and fast rate of reproduction

meant that lycophytes contributed vast quantities of organic matter to the creation of peats and coals

during the late Palaeozoic (Cleal 2018; Slater, 2011).

    Indeed, arborescent (“tree-sized”) lycophytes were among the major representative plant groups that

dominated Carboniferous forests. Younger arborescent lycophytes were initially leafless as they grew,

a habit which is thought would have allowed younger populations and / or other species to develop in

direct sun and photosynthesize, with little shade cover from the mature trees towering around them

(Cleal & Thomas, 2018), quite unlike modern tropical forests in which the canopy is typically closed by

broad-leaf angiosperm trees and the forest floor typically lies in near-permanent shade. The diversity in

these Carbonifeous coal-forming environments was high and has been estimated via the presence of

numerous species, preserved in coal balls (concretions of calcium carbonate preserving cellular-level

details of plant remains). An example of this diversity was highlighted by Ben Slater (2011), notably by

showing tree-ferns but also animals, such as millipedes.

     Between the Givetian and Frasnian (Devonian), coal deposits were mostly composed from lyco-

phytes and ferns. Large quantities of spores have been found in these coals, including microspores such

as Cymbosporites and megaspores such as Verrucisporites (Marshall et al., 2019). However, Archeop-

teris spores, and progymnosperms in general (Marshall et al., 2019) have also been found. These latter

forms however do not seem to be the origin of the peats, especially since they are essentially composed

of woody tissues and are therefore more resistant to degradation in anoxic conditions (Hoyos-Santillan

et al., 2015).  At that time, the two largely dominant land plants in wetlands were Archeopteris and
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Rhacophyton (Berry, 2019; Cressler, 2006) (Figure 13), thus accounting for the bulk of peats and coals

analysed today.

     Carboniferous peat forests were still characterised by the dominance of arborescent lycophytes (Dai

et al., 2020; Greb et al., 2006), ferns and mosses. However, the diversity of plant groups found in these

coals increased throughout the carboniferous and included various seed ferns and other extinct plant

groups.
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Figure 12. Formation of peat.

A. Land plants grow in near water or in swamp.

B. The water level rises and the land plants die

C. Dead plants will eventually mix with broken shells and other organic debris

D. The mixture is then recovered from sedimentation and creates a peat. The peat will eventually turn into
coal with time, pressure and heat. Peat is in fact the first stage of sedimentation and coal the last one.

Source: Mahesh et al., 2015

A
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Figure 13.

A. Rhacophyton condrusorum, Famennian, Devonian. MHN-AIX-PB 2017 23 14. Natural history museum
from Aix-en-Provenc. Sample from Belgium (Evieux, Liege’s province). Collection Potty.

B. Rhacophyton condrusorum, Fammenian, Devonian. MHN-AIX-PB 2017 23 8. Natural history museum
from Aix-en-Provenc. Sample from Belgium (Evieux, Liege’s province). Collection Potty.

A

B



32

9. Impact on the climate
All the phenomena discussed so far have an impact on the climate in one way or another. The drop of

atmospheric CO2 stimulated a decrease of Earth temperatures following its drawdown by plant-driven

weathering. Several glaciations occurred within the Palaeozoic, beginning with the Late Ordovician,

and they are essentially thought to be due to this drop in atmospheric carbon that was initiated by land

plants (Berner, 2006).

    In this section, the focus will mainly be on the Devonian Period, since this is the period where land

plants significantly diversified and first colonised the majority of the continents. The decreases in tem-

perature as a result of the carbon drawdown exist, but remain quite small, from 23.5 to 22,2°C between

the early and late Devonian. However, temperatures also decreased drastically in other systems, leading

to a glaciation by the end of the Carboniferous (Mora et al., 1996).

     Some parameters helped to soft this curve. First, during this period, the solar input increased from

1323 W/m² to 1326 W/m² (Gough, 1981), which could have tended to warm up the temperature (nowa-

days, the solar radiation is 1361 W/m²).

    Secondly, the global albedo changed significantly during this time, another major change that was

driven by land plants. If we consider that rocky regolith was the main constituent of land prior to the

‘greening’ of the Earth, the continental albedo was then around 32%. The appearance of land plants, and

then their subsequent rapid colonization of the continents drastically changed the albedo, which dropped

to an estimated 17.2%. But then again, different plant types had different impacts. Indeed, the first plants

(basal-embryophytes and cladoxylopsids) likely had a small impact on albedo, their range and total area

being too restricted and with their lack of leaves their albedo would likely be close to that of the bare

rocky regolith. Archeopteris, the first woody trees, however, with their worldwide colonization and their

large leaves likely had a large impact on planetary albedo. Finally, during the Late Devonian the plane-

tary albedo dropped from an estimated 17.8% to 15.8%. If land plants hadn’t had such a huge impact on

atmospheric CO2, it is estimated that they would have raised the global temperature of Earth by 4°C

during the Devonian due to the changes in albedo they produced (Gough, 1981).

    Plants also generated other impacts. The evapotranspiration (evaporation + transpiration) is an im-

portant modern parameter in precipitation but was not a factor at all before land plants evolved. Evapo-

transpiration is the amount of water that evaporates, through the soil and via transpiration in plant tis-

sues. This value was increasing by the end of the Devonian, because of the increased depth of roots that

could draw upon locked-away groundwaters, and because of the increased width and sophistication of

leaves with stomatal pores. According to Algeo & Sheckler, (1998), vegetation could have increased

precipitation and humidity significantly, and changed the rainfall patterns in most areas of the continents.

Woody trees by this time were essentially growing into large forests and were covering a majority of

the habitable land area (75% of land). On a macroscale, they could also increase the runoff and the

precipitation (Dekker et al., 2007).



33

10. Anoxicity of the oceans
During the latter part of the Devonian Period, two mass extinctions appear to have taken place in rela-

tively close succession, respectively known as the Kellwasser (Carmichael et al., 2014) and the Hangen-

berg events (Zhang 2019). These events are both associated with periods of oscillating anoxia and

dysoxia of the oceans (Bond et al., 2013; Carmichael et al.; 2014). A wide range of potential causes and

influences have been invoked during these periods, and one of the major hypotheses is that these events

were in some way driven by the influence of the first land plants.

    As shown in Figure 14, the first point to raise is silicate weathering. The development and the evolu-

tion of the first deep roots and the expansion of rooting plants facilitated, as explained above, a signifi-

cant increase in the deterioration of silicate regolith and therefore, consequently, had the secondary ef-

fect of increasing the production and the supply of nutrients (Algeo, 1998; Riquier et al., 2006) in runoff

and eventual delivery to the ocean. This increased production of nutrients (such as N, P or Si), catalyzed

by mycorrhizal symbiosis, is thought to be at the origin of various causes of anoxia seen in the late

Devonian oceans.

    The increased nutrient supply from rivers (Caplan & Bustin, 1999) likely generated increased eu-

trophication (Algeo, 1998) which allowed algae, bacteria, and fungi to thrive in large blooms. Models

suggest that this overfertilization of the water column then generated a decrease in dissolved oxygen

concentrations in the bottom waters and conversely, a significant increase in the dissolution of δ34S

(Algeo et al., 1995; Buggisch, 1991). Indeed, certain bacteria which develop on the surface of the oceans

in periods of anoxicity reduce the sulphate to sulphide (Caplan & Bustin, 1999), in particular by the

metabolization of 32S. Holser et al., (1996) then suggested a burial of these sulphides, via pyrite (Bond,

2004; Caplan & Bustin, 1999). Thus, during the Frasnian-Famennian transition, an algae bloom took

place. Gong et al., (2002) reported red tides due to algae, accelerated by water hypersalinity and high

nutrient supply. These data were deduced from the positive shift of δ34S in evaporites at the boundary,

but also from the positive δ13C anomaly (Joachimski & Buggisch, 1993), the excursion then being at

1.216 ‰ whereas it was only at 1.077 ‰ during the Frasnian. Like for δ34S, several parameters are to

take in account in δ13C variations. The first one would be the vegetation. Indeed, land plants essentially

use 12C during photosynthesis. The more plants that photosynthesize, the more 12C is used and more 13C

remains in the atmosphere compared to 12C. We can also note a positive anomaly of ~1.2‰ 13C that

occurred within Ordovician limestones, showing even more the impact early land plants had (Adiatma

et al., 2019). In conclusion, when plant biomass increases, there is a positive anomaly of δ13C (Magaritz,

1989).

    The flow of solutes produced by silicate weathering (including [but not exclusively] biolimiting nu-

trients such as phosphorous (Algeo et al.,1995; Lenton, 2001)) would also have had other consequences.

Indeed, it likely encouraged the production of organic rich facies (Caplan & Bustin, 1999) and in par-

ticular the deposition of black shales (Algeo et al., 1995; Caplan & Bustin, 1999), representative of
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anoxic or oxygen-limited environments. Such black shales become increasingly prevalent in late Devo-

nian sedimentary rocks. The organic carbon pump is thought to have increased in flux, generating a

much larger organic carbon burial (Berner, 1998). Based on Bond (2013), the rate of organic carbon

burial is thought to have increased from 0.01% to 3.8% during the Devonian, allowing more O2 to ac-

cumulate in the atmosphere (Chaloner & McElwain, 1997) (Figure 14). Thus, the lack of nutrients will

also have consequences on the anoxicity of the oceans. Indeed, when the production of nutrients is

greatly reduced, the production of organic carbon is also reduced, or even can be stopped because the

biological carbon pump is affected. The overtifertilization which followed this event was therefore even

more violent for the populations still living in these waters (Buggish, 1991).

    Finally, fluctuations in the climate occurring at this time would also have had consequences. While

warm climates decrease the solubility of oxygen in water, colder temperatures are not particularly ben-

eficial for marine life either. Indeed, during the Devonian, with the arrival of cooler oceanic tempera-

tures, it is possible to observe potential evidence for hydrogen sulphide (HS) poisoning at some latitudes

(Buggisch, 1991). Ocean temperature decreased by 12° to 15°C between Devonian and Carboniferous,

going from 35 to 40°C to a value in between 25° and 28°C (Veizer et al., 1986; Came et al., 2007).
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Figure 14. For caption see next page.
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Figure 14. (previous page). Summary of the biological and geological changes that led to the anoxicity of the
oceans as well as the direct consequences of this lack of oxygen in the water.

It is important to note the geological and tectonic factors that played a major role in this anoxia event.

The eutrophication (overfertilization) as well as the converse lack of nutrients are also factors that can lead to
anoxia. Anoxia has many consequences, including leaving traces as isotopic variations. If δ34S is representative of
anoxia because of the metabolization (and the increased burial) by bacteria, δ13C shows more variation in the
biomass. Finally, δ18O increasing shows decreasing temperatures.

Arrows indicate the consequences it had.

It is important to note that all of these have been done over millions of years. As explained previously, the propor-
tion of carbon burial had already started to increase during the Ordovician (Adiatma et al., 2019), and anoxia
events were visible during the Silurian (Quinby-Hunt & Berry, 1991).

Figure modified from Algeo et al., 1995.
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11. Impact on animal life
Although the Devonian saw the flourishing of plant life, this Period was also witness to a mass extinction

near its end. Indeed, during this period, 70 to 82% of marine invertebrate species became extinct (Sallan

& Coates, 2010; Sepkoski 1996). Many parameters seemed to have impacted this extinction, such as the

raising of ocean levels due to tectonic events, creating anoxic waters. The drop of atmospheric CO2 also

seems to be an important factor as well. Since CO2 is a greenhouse gas, it has significant control over

the climate and its cycle impacts both temperatures (even if it did not decrease that much) and oceanic

organic pumps. Therefore, we can also notice an impact on the pH of the oceans (having consequences

on life as well). The amount of biogenic silica (particulate silica produced by living organisms) also

drastically increased and accumulated (Buggisch, 1991), reinforcing the anoxicity of the oceans.

    In total, the Devonian seems to have suffered no less than 3 extinctions in close succession; respec-

tively at the end of the Givetien, at the Frasnian / Famennian border "Kellwasser event" (the most im-

portant one, killing nearly 75% of the fauna and at the end of the Famennian "Hangenberg event" (Figure

15). It should be noted that the three extinction pulses, and especially the Kellwasser event, could be

due to a high extinction rate, but also to a low origination rate (McGhee, 1988). The addition of the two

may be an explanation for the violence of this extinction compared to the other two. As mentioned, the

last two were due to the anoxicity of the oceans during these periods (372Ma & 359Ma) and they to-

gether represent one of the 5 major mass extinctions. These periods of anoxicity and dysoxicity (Bond,

2004) as well as global cooling had consequences on the marine populations of the time. For instance,

many reefs died out during this transition. The conodonts also suffered an extinction during this time,

and trilobites lost 18 of their 28 genera (Alberti, 1979), while many early groups of ammonoids (House,

1985) also disappeared. Finally, bryozoan faunas (particularly in the region forming modern North

America) were badly affected and also seem to have suffered from extinction. It should be noted, how-

ever, that the extinction was not evenly localized across the globe. Finally, other invertebrates suffered

from this extinction, although in a less abrupt manner (Stigall, 2012). Indeed, a decline in the populations

of foraminifera, brachiopods and certain corals has been observed.

    It is noted that groups such benthic calcareous algae remained unaffected (Mamet, 1986). Freshwater

species such as placoderms and acanthodians also seem to have been spared, or at least suffered much

less from the global changes ultimately caused by plants.
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Figure 15. The three pulses of extinction within the Devonian, put in relation with the stratigraphic scale and the
different type of land plant present on earth.

Modified from the chart drafted by K.M. Cohen, D.A.T. Harper, P.L. Gibbard, J.-X. Fan (c) International Com-
mission on Stratigraphy, May 2021

Additional sources: Edwards et al. 1983; Gensel, 2008; Jiao et al., 2011; Rubinstein et al, 2010; Scutt, 2018; Taylor
et al., 2009
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12. Conclusions
Mycorrhizal symbiosis is probably a key factor in allowing the development of the first land plants, their

adaptation to arid lands and also played a role in many of the impacts they went on to have during the

Palaeozoic.

    The evolution of large roots, allowing a better supply of water and nutrients as well as the develop-

ment of wooden trunks and leaves allowed land plants to further impact the landscape with their sheer

biomass, as large particles, and by covering continents with forests and plains. From these developments

the land saw the appearance and formation of the first meandering rivers and deltas, and an increasing

amount of mudrocks and clays in sedimentary deposits.

    This increasing amount of mudrock is visible from their proportion in alluvial facies through time,

going from almost nothing for most of Earth history, to a high percentage of alluvial sediments (up to

90%) during the Phanerozoic in general, but with this rise especially occurring during the Devonian (due

to the development of deeper root systems). Indeed, their ability to break down minerals, produce lig-

ands and regulate pH greatly enhanced the silicate weathering production of mudrocks, but also a release

of nutrients into the water. The proportion of nutrients in the water is not an element to be neglected.

Indeed, too much intake can lead to overfertilization of the water and a strong development of algae,

leading in the long term to anoxia. Conversely, a lack of nutrients will also tend to lead to a situation of

anoxia. Thereby, the Devonian was the theatre of a mass extinction event as well as the beginning of a

huge period of coal formation.

    The development of terrestrial plants also completely redrew the proportion of biomass. Indeed, bio-

mass prior to land plants was negligible by comparison to current levels. Biomass is mainly concentrated

in the roots and woody stems of trees. It is also possible to observe adaptations which have also increased

this biomass over the evolutionary history of plants, such as a very short lifespan and fast growth of

lycopsids which likely did not affect standing biomass, but majorly increased the amount of decaying

plant matter available for peat and coal formation. This was also an important factor in the development

of peat from the Devonian onwards.

    Photosynthesis, evapotranspiration and respiration by plants together remixed the composition of the

atmosphere and therefore changed the climate, by increasing the amount of O2 and runoff and decreasing

drastically the amount of CO2. The variations of oxygen in the atmosphere allowed the outbreak of the

first wildfires (necessary percentage: 13%), sometimes rising to more than 30%, greatly exceeding the

current values.

The evolution of leaves also had a major impact. A major difference between the early and Late Devo-

nian global temperatures can be seen, explained by the massive drop in temperature that occurs in the

early Devonian due to carbon drawdown, balanced later by the effect of albedo and water vapour created

by innovations in leaf evolution.
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    Land plant evolution had huge impacts for the Earth system, through a series of positive and negative

feedbacks on the climate. The evolution of plants and their colonization of the land played the central

role in Phanerozoic climate and landscape evolution and led to the modern Earth as we know it.
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Appendix 1 : Glossary
Angiosperm: Angiosperms are a type of vascular plant (Gensel, 2008). In contrast to gymnosperms, the

seeds (ova) are usually protected by a flower and not exposed (Scutt 2006). They represent over 90% of

current terrestrial plants, representing around 350,000 species (Scutt 2018). Their appearance remains

debated. Using the molecular clock we obtain an origin between 180 and 140 Ma, (Bell et al., 2005),

However the oldest fossil dates only to 135 Ma (Willis and McElwain, 2013) and are therefore absent

at the end of the Devonian, during the development of gymosperms (Taylor and Krings, 2005). Most of

them also show a mycorrhizal symbiosis, respectively 85% of species and 94% of families (Wang 2006,

see Figure 2).

Archaeopteris: Achaeopteris is an extinct genus belonging to the order Atcheopteridales, itself in the

class of progymnosperms (Algeo, 2008 ; Stein, 2012  ). It is an arborescent plant (Algeo, 2008) which

is present from the Late Devonian and which persists until the Carboniferous. It will notably be the

dominant species of the end of the Devonian (Cressler, 2006; Kendrick, 2014). This tree is tall, compared

to other genus living at that time, reaching heights of around 30m (Algeo 1995). It had a wood trunk

(Meyer Berthaud and Decombeix, 2007) and a developed and deep root system (Meyer Bethaud et al.,

1997; Algeo and Scheckler, 1998; Kendrick, 2014). It has been found in particular in swamps (Bateman

et al., 1998) and charcoal (Scott 2006).

Bryophyte: Bryophyta is one of the divisions of the embryophyte clade. They are divided into 3 catego-

ries; liverwort, mosses and hornwoots (Renzaglia et al., 2000). They are considered to be "older" than

vascular plants (Kendrick and Crane, 1997; Renzaglia et al., 2000; Gensel 2008). Studies have attempted

to estimate the divergence between bryophytes and vascular plants; the first, using the molecular clock,

estimated that they had diverged at 703 ± 45 Ma (Heckman et al., 2001). Another, via a calibration on

the organellar genes, estimated a divergence between 480 and 430 Ma (Sanderson 2003). It is believed

that the earliest land plants were bryophytes, and in particular liverworts. Although fungal associations

exist, with 46% of species and 71% of families possessing a mycorrhizal symbiosis (Wang 2006), bry-

ophytes generally remain small in size, with poorly developed root systems.

Cooksonia: Discovered by Lang in 1937, this small plant belongs to the embryophyte and to polyspo-

rangiophyte clades. It is the oldest vascular land plant known (Silurian), due to their lack of roots, they

were confined to areas where water was open, such as swamps (Greb et al., 2006). They didn’t have any

leaves but their stems were topped with sporangia.

Embryophyte: The embryophyte clade includes bryophytes and vascular plants (Gensel 2008). These

are the first terrestrial plants (Vavrdova 1984) of which "only" dispersed microfossils have been found

dating back to the mid-Ordovician period. If studies using the molecular clock have dated the first ter-

restrial embryophytes at 1061 ± 109 Ma (Heckman et al., 2001), the first fossils date from the end of the

Silurian (Wellman and Gray 2000).
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Gymnosperm: Gymnosperms are vascular plants (Gensel, 2008). Unlike angiosperms, the seeds (ova)

are not protected from external aggressions. Today, gymnosperms represent around 1,000 species (Scutt

2018), including conifers (Scutt 2018). All the species and families of gymnosperms have a mycorrhizal

symbiosis (Wang 2006, see Figure 2). According to Scutt 2018, the gymnosperms date from around 300

Ma, but estimates tend to show that they are older than that (319 Ma). However, studies seem to agree

on the fact that they would have appeared within the Carboniferous (Taylor and Krings, 2005).

Liverwort: Liverworts are a division of bryophyte, belonging to the embryophyte clade. They are there-

fore non-vascular (Gensel, 2008). They would be the first divergent plants (Gensel, 2008, Qiu et al.,

1998), since the first macrofossils of terrestrial plants are part of this clade (Hernick, 2008; Davies and

Giblings). As a result, they had rhizoids and not roots (Humphreys, 2010), which did not prevent them

from having impacts on landscapes (Mitchell et al., 2016) or from having mycorrhizal symbioses (Hum-

phreys, 2010).

Lycophyta: Lycophyta is a clade of vascular plants (Gensel, 2008) that appeared at the end of the Silurian

and is still alive today. Some of them, in particular the Lepidodendrales are arborescent (tree-like, Taylor

and Krings, 2005), which will allow their dominance during the beginning of the Carboniferous (Scheck-

ler 1986). Their roots are between 30 and 50cm long (Driese, 2000).

Pedogenesis: Pedogenesis are all the processes that lead to the development of layers in the soil. They

can have different natures, such as physical, chemical or even biochemical processes.

Polysporangiophyte: Clade which includes all vascular land plants.

Progymnosperm: Progymnosperms were a class of vascular plants belonging to polysporangiophytes.

Appeared during mid-Devonian, they are now extinct. They include the archeopteridales and therefore

the Archeopteris (Stein et al., 2012). As a result, they mainly evolved in the form of a forest but never-

theless remained in very humid areas (Scheckler 2001; Qie et al., 2019). like the current gymnosperms,

they had mycorrhizal symbioses (Stubblefield et al., 1985), large root systems (from 30cm to 1m50 long,

Driese et al., 2000), sometimes woody (Kendrick and Strullu-Derrien, 2014).

Pseudosporochnus: Genus, belonging to the order of Pseudosporochnales, a vascular plants that ap-

peared at the beginning of the Devonian. They may be able to form wood (Labandeira, 2007) but are

physically similar to tree ferns (Stein et al., 2012). They mainly grow in swampy areas, where water is

abundant and easy to access.

Rhacophyton: Genus that appeared and disappeared within the Devonian. If it was first considered as

ferns, its clade is now debated. It was growing in wetlands and swamps (Algeo, 1998; Bateman, 1998).

They were dominant during the late Devonian (Algeo, 1998).
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Rhizophore: Rhizophores are organs making the connection between the trunk and the roots. Trees with

these rhizophores are those with large roots above ground, characteristic of wetlands and swamps.

Rhizoturbation: Traces made by roots.

Sporangia: The sporangia are structures that produce and contain spores (Wellman & Gray, 2000). There

are many morphologies of sporangia (Bateman, 1998) and are generally located at the ends of the axes

(Wellman & Gray, 2000). The first traces are observable from the Ordovician (Gensel, 2008), but they

are also observable in coprolites (Labandeira et al., 2002) and coal (Bozdioch et al., 2003).

Vascular plant / Tracheophytes: Clade. Which include every plant with vascular tissues, such as lyco-
phytes, progymnosperm, gymnosperm or angiosperm. The first appearance is in mid Silurian, with
Cooksonia.
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Appendix 2: Figure
Figure 1 appendix: Posi-

tion of Cooksonia spp.

within Silurian.

Modified from :

Edwards and Davies,

1976; Edwards and Rog-

erson, 1979 ; Bodzioch et

al., 2003
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