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Abstract: We present the rationale for a cross-disciplinary
investigation addressing the ‘Devonian plant hypothesis’
which proposes that the evolutionary appearance of trees with
deep, complex rooting systems represents one of the major
biotic feedbacks on geochemical carbon cycling during the
Phanerozoic. According to this hypothesis, trees have dramati-
cally enhanced mineral weathering driving an increased flux of
Ca*' to the oceans and, ultimately, a 90% decline in atmo-
spheric CO, levels through the Palaeozoic. Furthermore,
experimental studies indicate a key role for arbuscular mycor-
rhizal fungi in soil-plant processes and especially in unlocking
the limiting nutrient phosphorus in soil via Ca-phosphate dis-
solution mineral weathering. This suggests co-evolution of
roots and symbiotic fungi since the Early Devonian could well
have triggered positive feedbacks on weathering rates whereby

root—fungal P release supports higher biomass forested ecosys-
tems. Long-standing areas of uncertainty in this paradigm
include the following: (1) limited fossil record documenting
the origin and timeline of the evolution of tree-sized plants
through the Devonian; and (2) the effects of the evolutionary
advance of trees and their in situ rooting structures on palaeo-
sol geochemistry. We are addressing these issues by integrating
palaeobotanical studies with geochemical and mineralogical
analyses of palaeosol sequences at selected sites across eastern
North America with a particular focus on drill cores from
Middle Devonian forests in Greene County, New York State.

Key words: Devonian plant hypothesis, Devonian trees, ar-
buscular mycorrhiza, mineral weathering, climate change,
land plant evolution.

THE evolution and geographical spread of trees with deep,
complex rooting systems and their role in the develop-
ment of soils is widely regarded as the ‘Devonian engine’
that drove major changes in global biogeochemical cycles
as the planet became increasingly forested. This is known
as the ‘Devonian plant hypothesis’ (Berner 1997; Retallack
1997; Algeo and Scheckler 1998; Beerling and Berner
2005; Beerling 2007). Fossil (Remy et al. 1994; Kenrick
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and Strullu-Derrien 2014; Strullu-Derrien et al. 2014) and
molecular clock (Simon et al. 1993) evidence indicates
that the rooting systems of land plants co-evolved and
maintained symbiotic arbuscular mycorrhizal (AM) asso-
ciations that have played an important role in land colo-
nization and phosphorus uptake by most plants since at
least the Early Devonian, even before true roots evolved
(Pirozynski and Malloch 1975; Smith and Read 2008;
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Humphreys et al. 2010; Field et al. 2015). The Devonian
plant hypothesis suggests that the evolutionary rise of
Devonian forests, in conjunction with their AM fungal
partners, enhanced weathering of continental Ca and Mg
silicates and increased the fluvial flux of nutrients to the
oceans, causing major perturbations of the long-term car-
bon cycle (Berner et al. 2003; Berner 2004; Taylor et al.
2009). In particular, enhanced land-ocean fluxes of
weathered cations (e.g. Ca®"), in combination with bicar-
bonate ions, are likely to have driven a 90% reduction in
atmospheric CO,, as recorded by §'°C isotope signatures
of palaeosol carbonates (Mora et al. 1996) and the
increased frequency of stomatal pores on plant cuticles
(McElwain and Chaloner 1995). The drop in CO, ulti-
mately triggered global cooling (Popp et al. 1986;
Joachimski and Buggisch 2002) and possibly glaciation at
the end of the Devonian (Caputo 1985).

The rise of Devonian forests probably entrained a fur-
ther suite of positive feedback mechanisms linked to
chemical weathering processes. Phosphorus is the key lim-
iting nutrient in many soils, especially those that have
experienced long periods of weathering (Walker and Syers
1976). AM fungi are highly adapted for P uptake, which
they transfer to their photosynthesizing hosts in exchange
for autotrophic carbon (Smith and Read 2008). Plant-
available P is ultimately derived from the weathering of
calcium phosphate minerals such as apatite (Jobbagy and
Jackson 2001) either by roots and mycorrhizal fungi
(Quirk et al. 2012) or by organic ligands of the kinds
produced by microorganisms (Neaman et al. 2005, 2006).
The release of P from Ca phosphates therefore largely
controls the long-term productivity and biomass of forest
ecosystems that in turn intensify weathering through
increasingly well-established mechanisms (Berner et al.
2003; Leake et al. 2008; Taylor et al. 2009). Enhanced ter-
restrial weathering can lead to increases in land-to-ocean
nutrient fluxes that have been linked to ocean eutrophica-
tion and anoxic conditions across ocean bottom waters
(Murphy et al. 2000). This is evidenced by widespread
occurrences of organic-rich black shales (e.g. end-Frasnian
Kellwasser horizons) and contemporaneous positive 8'°C
excursions of marine carbonate, with elevated burial rates
of organic isotopically light carbon (Sandberg e al. 1988;
Joachimski and Buggisch 1993; Joachimski et al. 2002;
Bond et al. 2004).

Challenging and long-standing areas of uncertainty in
this paradigm concern the limited data from the fossil
record documenting the Devonian origin and evolution of
tree-sized plants and the identity of the mechanisms of
plant—soil interactions by which they influenced the
geochemical and climatic evolution of the Earth. Under-
standing this transition has been hampered by poor palae-
ontological evidence of the vegetation that formed the
earliest forests before the Late Devonian establishment of

widespread deep-rooting Archaeopteris forests. In particu-
lar, our knowledge of the origin and morphology of roots
belonging to arborescent plants is currently based on very
limited fossil evidence (Fig. 1). Although there are few sites
where fossilized roots and stumps have been determined as
in situ within palaeosols (Fig. 2 and references therein),
only a few have been geochemically analysed, leaving major
gaps in our knowledge (Fig. 2). Crucially, no direct link
has yet been established between the evolutionary advance
of trees and their geochemical impacts on palaeosols in
terms of mineral weathering, largely because of the lack of
cross-disciplinary investigations. Additionally, geochemical
models describing how they affected the Earth’s surface and
atmospheric CO, are based largely on weathering processes
inferred from contemporary ecosystems lacking in evolu-
tionary context (Berner and Kothalava 2001; Berner 2006).

These substantial gaps in our knowledge during Earth’s
transition to a forested planet provide the rationale for
the UK-funded palaeosol drilling programme, which
builds upon recent discoveries of one of the world’s old-
est known in situ forests in North America (c. 387 Ma;
Stein et al. 2012). The project aims to investigate the evo-
lution of forests and complex rooting systems through
the critical Silurian—Devonian interval and quantify their
effects on the Earth system using advanced geochemical
and mineralogical analyses of palaeosol weathering pro-
files, which can be related to the in situ occurrence of
vegetation and rooting depths, where preserved. Here, we
first outline evidence for trees as geo-engineers of the
Earth’s Devonian environment and then describe the
goals of the project. Finally, we outline experimental evi-
dence for the co-evolution of trees and their mycorrhizal
partners as the primary driver of biological weathering
processes.

DEVONIAN TREES AS GEO-ENGINEERS

Land plants probably originated in the Middle Ordovician
(evidenced by spores; Rubinstein et al. 2010), with vascu-
lar (tracheid-bearing) plants evolving and radiating rap-
idly in the Silurian to Early Devonian. Vascular plants
became the primary producers of emerging terrestrial eco-
systems (Edwards and Selden 1992; Edwards 1996). In the
Early Devonian, competitive pressures for light and space
favoured axial sporophytes with an indeterminate growth
habit (i.e. the zosterophylls and trimerophytes), which
ultimately led to an overall increase in height and bio-
mass (Edwards 1994; Morris and Edwards 2014). How-
ever, it is likely that these plants remained ecologically
restricted to moist environments, such as wetlands and
riverbanks, and were relatively small in stature (<1 m),
and therefore of low biomass, with limited geochemical
effects on soils.
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FIG. 1. The relative sizes, morphologies and rooting depths of rooting systems through the Early to Late Devonian, as envisaged and
drawn by Algeo and Scheckler (1998, fig. 3, p. 117; reproduced by permission from The Royal Society). Abbreviations: gym, early gym-

nosperms; lyc-he, early herbaceous lycopods; lyc-tr, early tree lycopods; prog-an, aneurophyte progymnosperms; prog-arc,
Archaeopteris progymnosperms; rhy, rhyniophytes; tri, trimerophytes; zyg, zygopterid ferns.

By the Middle Devonian, land plants developed several
strategic innovations in growth. With the evolution of sec-
ondary vascular tissues, arborescence was achieved in some
clades (namely the pseudosporochnalean cladoxylopsids,
lycopsids and archaeopteridalean progymnosperms) within
the Fifelian and Givetian stages (Berry and Fairon-
Demaret 2002; Stein ef al. 2007; Meyer-Berthaud et al.
2010). Concurrently, with a greater need for nutrients,
water and structural support, rooting systems evolved
from simple, hairless rhizomatous axes that were shallow
to subaerial in the Early Devonian (Kerp ef al. 2001; Raven
and Edwards 2001) to true roots by the Middle Devonian
(Meyer-Berthaud et al. 1999; Giesen and Berry 2013).

A key factor in the success of the transition to arbores-
cence is thought to be the mutualistic symbioses between
vascular plants and AM fungi (Kenrick and Strullu-Derrien
2014), which evolved in basal land plants even before
the development of roots (Strullu-Derrien et al. 2014;
Field ef al. 2015). Despite evidence from fossils and/or
extant genera of AM-like colonization in early rooting
plants such as lycopods (e.g. Lycopodiaceae) and trimero-
phytes (e.g. Psilophytaceae) and the later gymnosperms
(cordaites and coniferophytes), as yet the mycorrhizal sta-
tus of progymnosperms such as Archaeopteris remains
unknown (Wang and Qiu 2006; Krings et al. 2007;
Strullu-Derrien and Strullu 2007). Given the long fossil
record of AM-like fungi and fossils of early coniferous gym-

nosperms, such as the now-extinct Notophytum krauselii
(Podocarpaceae) from the middle Triassic (245-230 Ma;
Schwendemann et al. 2011) and Metasequoia milleri
(Cupressaceae) from the middle Eocene (49 Ma; Stockey
et al. 2001), it is likely that Earth’s first forested ecosystems
were dominated by AM-associating trees. Moreover,
arborescence appears tightly associated with mycorrhiza-
tion in contemporary floras (Strullu-Derrien and Strullu
2007; Smith and Read 2008).

Evolutionary advancement of terrestrial vegetation is
linked to the development of soils and the appearance of
major soil orders through time (Fig. 2). Before vascular
plants evolved, soils were weakly developed (identified as
entisols and inceptisols according to the modern soil
taxonomy) with no evidence of rooting (Feakes and
Retallack 1988). Additionally, palaeosols interpreted as
aridisols, oxisols and vertisols are all known soil types
prior to the advent of forests in the Devonian (Driese
et al. 1992; Retallack 2003). There are Early Devonian
examples of coaly shale deposits prior to the evolution of
arborescence, interpreted as organic accumulations of
early vascular plant phytodebris in wetlands (Kennedy
et al. 2013). However, these are meagre compared with
organic-rich soils interpreted as histosols of Middle with
Late Devonian age, linked to the evolution of arbores-
cence. Alfisols and spodosols, which develop primarily
(though not exclusively) under modern forests, appeared



790 PALAEONTOLOGY, VOLUME 58

*SANISUIP [EJBWO)S SDUND WOL Paje[nd[ed CODY, SINPOU 218D W0y PaIe[Nd[ed SO, ‘VASN Y} JO AWOUOXE) [I0S UIIPOW U0 paseq ad4) [0sOde[ed,

*s[pAd] [ernsnpur-aid jsurede uonenuaduod ¢pD-oaeed Jo onel CONY EPeUR) D3qaNY) D) VSN PBIUBAASUUSJ Vd VSN NIOX MIN ‘AN I3[ “T £(SS) SIPISUNDIIS YIIM PuB ()
$9)BUOQILD JO UOTIR[NIUNIOL TR JIM UOZIIOY g © I0J 9POd AWOUOXR) I0S ‘SS{ I19)oUIRIp ‘(] :SUOUDIA2.QQY "PIOq UT PAIYSIYSIY oI8 SUMOID{U[) "PIIINPUOD U] SEY ‘Blep [EITWAYI03
pue [eoruejoqoaefed Jo uonds[[od ay) Jurpnpur YoIreasar josodefed a1oym ‘eduIUY YIION I[oq ueryoeeddy oY) sSOIde $3)1S UBTUOAd(] J[PPIA O} UBLINIS JUBAI[AI JO UONIIPRS *Z "DI4

uozuoy
yidap wo 96 g you-Ae)d ‘pad8ojuazem
anoqe 0} S20eJ) pajpow uoneziuidnuiay ‘BulAs|8| aoeyuns ‘payipad Apeam wa1sAs
s|auueyd-oaejed ul sanea) yadap ur wo T s300y S0k} ‘shejd Jo uonelAn||i ‘(pa30edWO)) 3)yosd |elAN||e—[eIAN| VSN ‘AN o
(S86T) oe||e1dY | ,0082~ |SHa1doanydiy ‘s30| uojAxijjD wd o€ = @ dwnis| 1004 adJe| pue dwnis pue uopdnpoud NIyl w T ‘josndadulg oyoleyaq| ‘App3sead| w4 uoyem m
sa|npou sajnpou el
9]BUOQJED UIYHM 91BUOQJED ‘S9IEI] 100U wa1sAs
yieays 1004 ‘sadeuy sajyosd| pue sspow qeup ‘spad |elAn||e—{eIAN|) VSN ‘AN w4
(t007) *Ip 32 X0D umowjun umowjun 1004 paojey-qeiq| |eatwaydoas umowiun| :s|osndadu|—S|OSLIDA ¢ 0121e3|3Q ‘snolep|  eluoauQ
swa3s pIsdodA|
1U9253100JE PUB SAWO0ZIYJ |10S pauleJp vsn
(zT02) "0 22 UILIS ues|elhydoinaue sn|d s1seD -Ajs00d 19 "aUOISPNW ‘AN ‘eOQ|ID
‘(0T0Z) '/p 32 ZAUIN ‘(pzampm) pisdojAxope|d| 1004 IPIM WD €-G°Q ‘3seq ‘sysed dwnis ajyoad| Ayjis usau3-Aau8 ‘sjosnulz| waisAs sulieniss RELYe}
{(£66T) '/p 32 3sa1IQ ueajeuydolodsopnasd | 18 wd §G—G¢ = g sdwnis pue 1004 NS uj| |eI1IWBYI0dS uMmounun / sjosudaou| paAs|n —|epy} 21eyag aleyoyds
sueind ue||13e
(tT02) SpJeMUMOpP suoyed jusuInu papIsuaydI|s ‘@4n1onas W
Sueny pue yoe||elay swJiadsouwA3oid| yidap Sunoos umouun pua1Xa 1Byl | pUe IS JO S3550| 31edIpUl pad yum sjyoud walsAs VSN ‘AN S
‘(0T02) 10 12 ZAUIN ueajeplaidoaeydle wd §—¢ = g S100y $9JeJ) 1004 Pa0|ey s9ouanbas |osoaeled yau-Aepd ‘@ausnbas |BIAN[je—[RIANY |  ‘WeYpUIM wil o T
{(T00T) '/0 33 X0D| ,006E~ Jo s1004 pue sdwnis wd 0€-SZ = @ sdwnis|gesp pue sysed dwnis Jo Ansiwayd099 |osoae|ed ul josudadu| 0121e12@ 1se3 W
yadap urw < E
‘W T-5'0 = @ ||lews Ayjepad yidap 1e sajnpou
‘wd §—¢ = q 9284e| S100Y | piemumop Ajjearian ‘yadap 1e 31a.40|ed 91242|e2 ‘Qusawdo|anap
y1dap wd Qg |pai1eiualio ‘sysed 1004| ‘sAepd pajelian||| ajyoad uozioy ssig
‘wd §7-07 = @ sdwnis|3uiyouelq pue dwnis| |eaiwayd0a8 umouyun | ‘ajyosd you-Aed {jostuap vsn
swJiadsouwA3oud yrdap ur w G T-T MO|3( S90eJ} pautesp [|9M ‘Suippaq ‘AN 324D
ueajepuadoaeyale [{wd T-G'0 = g MO|aq s}00y| 1004 Sulyduelq snid 121124 Yyum ‘uoneuoziioy |I1yane|d
(0T02) '/0 22 ZALIN 10 swa1sAs wd QT—G = 4 SI00Y| ‘S15ED 1004 |BIUOZIIOY a|youid ou ‘sau01s|is payipad waisAs|  ‘sansasnes wy
{(1007) '/p 32 X0 SunooJ pue sysea dwms wd yy—ST = @ sdwms|qns yum sised dwnis| [eaiwaydoas umouun| Apjeam ‘sjosnu3 Juaan|4 |elIAn|je—[eiAn|4 1S9M|  [IDeneld
(866T) /P 32113 uoigal ayy m
‘(S66T) 42uojey)d pue| ,goo¢.. ul umouy| spisdoluAys pue wd 06—0T =1 ‘spjnow pue uonesaye epeue) m
ulem|3d\ ‘(¥86T) s91AydodA| ‘sapAydosswini | wd 7-5°0 = Q| S1Sed 1004 palelualo a|yoad J1uadopad paniasqo wa1sAs ‘20| wdiod|
SMaJpuy pue [asua9 wo GT—0T = @ ‘sIsed jue|d s90e.} 100y piemumoq| |ea1wayr0as umouyun OU YUM BU0ISpNIA| lelanjie—eiAn|4| ‘Aeg adsen Aianeg
(666T) ‘wsiydiowodpAy
95911Q pue eJoN aullew = uononpal $9|NPOU 312J9|I| SUOISINDOU| dULIBW vsn W
{(z66T) "/p 32 9s31IQ ésawoziyJ 94 ‘quawydlud yum sajyoud payders| pue aduadiawa| ‘yvd ‘@||iaueq w4sing| § W
‘(1661) /0 32 RAOW| +00CS SuoN umouyun| = aeJisausylengny d ‘0D 08N ‘O%eN paJ you-Aepd ‘sjosauap| diposida ‘aleyaq R UOYIN swooig| T | &
—00ce sa|npou M e
sauniea)|  yidep 1e uonesyiojed| a1a4d|ed yum ‘sjyosd you wa1sAs VSN ‘vd =
(S86T) doe|e19Yy auoN umoujun | Jejngni ajgeuonssnp ‘uononpoud Aen|  -Aepd ‘pas Y21yl wd 09T |eianjje—eiani4| ‘deo ysdiyal
(mass ur) yidap / 8unoou nys up Sujyoud |eaiwayd0sn sainjea} Sumes @2
$3USI4Y f00Y  (sued eLiae woy uoheisdan suoisuawip Sunooy un.v wu:m?ﬁ . . .\m_ww:m.novwn_ A9y / adAj josoaejed _mu:wch:o‘_S:u id wn .m w._
10} DIUDPIAD |ISSO4 ' i N y : * : ®




MORRIS ET AL.: DEVONIAN TREES AS GEO-ENGINEERS OF PAST CLIMATES 791

in the Late Devonian to early Carboniferous, respectively
(Retallack 1986, 2003).

Devonian forests are thought to have profoundly altered
soils, sediment transportation, the hydrological cycle, ter-
restrial geomorphology and ecological habitats (Algeo and
Scheckler 1998). As a result of their large biomass and
organic matter inputs into soil, trees drive the progressive
mobilization of soil exchangeable base cations (such as
Ca®*, Mg*", Na* and K") through soil acidification, weath-
ering and leaching. Aluminium and iron can also be
mobilized from topsoil, but to a lesser extent than base
cations. The liberated iron and aluminium are normally
reprecipitated deeper in the soil profile where conditions
are drier and less acidic. Base cations are sometimes
reprecipitated at depth, but a greater proportion is typically
leached out into catchments. In both modern and fossil
soils, these changes in soil profile geochemistry can be
systematically measured and characterized using element
and cation ratios, for example Al,Os/bases or Ba/Sr
(Retallack 1988, 1997; Sheldon and Tabor 2009).

Chronosequences of soil development in contemporary
ecosystems (Walker and Syers 1976; Smeck 1985; Wardle
et al. 2004) show unifying features critically linking plants
and their roots and mycorrhizas to weathering of Ca
phosphates and soil development. Soils developing on
primary minerals such as those left by many retreating
glaciers initially contain almost all their phosphorus in
acid-soluble Ca-phosphate minerals, such as apatite.
However, within 500 years the acid-soluble Ca-phosphate
minerals are dissolved in temperate forest environments
(Walker and Syers 1976), and there is substantial accumu-
lation of organic P, much of which is contained in
microbial biomass including mycorrhizas (Turner et al.
2013). Almost identical processes of rapid calcium phos-
phate transformation have been seen in a 600-year-old
river alluvium forest chronosequence (Zehetner et al.
2009). Dissolution of calcium phosphates is correlated
with simultaneous dissolution of calcium silicates under
forests (Yanai et al. 2005).

We can hypothesize therefore that intensification of soil
weathering processes resulting from the evolution of dee-
per, more complex rooting systems is reflected in the
changes observed in the palaeosol record. These might be
particularly evident through the Devonian and -early
Carboniferous, together with an overall increase in soil
thickness and the appearance of new palaeosol types (Re-
tallack 1986, 2003; Algeo et al. 2001). The establishment
of more extensive soil-binding root systems as the conti-
nental land area became increasingly forested would have
reduced surface runoff, erosion rates and land—ocean
sediment fluxes (Schumm 1968). This resulted in more
stabilized landscapes, leading to changes in fluvial geo-
morphology (the appearance and increased occurrence of
meandering river channels compared to braided channels;

Davies and Gibling 2010; Gibling and Davies 2012) and
higher rates of weathering and pedogenesis.

The appearance of new soil types in the Devonian—Car-
boniferous, such as histosols and alfisols (organic-rich
and clay-enriched soils, respectively), developed in part
because of an increase in organic matter contribution and
changes in the clay mineral composition, thought to be
driven by intensification of weathering by the evolution
of forested ecosystems. Biologically active soils are effec-
tive in clay mineral formation and linked to the activities
of fine roots and fungi associated with forest soils (Pate
and Verboom 2009; Verboom et al. 2010). It has recently
been hypothesized that the rise of forests enhanced the
biotic processes that promote pedogenic clay mineral pro-
duction, as vegetation reduced soil erosion and the rapid
loss of clays, while organic matter debris retained cations
and increased fluid residence time (Hillier 2006; Kennedy
et al. 2006). In effect, forests act as ‘clay mineral factories’
driving increased formation of clay minerals with a rela-
tively low negative layer charge (moles per formula unit),
including expandable mixed-layer clays of the smectite
group, with mineralogical shifts from mica-illite and chlo-
rite towards smectitic and kaolinitic assemblages typical
of pedogenic clay minerals (Weaver 1989; Hillier 2006;
Kennedy et al. 2006).

The ‘clay mineral factory’ (CMF) hypothesis (Kennedy
et al. 2006) requires that the kinds of clay minerals
formed in well-drained soil profiles become more com-
plex in nature, origin and organization as the ‘factory’
processes become more advanced and efficient over time
(Weaver 1989; Hillier 2006), although its inception as
early as the Neoproterozoic as suggested by Kennedy
et al. (2006) is disputed by Tosca et al. (2010). By anal-
ogy with modern soil chronosequences, the origins of the
clay minerals are anticipated to change from simple detri-
tal inheritance from the parent material, to progressively
more complex transformations (including elemental sub-
stitutions within sheet silicate structures) and eventual
neoformations (precipitation from a soil solution; Hillier
2006). Additionally, increases in the variety of pedogenic
mixed-layer clays, and more obvious changes in mineral-
ogy with soil horizonation, would be expected. The CMF
hypothesis therefore provides a tractable framework for
quantitatively documenting enhancements in biotic
weathering processes recorded in palacosols.

EVALUATING THE DEVONIAN PLANT
HYPOTHESIS WITH DRILL CORES
FROM EARLY FOREST SOILS

We are investigating the evolution of forests and complex
rooting systems through the critical Silurian—Devonian
interval and their interaction with the Earth system. The
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project links these fields into a unifying framework that
bridges between palacontology, soil biogeochemistry and
ecosystem processes, to develop a rigorous investigation
into the effects of the evolution of forest ecosystems on
soils and the geochemical carbon cycle. The central thrust
of this project is to integrate palaecontological, mineralogi-
cal and geochemical analyses of palaeosol sequences via a
mechanistic understanding of the effects of trees, their
roots and mycorrhizas on the weathering and fate of Ca-
silicate and Ca-phosphate minerals as drivers of Earth’s
atmospheric CO, history.

Palaeontological and geological approaches

As part of the wider palaecobotanical and palaecopalynolog-
ical community, three team members, WES, CMB and
JEAM, are generating a significant new understanding of
the plants and communities of the earliest forests leading
increasingly to the revised view that large trees gradually
evolved through the Middle Devonian in monospecific or
mixed forests, rather than in a step change with the sud-
den appearance of Archaeopteris forests (Stein et al.
2012). Important new megafossils with exceptional pres-
ervation are shedding light on this transition, in terms of
both the aerial parts of the plants and their rooting struc-
tures, to allow accurate whole plant reconstructions (Stein
et al. 2007; Giesen and Berry 2013). Additionally, by rec-
ognizing the in situ spore taxa of individual plants, the
palaeogeography and radiation of these forests are cur-
rently being tracked through the Middle to Late Devonian
by comparisons to the dispersed spore record.

Exciting discoveries of in situ fossil forest ‘floors’ in
the Middle Devonian rocks of New York State, where the
‘footprints’ of the position of individual trees within a
forested ecosystem have been preserved, are now allowing
inferences of forest composition and ecology (Gilboa For-
est, Stein et al. 2012). At a site near Cairo, NY, the upper-
most surface of a single palaeosol is extensively exposed
across a quarry floor, revealing the in situ moulds of pseudo-
sporochnalean cladoxylopsid and early archaeopteridalean
rooting structures (Stein et al. 2012). Through meticulous
mapping of the surface, this remarkable locality is reveal-
ing the rooting behaviours of these two tree types, which
will improve our understanding of root morphologies
and rooting behaviours of Middle Devonian trees (Algeo
and Scheckler 1998, fig. 3; Fig. 1). Root measurements and
spatial data from the mapped surface are providing infor-
mation on the composition and structure of a new type of
mixed Middle Devonian forest. Critically, this work pro-
vides opportunities for relating the in situ occurrence of
the rooting structures of trees of different types and stat-
ures to palaeosol weathering profiles beneath, characterized
by detailed geochemical and mineralogical analyses.

Palaeopedology and geochemical studies

Recent experimental studies (Quirk et al. 2014a, b) have
demonstrated a direct link between rates of photosynthate
carbon allocation to mycorrhizal fungal networks and
enhanced mineral weathering rates (see experimental
approaches below). We therefore hypothesize that the
evolutionary advance of trees left geochemical and miner-
alogical effects detectable in palaeosols as forested ecosys-
tems increased the quantity and depth of photosynthate
chemical energy transported into the soil through roots,
mycorrhizal fungi and litter organic matter inputs. The
evolutionary sequence from shallow-rooted herbaceous-
sized plants to deep-rooted forests through the Silurian
and Devonian probably intensified soil acidification and
strengthened elemental enrichments and depletions in
surface soil horizons compared with underlying parent
material, especially increasing the loss of bases, such as
Ca, relative to Al and Fe. An increase in clay mineral
production is also expected through time, especially the
formation of smectitic and kaolinitic assemblages. In
theory, these changes should be reflected in palaeosol
profiles from the Silurian into the Devonian. One major
challenge for detecting such changes is the possible
alteration of clay minerals during burial diagenesis, in
particular smectite to illite (Hillier 2006). However, via
quantitative analysis of bulk and clay mineralogical com-
position of the palaeosols in a profile framework, we aim
to identify potential diagenetic changes to the original
(weathered) phase assemblage (as the overall phase
assemblage is constrained by bulk chemical composition)
and hence control for differences in the nature and extent
of potentially confounding postdepositional changes in
mineralogy.

Recent developments in the field of isotope biogeo-
chemistry (Pett-Ridge et al. 2009) have created the addi-
tional opportunity to develop *’Sr/**Sr isotopic ratios of
plant fossils and palaeosols as novel geochemical proxies
of biological weathering over geological time. As plants
take up Sr isotopes with minimal fractionation (Kennedy
et al. 1998), measurements of the Sr/%°Sr ratio of foliage
and bedrock allow determination of the proportion of
foliar Sr derived from bedrock by weathering (as opposed
to an atmospheric source) via mass balance calculations.
Thus, changes in fossil foliar *’Sr/**Sr ratios during the
colonization of the land, and subsequent rise of forests
through the Silurian and Devonian, are likely to reflect
enhanced biological weathering processes. Depth-depen-
dent changes in *’Sr/**Sr ratios are also seen in modern
forest soils with actively weathering minerals (Pett-Ridge
et al. 2009). We will therefore investigate how foliar and
palacosol depth-profiles of ®’Sr/**Sr ratios changed
through time as forests and their rooting systems evolved
through the Silurian-Devonian.
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FIG. 3. Five localities selected across the Appalachian ‘Old Red Sandstone’ belt of eastern North America for the drilling and sam-

pling of palaeosols of late Silurian to Late Devonian age.

To establish the intensity and depth of plant-driven
changes in palacosol profiles linked to the evolution and
rise of forest ecosystems, we have sampled a 60-Ma time-
series of late Silurian to Late Devonian palaeosols at five
localities on the Appalachian ‘Old Red Sandstone’ belt of
eastern North America (Fig. 3). Detailed sedimentological
and depth-dependent clay mineralogical (X-ray diffrac-
tion, XRD) and bulk geochemical (X-ray fluorescence and
inductively coupled plasma mass spectrometry) analyses
on uncontaminated and unweathered surfaces and drilled
cores are providing a unique resource to investigate
plant—mineral interactions beneath Devonian forests. Bio-
tic weathering by Middle Devonian forests from New
York State will be compared with evidence for weathering
by pre-forest, early vascular land plants with diminutive
rooting systems, and shallow rooting vegetation from
Silurian and Early Devonian localities at Bloomsburg,
Pennsylvania and Gaspé Bay, Canada, respectively, cover-
ing the period 420-390 Ma (Fig. 3). These strata were
targeted because they: (1) provide a relatively complete
Silurian—Devonian time-series; (2) are well characterized
in terms of their stratigraphy, sedimentology, palaeoped-
ology and palacontology; (3) contain abundant terrestrial
deposits including palaeosols; (4) yield abundant plant
megafossils and dispersed microfossils (spores); and (5)

contain a time-series of palaeosols that developed within
the same climatic belt and on regolith derived from the
same source-uplift of the Appalachian Mountains (Wood-
row and Sevon 1985). Both major and trace element pro-
files are known to be preserved within Appalachian
Palaeozoic palaeosols (Driese et al. 1992; Mora and Driese
1999; Retallack and Huang 2011). Importantly, the sites
currently being investigated have only been subjected to
relatively shallow post-Palaeozoic burial (Sarwar and
Friedman 1995).

State-of-the-art full pattern-fitting XRD methods
(Omotoso et al. 2006) are revealing the ‘speciation’ of
major elements into different minerals. This includes all
the clay minerals and hydrous oxides, which can be vali-
dated by comparison with independently determined bulk
chemical compositions. These bulk analyses define the soil
profile development in terms of relative gains and losses
of major elements in relation to the mineralogical phases
formed or altered by weathering with respect to the soil
parent material. This ‘mineralogical budgeting’ approach
has been successfully applied to modern soils (Andrist-
Rangel et al. 2007), but is yet to be applied to palaeosols.
Furthermore, by quantitatively analysing the bulk miner-
alogical composition of the palaeosols in a profile frame-
work, we are able to identify potential diagenetic changes
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to the original (weathering) phase assemblage, as the
overall phase assemblage is constrained by bulk chemical
composition. This approach allows and controls for dif-
ferences in the nature and extent of potentially confound-
ing postdepositional changes in mineralogy for each site.
Additionally, precise clay mineral identification using
XRD on oriented clay fractions will test the clay mineral
factory hypothesis (Kennedy et al. 2006) in relation to
known communities of terrestrial plants in different evo-
lutionary stages through the critical transition to the
development of forested ecosystems and different tree

types.

Palaeosols beneath the Middle Devonian fossil forest at
Cairo, NY

The Middle Devonian fossil forest ‘floor’ at Cairo, NY
(Fig. 3), mapped by Stein, Berry and others, provides a
unique opportunity to quantitatively analyse ancient
plant—soil interactions from two major groups of early
arborescent plants in relation to their rooting structures,
namely archaeopteridalean progymnosperms and pseudo-
sporochnalean cladoxylopsids. This locality shows excep-
tional preservation of in situ root morphology and
palaeosol structure as a result of a rapid flooding and
burial event, covering the rooting horizon of the trees
with a sealing layer of clay-rich green siltstone that
includes fish remains. This layer has a sharp lower
boundary with no evidence of downwards movement of
material, although the degree of possible associated hy-
dromorphy will be assessed geochemically. Two drilling
programmes (in 2012 and 2013) extracted a total of 18
cores of 1.8-3 m length via a mobile drill rig (Fig. 4A)
through the forest floor (Fig. 4B) into the palaeosol
beneath (Fig. 4C). Core positions were carefully selected
to establish pedological variation across the mapped pal-
acosol surface, particularly beneath different tree types
and statures. Five cores were positioned between main
roots close to the basal trunk moulds of five individual
archaeopteridaleans of varying size based on the lateral
extent of root moulds observed at the surface. A further
core was taken directly through a horizontally running
primary root at a distance of ~6 m from the centre of the
largest archaeopteridalean root mould. Seven cores were
positioned close to seven individual cladoxylopsids
(Fig. 4B) of various sizes, with an additional core taken
directly through the centre of the largest individual. A
further four cores were extracted across the palaeosol
horizon and surrounding area to elucidate the lateral
extent of the palaeosol and the stratigraphic relationship
with the quarry limiting walls. The cores were transported
to the New York State Museum, Albany, where they were
split lengthways (Fig. 4D). Detailed analyses of pedologi-

cal features (both macro- and micromorphological) at
depth include analyses of texture (grain size), structure
(including the presence of features such as slickensided
surfaces or carbonate nodules), horizon thickness and
horizon boundary types. Particular attention is drawn to
any rooting structures (Fig. 4E—G): their morphology,
preservation, dimensions, abundance and the maximum
depth of rooting.

Initial observations indicate the presence of at least two
palaeosols, either stacked directly on top of one another,
or separated by parallel-bedded fine-grained heterolithics
that represent unweathered parent material. The upper-
most palaeosol is approximately 1.66 m thick, interpreted
as a palaeo-vertisol, with evidence of a clay-rich middle
(B) horizon comprised of wedge-shaped peds with
slickensided clay skins. Although there is some evidence
of surface gleying in the uppermost (A) horizon, the
majority of the palaeosols are bright red. Numerous root
traces, or ‘rhizoliths’, are preserved throughout, mostly as
rhizohaloes (diffuse, blue-grey, chemically altered zones
sometimes referred to as drab-haloes) that develop
around the root and may remain even after all other
traces have gone (Retallack 1988; Wright 1992; Kraus and
Hasiotis 2006). Some rhizohaloes, however, possess a
central carbonaceous strand (Fig. 4F-G) and/or clay-rich
internal cast (Fig. 4E-F). At least four rhizolith mor-
phologies have been identified, and work is in progress to
relate these back to the structures observed at the surface.

EXPERIMENTAL APPROACHES TO
ESTABLISHING THE ROLE OF
MYCORRHIZAL FUNGI IN
WEATHERING

Mechanistic insights into the role of AM fungal partners
of early trees in driving weathering and biogeochemical
cycles over evolutionary time are being gained with care-
fully designed field and controlled-environment labora-
tory experiments. These experiments using extant
mycorrhizal trees selected to represent exemplar taxa of
past forests are important for establishing cause and effect
because plant root—fungal relationships are rarely pre-
served in the fossil record. In Devonian palaeosols, in situ
tree roots are often preserved only as moulds and casts
(voids filled with sediment or mineral concretions; Driese
et al. 1997; Elick et al. 1998; Mintz et al. 2010; Stein et al.
2012), or simply the geochemical traces of their decay
(i.e. rhizohaloes, Fig. 4D, G). At best the lignified parts
are permineralized, preserving the original anatomy in
three dimensions (Meyer-Berthaud et al. 2013), or as coa-
lified compressions (Giesen and Berry 2013), although
both types are usually found in allochthonous deposits
(i.e. not in life position). In most cases, the resolution of
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At
FIG. 4. Middle Devonian palaeosols from a locality near Cairo, New York State. A, extraction of drill cores using a mobile drill rig. B,
core drilling through red palaeosol near the mould of a cladoxylopsid stump, penetrating through radially orientated ‘drab-haloed’ roots.
Drill bit diameter = 8 cm. C, extracted core, up to 3 m in length. D, split core of the top ~37 cm of a core drilled beneath a cladoxylopsid
rooting structure; scale bar represents 2 cm. E-G, examples of rhizolith types preserved in the palacosol beneath the ‘forest floor’;

E, archaeopteridalean-type rhizolith, preserved as clay cast, surrounded by ‘drab-halo’, scale bar represents 3 cm; F, small archaeopterida-
lean-type rhizolith, preserved as clay cast with central carbonaceous strand, surrounded by a ‘drab-halo’, scale bar represents 1 cm;
G, cladoxylopsid rhizolith, preserved as rhizohalo, with some preservation of carbonaceous material, scale bar represents 1 cm.
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preservation is too coarse for much finer root hairs or
fungal hyphae, unless preserved in exceptional tapho-
nomic circumstances such as the Lower Devonian Rhynie
Chert (late Pragian to early Emsian hot spring deposits
that predate the evolution of arborescence; Taylor et al.
2004; Strullu-Derrien et al. 2014).

Roots and mycorrhizal fungi are the main conduits
through which chemical energy fixed by shoot photosyn-
thesis is transported into the soil, contributing to soil
acidification and mineral weathering (Taylor et al. 2009).
To isolate the activities of AM fungal partners from those
of the host roots, we have implemented experiments that
use fungal-ingrowth mesh bags and mesh-walled cores. In
these systems, the mesh pore size allows fine-diameter
hyphal mycelium, but not larger diameter roots, to pene-
trate and interact with the contents of the bags or cores
(Johnson et al. 2001; Quirk et al. 2012). By filling the
mesh with well-characterized grains of silicate rocks and
minerals, and burying them beneath mycorrhizal plants
and trees, we are able to quantify mycorrhizal AM
hypha—mineral interactions. This includes measurements
of AM hyphal networks colonizing various rock types,
assessment of direct physical disruption of mineral sur-
faces by AM hyphae and chemical dissolution of basalt
grains following interactions with AM fungi (Quirk et al.
2012; Quirk et al. 2014a, b).

A field experiment at the UK National Arboretum at
Westonbirt in Gloucestershire demonstrated preferential
colonization of basalt grains by the AM fungal partners of
established Metasequoia and Sequoia (Cupressaceae) trees
over less easily weathered granite and pure quartz grains
(Quirk ef al. 2012). The crushed grains were of uniform
size and buried 5-10 cm deep below the trees within
mesh bags. This targeted proliferation is indicative of
positive feedbacks between elemental uptake from basalt
(as a more exploitable nutrient element resource com-
pared with granite and quartz) by hyphal networks in
return for increasing carbon provision from tree roots.
Metasequoia and Sequoia are AM-associating gymno-
sperms and were selected as representatives of extant tree
types that are amongst the closest modern analogues to
Devonian forest trees. This is important because gymno-
sperms from the Pinaceae (Pinus and Larix) form mycor-
rhizal associations known as ectomycorrhizas with soil
fungi from later-evolving ‘higher’ clades, including the
basidiomycetes and ascomycetes, whereas the main AM-
forming fungi are from the glomeromycetes (Schufller
et al. 2001; Taylor et al. 2009 and references therein) that
co-evolved with early land plants.

Ectomycorrhizas are thought to have emerged in the
Early Cretaceous, and the first unequivocal fossil evidence
suggests they were extant by 50 Ma (LePage et al. 1997),
with molecular clock evidence indicating they existed by
at least 200 Ma (Berbee and Taylor 1993). Critically, in

the arboretum study where climate and substrate are con-
sistent across taxa, Pinus and Larix were associated with
greater hyphal colonization and weathering of the basalt
grains, highlighting fundamental functional differences
between the two types of mycorrhizal symbioses (ancestral
AM and later, independently evolved ectomycorrhiza;
Quirk et al. 2012). Nevertheless, the key point is that AM
fungi in association with gymnosperm trees exhibited
mineral-specific foraging behaviour, and prior to this
demonstration, their weathering capabilities had been dis-
missed (Lambers et al. 2009). Moreover, an independent
study of 24 paired forest plots in New Zealand, compar-
ing weathering under trees that associate with AM or with
EM fungi, revealed clear evidence of crystalline apatite
weathering, presumably for P uptake, by both kinds of
trees (Koele et al. 2014).

The capacity of AM fungi to physically alter silicate
mineral surfaces has been revealed through the applica-
tion of vertical scanning interferometry (VSI) to charac-
terize the microscale surface topography of muscovite —
an atomically smooth potassium-bearing phyllosilicate —
co-buried inside the mesh bags beneath the trees. VSI
measurements provided direct evidence of localized physi-
cal alteration and loss of the muscovite where colonizing
AM hyphae contacted the mineral surface (Quirk et al.
2012). This so-called fungal trenching behaviour was later
verified for AM fungi in association with Sequoia and
Acer saplings in a pot experiment under controlled-envi-
ronment conditions (Quirk et al. 2014b). Critically, the
morphological characteristics of the trenches on the
mineral were consistent with AM hyphal anatomy. Care-
fully designed VSI procedures provided quantitative
assessment of increases in mineral surface roughness
linked to colonization by AM fungal hyphae (Quirk et al.
2014a, b). Together with the evidence of direct AM
hypha—mineral interaction and physical disruption of the
mineral surface, this highlights the potential importance
of AM to biotic weathering.

Experiments under controlled-environment conditions
in an elevated CO, atmosphere have allowed plant—
mycorrhiza—mineral interactions to be investigated in
conditions approximating those during the Devonian rise
in forested ecosystems. These experiments have demon-
strated that an atmosphere enriched in CO, allows trees
to support larger hyphal networks and intensifies physical
alteration of silicate mineral surfaces by AM fungi (Quirk
et al. 2014b). The link between carbon-energy fluxes into
mycorrhizal networks and the intensity of biological
weathering rates has been established with "C tracer
experiments (Quirk ef al. 2014a). The radioactive CO, is
fixed by the tree canopy and the assimilated '*C is moni-
tored as it is transported through the plant, below ground
into the roots and mycorrhizal hyphal networks within
hyphal-ingrowth mesh-covered cores containing basalt
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FIG. 5. The linkage between: A, autotrophic carbon provision
into networks of arbuscular mycorrhizal (AM) and ectomycor-
rhizal (EM) fungi partnering trees; and B, dissolution of Ca-sili-
cate minerals in basalt grains. Both the carbon flux and
weathering response increase with atmospheric CO, enrichment
from ambient to Early Palaeozoic CO, concentrations of

1500 ppm. C, cross-plots reveal the broad proportionality of the
weathering response to the carbon flux (circles are AM species,
squares are EM species). The AM trees studied were Ginkgo bi-
loba, Sequoia sempervirens and Metasequoia glyptostroboides; and
EM trees were Pinus sylvestis and Betula pendula. Figure repro-
duced from Quirk et al. (2014a).

grains. The amount of '*C detected in and around the
basalt grains reflects its assimilation into mycorrhizal fun-
gal biomass and exudates and can be linked to rates of
Ca dissolution from silicate minerals within the basalt
(Quirk et al. 2014a; Fig. 5). Both the carbon flux into
mycorrhizal networks and the dissolution of Ca-silicate
from the basalt were higher under the experimentally
simulated high-CO, Devonian atmosphere, and the effects
are greater for ectomycorrhizal trees than for AM trees
(Quirk et al. 2014a).

Although these experiments were necessarily conducted
using contemporary tree and fungal taxa, the genes con-
trolling functions of AM fungal symbiosis are ancient and
highly conserved (Bonfante and Genre 2008, 2010),
retaining similarities to fungi in the Mucoromycotina
and Chytridiomycota from which they diverged hundreds
of millions of years ago (Hibbett and Matheny 2009).
These experimental findings offer new insights into the
mechanisms underpinning terrestrial biotic feedbacks on
long-term carbon cycling associated with evolutionary
advancement of trees and their mycorrhizal fungi that
cannot be gained from the geological record alone.

CONCLUSION

The central hypothesis of our drilling project is that the
evolutionary advance of trees left geochemical effects
detectable in palaeosols as forested ecosystems increased
the quantity and depth of chemical energy transported
into the soil through roots, mycorrhizal fungi and litter.
These effects probably intensified soil acidification,
increased the strength of isotopic and elemental enrich-
ment in surface soil horizons and enhanced the weather-
ing of Ca-Si and Ca-P minerals, and the formation of
pedogenic clays, leading to long-term sequestration of
atmospheric CO, through the formation of marine car-
bonates with the liberated terrestrial Ca. By adopting a
unifying framework that bridges between palaeontology,
soil biogeochemistry and ecosystem processes, current
research studies aim to increase our mechanistic under-
standing of how the evolutionary rise of deep-rooting for-
ests intensified weathering and pedogenesis. Augmenting
this systems palaeobiology approach, are studies of key
ecosystem processes within extant communities of trees,
mycorrhizal fungi and associated rhizosphere microbial
communities. The effects of these interactions at the
interface between land plants and the lithosphere are
more often than not precluded from traditional palaeon-
tological approaches, yet their probable importance is
gaining wider acceptance.
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