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Abstract

Land plants and tlimate has beempnaaccd of stiantifE a r t F

interest for many decades. Global vegetation and climate are linked: climate change
induces vegetation change, and as vegetation changes, climate follows suit. While the
general trajectory of plant evolution is rélaly well understood, it remains difficult

to estimate global plant biomass and productivity over geological time: a key
consideration in determining the magnitude of any climate or biogeochemical effects.
Previous works have relied either on box modefsh no consideration of global
hydrology and the impact of water availability on key plant physiological processes,
or on complex spatial vegetation models which are set up for specific time periods

and are not easily extended across Phanerozoic time.

In this thesis, | present a simplified deepe dynamic global vegetation
model called FLORA (Fast Land Occupancy and Reaction Algorithm). The model
was built from scratch but is largely based on processes in tiBGRM. FLORA
shows that key windows dug the Ordovician and Juras$t@leogene periods are
compatible with higher plant biomass due to their paleogeography and hydrology.
These times coincide with the colonisation of land by embryophytes and the
angiosperm radiation, respectively. FLORA istligr incorporated into a larger
climatechemical model (SCION Spatial Continuous Integration) to assess the
impact of plants on biogeochemical cycles. A more accurate -@dabon
representation improves model predictions of atmospherica@@temperate over
the Mesozoic and Cenozoic specifically the aridity of Pangaea results in low
TriassicJurassic biomass and the enhanced hydrology of the Cretaceous results in
high biomass, relative to box model approaches. These changes result in a better fit to
the geological record. Overall, this thesis highlights the need for betterchtaate

interaction in global biogeochemical models and begins to work towards this.
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Chapter 1. Introduction and literature review

Plants shape and influence global environmlecanditions. Sincéhe dawn
of their terrestrialisation on larauring the Ordoviciaperiod(Waters, 2003)plants
bothlarge and smalhavehada cumulativampact on theylobal carbon cycleOver
the Phanerozoi®&@1i 0 million yearsfigure 1.1.1), plants have evolved from small,
cryptogamiccovers like mosses into colossal trees such as the redwilodg. the
way, physiologicalinnovations such as strengthening of their cells, creating water
systems to provide long distance water transport, has increased the ability of plants to
ground themselves on land and dominat&heir gradual ascendanty modern day
plants has been a jousnef efficiency, adaptation and innovatioflthoughplants
are widelyrecognised as major players in drivinglimate change, plants and their
role(s) in long-term climate change andlobal biogeochemical model&hich

reconstruct londgerm climate has lem greatlysimplified.

This thesis explores the potential plant influence on paleoclimate and the
carbon cyclan a 2D setting Chapter 1 provides a background on how Earith
plants have evolved over the Phanerozoic along with their roles in thenghapi
biogeochemical cycleChapter 2 describes the simple vegetation model | have
developed to explore potential biomass under ancient climates and continental
configurations.The model, dubbed FLORA (Fast Land Occupancy and Reaction
Algorithm) is usedd assess Earthdés ability +to
Phanerozoic over Chapter 3. Chapter 4 takes FLORA and integrdigsrically
into the larger climatehemical model SCION (Spati@ontinuous IntegratioMills

et al., 2021)Introducing a spatial vegetation map creates regional differences in rates
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of weathering and carbon sequestratiwithin SCION which ae controlled by
regional climate and hydrologyThe linked model is assessed in its ability to
reproduce atmospheric GOand Q levels, temperature and various other
environmentaland geochemicabroxy recordsover Phanerozoic timeChapter 5
discusses wdt is still missing in the FLORA modgbkuch as th@otentialrole of
mycorrhizal fungion nutrient cycling and plant productivignd howFLORA can be
improved going forwardThis thesis provides the starting framework for a vegetation

model for longtemm climate change.

Era Period (Ma)
0
. N: Neogene
Cenozoic 23
Pg: Paleogene
65.5
K: Cretaceous
: 1455
Mesozoic
199.6
251
299
C: Carboniferous
359
. D: Devonian
Paleozoic 416
S: Silurian
444
542

Figure 1.1.1. Phanerozoic timelinélhe Phanerozoic is divided into 3 eras and 11
periods. Dates indicate the start of a new era or pewwbere Ma: million years ago

The following abbreviations are used throughout the thesis figufea: Ce,
Cenozoic; Mesozoic and Paleozoic. Period; Neogene; Pg, Paleogene; K,
Cretaceous; J, Jurassic; T, Triassic; P, Permian; C, Carboniferous; D, Devonian; S,

Silurian; O, Ordovician; C, Cambrian.
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1.1 Plant evolution

The terrestrial environment wasiovelenvironmentor early land plants with
simple architecture and minimal physiological and morphological strategies fer land
induced challenges including nutrient acquisition, desiccation and -pRuatative
damage to the cel(gle Vries ad Archibald, 2018)The common ancestor of modern
land plants was likely to have been from a single algal clade withaptSphyta
estimated at 96870 Ma (Jones and Dolan, 2012pwever the transition to land
happened independently among various algae and is also speculatezl acdaved
in Rhodophyta (red alga@)e Vries and Archibald, 2018Jhe small body size, height
and thalloid organisation (growth close to the ground) made mechanical challenges
less of a problem for algal transition to land compared to bpalychallenges such
as exposure to high levels of radiat{@ateman et al., 1998Before the evolution of
arborescent plants, early vascular plants faced full sunlight and drying of early skeletal
soils with limited watetholding capacity due lack of shadinggether withlimited
root or rhizoid systemgRuszala et al., 2011Yhe heavily debated subject of the
timings of plant evolutioriGitzendanner et al., 2018jeates uncertainty in the order
of evolution. This chapter uses the molecular clock analysis timings (Morris et al.,
2018) to create order in the following sséction by using one possible version of
stepwise evolution (Figure 1.1.2). Challenges associated with the phylogeny debate is

further explored in Chapter 6.2.2.

Over the Phanerozoic, continental configuration and associated environmental
changes (regional and global) have posed selective pressutasd plants such as
changes in seasonality and water availabi{ieppel et al., 2014)Innovative

adaptations for terrestrial colonisatitnereforehave evolved to reflect environmental
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conditiors. For example, leaf structure varies depending on water aviytadry

conditions require leaves to sustain moderate photosynthetic rates without a large

evaporation rate, hence the innovation of neg@s=dribb et al., 2010)Co-evolution

with mycorrhizal fung(see Chapter.), andwith theevolution of avariety of traits,

such as stomata and vasculature, plants made the successful transition from an aquatic

environment to a fully terrestrial one. A summary of plant and fungi evolution

illustrates the interconnected relationship and itnenense difference in plant
physiology from the onset to presetdy (Figure 11.3). The following section
explores plant evolution as a product of environmental forcingshaadmpact on

biogeochemical cycles.

246 195
| | ANGIOSPERMS
337 308

GYMNOSPERMS

450 430
TRACHEOPHYTES

506 460
BRYOPHYTES

|
I il —
|

& ]
[ g c (4]
© 9] g o
ju O [=2] %
E £ L
542 488 444 416 359 299 251 199 145 65 23 0
Time (Ma)

Figure 1.1.2. Approximate estimationsf plant evolution and Phanerozoic time
periods.The earliest and latest origin estimates of embryophytes, bryophytes,
tracheophytes, gymnosperms and angiosperms according to molecular clock
analysis(Morris et al., 2018)Numbers indicate the start of each Phanerozoic

period on he timeline; Ma: million years ago.
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Angiosperms dominate.

Pg
Angiosperms rise as
gymnosperms decline.
Gymnosperms dominate land Origin of soil and litter
globally. decomposers.
K ) -
Extinction of seed ferns. Multiple origins of
ectomycorrhizas and orcid
. mycorrhizas.
Angiosperms -
Gymnosperms begin to J Multiple origins
dominate. of ectomycorrhizas.
= Decline of seed ferns.
Gymno;berms
Beginning of the evolution of Diversification of saprophytic
] ferns, seed ferns and hydrolysing mechanisms.
S gymnosperms.
z
o Lycopods commonly found
T globally.
g -
= 'éi, Expansion of primitive vascular Early saprophytic/ parasitic
'{%:\, plants. Agaricomycotina present.
0 %W _ ¢ o
W i o Occurrence of Basidomycota. Arbuscular mycorrhiza involving
% Ferns =1 | ... roots (true mycorrhiza) develop.
Q Vascular plants colonise land.
M L}
% } ( ‘ | Soil becomes well-differentiated D
- o ' | as plant roots develop.
Lycopods —
4 ip ' | Macrofossil date of Cooksonia.
g ! Development of diarticulated Presenche of arbuscular
] ‘ h i i * mycorrhiza.
Mossesfi’- . L cuticles (possible stomata*), S
: i tubes and tracheids.
' Evolution of lichens.
9 Liverworts rt Evalution of embryophytes. Fungal symbiosis present.
E *| Smooth tubes present for water Spores and hyphae of
% Hornworts transportation. Glomeromycotina documented.
%
i)

Primitive marine algae present.

Protists and prokaryotes exist.

Figure 1.1.3. Timeline of major plant and fungi innovationsFossil and molecular
evidence suggest approximate timings of major innovatiotisouglout the
Phanerozoiddata taken fronKenrick and Crane, 1997; Field et al., 2015; Strullu
Derrien et al., 2018)Main land plant groups, conforming tdbayophyte monophyly
hypothesis, are shown in relation to time and innovations (Modified froysted et

al.,, 2018) Dashed line indicatesuncertainty within the phylogeny:Earliest
hypothesised appearance of the stomata; large uncertainty is attached to the time of
their appearancedue to multiple independent evolution or reductiBlant groups

that contain stomata are indicatédarris et al., 2020)
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1.1.1 Embryophytes: 515 Ma

Land colonisation by plants is estimated to have occurred during the
Ordovician to early Devonian periodat (east450 Ma;Kenrick andCrane, 1997;
Waters, 2003) The earliest land plants (embryophytes) are first identified in the
Ordovician period and were morphologically simple compared to modern vascular
plants, being rootless and rwascular, and bearing some similarities to modakzmy
bryophytes (Figure 1.3; Porada et al., 20167 he first fossil evidence for laflant
evoluion is first observed during the Middle Ordovician period (472 Ma) in the form
of cryptospores (fossilised primitive plant spor@dpgallon et al., 2013)vhile the
oldest macrofoss{Cooksonigoints at a later Siliein and early Devonian appearance
(Figure 11.3; Kraft et al., 2019)Megafossils for early land plants are raaed the
existing record areheavily biased towards plants containing recalcitrant tissues
which contain molecules thateahighly resistant to decalfossils also postdate its
origin hence molecular clock analysis often estimate a much earlier origin time with
embryophytes coming in during the Cambrian at 515 Ma (Figure 1.1.2; Morris et al.,
2018).Ear | y O i Kk s gmpitatned very little or completely lacked
recalcitrant tissues therefore leaving a macrofossil gap for the evolution of land plants
(Wellman et al., 2013)0n the other hand, the fossil record of spores is abundant and
less biasedtherefore presenting a much more accurate picture of early plant
assemblage. The mi@rdovician cryptospore records indicate early ecesystto be
ecological generalists throughout the globe with very little varig&deemans et al.,

2009) Spore assemblages from high latitudes to the equator suggest the generalist
founder popul ati onlikied qWelmab atial., 2013)It&E1 i ver
entirely possible for a parent plant with widespread dispetsities and tterance

of a wide range of ecological and climatic conditions to be presentoacmlonise
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empty nichesTheextant bryophytes shomdirect evidence for this theory as they
are ablao tolerate high radiation environments and survive and reproduce dnyder

conditions(Wellman et al., 2013)

1.1.2 Bryophytes: 506 Ma

Bryophytes (liverworts, hornworts and mosses), the eadiesrging lineage
of modern land plantss postulated to appear as early as the Cambrian at 506 Ma
soon after the emergence of embryophyBegike et al., 2018 Microfossil evidence
of bryophytes (small fragments of deeapgistant tissues and spores) establish them
on land during the Silurian, however macrofossil remadh bryophytes are not
present until the Devonian and Carboniferous therefore leading to the debate of
bryophyte origin $ee chapter 8.2, Kodner and Graham, 2001puring this period,
megafossil evidence indicating cell specialisation for survival on (@mduding
features seen in bryophytes and vascular plants) are also psesbnfs spores
(reproduction methods), tracheids (vertical growth support), stomata (desiccation
protection and gas exchange regulation) and banded tubes (water and nutrient

transportKenrick and Crane, 1997)

Although debated in their relationship and lineage in relation to tracheophytes
(vascular plants)Morris et al., 2018) many bryophytes displapoikilohydry:
suspension of metabolism during limited water availability due to the lack of
mechanisms that control cell water content. Poikilohydry prevents desiccation of cells
in low humidity environments and preservation of bryophytes during dry rseaso

(Proctor and Tuba, 2002%everal studies on modern bryophytsh as the extant
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genusTortula, show mechanisms of cellular structuretpotion during drying and
rehydrationinduced repair processes as they equilibrate to the surrounding water
content (Oliver et al., 2005 Duckett and Pressel, 2018)owever, most of the
knowledge on this mechanism is derived from modern gametophytes (the sexual
phase in the life cycle of plants and algé@yckett and Pressel, 2018hose life
history may not truly reflect that of ancient plants. Land plants consist of an alternating
life cycle: sexual haploid gametophyte and asexual diploid sporophyte. Most
megafossils from the Silurian are sporophytes with the earliest gametophyte discovery
occurring in the Rhynie Chert confirming their existent from Early Devonian onwards
(Kenrick and Crane, 1997Yhe evolutionary history of life cycles, especially the
evolution from haploid to diploid phase, is mostly unkno{@aylor et al., 2005)
therefore, it may not be entirely accurate to extend modern bryophyte abilities to
ancient bryophytdike plants. Numerous modern bryophyte species require moisture
for their growth and sexual pgoductive stage@Miller, 1982) whereas this may not

have been the main limiting factor for ancient plants.

A plethora of innovative evolution must have occurred between bryophytes
and tracheophyteto avoid drying and exploit habitats further away from a water
source At a relative humidity of 50% (at 28), bryophytes face lethal water deficit
levels(Oliver et al., 2005Wwhereas some current desert angiosperms are adapted to
survive below 33% relative humidifyzaff, 1971) Firstly, dea cell wall skeletons
made the base of a water conduction system; examples of the simplest system being
in the innermost cell layer of stems (i.e. hydroids) of some m@Sgesry, 2003)

Thin, smooth walls allowed for easier movement of water along the plant body.
Secondly, cell walls were rigidified anaaterproofed by lignin(Sperry, 2003)

Lignin increased the threshold for pressure within cells allowing trachearyréeme
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to be held open without collapsing on itself, and its hydrophobic nature forced water
to stay within the tubes. Finally, plasmodesmatal pores were used to control water
movement between vaglar and nofvascular tissuegSperry, 2003) Channels
between plant cells were now able to distribute water throughout the whole plant
without theneed for all cells to be part of the water transportation system. These
physiological innovations are present in the fossil records by 410 Ma and a range in

morphology can be observed by 390 Mgy(re 1.13; Kenrick and Crane, 1997)

Fossil records show stomata and primitive xyliéta tissuesto co-occur
during the Silurian in most extant plants allowing the transition from poikilohydry to
homiohydry (the ability to obtain watérom the environment through a system of
roots or similar organs rather thidmough the surface of leavégSperry, 2003)Along
with water, plants coegulate intracellular C&evels to prevent dynamic water stress
via evaporation. Low transpiration rate limits £aptake, as the stomata are closed,
however if the CQuptake is unregated, it reduces source water availability, as the
stomata are open constantly and evapotranspiration transports water from its source
to the atmosphei&perry, 2003)Modern plants achieve water control throughout the
plant using stomata which also act as the main limiting factor for carbon uptake
(Chaves and Pereira, 199830il water is connected to atmospkewater via
transpiration that occurs through the stomhbtking plants to the carbon, water and
nutrient cyclegKelliher et al., 1995)The origin of stomata for gas exchange is seen
in sporophytes of mosses and hornw{tsyle, 2013)with multiple points of origin
depending on factors such as guard cell physiology and intracellular space ontogeny
(Duckett and Pressel, 201&epresentatively present in all embryophytes, except
liverworts, Devonian stomata from the Rhynie ch&tifd in Scotland aligns with

the paradigm that stomata have one common ancestotheintble and regulation
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are conservedhroughout land plant lineageg®uckett and Pressel, 20187\s
liverworts do not possess stomata, an opposite hypothesis suggests the ancestral
function of stomata to be water and nutrient transporté{Sperry, 2003; Duckett
and Pressel, 2018Moss stomata are not responsive to>JRensing, 2018)
supporting the hypbesis that the ancestral function of stomata was primarily

desiccation prevention.

1.1.3 Tracheophytes 450 Ma

The early Silurian is hypothesised to be the period of origin and diversification
of tracheophyte&lubmosses, ferns, horsetails, seed plantsir€ity1.3) due to major
changes in spore assemblages and the appearance of vascular plant megafossils
(Steemans et al., 2009Desiccation tolerance mechanisms are observed in
tracheophytes as they evolved water transport sgsteich as tracheids and vessel
elements (cells that form the xylem) to avoid dry{(@jiver et al., 2005) Further
evolution of haitlike rhizoid cells on the gametophyte, the only flieeng stage of
the life cycle that is in direct contact with the subst(dtnes and Dolan, 2012)
appear in paleosols as zbid imprints around the Siluna(Field, Pressel, et al.,
2015) Prostrate stems with filamentous cells, that resemble living bryophyte
structures \Wich act as anchors and aid water and nutrient uptake, were modified to
produce rootgKenrick and Crane, 1997; Jones and Dolan, 20R®pts evolved
among the lycophytes by the Early Devonian as seen in the simplé&eostructures

of Asteroxylon mackéound in the Rhynie che(@ores and Dolan, 2012)
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Tracheophytes radiated in the Devonian as thegbeanore prominent in
plant records globally, including the Rhynie chi@byce and Lee, 2017With the
evolution of roots, independent evolution of trees led to several major plant clades
supporting tree habitats by the Devoni@enrick and Crane, 1997; Kenrick et al.,
2012) Major expansion of segplant floras with deeper root systems occurred during
the Early Carboniferou€Chen et al., 2021)The late Carboniferous, also knowas
the o6Coal Agebod, saw terrestrial l and co
plant groups, arborescent lycophytes or club mosses. The combination of
gymnosperms which contain difficult to biodegrade lignin, and wet, hot conditions
created expansév deep peat deposits which were previously not as a prominent

feature of plant ecolog{DiMichele, 2014; Cleal, 2018)

A later major step in plant evolution was the divergence of the flowering plants
(angbsperms), estimated to have occurred betweerl@20Ma, based on the
occurrence of flowers in the fossil rec§8huauet et al., 2017)Terrestrial ecosystems
rapidly changed from gymnosperm to angiosperm dominated flora over
approximately 30million years(Hochuli et al., 2006)The success of angiosperms
can be attributed to their efficient photosynthesis and flmmabd mechanisms of
reproduction, pollination and dispergBrodribb and Feild, 2010; Boyce and Leslie,
2012) Higher photosynthesis rates per unit leaf area, growth rates and faster
generation times and therefore higher productivity rates in dayera angiosperms
the advantage ttake overecosystemgBoyce and Leslie, 2012)Angiosperms
continued to diversify, eventually dominating present day terrestrial plant

assemblages from the Cretaceous onwards (Figiw®.1.
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Figure 1.1.4. Dominant plant tye turnover.Angiosperms show a clear and rapid
domination making up >50% of total relative density of plantsgm the mid
Cretaceous onwardsGymnosperms and other land plant groupmiinished in its

land coverage as a resuModified fromLidgard and Crane, 1988

1.2  Plants and biogeochmical cycles

The rise of land plants through the Paleozoic Era is thought to have marked a
turning point in Earth history, with pro
and climate(Beerling and Berne2005) Plants likely had dramatic impacts on the
composition of the atmosphere by drawing down and photosynthetically fixing
atmospheric C® into organic biomolecules, and by altering the continental
weathering processes which are a key part of most néggreochemical cycles
(Algeo et al., 1995; Berner, 1997)hrough their influence on atmospheric
composition and biogeochemical cycles, it has been hypothesised that plants had a

key role in driving both the Hirnantian (~445 Ma) drate Paleozoic (~300 Ma) ice
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ages(Berner, 1997; Lenton et al., 2012y well as miePaleozoic oxygenation of the
atmospherégLenton et al., 2006and the more recent Cenozoic coolifiRetallack,
2001; Epihov et al., 2017)The rapid growth of plants, therefore the increase in
nutrient requirement requires either a larger source of nutrients or improvig abil
for nutrientrecycling processes. The morphological and physiological innovation of
plants involved in nutrienttycling is assumed to substantially impact global

biogeochemicalcyclls Read and Perez Moreno, 2003;

Bryophytes are globally abundant in diverse biomes, existing in all ranges of
temperature and water availability. They contribute to algyeend biomass, enrich
the soil with nitrogen by hosting nitrogéming bacteria, control soil chemistry and
nutrition, form biological crusts on dry substrates preventing soil erosion and
accelerate silicate weatherin@ornelissen et al.,, 20Q7)Lenton et al. Z012
demonstrated that nerascular plant colonisation is capable of amplifying silicate
weathering by a factor of 1.75 resulting in a Cddop from 1416 presentay
atmospheric levels (PAL) ®.4 PAL (~550Qpm to ~3200 ppm). They also proposed
an increase influx of phosphorus to the oceans due to increased weathering of
phosphorus on land. As the ocean becomes phosphadnysceanic productivity
increases which leads to organic carbon huBayophytesand their impact on
oceanic productivitymay have driven the shdived Hirnantian glaciation and
changed global biogeochemical cycles during the Late Ordovitreexpansion of
deep rooting systerduring the Carboniferous would have alsareased silicate
weatheringand releaseldrge amounts of nutrients into the soil and oceans. As plants
became more productive, it is thought to have accelerated the drawdown of

atmospheric C®via the combination of enhanced silicate weathering, eldvate
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marine primary productivity and sequestration of organic carbon in terrestrial plant

biomasgKenrick and Crane, 1997; Chen et al., 2021)

Vegetation changes during the Silurian and Devonian could have further
impacted biogeochemical cycles as dominant plant groups, globdllyegionally,
evolved. For example,Sphagnum peatmosses are particularly resistant to
decomposition along with various bryophyte litter compared to tracheophytes
(Cornelissen et al., 20). The decay resistgnlignin-rich plants contribute lower
biomassrecyclingcompared to easily degradable plants such as angiosperms. The
quick nutrient cycling, and vast presence of angiosperms allows for higher plant
productivity which contributesot more biomass production in both aquatic and
terrestrial settingg¢Dai et al., 202Q) A turnover in ecology (i.e. a predominantly
bryophytic area being replaced by tracheophytesaarwersa) therefore could lead
to different soil carbon and nutrient turnovateshence ushering in new dynamics to

existing processes in biogeochemical cycles.

How and when plants have evolvare key considerationshen modelling
their effect on longerm global climate. Discrepancies on the timing of evolutionary
steps exist due to the incomplete fossil rechtellman et al., 2013)Molecular
phylogeneticstudies provide one way of figuring out the timelines however the
potential loss of key evolutionary components (such as the loss of stomata in some
bryophytes) create alternative timelinasd make it a challeng® re-createan

accurate picture of the pg8torris et al., 2018; Harris et al., 2020)
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1.3 Mycorrhiza

Plant nutrient assimiteon usually occurs at the root hair surface via diffusion
if nutrient ions are present in sufficient concentrations in the soil Wadees and
Dolan, 2012) The extremely immobile phosphorus (P) in soil and genetic variability
in plants for P efficiency, present a greater limitfagtor to plant growth than soil
nitrogen (N) availabilityGilroy and Jones, 2000Many plants a able to obtain key
limiting nutrients, including N and P, by forming mycorrhizas; symbiotic associations
between plant roots and certain groups of soil fykigiysted et al., 2018When
mycorrhizas are formed, the extraradical fungal hyphae increases the absorptive
surface area from which limiting nutrients beyond the tptant nutrient depletion
zone can be absorbed. The uptake of nutrients from the soil occurs at the hyphal tip
and via an electrochemical gradient of proton$)(Hhe circulation of H between
the hypha and soil lowers the external pH of soil. High ratpim rates of mycorrhizal
fungi also contribute towards lowered soil pH, which in turn speeds up weathering
and mobilisation of soil nutrien{@aylor et al., 2009)In addition to the nutritional
benefits of this symbiotic relationship, mycorrhizal plants also gain improved water
relations and some resistance to pathod€asrney, 2000; Behie and Bidochka,
2014) It is important to note however, that mycorrhizal associations do not
necessarily present the plant with a greater competitive advantage against non
mycorrhizal plants when growing in optimal environmental conditions (i.e. abundant

nutrient availability).

In exchange for supplying the host plant with soil nutrients, plants provide the
fungi with organic carbon. Today, approximately 85% of all modereggial plants

are known to form mutualistic symbioses with soil fuf@airney 2000; Goltapeh et
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al.,, 2008; StrulleDerrien et al., 2018)Among the seven recognised dgp of
mycorrhizal fungi (Table B.1), arbuscular mycorrhizas (AM) have the most
geographically widespread associations with plants followed by ectuntyzas
(ECM, Figure 13.1) (Brundrett, 2002; Rimington et al., 2018\M fungi are
associated with 77% aingiosperms, 45% of 84 species of gymnosperms and 52% of

over 400 species of ferns and lycopods (Taylor et al., 2009).

The mycorrhizal symbiotic function lies on a scale of parasitism to mutualism
where benefit to either partner varies depending onriatyeof factors, including
nutrient and | ight availability which ma
(Kiers and van der Heijden, 2006; van der Heijden et al., 2C1&E)peration is a rare
trait in nature as species are assumed to have selfish interests. Mutualism therefore is
seen as an attempt by both partners to gain additional resources, while maximising
benefits and minimising costs (Kiers and van der Heijden, 2006). Hence when
environmental conditions favour one partner over the other, cheating may occur. For
instance, 10% of studies indicate mycorrhizal fungi reduce plant growth as plants are
not able ® exclude fungal symbionts (van der Heijden., 2015). Similarly, plants form
multiple and simultaneous symbiosis with a range of mycorrhizal fungi and have been
shown to take sugars from neighbouring plg&isnard et al., 2012)The symbiotic
relationship is more complex than plants favouring AM fungi that produce the most
nutrients and vice versa. The dynamic balance of resource exchange under varying

environmental conditions adds a layer of difficultyniodelling symbiotic behaviour.
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Mycorrhiza Plant taxa Fungal taxa

Endomycorrhizas

Arbuscular Bryophyta Mucoromycota*
Pteridophyta
Gymnosperms

Angiosperms

Monotropoid Monotropoideae Basidiomycota
Ericoid Ericales Ascomycota
Gymnosperms
Arbutoid Ericales Basidiomycota
Ascomycota
Orchid Orchidaceae Basidiomycota

Ectomycorrhizas

Ecto- Gymnosperms Basidiomycota
Angiosperms Ascomycota

Mucoromycotina*

Ectendo Gymnosperms Basidiomycota
Angiosperms Ascomycota

Mucoromycotina*

Table1.3.1. Seven tygs of mycorrhiza, associated fungal taxa and plant host taxa
Traditional mycorrhiza classification consisted of two types: -eetod ende
mycorrhizas however this was too general, hence each classification is subdivided
into further classifications. *Reoé reclassification of Glomeromycotina and
Mucoromycotina into the phylum Mucoromycota. Table modified Barman et al.,

2016
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Figure 1.3.1. Different root associations present in ectand endemycorrhiza.
Simplified diagram showing ec{teft) and endemycorrhizal (right) associations in

blue with root tip in yellow. Green central region represents the xylem.- Ecto
mycorrhizas are part saprophytic and form symbiosis with lateral roots by creating a
network of mycelia around the epidermal and outer cortical cells (also known as the
0 Ha r t i(i§enrickeet afi, 2012; StrulkDerrien et al., 2018)Endomycorrhizas,

such as arbuscular mycorrhizas, are obligate biotrophs (Rimington et al., 2018) and
the symbiosis involves penetration of epidermal cells and formation of specialised
branched structures known as arbuscules used fatriamt transfer, mainly

phosphorous (StrulkDerrien et al., 2018). Image modified frddamal et al., 2010
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Pirozynski and Malloch(1975) proposed the colonisation of land and the
Phanerozoic fAexplosiono of l'ife to hav
associations between seaguatic ancestral algae and aquatiagfuduring the
Silurian. Similarly, paleontological and molecular clock evidence suggest that the
success of first land plants were most likely due to their involvement with AM
associations (Taylor et al., 2009). Further fossil evidence from the Rhymid¢adsds
indicate early planfungal interactions to be present around 407 Ma and the type of
fungal structure to be similar to preselaty AM fungi(Harper et al., 2017)he chert
contains fossils of ancient land plants that include preserved individual cells of
Aglaophyton majuysa primitive vascular plant, with intracellular fungal structures
resembling the arbuscules of AM fungi, exclusive to Glomeromycgfiredd et al.,

2015; StrulluDerrien et al., 2018)More recent documentation of mycorrhizal
associations in Rhynie plants however suggest Mucoromycotina associations to also
be present. The two are now established undepltlgeim MucoromycotgStrullu-

Derrien et al., 2019)

Mucoromycotalike associations are thought to be present as early as 460 Ma
while molecular clock dagauts AM symbiosis at 462 M@aylor et al, 2009; Strully
Derrien et al., 2019Mucoromycotina are coil forming endomycorrhizal species that
are saprophytic and biotrophic unlike Glomeromycotina which are exclusively
obligate biotrophs (Hoysted et al., 2018). Glomeromycotina, for a largefghsio
life, cannot live independently from plant roots and are unable to decay soil organic
matter (Taylor et al., 2009). In contrast, some Mucoromycotina can form both ecto
and endomycorrhizal associations (Figli@ 1), with early diverging liverwastand
therefore are thought to have diverged earlier than Glomeromycotina (Hoysted et al.,

2018). Both form associations with a wide range of modern day vascular and non
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vascular plantgHoysted et al., 2019 owever the difference in plant dependency
suggests Mucoromycotina as the ancient fungal lineage. Regardless, it is clear that
mycorrhizal symbiosis, possibly from the phylum Mucoromycota, play a large role in
the terrestrialisationfglants, whether by creating nutriemth soils or by directly

providing nutrients to early land plants that lacked complex root systems.

Considering the coexistence of plants and fungi (Figure3)]l.lhe
interdependency between the two for nutriemd their widespread relationship, it is
very plausible to hypothesise that the symbiosis played a key role in the successful
colonisation of land by plants. Nutritional aid from fungi potentially could have
allowed the initial growth and expansion of lapknts, resulting in a progressive
increment of global primary productivity. With help from mycorrhizal symbiosis,
plants are able to use previously inaccessible nutrients for plant growth. Therefore,
plants could have sequestered more carbon as orgattertihan they were capable
of on their own(Sulman et al., 2019Dverall, longterm climate change could have
occurred due to the reduction in atmospherie €&m enhance processes such as
silicate weathering (see Chaptet.2) and increased rate of carbon burial. Plants with
mycorrhizal symbiosis incur the cost of nutrient availability in carbon. As plants grow
and their nutrient need increase, plants transfer morercaobtheir fungal partners.

This creates a large carbon sink as plant and fungal biomass due to increased plant
productivity (Mills et al., 2018; Puttick et al., 2018yhrough their involvement in
plant nutrient acquisition, the role of mycorrhizal fungi in shgphe climate may be

equally as significant as that of land plants.
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1.3.1 Mycorrhizal associations and biogeochemical cycles

Mycorrhizal fungal mycelia hyphae (Figute3.1) can link neighbouring plant
roots together in a mycorrhizal netwqi®imard et al., 2012)These networks have
been shown to facilitate the establishment, growth and survival of individual plants in
a wide range of ecosystems and so mycorrhizal networks have the ability to influence
ecasystem composition by favouring certain plant groups over others (Simard et al.,
2012). The global presence of these networks, with absence only in areas of high soil
disturbance, and vast associations with terrestrial plants suggests mycorrhizal
symbiosisand mycorrhizal communities play a significant role in the global C, N and

P cycles (Tabld.3.2; van der Heijden et al., 2015).

Mycorrhizal fungi redistribute organic C throughout the soil, feeding into the
soil organic matter pool which mainly recyslearbon over short timescal@ansa
and Treseder, 2017Experiments and field studies have shown plants to allocate
between 10 20% of their photosynttes to AM fungal partners while EM fungi and
ericoid mycorrhizal fungi receive from 2050% (van der Heijden et al., 2015)
Aboveground biomass in vegetation associated with mycorrhiza is estimated to be
347 GtC, withmajority of it being found in tropical fores{Soudzilovskaia et al.,
2018) With almost all terrestrial plants from a range of ecosystems forming symbiosis
with mycorrhizal fungi, it is clear that there is a role (both direct and indir@di t
played by mycorrhizas within the global C cycle. Taylor et al., (2009) suggest the
evolution and spread of EM fungi across ecosystems to be the main mechanism that
enhanced silicate weathering during the Mesozoic, as opposed to the spread of
angiospems and their related enhancement of weathering. Currently, studies

involving the changes in atmospheric £@ention mycorrhiza but do not explicitly
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model hyphal networks responsible for some portion of global biogeochemical cycles

(Jansa and Treseder, 201

Estimated mycorrhizal
Ecosystem process Mycorrhizal type contribution to nutrient

cycling processes (%)

Carbon cycle

Plant productivity AM 0-80
ECM 0-80
Decomposition AM 0-10
ECM 0-30

Nitrogen cycle

Plant nitrogen AM 0-20
acquisition ECM 0-80
Reduction of nitrogen AM, ECM 0-50
Denitrification, NO AM, ECM Unknown*
losses

Phosphorous cycle

Plant phosphorous AM 0-90
uptake ECM 0-70

Table 1.3.2.Influence of mycorrhizal fungi on biogeochemical cycles processes.
Estimated influence of mycorrhizassociations on various nutrient cycle processes
(carbon, nitrogen and phosphorous) by ECM and AM associations. Estimates are
widely ranged as mycorrhizal contribution depends on soil disruption and nutrient
availability. AM, arbuscular mycorrhiza; ECMgctomycorrhiza. *Unknown due to

lack of data on nutrient loss. Modified table from van der Heijden et al., (2015).
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Ecosystems can be dominated by different communities of mycorrhizas;
tropical by AM, temperate and boreal by ECM (Soudzilovskaia et &l8)20he
distribution of the dominant type of mycorrhizal fungi depends on the limiting nutrient
in soil for plant growth. AM fungi contribute towards phosphate cycling by mobilising
P under low soil phosphorous levé&mith et al., 2011)Hence many tree species in
P-depletedropical soils form AM associations (Taylor et al., 2009). EM fungi form
associations with boreal and temperate dominant trees such as pines and oaks,
typically in soil limited by N but not P (Taylor et al., 2009). Exudates secreted by EM
fungi facilitateweathering of mineral surfaces to release N and P. Enzymes, such as
phosphomonoesterase, hydrolyse organic P compounds in soil into their inorganic
forms that are available for plant uptake (van der Heijden et al., 2015). AM fungi
contribute up to 90% gdlant P whereas EM fungi can acquire up to 80% of plant N
and P (van der Heijden et al., 2015). Along with the active uptake of nutrients,
mycorrhizal fungi also prevent nutrient leaching from soils which proves important in
nutrientpoor ecosystems whepéant productivity is nutrient limited (van der Heijden
et al., 2015). In both cycles, mycorrhizal fungi act as a nutrient enhancer which

increases the productivity of the host plant.

In terms of evolution, Glomeromycotina and Mucoromycotina fungi are
hypothesised to form mutualistic mycorrhidéde associations with early branching
plant lineagegStrullu-Derrien et al., 2019)The two associations diffen their
symbiotic functional efficiency, i.e. the amount of nutrient (both N and P) gained by
the host plant for each unit of carbon transferred to the fungal partner, depending on
atmospheric C@concentrations. Field et al., (2015) demonstrated Mucgecotima
fungi, under ambient atmospheric £€@oncentration (440 ppm), to have higher

symbiotic functional efficiency compared with earlier Phanerozoigc@@centration
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(1500 ppm). Mucoromycotina partners received seven times more carbon at 1500 ppm
compaed to 440 ppm. In liverwoiGlomeromycotina associations, the opposite trend
was observed as phosphordascarbon exchange decreases at 440 ppm (Field et al.,
2015). Dual associations incurred a higher carbon cost for plants however that may
be counteredby benefits gained such as decreased exudates in the soil that may aid
other saprophytic soil microorganisms and pathogde€iedd et al., 2016)Although it

is unclear which fungal symbioses is ancestral or if the twexesied, the presence

of dual associations in plants suggests the existence of large underground biomass and

more efficient nutrient cycling than can bénewved by nommycorrhizal plants.

Plants that form AM symbioses tend to have low specificity (i.e. are
susceptible to colonisation by AM of different taxa) however some can have
preferential AM fungi, resulting in different densities of colonisation (Bret al.,

2011). Growth responses, and therefore carhdrnient exchange, also varies
between plant species and AM species (van der Heijden et al., 2015), making it
difficult to accurately simulate heterogenous ecosystems. Plant species sharing
compatibé mycorrhizal fungi have also been reported from a range of different
ecosystems including temperate and tropical forests (Simard et al., 2012) suggesting
a high probability of mycorrhizal network formations. Mycorrhizas can therefore have

a varying impactiepending on the dominant ecosystem and mycorrhizal community

which needs to be considered when looking at global nutrient cycles over time.

Mycorrhizal species can emlonise the same pla(Kiers et al., 2011)vary
widely in their host specificity (van der Heijden et al., 2015), and create underground
networks (Simard et al., 2012) magiit difficult to decipher specific roles and their

individual impact on processes. The dynamic turnovers of plants and fungal species
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that hold various amount of biomass, combined with underground networks and their

influence on plant communities, progehallenge to be modelled on long timescales.

1.3.2 Mycorrhizal symbiosis conclusion

Mycorrhizatlike fungi have been present on land and formed symbiotic
relationships with plants since at least the Ordovigldarper et al., 2017)The
relationship between mycorrhizal furemnd plants is not straightforward as multiple
species of mycorrhizal fungi can form symbioses with a singular plant. Vice versa,
plants are able to form multiple symbioses with different species of fungi, although it
has been shown that plants show sel#ggtin some cases (Kiers et al., 2011).
Mycorrhizal fungi increase establishment and growth of plants across a range of
ecosystems including forest, woodland and grassland (Simard et al., 2012). Their
underground hyphal networks have been hypothesisattive plant population
biology and community ecology by affecting dispersal and establishment and
regulating plant coexistend@edersoo et al., 2020Although the importance of
mycorrhizal existence has been long acknowledged, models of mycornhideht
cycling have only recently been develog&thnepf and Roose, 2006; Sulman et al.,
2019) Sulman et al., (2019) are among the pioneers in incorporating mycorrhizal
associations into dynamic global vegetation models.irTiesults suggest carbon
sequestration to be higher in plant communities that hostedrgaorrhizal fungi as
they enhance soil N compared to AM furlgis undeniable that a role is to be played
by theevdution of mycorrhiza and their involvemeint global primary productivity,

nutrient availability, silicate wathering, and ultimately climate
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1.4 The long-term carbon cycle

The longterm carbon cycle regulates the concentration and cycling of
atmospheric CQ the greenhouse gas responsibledibering surface temperatures
and global climate on multimillioiyear timescake (Beerling and Berner, 2005;
Royer, 2006; Taylor et al., 20Q9%uccinctly, the longerm carbon cycle can be

generalised into twkey reactions:

50 8 ORI OE 0 YQE (14.1)

66 00 P QO (14.2)

Equation 14.1 represents silicate weathering on land responsible for removing
atmospheric C@ Going from left to right, silicates such as Ca%i®act with
dissolved carbonlioxide to trap carbon in the form of CaG(see Chapter 4.2).
Equation 14.2 represents global photosynthesis (minus respiration) and burial of
organic mattefrepresented bgH-0) in sedimentsGoing from right to left, oxidative
weathering of organic matter that is exposed by erosion slowly releases sequestered
carbon(Berner, 2003) Environmental facts such agemperature andunoff can
affectboth of thesequatiors, i.e. higher runoff leads to increased plant productivity

burial of organic matterand also higher rates of silicate weathering.

The atmospheric concentration of £€@nd Q over geologcal time is
controlled by a combination of CalciuMagnesium (CaVg) silicate weathering,
carbonate weatheringyolcanic and metamorphic degassing, carbon burial in
sediments, oxidative weathering of organic matter and thermal decompdsitjore(

14.1;, Berner, 2006) Biotic factors regulating C® concentration includes
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photosynthesis, respiratiomé enhancement of @dg silicate weathering via root

systems and its associated mycorrhizal fyBgirner, 2003; Berner, 2006; Taylor et
al., 2009) The following sectiondetails howthese processes occur and their

individual contribution towards atmospheric £fictuatiors.

Photosynthesis Silicate weathering
CO,
. CaCO,
Burial deposition
A
Metamorphism Metamorphism
y , Diagenesis Diagenesis
Organic C Carbonate C
in sediments Weathering in sediments
Volcanism
L ———
Subduction [ Subduction
Mantle
C

Figure 1.4.1. Flow diagram of the longerm carbon cycleCO; from the atmosphere
is removed via photosynthesis and silicate weathering. The reverse is achieved via
metamorphism and diagen&salteration of rocks due to temperature and pressure

that releases Cg@in the process, and volcanisimage from Berner2003.

1.4.1 Organic carbon burial

The largessurfacepool of carbon lies in the oceanic reservoir @nalays a
major part in determing the concentration of atmospheric £&0; is rapidly
exchanged between the saa interface, therefore resulting in an approximate

equilibrium between surface ocean water and atmospherct@®slight difference
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occurringdue to processesuch agnixing between shallow and deep layers of the
oceanthat take CQto deeper watdiPost et al., 1990Although the complex carbon
cycle involves oceanitand and oceariatmospheric exchanges, my focus will be on

the role of plants in the terrestrial carbon cycle.

Photosynthesis and ecosystem respiration are the largest terrestrial carbon
fluxes. The density or quantity of biomass determitiesrate and magnitude of
autotophic respiration and therefore the amount of carbon being emitted into the
atmosphere through burning (CO, §f@nd decay (Ck} (Houghton et al., 2009T he
diverdfication and expansion of tree species, especially ligisim gymnosperms,
during the Carboniferous and Permian (Z80 Ma) led to the storage of carbon in
the form of lignin, a relatively nehiodegradable mattes€e chaptes.7.1, Dai et al.,
2020) The burial of lignin, alongside other plant produatsa waterlogged, warm
environment promoted the formation of what are now coal baams thereby
increased global organic carbon burial (Bey2&03). The burial of carbon changes
atmospheric composition as it removes.@0d adds oxygen (Equatiod2). The

reduction in the greenhouse gasGiaen promotes global cooling (Bern2003).

Biomass is related to vegetation structure which varies spatially, temporally
and with ecosystem types due to various environmental limitations. Boreal, temperate
and tropical forests have high abey®und biomass due to high productivity rates
and storge of carbon as woody mattérefsky et al., 2002) For example, <5
megagram carbon per hectakégC ha?) is present in treeless grasslands, croplands
and deserte/hereas >300 Mg@a is present in some foregtdoughton et al., 2009)

The difference in plant communities as a result of differing optimum environments

show spatial variability in carbon sequestration. Over time, changes in climate



-38-
continue to shift ecosystems betweemead temperate and tropical biomes leading
to the replacement of dominant plant spe¢{ésnzalez et al., 2010As vegetation
structure evolves spatially and temporally, physiological and metabolic changes of
plant structure affect the rate of photosynthesis, respiration, growth, decay and
therefore the rated carbon accumulation and logsoughton et al., 2009Biomass
is heavily dependent on the spread and type of vegetation, making it a fluctuating
source and sink of carbon. Therefore, the need for a spatial heterogeneity of biomass
in biogeochemicamodels is necessary to more accurately represent the impact of

changing vegetation on the global climate.

1.4.2 Silicate weathering

Weathering can bleotha physicabndchemical process; physical weathering
involves the breakdown of largeraterial via mechanistic methods (e.g. moving
water, falling off cliffs) whereas chemical weathering involves a change in the
chemical composition under the influence of agencies (e.g. plant released enzymes)
(Jackson and Sherman, 1958yeas ofhigh physical erosio are seero correlate
with high chemical erosioas ghysical weathering provides a newer mineral surface
area and discourages the formation of thick soils, allowing for chemical weathering
amplification. In terms of the global C cycle, areas where rak$ soils are
mechanically fragile, a combination of temperatureoff and physical denudation
(erosion) are key factors in determining silicate weathering (@aslardet et al.,
1999) Among the two processes, chemical weathering provides an important

feedback mechanism towards the contfchtmospheric C®
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CaMg silicate weathering is thought to control global climate over long
timescales via its consumption of atmospheric Q®@alker et al., 1981; West et al.,
2005) The process involveatmospheriaccarbon being converted into bicarbonate
(HCOz3) and carbonate (Gf) ions in soil and groundwater, its transportation to the
sea where iis ultimately stored as carbonates (calcium and magnesium) in the oceans
(simplified representation of silicates in EquatioA.1.and 14.3; Taylor et al., 2009;
Kenrick et al., 2012)Going from right to left, equations4ll and 14.3 represent
deep burial and thermal decomjpm® of carbonates and release of £6to the

atmosphere and oceans.

00 0QY¥® 0QOU0 "YQU (14.3)

Global CQ levels stabilise as increased £€Encentrations leako more
efficient silicateweathering and higher soil acidi#n acidic environment drives the
dissolution reaction and thereforereases the rate of silicate weathe(Migst et al.,

2005) Higher temperatures also accelerate mineral dissol(lticet al., 2008) This
negative feedback on GQrevents greenhouse conditioggiralling into extreme
temperatures and creates a habitable environment fgMd€enzie et al., 2016 An
alternative theory to this steadyate hypothesis the&ontinentaluplift hypothesid
whereby the tectonic uplift increases weathering rates and influences climate without
any metamorphic degassing to negate the removal ef(€4@ chapter 4.3; Taylor

et al., 2009)

The evolution of roots, anttheir associations with fungi, are also considered
to be biological enhancers of weatheripgomotingbreakdown of roks via physical

soil disruption and acidificatiothroughroot exudation of organic acids and other
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metabolitegBerner et al., 1991; Kenrick et al., 201Rpots contribute towards iso
erosion as rocks are weathered, ground surfaces are restaghedil is redistributed
across landscapes which in turn also controls sediment delivery to the ocean and
oceanic productivityBerhe et al., 2018 Rocks are physically broken apart by roots
and symbiotic fungi to expose greater surface area to organic acid compounds released
by plants and associated fun(fPorder, 2019) However, erosion disrupts soil
aggregates and structural stability which reduces the nutrient holdingtgagasoil,
making less nutrients available for plants. Mycorrhizal networks counter this erosion
via increasing soil aggregate frequerayd stability(Simard et al., 2012)Some
processes by which mgohizal networks increase soil aggregation am@ot
entanglement of host plants (branching and thickness of roots used to increase soil
compression), influencing localised soil water content (mycorrhizal fungi dry soils
near roots which promotes bindithgtween root exudates and clay particles), and
increasing root decomposition (fungi contribute to the increase in organic matter to
create soil aggregatesRillig and Mummey, 2006)Roots and mycorrhizal fungi
work together to increase nutrient availability in soil via weathering withou
compromisingsoil structure (i.e.preventing extreme drying out of soils and
conversion of soil into sandYhe increase in the capacity of land to support plant
growth increases biomass production (and therdéaés tohigher organic carbon
burial) bu alsoincreasesutrient influx to the oceans which can contribute towards

fluctuating atmospheric CO

Biomassrelatedsilicate weathering can act as a carbon sink with a potential
consumption rate of 7.9 Tg G@ear! within forests(Song et al., 2018)n order to
obtain biomass, plants must first produce net primary productivity (NPP), which

refers to the net carbon stored as new plant ma{ghaing et al., 2009An increase
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in biomass (the accumulation of carbon) leads to an increase in nutrient demand hence
higherrates of NPP is requiredPresent day weathering often shioigh productivity
rates to correlate with higdilicateweathering ratedepending on lithology and plant
functional type(Taylor et al., 2012)Weathering ates can also be dampened by
biomass volumes it protects weathering material from the effects of precipitation
(Oeser and Von Blanckenburg, 202@oth NPP and biomasplay a role in
amplifying/dampening silicate weathering rates however coupled models such as the
Hadley Centre general circulation moe8&heffield dynamic global vegetation model

use NPP (Taylor et al., 2012).

The direct enhancement of weathering occurs via plants and soil microbe
respiration as C@s released into the soil, increasing soil aciditaking weathering
of rocks easier. Produoti of organic acids, root respiration and organic degradation
are ways in which vegetation increase soil acidity toi 1000 times that of the
atmosphergBrady and Carroll, 1994)Plants are also thought to have indirectly
enhanced weathering by altering global loydgy through the evolution of stomata,
vasculature and deep roots that access previously inaccessible groundwater. Such
evolutions led to higher evaporation rates and the introduction of transpiration to

global hydrology ¢ee Chapter 6; Ibarra et al., 2019)

The Devonian is considered to be a critical interval during which the initial
diversification of plants and the evolution of roots occurred (Kenrick andeCran
1997). A noticeable drop in atmospheric O®oxy concentrationgluring the late
Devonian could be the result of the appearance and geographical expansion of large
deeprooted trees which increased river nutrient concentrations and enhanced marine

productivity, therefore triggering the late Devonian anoxic events (Taylor et al.
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2009). Ibarra et g1(2019) found global transpiration rates and an increase in seil CO
levels to have more than doubled weathefloges by deeprooted vascular plants
during the Devonian. An ecosystem dominated by angiosperms during the late
Cretaceous and Cenozoic are also hypothesised to be capable of further increasing
weathering concentrations byob% as a result of expanding silicate weathering area.
Higher transpiratio rates lead to increased global precipitation and transport of water
vapor into continental interiors that were previously shielded from weathering. In
addition, the ceevolution of plants and mycorrhizal fungi can increase soil
phosphorus concentratioreihancing plant growth and further increasing weathering

rates

1.4.3 Tectonic movements

Metamorphic degassing from carbonates and organic matter along volcanic
arcs and tectonic movement (subduction of oceanic crust and seafloor spreading)
contribute to ahospheric CQ(Mills et al., 2014; Marcilly et al., 2021 As tectonic
platesshift, the production and destruction of mountain ranges influences weathering
but more importantly, powers awolcanism whose emissisarethe main source of
COz (Marcilly et al., 2021)Volcanic eruptions, commonly formed above subduction
zones, arexplosive events that exude g ®olatiles and magma to the surf§Béank
and Manning, 2019)Current continental volcanic aareestimated to emit asuch
as ~150 teagrams C per year (Qgyear) compaed to ocean ridges (1260 T¢C
yearl) and oceanic volcanoes (130 TgC year?) (McKenzie et al 2016). The spatial
and temporal variability of volcanoes depsndn tectonis which ultimately

influences the carbonycle at noruniform intervals(McKenzie et al., 2016)The
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amount and timing of the volcam can influence global climate on both long and
short timescalefLiu et al., 2019)

As large volumes of carbon emitted by volcanoes, equally large volumes
are consumed by the mantle at subductiones altbugh not at the same time (Plank
and Manning2019). Carbon that enters the subduction zansgatially variable as
it is often made up of various amounts of different carbonate rocks and reduced
organic carbon (Liu et 3l2019). The process is howeveefficient as metamorphic
decarbonation releases some of the carbon back into the subduction zone to be carried

out in volcanic plumes (Liu et.aR019 Plank and Manning2019).

Silicate weathering is also influenced by plate tectonics and continental
paleogeographyear t hds s ur f a coenboadmplatdaes or neountaiesd t o
via uplift of tectonic platesThe process creates exposed land area of unweathered
rocks at highe elevations where steep slopes #auk of vegetatiorfi.e., no roots to
form aggregates or vegetation cover to protect rocks from raipfalthote higher
rates of weatheringRuddiman and Prell, 1997As larger land masses collated
around the equator, the formation of Pangea during the Permian consisted of various
uplifts to create vast mountain rang&gotese and Langford, 1999he larger total
land area exposed to equatorial climate (wand wet conditions) hypothetically
should increase potential silicate weathering and therg¢f@drawdown of CQ.
However, the reduction in rainfall and runoff in the interior of Pangea formed large
arid areas where silicate weathering was limitechage¢action requires an aqueous

environment$ee Chapter %; Marcilly et al., 2021)

Uplift combined with strong monsoonal rainfall increases the intensity of

silicate weathering. Summer monsoons are created by the rising of hot air and the
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inflow of cool, moist air from the ocean which causes heavy rainfall araheah soil
weathering rateRuddiman and Prell, 1997; Li et al., 2008)more recent example
of this interaction is seen in the Tibetan Plateau uplift and the Asian monsoon
circulation. Large volumes of water and moisture delivered by the Easts\sraner
monsoon promoted silicate weathering occurring at the exposed upper crustal rocks
of the Tibetan Platea(¥ang et al., 2021)As explained above, silicate weathering
acts as a carbon sink which lowers global temperatures. Tectimnasphere
interactions therefore can create new,Gidks capable of shifting the carbon rela

enough to cause global cooling.

1.5 Phanerozoic Earth History

Earthodés <cl i mat ® the global caddntclcle thiougm the d
greenhouse effect of atmospheric LO Maj or changes in Eart
occurred during the Phanerozoic Eon1®4a to present). Global temperatures over
the Phanerozoic show a pattern of icehouse and hothouse climates (Faguend.

152 C, Scotese et al.,, 2021due to processes that change atmospherie CO
concentrations. Changes in the Phanerozoic continemtéigaration (Figure 5.1

and 15.2 E), especially the formation of the Pangea supercontinent, its breakup and
eventual spread to present day configuration, involves processes that contribute
towards CQ fluctuations which has helped shape present dayatd. These
fluctuations in temperature, hydrology and geography in turn presents the existing
flora with new challenges to adapt and survive. For example, in the event of mass

extinctions,adramatic turnover in flora and faursobserved
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The main dwer of climate change during the Phanerozoic is atmosphesc CO
concentration(Royer, 2006) Earth has undergaheuse&el
intervals that closely relate to changes in the partial pressure of atmospheric CO
(Figure 1.5.1 and 1.5.2yicKenzie et al., 2016; Mills et al., 2019Fhanges in
atmospheric C® are related to lonterm processes of carbon exchange due to
tectonic @gassing (volcanic and metamorphic outgassing), organic carbon burial and
silicate weatherindBerner et al., 1991(see Chapter 1.4). Atmospheric £also
provides additional radiative forcing during a less luminous ancien{lsasting,

1989; Mills et al., P19), strongly influencing glaciation history, and climate and

ecosystem dynamics.

Paleogeography also plays a key role in climate change via contributions
towards the carbon cycl®aleogeography refers to past continental configurations
which are oftenreconstructed to investigate paleoclimatology, biogeography,
sedimentation and sea level variation through t{Beeron et al., 1981)Changes in
paleogeography occur avitectonic plate movement which can push land surfaces
together (plate boundary collision and uplift or subduction) or pull them apart
(seafloor spreading) (Figure 1.5.3; Scotese, 2021). The process is slow yet has
profound effect on the global carbon @yeéls it controls degassing and carbon burial
rates(Goddéris et al., 2014; Marcilly et al., 202Baleogeography also controls
global land area and hence the area affected by a®avgrocesses such as
weathering via rainfallOtto-Bliesner, 1995) The distribution of the land mass
modifies regional and global climate through changes in oceanic circulation, albedo
feedbacks and direct impacts on the precipitééieaporation balancgoddéris et

al., 2014)
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Figure 15.1. Cenozoic and Mesozoic ice line, temperatures,.Qével and

topographical mapsGraphscontinue into figure 1.2. (A) Timeline of the Mesozoic

and Cenozoic eras and periods. Ma: million years §B9 Period of existence of ice

caps according to geological recordéC) Global average surface temperature

derived from paled&éppen belts andxygen isotopesD) CO, concentration as

predicted from proxies (paleosols, alkenons, stomata, boron and liverworts). Data

taken fromFoster et al.,

2017CQ trendline (green) taken from Mills et a2019.

(E) Topographical maps illustrating land configuration and elevation changes as

Pangea separates.
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Figure 15.2. Paleozoic ice line, temperatures, €f@vel and topographical maps.
Continued figure from figure 8.1 (A) Timeline of thd?aleozoic era and its periods
(B) Existenceand extent of ice caps according to geological reso(@) Global
average surface temperature derived from pad@ppen beltsand oxygen isotopes.

A large peak is observed at the end of the PermiB).CO, concentration as
predicted from proxies (paleosols, alkenons, stomata, boron anavbvis). Data
taken from Foster et al2017. CQ trendline (green) taken from Mills et.aR019.

(E) Topographical maps illustrating the change in land configuration and elevation

along with the formation of Pangea.
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During the late Precambrian, the supercontinent Pannotia is
hypothesised to have begun breaking and forming new ocean, vainGondwana
(a large assembly of continents including Africa, Antarctica, Australia, India and
South America) dominating the Southern HemisplBlakey, 2008; Scotese, 2021)
During this period, seafloor spreading increased, releasingr@®the atmosphere
and the rise of sea level warmed Earth to create the Cabrdiavician hothouse. As
Earth moved into the Ordovician glaciation period, it is thought that extensive
mountain building via plate tectonic movement, could be responsible for the cooling
trend. However, paleogeographic changes are unlikely to be theade of the
glaciation due to its shaolitved nature (<1 million years). Rather a combination of
continental movement through the intertropical convergence zone, an area of high
rainfall, and the evolution of first land plants could have enhanced wiegther
lowered atmospheric Gand promoted the onset of the late Ordovician glaciation
(Lenton et al., 2012; Scotese, 2021). The following subsections look at Phanerozoic

temperature, C&evels and paleogeography for each era.
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Antarctic Plate

Divergent Convergent Transform

Figure 1.5.3. Present damajor plate tectonic boundaries and typds) Map of
presentday continental configuration and the seven major plate bounda(i)s.
Schematic representation of the three main types of plant boundaries. Divergent: two
plates move away from each otheeating troughs. Convergent: two plates move
towards each other leading to either formation of mountains or subduction of denser
plates. Transform: two plates move alongside each other. Grey = plate, orange =

lithosphere. Image modified from Duarte and Jeine(2016)

1.5.1 Paleozoic Era

The Cambrianaccording to model predictioiiBerner and Kothavala, 2001,
Lenton et al., 2018)had the highesatmosphericCO, concentration during the

Phanerozoic and is character.iCoengtheby a
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occuredtowards the late Ordovian leading to the Hirnantian glaciaticKenzie
et al., 2016; Scotese et al., 202This short glaciation event at the end of the
Ordovician may have occurred due to a combination of reduceddé@assing,
enhanced silicate weatheg and increased organic burial, which reduced
atmospheri€ O, levels, cooling the planet and leading to extinction evgklgeo et
al., 2016) Early nonvascular plants were also present on terrestrial land as evident
by fossilised cryptospores from the Early Ordovidiéanrick et al., 2012and could
have further enhanced the cooling effect via increased silicate weathering. Lenton et
al. (2012) explored the possibility of silicate weathering enhancemenrg Ipygkence
of nonvascular plants between 475 and 460 Ma using the COPSE model. With land
colonisation at 15%, the global average silicate weathering was amplified by a factor
of 1.75, leading to a sufficient drop in €@ ~8 PAL (from ~5500 ppm to ~3200

ppm) for the start of a glaciation.

Following the Late Ordovician mass extinction event, where an estimated
~85% of marine species di¢8heehan, 2001jemperatures roge ~20°C over tte
Silurian (Figure 1.5.2) Major changes in the global carbon cycle and paéswater
temperatures during this period are linked todents such as faunal turnover and
carbon burialTrotter et al., 2016)The Silurian contains a series of oceanic faunal
and ecosystem evolution and extinction, perhaps due to a generally unstable marine
environment(Calner, 2008) This created changes in the ocaamosphere carbon
cycle by influencinghe primary productivityof oceansvhich ultimately défected the
climate Changes to the global carbon cycle were also occurring on land due to the
appearance ofand plants and their expansion, which led to increased carbon
sequestratioriBerner, 2003; Algeo et al., 2016)lovement of unsettled continents

during the Silurian was higher than other time periods, leading to fluctuating
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weathering and erosion processes, and transportation of continental sediments to the
ocean(Calner, 2008) Gondwana persisted to be the largest land mass while the
collision of Laurentia and South America created an extensive mountain range in the

tropics and subtropics (Scotese, 2021; Calner, 2008).

By the midCarboniferous, the Pangean supercontinent was beginning to
assemble with the collision of Laurussia and Gonadw&mnossman et al., 200Z2Jhe
collision of continents led to mountain and volcanicges being built along the
equator along with changes in sea levels and patterns of erosion and deposition along
coastlines (Scotese, 2021). The northward movement of continents during the
Carboniferous and into the early Permian, led to the Central Pakigesmains lying
across the equator (FigurebX) which accelerated weathering processes of newly
exposed silicate rocks (Scotese, 20EkKposure of Gondwana ice masses to latitude
controlled warmer climates would be also be a direct cause of meltirghésgs
without the need for an increase in greenhouse gases (Beerling, 2002). The shift
towards the equator created large tropical regions with vast equatorial rainforests on
either side of the Central Pangean Mountains which reduced surface albedo, the
fraction of sunl i ght reflected by Eart
(Beerling, 2002; Scotese, 2021). Warmer, wetter conditions led to the expansion of
land plants and burial of large amounts of carbon as coal (Scotese 2021). Changes in
land struture and orientation led to changes in global temperature and precipitation
(Ziegler et al., 1979)The effects of paleogeographic changes are most prominent

during this period where it seems to be the main driver of regionglabal climate.

A general decline is observed in atmosph&t® concentration in paleosol

and sparse stomatal index proxy data over the Devonian and Carboniferous, with a
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sustained period of low G@uring the Permd&arboniferous (approximately 300 Ma;
Figure 1.5.2). Isotopic studies of brachiopods from equatorial regions show an
increase ind*C of seawater, suggesting enhanced burial of organic carbon in
sediments and a shift from greenhouse to icehouse clif@atssman et al., 2002;
Scheffler et al., 2003 he reduction in atmosphefO;, contributed to a much cooler
climate with large ice sheets forming over GondwéBaerling, 2002) and the
beginning of the | ongest <col d c(bcotesat e it
et al., 2021)Paleogeography played a key role in cooling the planet during the Late
Paleopic Ice Age as the existence of a large part of Gondwana in thiafbudes
led to a series of ice sheet formation on Gondwanan continents, spanning almost 100
million years(Blakey, 2008; Montafiez and Poulsen, 2013)e expansion of land
plants is thought to have played a key role in triggering this ice age as increased
primary productivity led to substantial orga carbon burial, silicate weathering
enhancement and nutrient release to oceans which increased marine primary
productivity (Berner, 1997; Chen et al.,, 202X oal swamps present during the
Carboniferous are estimated to have sequesperedt x p 1ttonnes écarbon per
year, reducing atmospheric @@vels and coinciding with climatic cooling and
glaciation(Cleal, 2018) This glaciation lasted approximately 90 million years until

the late Permian.
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Figure 15.4. Carboniferous world map and major geographic featureghe
Pangean supercontinent involves the joining ofdfwerica and Gondwana and the
formation of the Central Pangean Mountains. No single ice sheet covered Gondwana
in the Southern Hemisphere. Rather they were more a collection of smaller ice centres

spanning the Perm@arboniferous. Image taken from DiMich¢R014)

Paleogeographic conditions facilitated the Peffmassic extinction event as

the arrangemerdf continents restricted oceanic mixing which promoted anoxia and
reduced marine habitats (Figuré.b; Scotese, 2021). The presence of large land
surfaces near the equator also led to the Hadley Cell circulation patterns being
replaced by megamonsoonairculation which created drier and unfavourable
conditions for life along the equator and subtropical arid belts (Scotese, 2021). The
Hadley cell cycle involves the air rising near the equator and flowing towards the
pol es above Ear tsdasosal variatiori d eraperatwre aadarainfail g
(Tabor et al.,, 2019)The nmegamonsoonal cycle involves extremely high rainfall

concentrated in the summer months around coastal areas with persistently arid



-54-
conditions in central Pangéaeng et al., 2019Paleogeographic conditions daswve
a profound effect on environmental factors which can dictate the possibility of life on

land.
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Figure 15.5. PermaTriassic paleogeographic (above) and continental (below)
map. The orientation of the Pangean supercontinent and the locatiorheof t
Panthalassa, Paleotethys and Neotethys oceans. Largely landlocked by Cimmeria,
Southern China and Australia, the Paleotethys and Neotethys oceans had restricted

ocean mixing. Images taken from Scotese, 2021.
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1.5.2 Mesozoic and Cenozoic Era

Following the eents of the Siberian Traps, global conditions changed
drastically including the aridification of the Pangean interior due to the extremely high
temperatures (>40°C). The formation of Pangea was such that water could not
penetrate central regions, creatiagiotic desertswhich slowed down chemical
weathering and allowed atmospheric 0 build up (Scotes 2021). The climate
following the Permerriassic Boundary extinction contains bouts of humid episodes
T alternating cooling and warming cycles of undguaarm, wet conditions within
longer periods of cool, dry conditiondrotter et al., 2015) The third largest
Phanerozoic extinction event occurs in the early Jurassic (201.3 Ma) with the
degassing of the Central Atlantic Magmatic Province (CAMP) which is estinmated t
have released 80,000 gigatons of2 @0 the atmosphere (Scote2621). A sharp
increase in stomatal density is seen as a result of an increase in atmospheric CO
(Figure 15.1). Similar to the previous extinction cascade, the volcanic events brought
about rapid global warming, increased terrestrial weathering and erosion due to higher
temperatures and soil acidity and oceanic acidification leading to biotic extinctions
(Davies et al., 2017; Scotese, 2Q289ssil pollen, spore leaf records show 90% of
plant species to be extinct across North America, Greenland and Europe with warm,
humid conditions favouring fern®1cElwain and Punyasena, 200During the late
Triassic, eastern Pangea facing the Tethys (Figuwd)lexperienced monsoonal
climate due to the difference in the high temperature of tge leontinental plate and
the cooler sea. As eastern Pangea experienced harsh rainfall, the interior was

becoming drie(Bonis and Kirschner, 2012)
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The Jurassic through to the Cretace@ontains a series of cold and warm
climates as indicated by glendonite (pseudomorphs formed from minerals in near
freezing waters) and anoxic events, respectiyglgrte et al., 2015)A series of
tectonics uplifts have been suggested as the main contributing mechanism towards
global cooling as it increases silicate weathering rates but also interferes with marine
heat transportation (Korte et ,aP015). Aridity of the Pangean interior continued
throughout the Jurassic as it deflected the Intertropical Convergence Zone (ITCZ; an
equatorial zone that faces heavy rainfall as northern and southern trade winds meet),
creating O me g a mwo(®otese2024). Taroughiout thauJurassié and
Cretaceous, continental rifting and seafloor spreading saw the breakup of Pangea and
Gondwana which eventually ended by the late Eocene (Blakey, 2008). The splitting
of the supercontinent may have led to tcap cooling and increased vegetation on
land which increases surface albedo and lowers global temperatures (Tabor et al.,
2019) . Earthoés current formation is thi
continents separated by expanding oceans (Sc@@2&). The presence of Antarctica
and its ice caps, and the collisions that led to the Himalayan Mountains and rise of the
Tibetan Plateau are thought to have helped cool Earth intoisgustrial conditions

(Raymo and Ruddiman, 1992; Scotese, 2021)

Mantle degassing at nyocean ridges is thouglio have causkthe mid
Cretaceous hothouse (~100 Ma) with global temperatures at @3deira and
Rampino, 1991; Scotese, 202ater in the Cretaceoudd Chcxulub impact is the
largest known bolide impact of the Phanerozoic that changed the climate rapidly at
the CretaceouPaleogene boundary (K/T boundary). The event vaporised 3000
megatons of crustal material and suspended fine particles into the atneoSpher

created pseudnights as sunlight was blocked for several months leading to a drop in
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land plant productivityClaeys et al., 2002; Scotese, 202)e cooling however was
shortlived, andvolcanic eruptions triggered global warming and led to one of the
warmest climates in th&arly Paleogenevith ice-free pdar regions and shallow

latitudinal temperature gradier(isnnert et al., 2014)

The most recent geological period, the Cenozoic showsl&@ls, overall,
being lower than in previous periods (Makae et al.2016 Mills et al., 2019).The
Earth is termed to be in an 6éice housebd
increased anthropogenic activity (e.g., fossil fuel burning, deforestation)le€€s

arenow higher than expectgdRuddiman et al., 2016)

1.6 Conclusion

Plants have evolved and differentiated substantially from their ancestral algae
species over the Phanerozoic. Their high rates of adaptation to thenememt led to
a range of features including the stomata, water transportation system that now
contribute towards shaping climate. Similarly, mycorrhizal fungi have evolved
alongside plants to facilitate symbiotic growtA. combination of plants and
mycorrhizal fungi evolution appear to play a role within biogeochemical cycles
however studies quantifying their collective roles are lacking. The plantfungi
symbiosiscan change soil chemistry and shape their surroundings to increase growth

and productivity.

The longterm carbon (C) cycle involves a balance between silicate weathering

and photosynthesis (minus respiration). The knock on effect on thel€ due to
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plantfungi modification lies in organic carbon burial and silicate weatheates
Organic cabon burial(plant biomass) removes G®om the atmospheralong with
enhaned silicate weatheringates via rootsOther abiotic controls on the global C
cycleinclude tectonic movements which can enhance silicate weattsrexposing
new rock surfacesr via degassing which releases LZ0®he culmination of these
processes (platfitingi evolution, tectonic movements) have led to a series of changes
in climate over the Phanerozoic. Changes in land orientation (e.g. the formation and
breakup of Pangea) @ated various niches for plants to evolve in leading to the
preserdday angiosperm domination on land. Throughout the Phanerozoic, a positive
feedback between plants and climate has occurred whereby plants adapt to their
environment which leads to a moddioon of the environment that has a global impact
and thus changing climat&imilarly, as climate changes (due to a combination of

biotic and abiotic factors), plants are forced to adapt to a new set of challenges.

This thesis aims to explore the reteiship between plants and climate using a
coupled vegetation and climate model. The primary goal of this thesis is to create a
vegetation model that is simple enough to capture photosynthesis and plant growth to
run alongside a larger climattemical moden order to help answer questions such
as: How have plants helped shape the current climate or paleoclimate? How has the

climate in turn facilitated/diminished plant evolution and growth?
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Chapter 2. FLORA: Fast Land Occupancy and Reaction Algorithm

In this chapter, | introduca deeptime vegetation model called FLORA (Fast Land
Occupancy and Reaction Algorithm). The modddased orthe LundPotslam Jena
Dynamic Global Vegetation Model (LHIGVM, Sitch et al.,, 2003with added
modifications to enable longer timescale runs. Secidndescribes, in brief, the
incorporation of the vegetation cycle into globedgeochemical modelsvhich is the
ultimate purpose of FLORA also outline the main features of the LPJ model that
have ultimately been transferred to FLORA. Section 2.2ildefse schematics of
FLORA, equations involved to calculate plant biomass and validation when applied

to presentay climate.

2.1 Global biogeochemical models

A model involves numerical representation of physical processes occurring
within the system irgquestion.Global biogeochemicaiodels include interactions
between reservoirs.€. pools of resources that can either be added to or removed
from) within ap | a n e t § suchsas thd anouat of carbon available within the
atmosphere and ocgaand howit can fluctuate and adapt to various forcings such as
degassing rateBiogeochemical cycles are often modelled using a box model (or
Ana@n mensional 0O model ) whi ch cont ai ns
degassingjhat act as either a sink or ausce. For example, carbon burial acts as a
carbon sinlas it temporarily removes and stores carbon from the .Clokeprocesss

affect reservoirs (e.g., carbon pool) that are represented by a single variable with no
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spatial heterogeneiiiMills et al., 2021) Within the climate system, biogeochemical
cycles fall under the slosesponse variable as it determines atmospheric composition
on century or longer tinseales, as opposed to fassponse variables like
photosynthesis which is calculated on a daily or smaller timegBalglein and

Hostetler, 2003)

Various biogeochemical box models have been designed to predict the
magnitude of fluxes in the carbon cycle (Mills et, &019). Models such as
GEOCARB (Geological Carbon CycléBerner and Kothavala, 200apd COPSE
(Carbon, Oxygen, Phosphorus, Sulph@volution) (Bergman et al., 2004)
incorporate geological, geochemical, biological and climatological data with
equations to estimate atmosphericx@0ncentrations over Phanerozoic time. These
models araised both to predict the concentration of.G&@ times when proxy data
are unavailable, and to assess the relative ability of the biosphere and tectonics to
control climate. However, as the reservoirs are comprised down to a global mean or
sum, it createa significant limitation when considering the distribution of continents,
variation in environmental conditions and its effect on vegetation. Paleogeography is
dynamic and constantly changing over long periods of time (see ChapteAd.
continents regdst, hydrological cycles change which influence regional variation of
rainfall and processes such as silicate weathering. The assumption of one global mean
can therefore underestimate the role of paleogeography on key processéfec¢hat

long-term atmopheric CQ (Goddéris et al., 2014)

In addition, these modefscusing on geochemical changes and atmospheric
COy are largely based on weathering meges inferred from a generalised ecosystems

that lacls plant evolutionary contextMorris et al., 2015)Plants, as hypothesised
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previously, hae made a significant impact on the carbon cymfeacting as both a
sink and sourcéTaylor et al., 2012)Plants photosynthesis and enhance weathering
which leads to the drawdown of atmospheric©@0Othey respire and burn to release
CQO.. However, the degreef impact depends on the stage of their evolution. For
example, silicate weathering is largely enhanced by the presence ofoogiared
to nonrooted plants(Raven and Edwards, 2001plants have evolved over the
Phanerozoic from simple structures to complex modern day plants.-teong
biogeochemical models not only lack spatial heterogeneiptamit distribution but
also leave out the increasing complexity of plant structure which may enhance or

diminish impact on processes that control atmospheric CO

Vegetation structure and processes couple the atmospheric boundary layer and
land surfacess theyinfluences the exchange of carbon, energy and wBegatlein
and Hostetle 2003; Fisher et al., 2018 50ome broad examples include plant
photosynthesis coupling atmospheric carbon to terrestrial carbon and
evapotranspiration of water via plants coupling groundwater to atmospheric water
cycles. The vegetatiedimate interactin is everchanging with terrestrial conditions
influencing plant physiology (e.g., stomatal conductance) and the change in
vegetation communities influencing climate by controlling the rate of exchanges
(Bonan et al., 2003)Such biologically mediated feedbaakeed to be incorporated
into Earth System Models in order to accurately represent vegetation infidiéisce
on biogeochemical cycles over time (Fisher et2018. Increased realism of plant
physiology andheir responses to environmental variables however increases model

complexity and computatiahexpense (Fisher et a2018§.
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Global vegetatiordynamics are highly spatially heterogeneous with broad
scale pattern(g.,biomes) that rely heavily on local climate and tectonic factors such
as precipitation, temperature and erosion ré@esith et al., 1992)Different biomes
contribute differently towards the global carbon fluxeg (Table 2.1.1). One of the
main roles of forests within the global carbon cycle is to sequester atmospheric CO
and mitigate global warmg to some exter{ftLuyssaert et al.,@7) The cumulative
effect of different biomeghangesdepending on the dominant biome present at a
given time as dictated by environmental conditions. Along with different plant species
capable of varying carbon sequestration within a biome, mycorrfungi also
dominate different biomes (see Chapt#r3.]). The current generation of
biogeochemical box models lack this spatial heterogeneity of vegetation and therefore
are unable to properly quantify the contribution of plants and fungi towards climate

regulation and longerm climate change.

2.1.1 Vegetation models

Emerging during the mid990s, dynamic global vegetation models (DGVMs)
are used to project past, current and future vegetation patterns along with changes in
biogeochemical cycles at regionaldaglobal scale§Scheiter et al., 2013; Wang et
al., 2013) Unlike box models where each process is given a global mean number,
DGVMs split Earth into grid boxes and calculate processes independentigcfor e
box (Figure 2.1.1). DGVMs are a component of land surface models that predict the
global distribution of plant functional types (PFTs) from physiological principles
(Fisher et al. 2019. Vegetation is characterised as patches of PFTs that occupy a

portion of a gridcell depending on parameters such as temperature and rainfall that
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may be favourable to one PFT over another (Bonan, €0813). Examples of DGVMs
include: Topdown Representation of Interactive Foliage and Flora Including
Dynamics (TRIFFID Cox, 2001)and Lund-PasdamJena DGVM (LP-DGVM;
Sitch etal., 2003).Coupling a DGVM with climate model proves useful in providing
valuable reference estimates of feedback strengilasi§ et al.2013). However, the
incorporation of a DGVM and Earth System Models seldontribute towards global

biogeochemistry.

Biome Growth NPP Total biomass
strategy (gC m2?yea) (gC m?)
Boreal humid Evergreen 271 17 7149
Boreal semiarid Evergreen 334 55 6370
Deciduous 539 73
8961
Temperate Evergreen 783 45 28496
humid Deciduous 738 55 13447
Temperate Evergreen 354 33 8521
semiarid
Mediterranean Evergreen 801 NA 9194
warm
Tropical humid Evergreen 864 96 14314

Table 2.1.1. Mean NPP flux and total biomass of different forest bionfésme
biomes contain different growth strategies (deciduous veyeen). TheNPPvalues
are NPP the standard deviation. Total biomass contains both above and -below
ground biomass. NPP: net primary productivity. Table modified fragssaert et al.,

2007
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Figure 2.1.1. Schematics of a box model and DGVBlox models calculate the
gl obal mean of processes of Earthos cli
(DGVMSs) calculate process means using environmental conditions ofjedchll,

creating spatially variable processes.

Although land plants have beencorporated intdiogeochemicamodels,
they are often mainly depicted as influencing silicate weathering and organic matter
burial without any spatial heterogene{tyenton et al., 2018)The use of singular
values to represent a range of global exchange rates relating to plant interaction with
climate is one of the biggest limitations currently present in moBelsinstance, the
COPSE model calculates vegetation as a single parameter covering the globe and
assumes an equal rate of enhancement to processes worldwide as(aeetuitet
al., 2(1.8). As continental weathering is assumed tpdxtlyresponsible for regulating
atmospheric C® over long time periodgBerner and Kothavala, 20Q1}he
assumption of a constant enhancement in silicate weatherinthea¢fore reduces

the accuracy of such predictions.

Apart from modelling plant physiology to determine global distribution, the
Kdppen climate classification can also be used to limit plant distribution (Figure

2.1.2). The Kdppen climate system uses thigntemperature and precipitation to
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define climate boundaries and link vegetation to climate as each zone is characterised
by distinct flora(Chen and Chen, 2013; Scotese et al., 202ahstruction of paleo
Kdppen climate belts reqe the use ofithological indicators of climate like coals,
evaporites, soil minerals and glacial deposits (Scotese,20&2l1). The Koppen
climate systencan beused to study the past and future climates, as it shows changes
in poleto-equator tempetare gradient which can indicate whether Earth is in a
hothouse or icehouse period (Scotese gP@R1). In terms of delineating vegetation
based on the climate belts, limitations exist. Firstly, the width of the belts are an
approximation (Scotese et,@021) so using the classification could lead to under
or overestimation of global biomass. Secondly, a vegetation lag might be present
(Cui et al., 2021)The turnover between two PFTsist instantaneous as favourable
climate declines. Finally, and more importantly, the Koppen classification does not
account for changes in atmosphericQOui et al., 2021)Plant productivityis a
function of atmospheric COtherefore fluctuations of biomass within the same

climate belt cannot be captured.

Figure 2.1.2. Five mapr Koppen climate types and distributio@lobal distribution
of A:dry, B: polar, C: mild temperatéreen) D: tropical, E: snow (subarctic) biomes
according to the Kdppen climate classification. Image taken from Chen and Chen

2013.
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2.1.2 LPJ model

LPJFDGVM combines terrestrial vegetation dynamics and Hamidosphere
carbon and water exchanges for large spatial scales (Sitch 20Q8). Vegetation
structure responds rapidly to climate changes over timespans of years to decades
(Bartlein and Hostetler, 2008)hereas biogexhemical cycles operate over thousands
to millions of years. LRDGVM couples fast hydrological and physiological
processes, such as daily photosynthesis and respiration, to slower ecosystem

processes, such as tissue turnover and mortality (Figure Bdn@n et a|.2003).

10 PFTs represent vegetation within each gridcell (Table 2.1.2), each defined
by temperature tolerance and mortality, longevity and fire resistance. Within a
gridcell, each PFT is treated as a whole plant rather than collectioniwirad
plants. Monthly inputs of climatology, soil type and atmospherie @Dcentration
are used to derive daily processes like evapotranspiration per gridcell (Figure 2.1.2).
Each PFT has a combined biomass, crown area, height, and stem diameter which
covers a portion of the gridcell at any given location. Proceeding processes, such as
carbon allocation, depend on the portion of PFT coverage (Figure 2.1.3). Biomass is
further subdivided into three components: sapwood, leaf and fine root, which are

calcdated using yearly biomass allocation and turnover
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Figure 2.1.3. LPJ model flowchartndividual processes (boxes), known as modules
are performed (solid lines) in the direction of the arrow in aldgeills. Information
exchange (dashed linespaur between vegetation and soil state variables. Grey
boxes are calculated at a daily or monthly timestep whereas the rest are annually

calculated. Image taken from Sitch et 2D03.
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Climate Leaf phenology Growth type

Tropical Broadleaved EvergreenRaingreen
Herbaceous

Temperate Needleleaved Evergreen

Broadleaved Evergreen, Summergreen
Herbaceous

Boreal Needleleaved Evergreen, Summergreen
Broadleaved Summergreen

Table 2.1.2. Plant functional types present in the LPJ mod&lwoody ad 2
herbaceous plant functional types that encapsulate vegetation in the LPJ Tratudiel.

taken fromSitch et al.2003.

Competition exists between PFT populations for light, water and space; all
determined by the fractional coverage of gridcells. Ammlass of a given PFT
increases beyond what each gridcell can support, herbaceous biomass is reduced first
as woody PFTs are assumed to dominate. Woody PFTs are constrained at 95% of
gridcell coverage. Going beyond this limit incurs gblhning processewhereby
woody PFT biomass is reduced. Within woody PFTs, competition for resources and
their ability to succeed, based on induced physiological thresholds and environmental

conditions, dictate their biomass per gridcell.

Broad results from the LPJ mdd#ow that it is capable of capturing seasonal
cycles of CQ. Preindustrial vegetation is predicted to hold 923 petagrams of C.
However, assumptions and simplifications made along the processes of biomass

calculation result in some over or under estioraiof the C@cycling. The model
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alsopredictsa similar distribution of dominant PFTs to the Kdppen climate lelts

most regionssuch as boreal evergreen forests in Canada and northern Eurasia (Figure

2.1.4 Sitch et al.2003).

PFT with

maximum FPC M Boreal needleleaved evergreen woody

M Tropical broadleaved evergreen woody B Boreal needleleaved summergreen woody

M Tropical broadleaved raingreen woody M Boreal broadleaved summergreen woody
Temperate needleleaved evergreen woody C3 Herbaceous

B Temperate broadleaved evergreen woody C4 Herbaceous

B Temperate broadleaved summergreen woody M Barren (more than 90%)

Figure 2.1.4. LPJsimulated vegetation maplap illustrating the 10 PFTs simulated

by the LPJ model and their spread. Image taken from Sitch 20aB.

2.2 FLORA modd

FLORA captures the flow of carbon from its atmospheric form GO
storage asbiomass in plants (Figar 2.2.1). Key considerations during the
development of FLORA were: the computational speed, the ability to determine if
each land gridcell in a climate model is suitable for plant groanikproviding an
estimate of the total productivity and biomass dach cell through modelling the
photosynthesis and respiration reactions. Net Primary Productivity (NPP) is defined

as the net carbon stored after autotrophic respirgithang et al., 2009)All plant
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carbon within the system from NPP is assumed to be stored in the form of leaf biomass
for simplicity. The dominant factors for vegetation growth and expansioscae
radiation in he rainforest, precipitation in arid and seanid areas, and temperature
at higher latitudes(Wu et al.,, 20%). Hence, FLORA incorporates the three
environmental forcings to determine global plant potential biomass (Figure 2.2.1).
Although root and sapwood biomass are present within thediGAIM (Sitch et al.,
2003) they are closely linked to the other biomass pools and are not required to
reproduce a reasonable fit to modern bionfsss Chapter 2.2.2). These features were
absent from early newmascular plantgCornelissen et al., 200 7)hus| opt for the

simplest approach.

As with the LPIDGVM, FLORA divides Erth into gridcells (Figure 2.1.1).
Each gridcell within a map is defined as either land or ocean; with the size of the
gridcell depending on thehosen spatialesolution. Carbon flows and biomass are
calculated over gridcells representing the continesutehce (i.e. land), and for three
basic PFTs: tropical, boreal and temperate. The only distinction between each PFT is
their performance at different temperatu¢egyssaert et al., 2007¢ach PFT has a
different optimum temperature for photosynthefisgure 2.2.2) turnover and
respraton rate (Table 2.2.1). A simple vers
gridcell where only the contribution of the functional type, for which the highest
potenti al bi omass i1s cal cul &stablshmerdisct at e
anotherfactor that can determine dominance. For example, encroachment of woody
plants in grasslands increase in moist soils that facilitate seedling sKeradedy
and Sousa, 2006 Currently FLORA does not takinto account establishment/re
establishment factors and only considers forest biomes therefore the highest biomass

is considered to o6winbo
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Figure 2.2.1. FLORA model flowchart&ach arrow depicts the flow of carbon, green
indicates carbon is presesd within the system while brown indicates its departure.
Note: the model uses a single biomass pool and losses associated with respiration and
leaf death affect the growth of the biomass peacesses are given in dashed boxes
whereas reservoirs are mented in bold boxes. Processes that are affected by
temperaturered lineg, insolation arrow fromsun) and wateavailability (blue rain)

are indicated. NPP: net primary productivity.
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Plant functional | Temperature optimum | Turnover Respiration rate
type (C+s.d) ratio (gCgN1d?t
Tropical 277 1 0.011
Temperate 15+ 20 0.75 0.055
Boreal 0+20 0.75 0.066

Table 2.2.1.FLORA plant functional types and associated differenc&ptimum

temperature and temperature range (s.d: standard deviatiomjpver ratio (Q )

and respiration ratei() for each plant functional type.

0.06

0.05 |

0.02

0.01 p

-20 -10 0 10 20 30 40
Temperature (°C)

Figure 2.2.2. Plant functional type temperature functiomemperate (blue line) and
bored (red line) plants have similar temperature function and are present in a wider

range oftemperatures compared to the tropical plants (yellow line).
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2.2.1 Model description

The equations within FLORA dictate the rate of photosynthesis and
respiration, carbon allocation and turnover as a response to local solar insolation,
temperature and watevailability, as well as to the atmospheric £&hd Q levels.

All constants used in equations throughout Chapter 2.2.1 can be found in Table 2.2.2.
Photosynthesis is a process used by plants, algae and cyanobacteria to make organic
molecules (such as gluse) for growth. Light energy is used, directly or indirectly, to
generate organic molecules from carbon dioxide and water and oxygen is released

into the atmosphere (Equation 2.2Sthaphoff et al., 2018; Stirbet et al., 2020)

0 pOL aWRE QIOAWO §  @f ¢OU 2.2.1)

The process of photosynthesis occurs within the thylakoid membrane where
two light reactions simultaneously take place within photosystem (PS) | and I
reaction cemes. A series of redox reactions leads to the production of ATP and
NADPH, which are used for GQassimilation within the stroma. Rubisco enzyme
then catalyses the fixation of G@n a fivecarbon compound RuBP within the
Calvin-Benson cycle. Energy presation is high with only 210% of total energy

being lost as heat or chlorophyll fluorescence (Stirbet et al., 2020).
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Symbol | Value | Units Qo | Description
— 0.7* Co-limitation (shape) parameter
— 0.7 Optimal intracellular/ambient CQatio
0.08* Cs quantum efficiencyf COp uptake
0 30 Pa 2.1 | Michaelis constant of CO
0 30 kPa 1.2 | Inhibition constant of @
t 2600 0.57 | CO2/O; specificity ratio
Q 24 hours Daylight hours
@ 0.015* Cz leaf respiration as a fraction of
Rubisco capacity constant
no 20.9 kPa Ambient partial pressure of.@or
present day
n 280 ppm Ambient partial pressure of C@or pre
industrial times
a 0.75 Maximum leaf carbon allocation ratio
0E 20* Leaf C:N ratio
Y 0.25* Growth respiration ratio

Table 2.2.2. FLORAparameters and constantBarameters in model equations of

Chapter 22.1.*Sitch et al., 2003tHaxeltine and Prentice 1996a
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The mechanistic approach of modelling photosynthesis involves the
optimality hypothesis as used by the LPJ methodigEgns2 i 18 in Sitch et al
2003). The optimality hypothesis involves balagoof resource investment and plant
carbon gain under specific environmental conditi@tgbet et al., 2020; Jiang et al.,
2020) The Farquhar model, often used in terrestrial biosphere models, relates enzyme
kinetics and whole chain electron transport to gas exchanghale leaves ofC3
plants(Farquhar et al., 1980)he combination of the Farquhar model and the optimal
hypothesis results in G@ssimilation at large timescales (eweeks, months and so
on) becomig close to the point where Rubisco limited&Ssimilation rate is equal
to the electron transpelitmited CO, assimilation rate (Stirbet et.a2020). As such,

the photosynthesis raté (gCm? year?) is given by:

- w - -
0 ooz & c— pi ¢& —i, 1 (2.2.2)

wherethe photosynthesigate is controlled by a combinationmdrameters relating to
enzyme activity and environmental parametershando (explained below in
equations 2.2.3 2.29). —is the shape parameter that specifies the degree-of co
limitation by light and Rubisco activity (Table 2.2.2)is the relative leaf respiration

per day The photosynthetic lightesponse curve of leaves is often described by a non
rectangular hyperbola and is helpful for identifying plant photosynthetic capability
(Xu et al.,, 2019) Within Sitch et al., (2003), the photosynthesis rate and its
relationship with the two limiting rates of photosynthesis (response of photosynthesis
to absorbed PAK), and Rubisco limited rate of photosynthesis, (Haxeltine and

Prentice, 1996kare written as:



o i ° (2.23)
L
& 10 ‘r] :z' (2.24)
n G:
N (2.25)

@

0
nooop -

S (2.26)
1 0 W

wherg isthe effective ecosystetavel quantum efficiencyTable 2.2.2)"Q isa
function that limits photosynthesis at high and low temperatures depending on the
PFT (Table 2.2.1JQs the daylight hours which for model simplicity is considered to

be 24; & = 0.015 is the constant fors@eaf respiration as a fraction of Rubisco
capacity. Both Haxeltine and Prentice (19964, b) and Sitch et al., (2003) calculate leaf
respiration, within the context of Rubisco activity, to be a proportion of photosynthet
capacity. AsSQ ¢ T1a constant influx of light is assumed which results in maximum
photosynthetic capacity with minimum cost due to leaf irapn within the
chloroplast.Qcan vary widely depending on seasonality and latitude hence we first
opt for aperpetual daylight simulation. Photosynthesis would be fractionally lower

when™Qis < 24.

.. Is the CQ compensation point, where GQptake from carboxylation is

equal to CQloss from photorespiratiofiBrooks and Farquhar, 198%iven by:

A (2.27)
ct
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wherenl is the ambient partial pressure of (Pa),andt is the CQ/O; specificity
ratio (Table 2.2.2)1 determines the relative rate of the enzyme to catalyse either
carboxylation or oxygenation at any given £0d O concentrationgGalmes et al.,
2005) 1) is the intracellular partial pressure of £@a) calculated using hthe

ambient partial pressure of @O

n _n (2.28)

Bothry 0 andn reflect the average partial pressure gb@d CQ respectivelyTable

2.2.2) _is a positive parameter that represents the stomata opening and closing to
balance intracellular and extracellular £€dncentratior(Table 2.2.2) Under non
waterstressed conditions, the stomata maintains a constant ratio of intracellular to
ambient @ which ranges between 068 for G plants(Haxeltine and Prentice,
1996a; Haxeltine and PrentjcE996b) Therefore, a constant of 0.8 fog flants is

used (Sitch et al., 2003). Watstress present in FLORA acts on the whole plant and

is related to soil water availability whereas stomatal wstrexsss is more related
towards photosynthetic ratess the model is not concerned with limiting daily rates

of photosynthesis, the maximum value fds used.

The enzyme ribulos&,5-bisphosphate (RuBP) can act as a carboxylase or an
oxygenase (Rubisco) as it catalyses two different reactions in the chloroplast stroma
depending on the CGand Q concentrations (Brooks and Farquhar, 1985). Rubisco
partakes in the C@uptake of photosynthesis and photorespiration wihtl@@refore
the net uptake of leaf Gepends on the simultaneous reaction rates. The Michaelis
constants for CE(0 hand Q (0 ) (Table 2.2.2)lescribes the point at whi®ubisco

switches between acting as a carboxylase or an oxygenase. The kinetic parameters are
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also temperature dependent as an increase in temperature leads to an increase in the
CO, compensation point (the point at which the uptake of @® photosynthsis is
equal to the respiratory release of {Ctherefore leading to a net assimilation of zero)
and inhibition of net photosynthesis by, @Brooks and Farquhar, 1985). The

temperature dependenceloffy andt are modelled using:

T Q0 @ (2.29)

taken from Haxeltine and Prentice (19968). i s t he par ameter val
O is the relative change in parameder foc
2.2.2). Equation 2.9.is used within equation 22to determine the limiting rate of

photosynthesis by Rubisco at any given.€@ncentration.

The rate is further scaled by waserailablity( andinsolation "Q¢ ;ias|
increases 0iQ¢ decreases) decreases due to reduced resources and energy levels.
Insolation 8 assumed to be inGaussianelationship with latitude’Q . Insolation
increases as latitudes get closer to the equator and decrease as they go towards the

poles (Figire2.2.3.

MeEi pummcuL ™R (2.210)

v~ e f e 0 (2.2.11)
Q Q Q
€1 Qe i €1 T&Tmn

Equation 2.200 is a rough replication of the mean annual insolation curve

(Figure 4 inHay et al., 1997)Present day insolatiofQ¢ ,i decrease linearly over



time, 0, in strength by 4.6% until 570 M&quation 2.2.11; Berner, 1993)jhe model
assume$AR (Photosynthetically Active Radiatiosfales withinsolation. PAR is

the wavelength (0.40.7 micrometer) related to plant photosynthetic actifidgek

et al., 1984)whereas insolation is the total amount of solar radiation in a given area.
The LPJ model uses daily integral of absorbed PAR per unit leaf area to calculate
daily net photosynthesis. However, as FLORA deals with longer timeframes, it limits
photosynthesis by using the mean annual radiation received at each latitudinal point.
It assumes that if there is a higher amount of radiation being received, more radiation

and ultimately PAR is being received by plants therefore increasing plant
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productvity relative to areas receiving less radiation.

Insolation (Wlmz)

Figure 2.23. Annual average latitudinal insolation curvelhe amount of insolation

received at either poles are the lowest (175 ¥Vand it increases as it gets closer to
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p (2.2.12)

Water is an integral component of photosynthesis as the oxidation of water is
used to generate ATP which subsequently is used to produce organic molecules for
plant growth (Stirbet et al2020). Therefore, the availability of water can act as a
limiter to plant growth. Within the LPJ model, water stress is a balance between soill
moisture availability and evaporation. It is used to determine leaf and root carbon
allocation as plants in watstressed environments allocate more carbon towards fine
root biomass (Sitch et al., 2003). Since FLORA allocates its entire carbon reservoir
into the leaves, water stress is brought in at the end of the pfocsssalculated as
a fraction of runoffi ¢ ¢ ¢ flfranges from-Q using a sigmoidal curv@-igure
2.24, Equation 2.2.12)0 being no water available and 1 being maximum water
availability for plants. Runoff represents the balance between pegicip and
evaporation. The assumption made here is that the greater the runoff, the more water

is available within the soil for plant use.
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Figure 2.24. Water availability curve As runoff increases, more water is assumed
to be available for plantsherefore allowing photosynthesis to reach its maximum

rate. Photosynthesis ratelimited by water availability with lower runoff values.

The original equation was further scaled by 365 to calculate yearly rates,
rather than daily, and by a factor 1@ to produce sufficient carbon assimilation to
reflect presentlay plant biomasswhich includes above and belowground plant
storage systems. The further increment required for potential biomass to match
presentday biomass could be due to the 2D strietf each celld is limited by the
area of each grid cell whereas in reality, plants occupy a volume of space. Leaf area
index (LAI) is most generally defined dmalf the totalgreen leaf area per unit of
horizontal ground surface arégang et al., 2019)The LAI parameter relates to
canopy size, density and leaf oridida to each other and to light. As FLORA does

not factor in LAl or canopy oeer, this may create an underestimation of the
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photosynthesis rate therefore requirintpetor of 10to compensatéor the lack of

overlapping biomass and volume.

Initial carbon allocation to leavesd (gC m? year?) of the carbon

acquiredvia photosynthesis is calculated using:

6 a 0 (2.2.13)

with a maximum leaf carbon allocation ratio (  (Table 2.2.2Sitch et al. 2003).
Under constant conditions, an allocation ratio of 0.88 is given towards shodahgrow
(Chen and Reynolds, 1997arbon accumulation overtime in leaves is then

calculated by:

5 5 p @ & 0600 (2.2.19

where "Q represents leaf turnover for each PFT (Table 2.2.2). Initial leaf carbon
allocation is alculated using photosynthesis (Edjon 2.2.13 howeversubsequent
calculations useet primary productivity{ 0 § The initial photosynthesis rate does
not account for increases in leaf population or quantity overtsdéeaf turnover is

not 100%0  accumulatesvertimetherefore NPP is used to account for increases
in leaf populationNPP (&€ m2 year?) calculates plant carbon storage pools after the

cost of respiration.

600 p 'Y 0 Y (2.2.15)
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Carbon is acquired by photosynthesis and lost through growth

respiration 'Y and maintenance respiratioll . 25% of total NPP goes
towardsY (Sitch et al. 2003) Within angiosperms and gymnosperms,
allocation toward¢eaves has a maximum of approximately qF&orter et al., 2012)
which decreases with plant growth as more biamssllocated towards the stems.
Without the distinction of various carbon pools, all resources are directed towards
new leaf tissue. The maximum value of the ratio is used therefore assuming 75% of
photosynthetic carbofrom NPPis allocated towards thieaves while 25% goes

towardsnewgrowth (Sitch et al. 2003)Y  is calculated using:

8 , (2.2.19

P P (2.2.179
L@ C Y T @ug

QY Qwno mape

'Y  depends on temperature given by a modified Arrhenius equa@dw , tissue
respiration i and leaf specific C:N ratio ¢ .1 is the PFTspecific respiration

rate (gCgN* yeat) at 10C (Table 22.1). Values for the tropical and boreal plant
types are taken from Sitch et,g2003) and modified for the tempergilanttype
(Table 2.2.1). It follows the observation that plants of warmer environments have a
lower respiration rate at any given temperature compared to plants from colder

environments (Sitch et.aR003).

Biomass 6 (gC m2 year?) is the reservoiof carbon with inflow from leaf

carbon accumulation and a constant 10% outflow, representing combined biomass
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degradation processés.g. herbivory, enzymatic breakdown by fungi and bagcteria

fire) and chosen to reproduce overall modern biomass.

o} 6 0 THO (2.2.19

Initial biomassfor all gridcells is seat 25kgC m? which serves as the baseline for
biomass growth/loss. As-establishment is natonsideredn FLORA, gridcells are
seeded with this amountthie start of each timslice. Without seeding, gridcells that
reach zero biomassould staybarren during wholéhanerozoicuns,which is not
realistic as areas with no plant growth can be repopulated once conditions are

permissive

2.2.2 Model validation

FLORA was un subject to boundary conditions of the preindustriat (280
ppm) and Qlevels (20.9 kPa), 0.5 degree gridded global rufrfh year’; Fekete
et al., 2000)and temperaturé C; Mitchell & Jones,2005) measurements, and a
standardised insolation curve peaking®® Wm at the equatafFigure 2.2.5Meek
et al., 1984) Despite the simplicityof the model, the predicted global pattern of
biomass shows good agreement with the measured global bidRias8.5, Figures
2.2.6and2.2.7) (Ruesch and Holly, 2008The largest errors occur in the tropics but
vary from overprediction in South Asia and Indonesia, to urgiediction in tropical
Africa. The maximum error in a single gridcell is abqut p 1gC m?, but errors
tend to be balanced when considering larger areas (Rguteand.2.7). Ourmodel

also tends to slightly oveepresent biomass in the northdnigh midlatitudes and
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underrepresent biomass in the southern high-hatdudes. The over and under
representation could largely be due to the lack of monthly runoff fluctuation. For
instance, the Amazon rainforest experiences dry seasons as wellths ofdmeavy
rainfall which imposes a large influence on vegetation distribution and fluxes of
energy, water and carb@Baker et al., 2008 As FLORA uses a mean yearly average,
the short cycles of disruption and amplification in biomass accumulation is ignored
which may cause the discrepancies obsen&th the turrover rateacting as tuning
parameter FLORA predicts biomass to be 58@yatonne carbonGtC) while the
observed biomass from Ruesch and Holly (2008) lies at 489 GtC. Global plant
biomass estimations have been reported to be ~45JEz€0On et al., 2018)LPJ
vegetation biomass lies on the higher end at 923 GtC (Sitch, €0a8B).Overall,
FLORA achieves the task it is designed for; a simple and fast model for the estimation
of presertday potential biomass whichcandb&a s i | 'y run o6of flined |
dat a, or 6éonlined in a biogeochemical f

patterns of plant biomass on the pressay Earth.

Figure2.2.7shows the longitudinal and latitudinal biomass comparisons and
the relationship between the modelled and the global dat§Bassch and Holly,
2008) These highlight that the model has reasonable capabilities in capturing the key
trends, and again show the oyeediction of biomass in Soutbast Asia and under
prediction in tropical Afrta. These differences may be attributable to the yearly
averaged datasets that are used as forcings. As discussed lBafeoaeatchanges in
runoff and productivity are not captured due to monsoonal climates not being well

represented.
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Figure 2.25. Temperature, runoff and insolatiowlata Initial environmental proxies

used to calculate preseday potential biomasgA) Temperature data taken from
Mitchell and Jones (2005)B) Runoff data taken from Fekete et, §2000). (C)

Insolation rate calculad using equation.2.10 and 2.2.11
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Figure 2.26. Modelled and measured biomass comparis®he model predicts a
reasonable approximation of current biomags) Model predicted biomass given
average temperatures (between 1900 9 0 ) and om@&sobof egeambyi
from the year 200QB) Actual aboveand belowground global biomass for the year

2000 obtained from CDIAQRuesch and Holly, 2008)C) Areas of oveiprediction

(green) and undeprediction (brown) of biomass.
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Figure 2.27. Further modelled and meased biomass comparison. (A, EBum of

biomass between modelled (pink line) and measured (green linejRia¢ach and

Holly, 2008)show overall longitude-{ 80 W t o 180 -EQ @S ntdo | @@ i
biomass patterns are preserved. Highest global plant biomass is present closer to the
equator (O Latitude). Note: the compar.i
set of valueqC) Model predicted and measured biomass show a linear relationship

with an Rsquared value of 0.332 in log space (orange line), or 0.496 in linear space.

A 1:1 line is shown for comparison in black.
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A comparison between NPP for presday FLORA simuldabn and the
Sheffield dynamic global vegetation model (SDGVNaylor et al., 201 show
similar patterns of NPP distribution; higher overall productivity around the equator
that decreases ihigher latitudes (Figure 2.3.8imilar to global biomass, FLORA
NPP predictions are higher than the SDGVM estimates around the tropics and some
underestimation around 2N latitude. A large area around (M) 6C°E) in the
SDGVM produceno NPP (grey area, Figure 2.28which contradicd measured
biomass (Figure 2.28) that shows some biomass to be present. This may be the result
of the watershed exclusion (areas with <30% natural vegetation) applied in their study
suggesting FLORA anthe SDGVM runs to be different due to parameter datasets

being used.

MgC ha! year!

180° 1é0“W66”W (; BOI;E120;‘IE1BO"
Figure 2.28. Net primary productivity (NPP) comparison for present day. (A)
Modelled NPP using the Sheffield dynamic global vegetation model (SDGVM) by

Taylor et al. (2012)(B) Moddled NPP using FLORA.
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As competition is present between the three plant functional types, they each
dominate different sections of the map terreating biomes (Figure 2.20 The
term Obi ome 6 rseale enitaf community hnel refleeteetrglatisnship
between climate (in particular, temperature and moisture gradients) and vegetation
(Mucina, 2019) When compared to a simplified preselaty biome distribution
(Figure 2.2.8), the overall patterns of tropical, boreal and temperate biomes are
conserved within FLORA. The ovaimplification of plant functional types could be
another contributing factor tawds the mismatch in biomass. In relation to
photosynthesis and carbon uptake, leaf functional types vary in their productivity rates
based on light requirements/shade tolerance and resistance to waiioigsD96)

As such, leaf phenology (i.e. broadleaf and needleleaf) and growth type (i.e. evergreen
and deciduous) are other sets of broad kicategories that can be later incorporated

into FLORA to better represent preselaty biomass distribution.
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Figure 2.29. Biome distribution comparison. (AFLORA predicted biomes when
6competitiond is applied beespeebdiometwithe t hr
the highest biomass dominates the gridcell. When temperatures-4@eCs the

biome is considered to be an ice biome. When runoff is absent, the land is considered

to be a desert biom¢B) World map coverage of terrestrial biomes matifirom

Trimble and Van Aarde2012) A similar pattern is broadly observed between the two

maps. The original 14 biomesgere condensed down to the five main biomes used

within FLORA, with the exception of the montane biome (purple).
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Chapter 3. Application of FLORA to paleoclimate

How suitable was the environment for plants during the Phanerozoic? This
chapterdiscussethe results of FLORA when applied to 22 thsleces spanning the
Phanerozoic and sheds some light on the ability of Earth to host plant biomass.
FLORA predicts potential biomass basedctbmate model data frotte Phanerozoic
such as temperature and ofin Model results show a coincidence between plant
potential biomass peaks and plant evolutiomadjationsduring the Ordovician and
JurassieCretaceous. Environmental conditions on Earth may have been suitable for
plant life from the beginning of thehBnerozoic; it may have been plant evolution

holdingterrestrialisatiorback.

FLORA was run®fflinedusing the paleogeography, surface air temperature
and runoff calculated bysoddris et al, (2014) using the FOAM (Fast Ocean
Atmosphere ModelYJacob, 1997)pceanatmosphere climate model for 22 time
points over the Phanerozoic. FOAM is ai&ensional, lowesolution, climate
system model with cold ocean, land surface and sea ice dynamics used to study
long-term climate change@acob et al., 2001FOAM is able to reproduce spatial
distributions of temperature and continental runoff which is a more accurate
representation of the heterogenic nature of forcings compared todimensional
model €.g., GEOCARB) with a singular global average. It isad widely in
paleoclimate studies due to its ability to simulate millennium long timescales in a
short amount of tim@ohl et al., 2014)CC; concentration for each run was set based
on proxy information, and box modelling where proxies were unavailable (Table

3.1.1). For these runs, evolutionary changes in the land biosphere were not considered

thustheceacul ati on is for Opotenti al b-i o mas

C

-
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respiration model with modern plant functional types. Plants are present before the
hypothesised land evolution of around 470 Ma, as the intention here is to understand
the biomass pential of past climates based on fundamental photosynthetic processes

and parameters and how they interact with paleogeography and paleoclimate.

The following figures (Figure 3.1.1 3.1.22) illustrate the model parameters
(temperature and runoff) useat each timeslice along with the FLORA biome
divisions and potential biomass output. Biomes are a result of competition whereby
the plant functional type with the highest biomass within the gridcell dominates. Ice
and desert biomes are added where temypes are<-10°C and runoff is 0 mm
yearl, respectively. Each figure is accompanied by their average global temperature
and runoff values, and a brief description. Tropical biomes are consistently found
around the equator which coincides with high biosn&garmer global temperatures
also prevent the formation of ice biomes during the Triassic and Jurassic (Figure
3.1.14 and 3.1.15Aridity is mainly observed around the equator when runoff is
relatively low. For example, aridity on the interior of Pangeaeither side of the
equator (Figure 3.1.10 and 3.1.11) where runoff was inhibited asulh ofésthe

formation of PangegFluteau et al., 2001)

Themaps also illustrate the continental configuration changes occurring over
the Phanerozoic consistent with FOAM. Land configuraionFOAM are derived
from the default land model @CM2 (Community Climate Model Zlack et al.,
1993)which were compiled usinglarge number of prior papers. Fragmentation of
land is observed from the Cretaceous onwards (Figure 3.1.16) as Pangea breaks up

and spreads to presestdy configuration (Figure 3.1.22).



Time | CO2 O2 | Biomass
(Ma) | (ppm) | (kPa) | (GtC)
540 | 5600 | 1.9 458
500 | 3360 | 5.14 558
470 | 3360 | 3.74 679
450 | 2800 | 5.05 530
430 | 2240 | 14.94 555
400 | 1680 | 16.76 | 436
370 | 1400 | 16.22 438
340 | 700 | 24.76 393
300 | 560 | 25.52 347
280 | 700 | 27.25 340
260 | 700 | 31.05 365
245 | 1120 | 30.77 352
220 | 1680 | 32.38 398
200 | 1680 | 28.6 604
180 | 1680 | 25.13 606
145 | 840 | 25.86 594
90 1120 | 26.65 547
70 560 | 27.69 685
52 700 | 25.12 681
30 560 | 21.41 731
15 360 | 21.57 592

0 280 | 20.72 453

-94-

Table 3.1.1.Phanerozoic timeslices,
associated C® and & levels and
FLORA biomass outputs.O., (kPa)
(Krause et al., 2018and CQ level
(ppm) used (Mis et al, 2019) for each
time-slice spanning the Phanerozoic,
and the sum of potential global
biomass (GtC gigatonne carboj as
predicted by FLORA. Estimated €O
using GEOCARB and COPSE models
are highlighted in blue. Ma: million

years ago.
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Cambrian: 540 Ma
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Figure 3.1.1. Cambrian (540 Ma) environmental parameters and model output
maps. Average global temperature and runoff are 18.1°C and 181 year!
respectively. Although plants are not present on land during this time period, the

potential for plant productivitys.
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Cambrian: 500 Ma
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Figure 3.1.2. Cambrian (500 Ma) environmental parameters and model output
maps. Average global temperature and runoff are 18.7°C and 191 year!

respectively. Similar to the previous figure, Cambrian plant productivity is possible.
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Ordovician: 470 Ma

Temperature c

Figure 3.1.3. Ordovician (470 Ma) environmental parameters and model output
maps. Average global temperature and runoff are 18.9°C and 215 ymar!

respectively. Large portion of land lies in the southern hemisphere.
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Ordovician: 450 Ma
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Figure 3.1.4. Ordovician (45Ma) environmental parameters and model output
maps. Average global temperature and runoff are 19.6°C and 223 year!
respectively. A decrease in polar biome is observed at the southern latitudes as global

warming occurs.
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Silurian: 430 Ma
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Figure 3.1.5. Silurian @30 Ma) environmental parameters and model output maps.

Average global temperature and runoff are 19.8°C and 22%ear! respectively.
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Devonian: 400 Ma
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Figure 3.1.6. Devonian (400 Ma) environmental parameters and model output
maps. Average global temperature dnrunoff are 18°C and 186 mryear!

respectively. Aridity increases as runoff decreases mainly in the southern hemisphere.
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Devonian: 370 Ma
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Figure 3.1.7. Devonian (370 Ma) environmental parameters and model output

\(\m

-

maps. Average global temperature and runoff are.I'®@ and 211 mmnyear?!
respectively. Large increase in runoff creates more boreal biomes and decreases the
spread of desert biomes. Ice biomes are also confined to a small area in the southern

pole.
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Carboniferous: 340 Ma
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Figure 3.1.8. Carboniferous (340 Ma) environmentaarameters and model output
maps. Average global temperature and runoff are 16.8°C and 202 year!
respectively. Large decrease in global temperature promotes the spread of ice biomes

over boreal. Temperate biomes present in fragmented areas.
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Carboniferous: 300 Ma
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Figure 3.1.9. Carboniferous (300 Ma) environmental parameters and model output
maps. Average global temperature and runoff are 15.9°C and 221 yaar!

respectively. Tropical biomes located mainly around the equator.
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Permian: 280 Ma
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Figure 3.1.10. Permian (280 Magnvironmental parameters and model output
maps. Average global temperature and runoff are 15.7°C and 205 year!
respectively. Aridity increases at either sides of the equator as runoff decreases in the

area as a result of the formation of Pangea. Bisglargely restricted to the equator.
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Permian: 260 Ma
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Figure 3.1.11. Permian (260 Ma) environmental parameters and model output
maps. Average global temperature and runoff are 15.1°C and 172 yaar!

respectively. Temperate biomes are rarely present.
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Triassic: 245 Ma
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Figure 3.1.12. Triassic (245 Ma) environmental parameters and model output

i

e

maps. Average global temperature and runoff are 13.7°C and 220 year!
respectively. Global temperature is at its Phanerozoic lowest. Biomass distribution
largely around the equator a@nnorthern hemisphere as ice and desert biomes

dominate the southern hemisphere.
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Triassic: 220 Ma
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Figure 3.1.13. Triassic (220 Ma) environmental parameters and model output
maps. Average global temperature and runoff are 15.7°C and 191 yaar!
respectively. Land asses migrate northwards which decreases ice biomes in the

southern pole.
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Triassic: 200 Ma
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Figure 3.1.14. Triassic (200 Ma) environmental parameters and model output
maps. Average global temperature and runoff are 19.5°C and 254 yaar!
respectively. High tempetaes and northward movement of continents lead to no ice
biomes present and large boreal biomes in the northern poles. High biomass present

around the equator.
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Figure 3.1.15. Jurassic (180 Ma) environmental parameters and model output
maps. Average global temperature and runoff are 21°C and 301 mgear!
respectively. Slow fragmentation of Pangea increases runoff on land leading to a

decrease in desert biomes. Temperatures continue to rise with no ice biomes on either

poles.



