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Thesis summary

Upland ecosystems in the UHKncluding grasslands and heather moorlandsake up
approximately onghird of the UK's land aredn addition, the UK uplands are of substantial
national and international importance due to their biodiversity, with uniquegdaaimblages
adapted to the specifidimate and soil conditions. They also selwgportantecosystem
services, such as carbsequestratiorclean water provision and fodder productidhpresent
plants in uplandecosystemsincluding grasslands and heather moorlands, are experiencing
several significant environmenizhallengesincluding increased levels of atmospheacbon
dioxide (COy), nitrogen () pollution, and mismanagement caused by human activity. These
could potentially hidertheability of upland ecosystents adapt to upcoming environmental
change®r maintain ecosystem servicés particular, the effects alevated C@(eCQ) and

N pollution onphosphorudimited grasslands are poorly understottds also not clear ¢w
Calluna vulgaris (the species that dominates heather moorlanalies ecologically,
physiologically, and biochemically acrossdifferentlife phases.

This thesis uses an empirical methodology to investigate the consequences: @ned
pollution, and their combination for-lEmited grassland. It accomplishes this usaQO:
fumigation experiment (miniFACE)n Rlimited grasslandakenfrom a longterm nutrient
manipulation experimentt investigates th@npacts of eC@and nutréent loading (singly and

in combination) orplant physiology, leaf biochemistry, asgecieshiodiversity.In addition,

this thesis uses field methodology to investigate the ecological, physiological, and biochemical
variation throughCalluna vulgaris(C. wilgaris) life stagesin heather moorlandAlso, it
explores the ability of remote sensing applications to detect the changésiite® grassland

plants andC. vulgarislife stages.

It was found that inP-limited grassland, eCQaffected leaf gas exchange and stimulated
photosynthesisthere was alscevidence of acclimationand N addition alleviated the
magnitude of acclimation. eG@lso changed leaf biochemistry, and increased biodiversity
and species richness, allowing mopeaes to coexist, but N addition reduced biodiversity.
eCQO and N created different plant communities. Lkl hyperspectral reflectance differed
with eCQ combined with N. In additionC. vulgaris varied considerably ecologically,
physiologically, andbiochemically across its life phases, with variagiom leaf and canopy
levels of hyperspectral reflectancén conclusion, this thesis contributes to theed to
comprehend the responses ofirRited ecosystems to a future of increase®.Gnd N
availability, and theaunderstanding of. vulgarisvariatiors across life stages.
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Chapter 1i General introduction

1 General introduction

Upland ecosystems in the UK encompass a variety of habitats, including grasslands, heather
moorlands, and bogs, covering about a third of the UK land suRaas et al. 2009he UK

uplands hold significant national and international value for their biodiversity with unique plant
assemblages adapted to tipedfic climatic and soil conditions, in addition to being a vital
source of essential ecosystem services, such as carbon sequestration, water filtration and fodder
production(Bonn et al. 2011; Holden et al. 2007; Thompson et al. 19298and ecosystems

are large carbon sinks, sequestering huge amounts of carbon in their soil and vegreation

et al. 2009) and consequently upland soils are thrgdat carbon store in EnglafBlaggaley

et al. 2021) Upland soils play an important role in mitigating anthropogemissions and
therefore climate change, by lowering the amount of carbon dioxide in the atmosphere.
However, once these habitats are degraded, they can become sources of greenhouse gases
(Albertson et al. 2010)Currently and in the future, uplaedosystems are facing a variety of
environmental challenges including increased atmospbarion dioxid€COy), nitrogen (N)

pollution, and mis(managemetriflllen et al. 2016; Wang et al. 2019; You et al. 2Qiwhich

could potentially impact their ability to adapt and respond to future environmental change or

continue to provide ecosystem services.

The current geological era has been renamed the "Anthropocene" to reflect the considerable
human influence on the environméktaters et al. 2016As a result of the combined effects

of both the agricultural and industrial revolutions, atmospherige €&@centrations are today
higher than they have been in the previous 3 million y@dessonDelmotte et al. 2021,

Willeit et al. 2019) and for the first time in history, human sources of N have exceeded all

natural source togethersuch as imlogical nitrogen fixation, amosphericdeposition and
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decomposition &mineralization(David et al. 2013)Such dramatic changes in atmospheric
COz and N deposition disrupt the geochemical cycle of C, N, and P and expose the Earth
including uplnd ecosystems in the UKo climatic and environmental conditions never
previously experience(Steffen et al. @15). In addition, heather moorlands in the UK, face

several challenges due to mismanagement pra¢éddies et al. 2016)

Terrestrial ecosystems play an important role in mitigating the negative anthropogenic impacts
on the environment. Fanstance, terrestrial ecosystems sequester up to a third of the world's
total anthropogenic C£emissiong(IPCC et al. 2013)and some grassland ecosystems can
absorb as much as 76% of the pollutant N that is deposited on(Bteanix, Leake, et al.
2004) Grasslands account for around a fifth of the global terrestrial net primary production
(NPP)(Chapin 2011pnd are the most widespread terrestrial ecosystem on Earth, present on
every continent except Antarcti€Ali et al. 2016) In temperate regions, grasslands are also
the most widespread phosphorus (P) limited environigWatson et al, 2011However, it is
uncertain how Himited ecosystems, will respond to future increases in&@ N availability,
including how effective they will be in mitigating GOncreases or their sensitivity to N
pollution. Broadly, we know very little about ecosystem responses when productivity is
strongly limited by P limitation to the single and combined increases in atmospheran@O

N deposition.

Moorlands are extraordinary ecosystems that host signiffdant communities both in the
UK and global contextS§)NCC and Defra, 2010The UK Biodiversity Action Plan and Annex

| of the EU Habitats Directive both provide protection for these ecosy$tecasisef their
importance to wildlife. The UK is home to thrgearters of the world's remaining moorlands,

with moorland encompasses around 25% of the UK's upland areas, including heather moorland,
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which is dominated by a single spec@svulgaris which has4 distinct life phasefAllen et

al. 2016; Sands and Gimingham 197H)e moorlands of the UK are also a sahsial carbon

sink, storingn the region of 3000 M{Smith et al. 2007)The capacity of moorlands to store
carbon can significantly fluctuate depending on management psadiceh as grazing,
drainage, and prescribed burni@glen et al, 2013; Holden et al. 2004)ynderstandingC.
vulgarisincluding through its four distinct life stages, is crucial for management, protecting
and improving the condition of moorlands nationally and globally, and preserving the

ecosystem services they provide.

This thesis aims to expand our understandingoef K upland ecosystems are responding to
different types of environmental change, using a combined ecological, physiological and
remote sensing approach. In particular, howntted grasslands may respond to a future
increase in C®(eCQ) and nutrient pllution from N deposition, expand our understanding of
the variations throughou®. vulgarislife stages, and determine the ability to detect these

changes in fimited grassland plants a@ vulgarislife stages using remote sensing approach.

1.1 ElevatedCO2 (eCQOy)

Elevated CQ(eCQ) refers to an increase in the concentration of i@@he Earth's atmosphere
above its natural levels, which is primarily caused by human activities. Atmosphetic CO
concentrations have now exceeded 420 ppmedlingstein et al. 2022and they are expected

to more than double from their predustrial levels by 210Q0MassonDelmotte et al. 2021)

The effects of these shifts in atmosphericz@Oncentration can cause a variety of complex
and multidirectional responses in plants, including changes in photosynthesis, growth, and leaf

stoichiometry(Ainsworth and Rogers 2007a; Du et al. 2019; Leakey et al. 2009; Teng et al.
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2006) as well as changes in biodiversity and ecosystem fun@iamzweig and Kérner 2001;
Kleynhans et al. 2016; Taylor 2021; Tilman et al. 20¥4Y, we know very little of the impacts

of eCQ in ecosystems where productivity is limitey P.

1.1.1 Effects on photosynthesis

eCQ can stimulate the photosynthesis rate in many plant species, particularly those that use
the C3 photosynthesis pathway. Photosynthetic efficiency can indisiasgvorth and Long
2005, 2021)allowing plants to produce more organic matter for a given amount of light energy.
Studies have shown that e€€an increase the rate of photosynthesis bW¥p@® or more
(Ainsworth and Long 2005, 2021Jhis can lead to increased growth and productivity, which
can have benefits for ecosystem services such as carbon sequestration. AdditionalkkareCO
increase water use efficiency (WU@) et al. 2017; Pazzagli et al. 2016; da Silva et al. 2017;
Yan et al. 2017)allowing plants to grow and thrive in drier conditions. This occurs because
eCQ has been widelpbserved to decrease stomatal conductangdAmsworth and Long
2005, 2021)as well as modifying the stomata morphologdaworth et al. 2016)
Consequently, plants can maintain a greater leaf water cofftanszPosch et al. 2015;
Wullschleger et al. 2002)n addition, as plantanspiration decreases, soil water availability
can increase, and in watlmited or semvarid grasslands, this can promote productivity

(Dijkstra et al. 2008; Dijkstra et al. 2010)

Furthermore, plants rely on the enzyme Ribulbgebisphosphate carboxylase/oxygenase
(Rubisco) to fix CQ from the atmosphere and convert it into organic compounds. However,
Rubisco can alscatalyse the reactiomith oxygen, a process known as photorespiration, which

can reduce the efficiency of photosynthesis. Therefore, undera@@itions, plants can more
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easily oltain the carbon they need for photosynthesis, which can reduce the amount of
photorespiration and increase the efficiency of Rubiaawsworth and Long 2005; Ainsworth

and Rogers 2007a)

Some plant species that are growing under 2€&@ditions can photosynthetically diotate

to eCQ (Pastore et al. 2019vhich means the photosynthesis rate decreases in plants grown
in eCQ compared to plants grown in ambient §&CQ) when both are measured at the eCO
concentration. Acclimation can occur in as little as a few days or weekike et al. 1993;
Sage 1994; Thomas and Strain 1991; Tjoelker et al. X33®)uld take as long as yeé@&iffin

et al. 2000; Warren et al. 201%Acclimation to eCQis typicdly seen in low nitrogen (N)
conditions(Ainsworth and Rogers 2007bgcause photosynthetic rates are highly associated
with leaf N statugReich et al. 1997)C supply could exceed demands under e®en N is
limiting (Ainsworth and Rogers 2007; Drake, Gonzalégler et al. 1997pecause low N
supply could decrease C sink strength, defined as thésptapacity to utilize photosynthate.
Photosynthesis acclimation occurs when leaves accumulate nonstructural carbohydrates in
response to sink limitatio(Stitt and Krapp 1999)Carbohydrate accumulation, in particular,
acts as an indicator for the downregulation of Rubisco synthesis and/or activityngesudi
reduction in maximum carboxylation capacitV¢may (Drake et al. 1997; Rogers and
Humphries 2000; Stitt and Krapp 1999; Urban 206&duced chlorophyll content andifo

N concentration are two further physiological changes correlated with acclinf&titirand

Krapp 1999; Urban 2003)
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1.1.2 Effects on plant communities

eCOrreduces stomata conductance. As plant transpiration reduces, the availability of soil water
increases, which may enhance productivity in wategssed or serairid grassland@ijkstra

et al. 2008; Dijkstra et al. 2010)ncreased microbial mineralization of N may occur as
microbial activity relies orsoil moisture(Schimel 2018) In N-limited grasslands, this may

then promote the growth of plan{®ijkstra et al. 2008) At the community scale, such
responses can encourage the growth of certain functional types, such as graminoids, and result
in canopy shading of other plarfRolley et al. 2012)or they could extend the growing season

for dominant species, all of which may potentially cause a decline in biodiv&taitgleta et

al. 2003)

The impact of eC®on plant growth, as well as the resulting changes in soil moisture and
nutrient cycling, can vary greatly depending on the species of ((kstra et al. 2008;
Dijkstra et al. 2010; Hanley et al. 2004; Stocklin et al. 19%®y example, in an eCO
experiment on calcareous grassland, some spediesCarex flacca(a sedge)jncreased
aboveground biomass by 120% with e@@hile others, like legumes, increased by a modest
4%, and some grasses, liBeomus erectadeclined(Stocklin et al. 1998)This is because

eCQ accelerated the transition from xerophytic to mesophytic grasses and legumes.

While numerous studies have been conducted on-aediior Nlimited grasslands, few
investigate lhe effects of eC® (and nutrient enrichment) on-liPnited grasslands. Plant
communities may be less likely to be affected by e€@npared to Nimited systems since
the impacts of eCéare expected to be stronger for water and N availability than(iDijitra

et al. 2008; Dijkstra et al. 2010)Nonethe less, plant community composition and diversity
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may undergo shifts as a result of eGDd itsinteractions with nutrient cycling, especially P

(Jin et al. 2015)which may be highly specieand functionatype-specific.

Previous wok on the limestone grassland used in this thesis, investigated the changes that
occurred in the community after three years of2@@nigation at the same experiment site
(Taylor 2021) It was discovered that in the limestone grassland¢@@ a significant effect

on the community compositidsy creating communities that were dissimilar from each other

but it had no significant effect on diversity, species richness, or functional composition after

three years of C&fumigation(Taylor 2021) This is discussed more in Chapter 3.

1.1.3 Effects on leaf nutrient corgnt

The impact of eC®on plant nutrition, nutrient demand, and absorption can be investigated
using tissue stoichiometry. Tissue C:P and C:N ratios are increased by i@CO
manyecosystems, most of which are expected to #ienitied (Du et al. 2019; Novotny et al.
2007) implying that increases in C supplies au@passing any potential uptake of extra
nutrients, or that eC£s constraining nutrient uptake. The former is an example of the ‘carbon
dilution' effect, in which a rise in the relative C content of biomass results from the
stoichiometric flexibility ofplant tissues reflecting changes in C availabi{{Bifford et al.
2000) However, in Himited habitats, the productivity response to e@tay be as much as
50% lower than when P is in an abundant sugtjwards eal. 2005) and this occurs most

frequently in ecosystems where the biomass of plants is stimulated hy eCO

Consistently, researchers have discovered that @&%a significant effect on plant N content,

typically resulting in decreased tissue N cemtration (and subsequent increases in C: N)
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(Taub andWang 2008) Plants are able to downregulate Rubisco syntliesigg et al. 2004)

since eCQdecreases photorespiration by as much as a(iMujeskaKlause et al. 2019nd
increases the availability of GGo Rubisco active sites. Since this enzyme is found in
photosynthetic tissue, its decline is anticipated to result in significant reductions in foliar N
content in comparisoto other tissuef_uo et al. 2021)The decrease in transpiration due to
increased Oz levels could lead to less nitrogen being acquired through mass flow, as suggested
by Mcgrath and Lobell (2013Phosphorus uptake, on the other hand, is generally determined
by direct contact between roasd the element and through active diffus(@arber et al.

1963; Gerke 2015) Therefore, alterations in transpiration are less likely to influence

phosphorus uptake by plants.

In ecosystems where C, as well asalg abundant supply, plant phosphorus content can also
increasgHuang et al. 201%)ecause all of the P acquisition requires some kind of C (and N)
input by the plant. Thus, eG@as been proposed as a possible way of liberating plants from P
limitation by enhancing the efficiency of P upt#Bm et al. 2015)For instance, root exudation
may increase in response to ed@order to accelerate the rate of phosphorus (P) chelation
and mobilisatior(Jin et al. 2015)an impact that is expected to vary with plant functional type

(Phoenix, Booth, et al. 2004nd conditions of the sdil'yler and Strém 1995)

In a comprehensive metmalysis encompassing 112 studiesn® et al. (2015) found that
plants under eCg&levels resulted in increased P absorption. This was due to a 19.3% increase
in phosphatase activity, which enhanced the availability of labile P by @2%g et al. 2015)
Furthermore, a plant that invests additional carbon resources into its arbuscular mycorrhizal
(AM) assocations may boost mycorrhizal growth, P acquisition, and phosphorus usage

efficiency, albeit to a lower amount if P is more limi{@dkobsen et al. 2016)
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The potential beneficial impacts of e€@n P cycling may be nullified in-Pmited grassland
soils, if microbialcompetition for P is particularly stror{§chneider et al. 2017; Taylor et al.
2021) This is because any newly liberated P may be quickly and fully immobilised by the
microbes(Blinemann et al. 2012, thereforepecomes crucial to hava ainderstanding of

the possible significance of eG@n P nutrition in grassland plants in order to accurately

forecast how their productivity might react to future climatic scenarios.

1.2 Nitrogen deposition

Atmospheric N deposition involves the transfenitfogen from the atmosphere to tarth's
surface. While it occurs naturally, anthropogenic nitrogen deposition refers to the addition of
N to the environment by this process as a resuliushan activities. Agriculture and the
combustion of fossil fuels are the primary contributors to the anthropogenic atmospheric N
deposition(Schlesinger 2009)These two sourcegroduce different types of N pollution:

reduced and oxidized.

Since the beginning of the industrial and agricultural revolutions, global rates of nitrogen
deposition may have triplg@rowler et al. 2004)As a result, humans currently contribute over
210 Tg yr* of fixed nitrogen, greater than the amount of fixed nitrogen that natural forms
contribute by 7 Tg N y¥ (David et al. 2013)Even thougla historical depositinis beginning

to decrease in norWestEurope (Tomlinson et al. 202])rates are still high, and the
accumulated loading of nitrogen to soils persists in havegative effects on biodiversity and
ecosystem functioninde Schrijver et al. 2011puch large quantities of nitrogen introduced
into ecosystems can have vari@ifects on the plants and soils within those ecosystems

(Phoenix et al. 201250me of these effects includkifts in the carbon sequestrati@npping
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et al. 2017) plant photosynthes{Shen et al. 2019plant communitie$Bobbink et al. 2010Q)

and leaf biochemistr{Stevens et al. 2018)

1.2.1 Effects on plant photosyntbsis

Nitrogen is the most important macronutrient within terrestrial ecosystems that affects the
growth and development of plarfiSlser et al. 2007; Mo et al. 2020; Zheng et al. 20RQ)lay

an essential role in the production of chlorophyll and photosynthetic enZiMoesnd Chen
2021) The impact of N deposition can cause a range of complex,-dmdttional responses

in plants, ncluding in photosynthesis and grow@rous et al. 2019; Esmeijéiu et al. 2009;

Shen et al. 2022)

Increased N availability enhances plant growth and photosynthetic capacity. Nitrogen is a key
component of chlorophyll, the major pigment involved in absorbing light energy, as well as the
enzyme Rubisco(Mu and Chen 2021) Therefore, N has a strong connection with
photosynthetic capacity due to the fact that the photosynthetic appasatus|l as proteins
associated with the Calvin cycdad thylakoidsare primarily made up of N elemergisattge

et al. 2009; Pasquini and Santiago 2012; Westoby et al. 2864¢e, an increase in N levels
frequently drives improved photosynthetic efficiency in plants by encouraging the creation of
certain essential chemicals. Previous studie® ll@monstrated that moderate additions of N
can increase the photosynthetic capacity of plants and boost grassland prodiBzietyal.

2010; Suding et al. 2005)n addition, previous studies suggested that high N concentrations
alleviated photosynthesis adaptation to e@&insworth and Long 2005; Rui¥era et al.
2017) This is due to the fact that under e@®cumstances, Rubisco suppression is associated

with leaf N reallocation from a nelmiting source to other limiting pitosynthetic

1C
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components, such as electron transport enzymes or thdéglgsting complefEvans 1989;

Kanno et al. 2017)

1.2.2 Effects on plant community and stoichiometry

Nitrogen deposition can cause shifts in ecosystem biodiversity. Some grasslands, such as 68
acidic grasslands in the UK, lost on average one species per 2.5%yNifin a 4 n? area)

due to nitrogen deposition, which may have a negative impact on ecosystem services that rely
on diversity (Isbell et al. 2011) This can happen either directly, as nutrients can increase
production, or indirectly, as plants become more sensitive to secondary stresses such
asherbivory, frost, and drought as a result efniduced acidificationPhoenix et al. 2012)

Since the 1800s, species richness in the UK haggpaéid by as much as 39®dward Tipping

et al. 2021) Nonvascular plants, like bryophytéisat take in nutrients through theiurface
tissues, can find the extra N tox{érroniz-Crespo et al. 2008)Species better suited to
eutrophic environments, may experience the quickest growth stimulBbobibink et al. 2010Q)
especially and most pervasively (but not exclusively) {linmited systems. This may prevent

other plants from growin@Hautier et al. 2009)As a result, slowegrowing species, or those
incapables of tolerating the secondary impacts of N deposition, may be competitively excluded

(Stevens, Thompson, et al. 2010)

Since the input of N has less of an impact on the productivity of grasslands thdinaited?

the secondary implicatis (i.e. not via productivity) of N deposition could prove quite
important. Soil acidification is one such effect; it can hinder the growth of some species, cause
carbonates to dissol{Raza et al. 2020and reduce the availability of base cati@ierswill

et al. 2008) all of which can contribute to the extinction of forbs that require a high pH soil.

11
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Additionally, it can influence plant recruitment by diminishing the number of flowers produced

(Basto et al. 2015xausing harm to higher trophic levels like pollinai@tevens et al. 2018)

It can also reduce seedacd i ngs 6 C: N rati o, enhancing sec¢
diversity of seedbank®asto et al. 20155imilarly, changes to foliar C: N ratios can increase

plants' vulnerability to herbivores andtipagensPhoenix et al. 2012)n addition to altering

litter quality and, as a result, soil nutrient cycliigpntti et al. 2009)

Much reseech has beedone on the effects of N deposition on grasslands, and the consensus
among researchers is that biodiversity and species richness decrease because many forbs and
bryophytes are replaced by graminoisisch as grasses and sedges, even-limiiRed
grassland¢Bobbink et al. 2010; Lu et al. 2021; Payne et al. 2017; Stevens et al. 2804)

result, N deposition has been highlighted as the third largest threat to global biodiversity after
climate and landise changéSala et al. 2000)However, future grasslands will certainly
experience a scenario in which N deposition is combined withv gl@i®we know very little

about how plahcommunities might change in response to this combined scenario. Significant
ramifications for plant communities may result from these potential interactions between the

C, N, and P cycleg¢Davies et al. 2016)which cannotbe foreseen from the impacts of N

deposition or eC@separately.

1.3 Phosphorus

1.3.1 Effects on plant photosynthesis

Phosphorus is an essential macronutrient for plants and is involved in valmgislogical
and biochemical processeswhich it plays an esstial role(Roch et al. 2019)Phosjporus

plays a pivotal role in plant energy transfer and metabolism as a constituent of ATP (adenosine

12
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triphosphate) that is used in photosynthesis and respiration to transfer energy within the plant
(Lambers and Plaxton 2015; Stigter and Plaxton 2015; Zhang et al..2008yddition,
nicotinamide adenine dinucleotide phosphate hydrogen (NADPH), nucleic acids, and
phospholipids all play essential functions in plant growth, production, signal tramsg@etd
photosynthesis(Hammond and White 2008; Kayoumu et al. 2023; Lu et al. 2023)
Approximately thirty percent of the world's arable soils are consid#gécient in P and could
benefit from fertilisation with this element tmprove yieldsMacDonald et al. 2011Plants

in naturaland agricultural ecosysterase commonly susceptible to P nutritional stress due to
the restricted availability of P in the soil as well as the limited movemen{idBEDonald et

al. 2011)

The production of energy by photosynthesis is crucial for plant growth. Photosynthetic
efficiency depends on several factors, including photosynthetic pigments, photosystems,
electrontransport sgtems, gagxchange mechanisms, and enzymes involved in carbon
metabolism(Ashraf and Harris 2013; Li et al. 2028 deficiencies often reduce photosynthesis
since P plays a role in vate cellular functions, including energy conservation, regulating
metabolism, and signal transmissi@arstensen et al. 2018\ deficiency of P could reduce

the stomat ads o0 p e nbemgtakenrineanduwconvertad ¢p triose phbsphats. C O
This leads to a significant reduction in the recycling of ATP and NADPH, which in turn reduces
the photosynthetic capacity and growth of pla(feocleous and Savvas 2019 an
environment of a P deficiency, photosynthesis often decreases thiebitory feedback

driven by decreased growth of leaves. These photosynthesis reductions may reduce leaf mass
per unit leaf area and improve photosynthetigse efficiency(Ghannoum et al. 2010The

ability of different plant species and even different genotypes of the same species to maintain

photosynthetic activity in the face of P limitation varies gigantly. Under low P availability,

13
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there is considerable interspecific and intraspecific variability in photosynthesse P

efficiency (Pang et al. 2018; Wen et al. 2022)

Photosynthetic pigments are essential for light aliEmr@nd energy transmissigkume et

al. 2019) Phosphorus deficiency causes a reduction in the amount of photosynthetic pigments
found in the leaf, including ¢brophyll (Chl) and carotenoid@Niu et al. 2022) Previous
studies demonstrated that a deficiency of phosphorus reduces the amount of-fildlose
bisphosphate carboxylase/oxygenase (Rubisco) activity in c@imssypium hirsutum.).and
diatoms Phaeodactylum tricornutujm(Alipanah et al. 208; Liu et al. 2021)According to

many studies, P deficiency causes a reduction in the amount of pas€ifilation, which, in

most cases, leads to a reduction in the stomatal condugtdgegen, Palmer, @hStangoulis

2022) Phosphorus deficiency diminishes the capacity for photosynthesis by interfering with
the activities of enzymes that are involved in the Calvin cycle as well as ATP and NADP (H)
(Chu et al. 2018; Schluter et al. 201Blis reduces Calvigycle activity, which in turn reduces

the need for reduction of NADP (H) and ferredoxinek=d®hosphorus deficiency also inhibits

the ekctron transport chain, which, when associated with an increase in lumen pH acidification
caused by a decrease in the production of ATP, leads to the accumulation of reduced electron
carriers such as plastoquinone. In addition to their negative effecalm-€Cycle enzyme
expression, they also negatively regulate the expression of photosynthesis and electron

transport chain componer(tglichelet et al. 2013)
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1.3.2 Phosphorus limitation

Ecosystems' responses to alterations in biogeochemical cycling, such as those caused by eCO
and N deposition, are in a significant way determined by their limiting nutrient geeischer

et al. 2019; Yang et a2014; Zaehle et al. 20155or instance, if N is limiting productivity, it
might drastically impair future C sequestration by up to 58 percent in terrestrial ecosystems
(LeBauer and Tresker 2008; Zaehle et al. 2013} is concerning; however, most of our
knowledge comes from ecosystems where N is the limiting nuffies@auer and Treseder
2008) because numerous ecosystems globally, including grasslands, are constrdined by
are simultaneously limited by N and(Pay et al. 2015) Additionally, as N deposition from

the atmosphere escalates, the degree and intensity of P limitation may also be orf@Guod rise

et al. 2012) According to Du et al. (2020), as many as 82% of terrestrial ecosystems may be
constrained, at least patly, by the availability of P, either through its single limitation or
combined limitation with N. This stands in contrast to a mere 18% of ecosystems that are
limited solely by N. Given the significant disparities in N and P cycles, ecosystems limited by
these elements likely will not react identically to N deposition and.eCQ@erefore, it is

essential to gain a distinct understanding-tiitted ecosystems.

Contrasted with the highly eroded soils of tropical regions, P limitation is relatively nm@mom

in the postglacial soils found in the temperate ecosystems of Northern E(vioesek and
Farrington 1997; Waer and Syers 1976Nevertheless, in the instances where it does happen,
such as in certain grasslands within the Peak District National Park in tilarcroft et al.

1994) P limitation is a significant determinant of biodivergiBhoenix et al. 2020)n fact, a
substantial number of the Earth's most diverse ecosystems are found predominantly in soils
that are limited by phosphor(saliberté et al. 2013; Lambers et al. 20118)these instances,

the heightened interspecies competition for P has driven the evolution of a wide array of plant
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adaptations for P acquisitiofPéret et al. 2014; Vance et al. 2003his promotes the
coexistence of diverse species due to niche differentiéflenlemans et al. 2017; Phoenix et

al. 2020) and complementarity(Teste et al. 2014) The association between- P
limited availability, biodiversity, and ecosystem function could be disrupted by changes in the
availability of other nuients like N or increased carbon resources (dueCQ) that plants

may utilise to secure additional(#in et al. 2015)

1.3.3 Acquisition of phosphorus through plants

Phosphorus is recognised as the second most crucial macronutrieranfiar (jbbllowing N)
because of its integral role in the formation of ATP (adenosine triphosphate), nucleic acids,
and phospholipidéSchachtman etl. 1998) Moreover, P is a vital nutrient in photosynthetic
processes, aiding in the regulation of enzyme activities linked with carbon fixation and
alterations in the availability of GQPandey et al. 2015As a consequence, a deficiency in P
can hinder growth and the assimilation of £@s well as limit the processes essential for
effectivephotosynthetic responses to elevated levels of €&@h as the regeneration of RuBP

(Ribulosel,5-bisphosphate), carboxylation, and stomatal conducig@eieh et al. 2009)

While plants have the capacity to obtain N in various forms, encompassing inorganic nitrogen
supplied by deposition and organic forms like amino a@isholm, Kielland, and Ganeteg
2009) P can only be directly assimilated as orthophosphate ions ) RP¥éret et al. 2014)
Compared tother forms of P, phosphates often exist in extremely low concentrations and can
be transformed into one of over 170 insoluble organic or inorganic physicochemical forms that
are inappropriate for plant uptaieolford 1997) Phosphates are most accelsin soils with

a neutral pH. In contrast, in both acidic and alkaline soils, P can be quickly adsorbed to soll
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colloids like Al/Fe oxides or G& complexes, respectively, or it can be immobilised within
soil organic mattefDevau et al. 2009; Lambers et al. 20@8gnts have developed numerous
physiological and morphological adaptations to extract and dissolve P from both mineral and

organic forms, converting it into phosph@tance et al. 2003)

To access mineral P forms, plants can exude organic acids and protons which can make P
mobile by locally reducing the pH ttie soil surrounding the root. This, in turn, speeds up the
release of P from encrusted miner@lambers et al. 2008pauciform roots ofCarexsedges

(Shane et al. 200@)nd proteoid cluster roots of lupifigance et al. 2003re two instances of
species with specific root structures which are vulnerable to this type of exudatieimiteg

soils, where the competition for P among microbes is {Bgimemann et al. 2012; Schneider

etal. 2017)these strategies are successful, possibly because of their ability to surpass microbial

competition(Phoenix et al. 2020)

Changes in root morphology can indicateincreased allocation to belowground structures by
the plant in response to the availability of P in the soil, consistent with the theory of functional
equilibrium (Poorter and Nagel 2000) his theory suggests that plants adjust to alterations in
resource availability by directing resources to the organs most proficient in its acquisition. In
scenarios of nutrient limitation, these organs are the (&usrter et al. 2012; Poorter and
Nagel 2000) Hence, root sstems under #imited conditions often exhibit more branching,
extended root and epidermal cells, and a higher density of roo{lRanet et al. 2014; Shen et

al. 2011; Vance et al. 2003)

In addition, the colonisation of plant roots by fungal partners can boost the tanfiduthat

the plant is able to abso(Bmith and Read 2008\s many as 74% of flowering plant species
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form mutually beneficial relationships with arbuscular mycorrhizae (ABtundrett 2009)
especially grassland species, although the level of mycorrhizal colonisation in plants can be
extremely specific to the speci@Bhoenix, Booth, et al. 2004%uch symbiotics expand the

root systems to allow plants to access a greater quantity of soil, which may include pore spaces
that are too tiny for plant rooféleklett et al. 2021)Additionally, they acceleta the chemical

process known as the weathering of mineral P and the hydrophilic breakdown of organic P
(Hodge 2014; Quirk et al. 2012n exchange for enhancing P uptake in plants, the fungus
obtains carbon resources, which are traded through arbuscules integrated into the roots of plants

(Smith and Read 2008)

It is possible that organic forms of phosphorus, such as those incluthed $oil organic

matter and litter, account for between 30 and 50 percent of the total P found (iAlzoié

2006) Organic forms of P can be a significant source of P, particularly in soildinvited
availablity of inorganic P(JanesBassett et al. 2020)n a procedure known as biochemical
minerdisation, the release of enzymes such as phosphatases and phytases may trigger the
hydrolysis of phosphorus from organic for&hen et al. 2011; Wang et al. 2007 hutrient
scarcity also curtails microbial activity, the excess carbon seepage due 1de®€l® may

speed up the breakdown of soil organic matter (a process known as priming), thereby unlocking
access to nutrien&uzyakov 2002) This process could also influence #nailability of C

and N, as well as their potential leakage from the(svilChen et al. 2014However, such a
scenario is more likely to occur in-INmited soils than in those lacking(Pijkstra et al. 2013)

As a consequence, atmosphericGf0rcentrations and rates of N deposition can have a
significant impact on the cycling of carbon and nutrients in the soil by virtue of the impacts it

has on the demand for P from plants and soil microbial organisms.
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Numerous such strategies exist in grassland ecosyé@mosnix, Booth, et al. 20049nd their
efficacy in acquiring a specific form of P over another vaiimenix et al. 2020As a result,

their effectiveness is contingent on the soil type and the prevailimjticms. Moreover, every

one of these adaptations likely demands distinct relative contributions of carbon and nitrogen
from the plan{Lynch and Ho 2005)As a result, changes in the availability of C and N, such

as those caused by eg€énd nitrogen deposition, could alter the efficacy of these adaptations

and mtentially affect the survival of the species that rely on them.

1.4 Grassland ecosystems

Grasslands provide an ideal environment to examine the interconnected impactslef/e(SQO
nitrogen deposition, and phosphorus limitation on biogeochemical cycles. In terms of
practicality, grasslands are empirically manageable; entire-ptalngtructures can be moved

with minimal disruption to more suitable locations for field expemts. They are essential on

a worldwide scale due to the fact that they are the most abundant terrestrial ecosystems on
Earth(Ali et al. 2016) they can be found on all continents other than Antarctica, and they are

the most ubiquitous-Pmited ecosystems in temperatémates(Watson et al. 2011)

In addition, grasslands are of tremendous value not just from an ecological point of view but
also in terms of their role in the regulation of global C and cycles aéentd. Grasslands have

the potential to contain more than a quarter of the world's soil organic C §@cRsand ITPS

2020) account for a fifth of terrestrial productig@hapin et al.2011)and have the potential

to absorb deposited N, ssignificantly lowering the amount of N that is polluting watercourses
(Phoenix, Leake, et al. 2004%rasslands are also among the most biodiverse habitats in

temperate areg€arbutt et al. 2017)with nearly a fifth of Europe's endemiascular plant
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species being exclusive to these ecosystéfabel et al. 2013)This impressive species
diversity isa testament to the variety of environmental conditions and resource availability
within these ecosystems, further highlighting their significance for biodiversity conservation.
Finally, grasslands are among the most globally endangered b{ttoekstra et al. 2005)

partially due to the ongoing impact of N deposit{@tevens, Dupr, et al. 2010)Vithin the

UK specifically, these ecosystems have been dramatically lost, with 97% of speties
meadows disappearing since the 19@asdler 1987; Hooftman and Bullock 2012)his rapid

decline underscores the urgent need for conservation measures to protect these diverse and

critical habitats.

1.5 Heather Moorland and Calluna vulgaris(heather)

Heather moorlands, also referred tadCadlunadominated moorlands, representraque type

of upland habitat primarily located in the Ufklolden et al. 2007)They offer a distinct
ecosystem with significant conservation value, in addition to the ecosystem services provided
such as carbon sequestrat{ptolden et al. 2007; Ramchunder et al. 2068ather moorlands

are dominated by a single speci&slluna vulgaris(C. vulgarig, which we know little about

the ecological, physiological, and biochemical changes throughout its life gtagden et al.

2007; Reed et al. 2009)

C. vulgarisis a lowgrowing, evergreen dwarf shrub which produces densely packed branches
with purge flowers(Gimingham 1960; Gordon et al. 1999; Sands and Gimingham .1835)
a result of its extremely competitive and hardy nature, it is able to peat®dominant status.

Based on the research (8ands and Gimingham 1975; Watt 19%&gntified four distinct
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stages in the life cycle @&. vulgaris These phases are associated with variations in biomass
and shoot productiofsSociety 1971as well as variations in the plant's immediate surroundings
(Barclay-Estrup and Gimingham 1969; Sands and Gimingham 1975)

l. Pioneer phase: Characterized by small individuals with limited lignificatesulting

in a patchy distribution pattern with a lush green color appearance. Flowering is rare,
occasionally missing, and the patch is open, with a large number of bryophytes and vascular
plants growing beneath.

Il. Building phase: The dense, green canap larger individuals entirely covers the
ground, with little light reaching the ground level. Flowering is vigorous, with a lack of other
plants developing und€s. vulgaris

[l Mature phase: Plants keep expanding, although at a slower rate. Aitéssainopy

with more gaps is the result of this development type, with abundant flowering and the
beginning of other plants growing beneath.

V. Degenerate phase: Due to the collapse of the major branches, the canopy gaps produced
during the mature phase get larger, and other plant species expand rapidly; thedichelna
physodegrow on the stems during the degenerate p{faseingham et al. 1981; Sands and

Gimingham 1975)

As a result, each of these phases has an association with distinct physiology, morphology, and
ecologi@al composition(Gimingham et al. 1985; Sands and Gimingham 19T&lluna
vulgarisis found in a wide range of habitats due to its excellent tolerance to a wide range of
environmental conditions, incluy moorlands, heathlands, acidic grasslands, and woodland

understoriegDamgaard 201%olden et al. 2007)
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Calluna vulgarisis a distinctive plant ir€allunadominated moorlands and heaths with high
nature conservation value, and it is adapted to the nup@art acidic soils of open habitats.
Changes in Ndeposition, andmis)managment practicessuch as overgrazing, poor burning,
andatrtificial drainaggAllen et al. 2016; Chapman et al. 2010; Clarke et al. 1995; Gimingham
1960) have all contributed to declinifgeathland habitats across Europe including the UK
(Damgaard 2019; Holden et al. 2004p Callunadominated environments, rotational
prescried burning has been the primary prevalent management api§hééem et al. 2010;

Velle et al. 2012) However, recent resear¢@arnett et al. 2000; Ramchunder et al. 2009)
indicates that burning could have negative consequences on ecosystem services. As a result,
cutting is being explored as an alternative management option {€&tmn and Hale 1994;
Sanderson et al. 2020n Callunadominated habitats, researchers have largely investigated
heather's alitly to produce new shoot biomass to sustain sheep grazing or high numbers of

game such as red grous@agopus lagopus scoticus Lathpand red deeiCervus elaphus ..

Traditional and existing techniques for monitoring the growtle ofulgaris such as manual
ecological surveys carried out-gite, are considered to be labénitensive, restricted in their
spatial coverage, and sometimes too qualitgfwtac Arthur and Malthus 2012Hence, the
scientific community has become interested in alternative -Badh remote sensing
technologies for categorizir@. vulgarisgrowth and canopy morphology on a subter scale
(Nichol and Grace 2010Yhis includes lealevel and canopyevel hyperspectral reflectance
(Neumann et al. 2020; Nichol and Grace 20Hywever, because of the high level of accuracy
and resolution that is necessary, this has proven to be difficudtrésult, very few successful

and repeatable solutions haween discovered up to this point, if any at all.
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1.6 Remote sensing

1.6.1 General principles

Remote sensing is the process of detecting
characteristics by measuring radiation reflected or emitted from thet eajaout coming in

to contact with i{Blackburn 1998; Daughtry et al. 2000; Weiss et al. 20R6jlectance is the

ratio of the amount of incident light reflected from a surface, such as t lesd amount of
incident light that strikes that surfa¢klilton 1987) For instance, a perfect white surface
reflects 100% of théncident light, while an ideal black surface absorbs 100%. The
fundamental mechanisms of reflectance can be divided into three primary interactions between
light and a plant: i) Absorption, which occurs when light is absorbed by thatehthe amount

and wavelength of light absorbed depends on the leaf characteristics and s(Aruderson

et al. 2009; Milton 1987)i) Reflection, this is when light bounces off a surface, and the amount
of reflectedlight depends on the leaf characteristics, structure, and angle of incidence
(Anderson et al. 2009; Milton 1987)i) Transmission is when light passes through a leaf and
like absorption, transmission depends on the gmogs of the light and on the leaf

characteristics and structug&nderson et al. 2009; Milton 1987)

Remote sensing is an increasingly important tool for the assessment of plant physiological and
biochemical paramete(Eitel et al. 2014ylue to its tine and resource efficiency, and its ability

to capture spatiallgontinuous data over large spatial extents. Remote sensing technology can
be used to measure various plant biochemical, physiological, and structurghsaitsann et

al. 2019; Dash and Curran 2007; Nichol and Gr2@&0) These include leaf chlorophyll

content, leaf N content, plant water content, plant height and photosynthetic capacity
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(Blackburn 1998; Blackburn 2007; Daughtry et al. 2008yperspectral sensors sample
reflectance at hundreds of narrow wavelength baotspared tanultispectral sensors that
capture data within a small number (up to 10) of broader spectral (RBlad&burn 2007)

allowing the extraction of information from a greater number of absorption features, which are
often narrow in widthTherefore, in comparison witlnultispectral data, hyperspectral data
provides a much more detailed spectral profile, allowing for the extraction of more precise or
subtle information about the plaféerhards et al. 2019¥or instance, hyperspectral data can
often detect subtle changes in a plantds he
data sub as changes in chlorophyll content, water status, or the presence of certain diseases
(Cheng et al. 2006; Clevers and Gitelson 2013; Zhang et al..28@8)ever,hyperspectral
sensors are less common and less readily available than multispectral sensors, especially on
satellite and drone platforms. This is mainly due to the complexity and cost of hyperspectral
sensors and the large amount of data they producehwhit be challenging to process and
analyze(Gerhards et al. 2019; Milton 1987; Prananto et al. 20B@re is frequently a trade

off between temporal, spectral, and spatial resolution, and thisdfagedriven mostly by
technological and practical limits in sensasdjn, data storage and processing capabilities,

and data applicatior(#lassler et al. 2019; Milton 1987; Weiss et al. 2020)

However, there are also challenges and limitations associated with capnainging remote
sensing data. For instance, candgyel reflectance can be affected by atmospheric conditions,
soil background reflectance, and the angle of the sun, among other {&tiarslova et al.

2013; Ollinger 2011; Serbin and Townsend 20F0pm a leadevel reflectance perspective,
measurements can be affected by the internal structure of the leaf, including broadleaf and
needle leave (Croft et al. 2014; Serrano 2008; ZafTejada et al. 2004)Additionally,

interpreting remote sensing data can be complex and requires specialized knowledge.
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1.6.2 Leaf level reflectance acquisition

Leaf-level hyperspectral reflectance is an effective technique that has been increasingly utilized
in plant leaf biochemistry and physiolofifuemmrich et al. 2022)o precisely measure leaf
reflectancerequiresa leaf clip, a reference standard, and a light so(Hlceemmrich et al.

2022; Lewis and Disney 20Q7The leaf clipis attached to a spectrometer aodtains an
aperture through which the light source illuminates the &ad, the detector captures the
reflected light(Gitelson et al. 2003)To avoid interference, the leaf clip blocks external

light and has a narrow field of view, allowing for detailed, localized measurements of
reflectance from a single leaf rather than a larger, potentially heterogeneo(Gitelsan et

al. 2003; Huemmrich et al. 202Z)he reference standard, a white reference or calibration
panel, is used to calibrate the spectrometer before measurements ar@talason et al.

2009; Milton1987) A consistent, stable, uniform illumination and a controlled light source are
crucial for accurate leaf reflectance measurement; often, a halogen, LED, or quartz tungsten
halogen lamp is use@Sims and Gamon 2002)The principle ofundamental leafevel
hyperspectral reflectance is that different plant species and different environmental conditions
within a plant species produce unggypatterns of reflectance across the electromagnetic
spectrum (Blackburn 1998; Huemmrich et al. 2023Jilton 1987) Using leaflevel
hyperspectral reflectance spectra to model leaf biochemistry and physiology is a promising
alternative to traditional measurements since reflectance can be measured quickly and
efficiently with spectrometer@Huemmrich et al. 2022; Zarebejada et al. 2004)r'he number

of wavelengths included in a reflectance spectrum can range anywhere from several hundred
to thousands, depending on the spectral resolution and the range of wavelengths that are
measued (Callagharet al. 2011) A full-range spectroradiometer would typically encompass
these wavelengths, which include the visible (VIS,i3&D nm), blue (45@95 nm), green

(495570 nm), and red (62050 nm), neainfrared (NIR, 7001100 nm), and shokvave
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infrared(SWIR, 11002500 nm) ranges, which have been used as a rapid ardkstuctive

method for plant biochemistry and physiology analyBlackburn 2007; Prananto et al. 2020)

1.6.3 Canopy reflectance acquisition

Canopylevel hyperspectral reflectance is a powerful approach in plant physiology and
ecology, which allows for the monitoring of vegetation status on a larger scale compared to
leaf-level measurement{Serbin and Townsend 2020)his approach involves measuritinge
reflectance from the entire, or part of the, canopy of a plant community rather than individual
leaves(Assmann et al. 2019; Dash and Curran 2007; Kovar et al. .2048ppy reflectance

data can be collected using a variety of approaches, such as-twamsed drone, and satellite
plattorms( Al et al . 2009; Homol ovs§ et alGrourd0 1 3;
based acquisition awally involves handheld or tripadounted spectrometers, which can
provide detailed, higiesolution accurate information data over small areas from a certain
distance, and the process can be labtensive(Malenovsky et al. 2009)The dronebased
acquisition can carry multispectral (common) or hyperspectral sensors (not common and
expensive) and capturetdarom above the canopy, allowing for the collection of data over
larger areas than growtxhsed methods, while still providing a relatively high spatial
resolution(Roslim et al. 2021; Sun et al. 2021 addition, drones can be more adaptable and
costefficient compareda satellite techniques, offering data as needed. However, operating
them still demands substantial time and expertise. Moreover, drone flights frequently encounter
regulatory limitationgAssmann et al. 2019; Hassler et al. 2019; Sun et al. 20@é satellite

based acquisition provides the widest coverage and captatasn several broad spectral
bands(Gao and Zhang 2021; Royimani et al. 20Mhile satellite data often lack the spatial

detail provided by ground or drone sources, primarily due to the substantial distance between
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the sensor and the canopyfacilitates reliable, longerm surveillance of vast regio(Bansod
et al. 2017) Nonetheless, satellite data can be influenced by weather conditions,eand th
schedule for data collection is dictated by the satellite's orbit, rather than the user's specific

requirements.

The reflectance at the canopy level integrates information from all the elements in a given field
of viewT including leaves at different gles, branches, understory, and even bare soil, and as
aresult, provides a more comprehensive understanding of the vegetation's status and the overall
ecosystem's statuBlackburn 2007; Ustin et al. 2004 his can provide insights intthe
productivity and nutrient status of the ecosys(@moft et al. 2017)For instance, hyperspectral
reflectance can be used to monitor changesegetation biochemistry and physiology in
response to environmental changes or disturbances, includingae@ON depositioriLiu et

al. 2021; Schlerf and Atzberger 2006; Zhu et al. 2008addition, it can also be utilized to
estimate carbon sequestration in plants, which is critical for understaih@ing cycle and
perhaps managing carbon emissions. The reflectance observed at the canopy level is influenced
by various factors, including leaf structure, leaf area index (LAI), aggregation of leaves,
distribution of leaf angles, population density, @heiments of the canopy that do not partake

in photosynthesi€Croft et al. 2014; Demarez et al. 2000; Simic et al. 20@dythermore, the

solar and viewing geometry, ground coverage, and vegetation in the understory also have an

impact(Broge and Leblanc 2001)
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1.6.4 Leaf functional traits and optical reflectance

Leaf functional traits are various characteristics of a leaf that can influence a plant's growth,
survival, reproduction, and overall performance within its environidant et al. 2022; Zhang

et al. 2021) These traits can be morphological such as leaf shape, size and thickness,
physiological sah as the photosynthetic or transpiration rate, and biochemical such as nutrient
content and pigment concentratigiigarker et al. 1997; Croft et al. 2014; Croft et al. 2017;
Zhang et al. 2008)These traits can have a significant impact on a leaf's optical reflectance,
which refers to the fraction of incoming light that the leaf reflects across various wavelengths.
For instancethe reflectance of a leaf is determined by the presence of fldraests, such as

leaf chlorophyll concentration, leaf N concentration, and water content (FigChéhg et al.

2006; Dash and Curran 2007; Ustin et al. 2004 following are some of the functional

characteristics of leaves that could significantly impact optical reflectance in various ways.
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Figure 1.1: A reflectance spectra curve with the major absorption features of plants
indicated.

Chlorophyli

Chlorophyll, the main photosynthetic pigment in plants, plays a vital role in how light is
absorbed and reflected by leaves and has a significant absorption in the red and blue spectral
regions in the visible spectru(@lackburn 2007; Dash and Curran 2007; Heenkenda et al.
2015) Chlorophyll molecules absorb light most strongly in the blue (arouné@0tm) and

red (around 60000 nm) regions of the spectrum, with the maximum absorbance occurring
between 660 and 680 nm, and less strongly in the green (aromt@®8@dn)regions, with the
maximum reflectance occurring in the green wavelength range (560 nm) (F{@ladiburn

1998, 2007; Croft et al. 201®ash and Curran 2007)
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Nitrogen

The concentration of nitrogen that is present in a leaf can have an effect on the way that it
reflects light across the spectrum, especially in the visible (VIS;7800nm) region of the
spectrum(Blackburn 2007; Xue et al. 2004%ince nitrogen is such a crucial component of
chlorophyll, an increase in the nitrogen content of the leaf typically results in an increase in the
chlorophyll concentration in the visible spectr@lackburn 2007; Filella et al. 1995; Wang

et al. 2007; Xue et al. 2004As a result of such, the reflectance can be reduced in the blue
(about 400500 nm) and red (approximately 6@00 nm) regions (where chlorophyll
absorption is stmg), but it can be slightly increased in the green (arounéB00m) regions

(Fig 1.1)(Eitel et al. 2014; Homolova et al. 2013; Kattge et al. 2009)

In addition, since nitrogen is a key component of amino acids, proteins, and nucleic acids, some
studies have found a correlatioatlyeen leaf nitrogen content and reflectance in certain NIR
and shortwave infrared (SWIR, 13@600 nm) wavelengthi&lerrmann et al. 2010However,

the relationship between leaf nitrogen and reflectance is more complex ané icdinenced

by other factors, such as leaf structure and water co(fentl.1l) (Herrmann et al2010;

Rotbart et al. 2013)

Water

The infrared region of thgpectrum is where water is the most effective in absorbing light,

particularly in the neainfrared (NIR) and shortwave infrared (SWIR) regions of the spectrum

(Quemada et al. 2021\Vater begins to absorb lighttihe Neafinfrared (NIR) Region (700

1300 nm); howevemnot as strongly as in the SWIR Regi@amm et al. 2018)An increase
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in water can reduce NIR reflectance. In the Shortwave Infrared (SWIR) region, spanning from
13002500 nm, water exhibits a strong light absorpti@meng et al. 2006 Multiple water
absorption features exist in this region, with the most notable onallyuswnd around 1450

nm, 1940 nm, and 2500 n{&€heng et al. 2006; Damm et al. 2018; Quemada et al. 2021)
Consequentlyan increase in the leaf's water content can result in a marked reduction in

reflectance within these ban(fsg 1.1)(Quemada et al. 2021)

Leaf structure

The structure of a leaf significantly affects the way light interacts with the leaf's surface, thus
impacting the absorption, transmission, and reflection of (igbtnolova et al. 2013; Serrano
2008b) The structure of the leaf's external surface, such as its roughness, hairs, and waxy
cuticle, can alter how light is scattered when it reaches a leaf, thus affidetiagnount of light

that can be absorbg8errano 2008&5ims and Gamon 200Z)he internal structure of a leaf

also influences how much incident light is absorbed, scattered, and reflected through the upper
epidermis, owing to refractive discrepancies between the air spaces within cells and the cell
walls (Blackburn 2007; Serbin and Townsend 20ZD3llulose and lignin, the main structural
elements of plant cell walls, greatly contribute to the leaf's overall structure, and the NIR and
SWIR are where these compounds absorb the most(ligbtjluemoud et al. 1996; Tamary et

al. 2019; Westoby et al. 2004he absorption features tgpi of cellulose and lignin are often
positioned around 216P300 nm(Homolova et al. 2013; Jacquemoud et al. 1996; Stéphane et
al. 2019) In addition different leaf types, such as broadleaf and needle leaf, have different
reflectance spectra even with the same amount of chlorofirgft et al. 2013; Croft et al.

2014) Broadleaf plants possess a slender epidermal layer, extended palisade cells, and a

plethora of air spaces surraling their spongy mesophyll cel{€roft et al. 2014; Serrano
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2008a) In contrast, needlike leaves display a dense and undifferentiated mesophyll with
thick cell walls(Ollinger 2011) The ratio of the surface area of mesophyll cells to the space
between them has been shown to control NIR reflectg8a®ano 2008a)rhe lightabsorbing
and scattering features change in parallel as the structure and chmmpalsition of éaves

change with species, age, environment, and sfféa<st al. 2017; Yang et al. 201L6

1.6.5 Spectral vegetation index (VIs)

Spectral vegetation Indices (VIs) that are generated using remotely sensed reflectance data are
fairly simple approaches that are highly beneficial for qualitative and quantitative assessments
of plant leaf biochemtsy, physiology and foliar pigments such as leaf chlorophyll
concentration, leaf nitrogen concentration, and leaf water ca@akburn 2007; @ft et al.

2014; Dash and Curran 2004, 2007; Osborne et al. 2002%e indices can be obtained from
canopylevel or leaflevel reflectance and can leverage the distinct absorption properties of
vegetation in various light spectrum ranges, leading to their extensive use in a variety of
applications(Xue and Su 2017)Vegetation indices are formed through the combination of
wavelength ratios that are sensitive to certain leaf pignoergigectral regions where scattering

is primarily caused bgither a leaf's internal structure or canopy strucBtackburn 2007)
Although the vast majority of Vis are calculated using reflectance from wavelengths in the
visible, NIR, and around the red edge, certain VIs also comprises only the visible wavelength
(Filella et al. 1995; Gitelson et al. 2002eaf surface reflectance was identifiedaasrucial

factor in weak connections between VIs andotphyll concentration bgims and Gamon
(2002) who assessed almost 400 samples of leaves frospé&8esLe Maire et al. (2004)
discovered that a modified simple ratio, mSR705, could atdousurface scattering on both

an experimental database (consisting of 53 leaves) and a simulated database (consisting of more
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than 11,000 spectra), despite the fact that the VI had a dependency on the amount of water in
the leaf(Serrano 2008aWhile there has been a substantial number of studies committed to
obtaining stastical correlations between leaf optical properties and chlorophyll, nitrogen
concentrations and water content, these relationships have frequently been developed and
tested using a small number of closely related species at the leaf scale and in@Yebettatg

under strict contro{Blackburn 1998; Chou et al. 2017; Croft et 2014; Gamon and Surfus

1999; Gitelson et al. 2003)

Despite the significant progress achieved with VIs applications, it remains essential for
researchers to apply and examine these VIs to a variety of ecosystems and plant species from
leaf-level tocanopylevel reflectance, including in the investigation of e@@d N deposition

impacts on Himited grassland.
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1.7 Thesis aims and scope

The preceding sections have underscored the role that different environmentalhdneeos
shaping the structure and function of UK upland ecosystems, and how remote sensing may be
used to derive information on how these structural and functional plant traits vary. In this thesis,

| focus specifically on addressing: 1) our limited urstiending of how Himited grasslands

might respond to simultaneous ef£énd N additions. It emphasizes the need for further
research to gain a deeper understanding of the potential ecological consequences. These
biogeochemical alterations are expecteddase crucial effects on the carbon sequestration,
leaf physiology, community composition, and leaichemistry of phosphortsnited
grasslands, with unknown implications for the ecosystem functioiiegcannot assume that

what we know about Mimited ecosystems applies to-IPnited ecosystems because of the
interactions that occur among the C, N, and P cycles. Hence, an integrated experimental
approach that uses both ef2&hd a longterm nutrient manipulation experiment odifited

grassland may prove be particularly effective at exploring this knowledge gap.

2) Calluna vulgaris(C. vulgarig is plant species that dominates most British moorland
environments and is highly vulnerable to climate chaj#dkert et al. 2011; Gordon et al.
1999) Although it is a webstudied species, we still know very little about the ecology,
physiology, and biochemistry of the differe@t vulgarislife stages, which is crucial for
protecting and managing moorland in the face of challenges such as poor mamaged

climate change.
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This thesis, therefore, aims:

(1) To determindghe physiological and biochemical responseBlahtago lanceolata
to eCQ after three years of eG@xposure and lonterm (>25 years) nutrient
additions of N and P impact léaegonse to eC® (Chapter 2)

(i) To quantifyPlantago lanceolatéeaf biochemical and physiological traits changes
resulting from the different eCOand nutrient treatments using ldabel
hyperspectral reflectancgChapter 2)

(i)  To determine responsesmant community and biodiversity to five years of eCO
exposureand longterm nutrient manipulation over (>27 years) of N and P
additions.(Chapter 3)

(iv)  To review and advance measurements of the ecological variations among
vulgarislife stages while invegyating new ecological traits, and determine further
comprehend the physiological and biochemical variations among growth stages,
and determine if hyperspectral reflectance from the leaf and canopy levels can

detect the different life stagg€hapter 4)
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1.7.1 Field site description

Bradfield site description

The University of Sheffield's Bradfield Environmental Laboratory (53°25N 1°35W)38@t
meters above sea level (Fig. 1.2), with mean annual maximum and minimum air temperatures
of 13.8 and6.9 ¢ Crespectively. The average annual precipitation is 893 mm. It is mainly a
mix of heathland dominated mainly Balluna vulgaris andacidic grasslant/pically mainly
consisting of grassed@eschampsia flexuos&estuca ovingandNardus strictaandthe forb

Galium saxatile
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Figure 1.2: Bradfield laboratory site, the yelletorderarea. At the top left, the main building.
Green rectangle, the miniFACE experiment site. Orange ciclealgarisblocks, with a total

of eight blocks, each block has four different life stagés. map on the left shows the location
of the Bradfield laboratory siten the United KingdomScale label and compass directions at
the bottom right.

37



Chapter 1i General introduction

The miniFACE experiment at Bradfield

At Wardlow Hay Cop (in the Peak Distrig$)a longterm nutrient modification experiment on
limestone and acidic grassland that was started in 1991 (plots no longer in use) and 1995 (plots
utilized in this study) to investigate the effects of atmospheric N deposition and elimination of

P constrait on grassland ecosystefdshnson et al. 1999; Mecroft et al. 1994)

In the year 2017, complete monoliths of plant and soil sized 35 cm by 35 cm were taken from
Wardlow nutrient manipulation plots and brought to the Bradfield station. The monoliths were
then relocated into polypropylene boxes witee draining, with a depth of 15 cm for the
limestone samples and 20 cm for the acidic grassland samples (Fig. 1.3). To better simulate
field conditions in the limestone mesocosms; the bottom 5 cm layer consists of limestone chips,
derived from the samantestone found in Wardlow. The depth of the acidic mesocosms
encompasses the rhizosphere soil, which is usually confined to the top 15 cm, and it includes
both the organic and mineral horizons found in the acidic profile. These mesocosms were given
time torecuperate from the initial disruption of relocation before exposure te e@G@ation

the next spring.

From each of the two grassland types, ten replicates of the nutrient treatment were extracted to
create a total of eighty experimental mesocosmsoktesns that received the same nutritional
treatment were paired up based on their productivity (which was established by a biomass
harvest), and then they were divided into treatments of either ambient or elevatethSO
method of pairing wagmployed to minimize the chance that any variances in reaction to
elevated CQ@ were due to intrinsic discrepancies in grassland productivity. For the eCO

treatments, a mini free air G@&nrichment (MiniFACE) system was utilised to raise the ambient
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COz concentration to 600 ppiiMiglietta et al. 2001)From the beginning of April through the

end of October (Fig. 1.4), eG® supplied during daylight hours.

Soil Moisture Sensor

Figure 1.3: An eight mesocosms block of ambient £if@atment. The mesocosms with red
writing represent the limestone grassland, and the blue writing represents the acidic grassland.
Treatment codes (ON) control, (LN) low nitrogen, (HN) high nitrogen, and (P) phosphorus.
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CO, supply pipe MiniFACE ring CO, sensor

Figure 1.4: The top image of a block of eG@esocosms. MiniFACE ring with lasdrilled

holes provides C®to grasses from a connecting pipe. In order to achieve the target
concentration (600 ppm), the central garter receives information from the €®ensor
located in the ring's center. This is modified based on the results of a weather station located
on the site, considering both the speed and the direction of the wind. The image at the bottom
of the page displys an eC®@block in the middle of the active experiment, as well as the
automated Coflux chamber (Skyline system). Bottom image credit (Ben Keane)
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1.7.2 Thesis structure

| specifically focus on addressing

Interactive effects of elevated G@nd nutrient inputs on Plantago lanceolata physiology in

a phosphorus (P) limited grassland (chapter 2)

Elevated CQ(eCQ) has been commonly found to increase plant photosynthetidv)aidnile
decreasing maximum carboxylation capacit{mby), maximum rate of electron transport
(Jmay, stomatal conductancedigand changing stomatal morphology (Haworth et al., 2016).
As a result, plants are able to preserve more water in the leaves-Pl@gr et al., 2015;
Waullschleger et al., 2002) and enharibeir water use efficiency (WUE) (da Silva et al., 2017;
Lietal., 2017; Pazzagli et al., 2016; Yan et al., 2017). Currently, human activity has increased
atmospheric C®concentrations to more than 420 ppm (Friedlingstein et al., 2019; Willeit et
al., 2019) andare estimated to contribute more N to the global N cycle than all natural sources
combined (Fowler et al., 2013prasslands can be found on every continent other than
Antarctica (Ali et al., 2016), making them the most widely spread terresttadystem on
Earth. Plants can have a wide variety of complicated, +dutctional reactions to variations

in atmospheric C®concentration and N deposition, including changes in photosynthesis,
growth, and leaf stoichiometry (Crous et al. 2019; Esmeieret al. 2009). However, we
know very little about the effects of e2@nd N availability, either alone or in combination, in
habitats where P limits production. This is critical since up to 82% of global terrestrial
production may be#mited or Rlimited with N and P (Du et al. 2020).

Detecting any climatenduced biophysical or physiological changes in leaf characteristics is
thus critical for accurately estimating plant performance at many spatial and temporal scales
(Roosjen et al. 2018; Varvia at. 2018). Hyperspectral remote sensing techniques have the
potential to provide @recise, quick, and scalable evaluation of dynamic biophysical changes
caused by changes in atmospherie€@nhcentration or nutrient availability (Eitel et al. 2014).

The presence of leaf pigments such as chlorophyll, N, and water content influences leaf

reflectance (Ustin et al. 2004). However, the efficacy of hyperspectral techniques in detecting
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plant acclimatization to eCQircumstances and lorigrm nutrient additions! and P in a P

limited ecosystem, on the other hand, has yet to be investigated.

In a novel miniFACE experiment at Bradfiettljs chapter provides a detailed study of the
biochemical and physiological acclimation of a common grasslandPlariiago laneolata
to eCQ and various N and P treatments idifRited limestone grassland. The aim of this
chapter is to evaluate the physiological and biochemical responBéasntdigo lanceolatdo
eCQ after it has been exposed to e@@r three years, as well &se impact of longerm (>25

years) supply of N and P on the leaf's response te.eCO

Impacts of fiveyearCO. enrichment and longterm nutrient additions on phosphorus

limited limestone grassland biodiversity (chapter 3)

Anthropogenic activity has raised atmosphericz@0Oncentrations to more than 420 ppm
(Friedlingstein et al. 2019), a level that is unpreceetkit human history (Willeit et al. 2019),

and human activities are now estimated to contribute more N to the global N cycle than all
natural sources combined (Fowler et al. 2013). To yet, however, investigations on ecosystems
where N is the limiting nutent have provided much of our understanding of the effects of
rising CQ and increasing atmospheric N deposition. However, P availability may be limiting
production on around 82% of land areas, either independently due to P constraint of as a co
limiter with N and P (Du et al., 2020). To date, very litl&known about the response of P
limited ecosystemsuch agrasslandg€p simultaneous changes in atmospheric carbon

dioxide and nitrogen deposition.
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Hence, chapter 306s ai manalgsis bfthe gffects ofisichidtan@ousc o mp r
eCQ and nutrient treatment on plant community ilmgestone Himited grassland using the

miniFACE experiment at Bradfield. Variations in community composition, species richness,
diversity, and functional compdi&n are quantified in order to achieve a deeper
comprehension of how plant communities respond to altering levels of C, N, and P availability

after five years of eCgexposure, as well as losigrm (>27 years) N and P additions.

Ecological and Physiological Comparisons and Contrasts between Calluna vulgaris

(Heather) life stages (Chapter 4)

In terms ofbiogeography and carbon cycling, British moorlands are distinctive and valuable
ecosystems of national and international impargafChapman et al. 2010; Harris et al. 2011;
Natural England 2015; Allen et al. 2016). These ecosystems are being degratéukir
environmental resilience to climate change is being reduced as a result of continuing and
historical (mis)management praogts such aevergrazing, harmful burning, and artificial
drainage (Gimingham 1960; Clarke et al. 1995; Chapman et al. 2010; Allen et al. 2016). It is
essential for conducting lortgrm, reproducible monitoring of moorland areas in order to
determine thedvel and trajectory of environmental change (MacArthur and Malthus 2012;
Knoth et al. 2013; Chapman et al. 2010). A single plant species, theGdituba vulgaris(C.
vulgaris), dominates most British moorland environments iarfughly vulnerable to alhate
change (Gordon et al., 1999; Albert et al., 2011). Understanding the ecology, physiology, and
biochemistry ofC. vulgarisis crucial for protecting and managing moorland in the face of
challenges such as poor management and climate change. However, this is complicated by the
fact that C. vulgaris goes through four distinct life stages, each one having a distinct

physiology,leaf biochemistry, and hyperspectral reflectance, which are much less known.
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Chapter 1i General introduction

Hence, Chapter 4 is carried out at the Bradfield site, which is dominat€d \ayigaris and

has grown naturally for a long time. In addition, the work enhances understariding o
ecological variations amon@. vulgarislife stages while investigating new ecological traits,

the physiological and biochemical variations among growth stages, and also determine if
hyperspectral reflectance from the leaf and canopy levels caredeasletect the different

life stages.
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2 Abstract

Grasslands are the most widespread terrestrial ecosystemworiideand are responsible for
around 20% of worldwide terrestrial net primary productivity (NPP). Grasslands also represent
the most abundant type of phosphorus-lfRjted ecosystem found in temperate zones.
However, there is considerable uncertainty amvigrasslands will physiologically respond to
elevated CQ(eCQ) and nutrient additions (N, P) inlimited ecosystems due to a lack of
empirical data. FACE (Free Air G&nrichment) experiments provide a unique opportunity

to measure plant photosynthetiombined responses to eg€énd N and P. We investigated

the biochemical and physiological acclimation of the common grassland Ptabtago
lanceolata to eCQ (600 ppm) after 3 years of eG@migation and Longerm (>25 years) of

N and P treatments@mPl i mi t ed | i mestone grassland at the
Environmental Laboratory, within a miHACE experiment. In addition, we assess the ability

of hyperspectral reflectance to discriminate betw&gntago lanceolataacclimated to
different CQ and nutrient treatments, and selected vegetation indices were regressed against
measured leaf traits. We found out that eG@nificantly stimulategphotosynthesis raté\

by 14% on averagand increased water use efficiency (WUE) by 34% cmexb to ambient

COz (aCQy). Importantly, despite being alitnited ecosystem, N addition combined with eCO

had the greatest effect on photosynthesis which alleviated the acclimation. Conversely, eCO
significantly reduced/cmaxby 15%, stomatal conductangg) by 26%, leaf nitrogen content

by 16%, and leaf chlorophyll content by 13%, compared to2a®@@h nutrient addition, N
increased leaf N and leaf chlorophyll, whereas P increased leaf P. Selected vegetation indices
were r@ressed against measured leaf traits, among all treatments, the strongest relationship
was found between leaf chlorophyll content and the MERIS terrestrial chlorophyll index
(MTCI) (R? = 0.92). The strongest relationship was found between MTCI and leadjerit
concentration (R= 0.86)out of all the indices examined. Our work, therefore, suggests that
increased productivity of -Bmited grasslands may be limited due to the acclimation of
photosynthesis. Despite being difRited ecosystem, N addition coinled with eCQ had the
greatest impact on leaf physiology (leaf gas exchange), biochemistry and hyperspectral
reflectance. These findings ameicial for comprehendinigow plants in Himited ecosystems
respond physiologically to eG@nd how eC@and N/Pnutrition availability impact plants’

ability to sequester C in a high @@ the future.
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2.1 Introduction

Grasslands are the most widespread terrestrial ecosystem on the planet, existing on all
continents except Antarcti¢ali et al. 2016) and contribute to approximately a fifth of global
terrestrial net primary production (NPEJhapin 2011) Grasslands also represent the most
prevalent phosphorus (P) limited habitat in temperate climgispinall et al. 2011and are
vulnerable to nutrient cycle perturbationg)cluding increases in atmospheric £0
concentrationglLee et al. 2003; Zhang et al. 201d)d atmospheric nitrogen (N) deposition
(Phoenix et al. 2012)However, to date, there idttle understanding of how -kmited
ecosystems, including grasslands, will respond toxe2@ow responses may be modified by

nutrient inputs.

Anthropogenic activities have contributed to atmospherie €@@centrations exceeding 420
ppm (Friedlingstein et al. 2019}he highest level of the last three million ye@hélleit et al.
2019) and by the year 2100, atmospheric2€@ncentration may more thanudde that of pre
industrial timegCollins et al. 2013)Furthermore, the global cycling of N has doubled since
the outset of the industrial revolution (e.g., anthropogenic contributions tarthalaylobal N
cycle of 210 Tg of fixed N arsignificantly larger compared to natural sources by 7 Tg N yr
1) (David et al. 2013) The impact of these changes in atmospherig@@centratiorand N
deposition can cause a range of complex, raiftdctional responses in plants, including
photosynthesis, growth and leaf stoichiomgttyous et al. 2019; Esmeijéru et al. 2009)
and fluctuation in biodiversity(Grinzweig and Koérner 2001; Klelgans et al. 2016; Reich
2009; Southon et al. 2013; Stevens, Dupr, et al. 20H0ever, we have very little
understanding of the impacts of e€&nd N availability, either individually or in combination,

in ecosystems where productivity is limited byTmis is critical because up to 82% of global
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terrestrial productivity may be limited by P, either beintinkted or colimited by N and P

(Du et al. 2020)

Elevated CQ (eC(Q) has been widely observed to enhance plant photosynthesig);abeit(
decreasestomatal conductance g(Ainsworth and Long 2005, 2021as well modifying
stomata morphologfHaworth et al. 2016)Consequently, plants are able to maintain a greater
leaf water contenfTauszPosch et al. 2015; Wullschlegera. 2002)and to improve water
use efficiency (WUE]LI et al. 2017; Pazzagli et al. 2016; da Silva et al. 2017; Yan et al..2017)
If there is a sufficient nutrient and ves availability (Brodribb et al. 2020)this initial
stimulation of net photosynthesis under e@an be retained during a longerm exposure
(Davey et al. 2006)For example, in &0-year grassland FACE experimeAinsworth et al.
(2003a)found that photosynthesis rates increased continuously with growth at &iO
remained higher than at ambient £0his occurred despite significant decreases in Ribulose
1,5-bisphosphate carboxylase/oxygenase (Rubisco) actimayimum carboxylation gaacity
(Vemay andmaximum rate of electron transpodt,{,, and a decline in stomatal conductance
(gs). Exposure to eCfis expected to increase net photosynthesis)(Avith the greatest
photosynthetic enhancement expected under higher light corsdifidhe rate of Rubisco
carboxylation is limited(Sage et al. 2008)n contrast, declines in & under eCQ have
frequently been linked to nutrient supply constraints such as N, P and water (aim&north

and Rogers 2007a; Nowak et al. 20@@¢cause most of the leaf N is associated with proteins
of theCalvin cycle and thylakoids, photosynthetic capacity is correlated with the leaf N content
(Evans 2016; Reich et al. 199However, under eQz, a reduction in leaf N concentration has
been observed, which can impact carbohydrate metabolic processes and leaf photosynthesis
(Li et al. 2016; SanBaez et al. 2010; da Silva et al. 201This phenomenon has been

atributed to N dilution by increased biomass and altered root structure or decreased root N
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absorption attributed to reduced transpirafimiuced mass flow, caused by partial stomatal
closure (Loladze 2002; Mcgrath and Lobell 2013; Taub and Wang 2088jogen use
efficiency (NUE) is frequently observed to increase under@@3ulting from tle decreased

N and increased C concentration in dry matieddy et al. 2010)0On the other hand, plants
growing at eCQfor longer periods (months to years) are often observaddiamate to eC®

by decreasing the photosynthesis r@easworth and Rogers 2007bJhe extent to which
plants acclimate under eG®@aries between plant functional types and according to the
photosynthetic pathwagAinsworth and Long 2005; Pastore et al. 2018)addition, leaf P
can constrain photosynthesis and mothe relationship of N with photosynthes{&eich et

al. 2009)showed that across biomes, plants with low leaf P halesvaAmax and reduced
sensitivity of Amax to leaf N. Similarly,(Walker et al. 20143howed in a global analysis that

decreasing leaf P decreased the sensitivitycoéxto leaf N.

Monitoring any climatanduced biophysical or physiological changes in leaf traits is important
for accurately modelling plant performance over a rangeaifad@and temporal scal¢Gamon

et al. 2019; Sun et al. 2023; Varvia et al. 20H8)perspectral remote sensing techniques offer
the potential for precise, rapid, and scalable evaluation of the dynamic biophysice<taat
may occur as a result of changes in atmospherig €@@centration or nutrient availability
(Eitel et al. 2014; Liu et al. 2021) eaf reflectance is controlled by the presentcélage
pigments such as chlorophyll, N, and water confdstin et al. 2004)Various methods exist

for modelling these leaf traits from remotely sensed data, including spectral vegetation indices
and radiative transfer mode{€roft et al. 2017; Heenkenda et al. 2015; Main et al. 2011)
Howeve, the efficacy of hyperspectral techniques for detecting plant acclimation te eCO
conditions and longerm nutrient additions N and P in difited ecosystem have yet to be

investigated.

49



Chapter 2- Interactive effects of elevated €a&nd nutrient inputs on Plantago lanceolata physiology
in a phosphorus (P) limited grassland.

We, therefore, explore the biochemical and physiological accbmati a common grassland
forb Plantago lanceolatdo eCQ and variable N and P treatments in-tinfited limestone
grassland within a novel FACE experimerihis paper aims to investigate the physiological
and biochemical response @flantago to eCQ after 3 years of eC® exposure and,
additionally, how longerm (>25 years) nutrient additions of N and P impact leaf response to
eCQ. In addition, to investigate the ability of hyperspectral reflectance to distinguish between
Plantago lanceolatacclimationto different CQ and nutrition treatments (N and P) and if the
adjustments in leaf physiological and biochemical traits in response toa@ nutrient
treatment can be quantified remotely via hyperspectral reflectance, using vegetation indices
against measure leaf traits. Thtisis study addressed the following research questions: (i)
Does atmospheric COenrichment stimulate plant photodliesis after 3 years of eCO
exposure in a fmited ecosystem? (ii) How do N deposition and P enrichment affect plant
photosynthesis and leaf biochemistry content inlenRed ecosystem? (iii) Can changes in
leaf biochemical and physiological traitesulting from the different eCOand nutrient

treatments be detected using hyperspectral reflectance?
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2.2 Methods

2.2.1 Field experiment

The research was conducted the University of Sheffield, Bradfield Environmental
Laboratory (53°25N 1°35W), 390 m almgea level, with mean annual air temperatures of
10.35°C (Fick and Hijmans 2017)The mean annual precipitation is 893 nfRick and
Hijmans 2017)In 2017, grassland mesocosms of intacttswil monoliths (35 cm by 35 cm)
were extracted from a loAgrm nutrient addition experimeastablished in 199&t Wardlow

Hay Cop (Johnson et al. 1999 the Peak District, UK(53°15'N 1°44'W) Grassland
monoliths were then transferred to the Bradfield Environmental Laboratory and set up within

the mintFACE experimen(Fig. 2.1)
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CO, supply pipe  MiniFACE ring CO, sensor Soil Moisture Sensor

A) eCO, B) aCO,

Figure 2.1: Experimental setp: (A) elevated Coring (eCQ) (at 600 ppm) and (B) ambient

CO: (aCQy). Both have eight grassland mesocosms. Highlighted limestone grassland

mesocosms in (B) show those used in this study (ON, HN, anthBje are 8 mesocosms in
total because the full experime(eane et al. 2020Iso has a lovN treatment, and acidic

grassland mesocosms not used in this study.
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The mesocosms were exposed to eithmmbient CQ (aCQ, approximately 410 ppm) or
elevated CQ@(eCQ, 600ppm) (Keane et al. 2020; Miglietta et al. 2001yithin each CQ

ring, the mesocosms also receive one of three nutrient treatandohsl as solutions of distilled

water and applied as fine spray using a pumped-hattimister: i) Zero Nitrogen (ON)

distilled water control; ii) High Nitrogen (HN)NHsNOz applied at 14 g N h yr'%; and iii)
Phosphorus (P)NaHPQs applied at a rate of 3.5 g P fiyr' !t (Keane et al. 2020; Morecroft

et al. 1994) This stug focussed on a common and widespread grassland Ftehtago
lanceolatg which was also the most abundant forb in the mesocosms. Paired measurements of
gasexchange, hyperspectral reflectance and leaf biocheamedysesvere conducted on the

same leavefrom each plant.

2.2.2 Gasexchange measurements

Gas exchange (photosynthesis rag tomatal conductancesfgmaximum carboxylation

capacity Yemay andmaximum rate of electron transpalf,£f), and CQresponse curves; ACi)

were measured usingpartable photosynthesis system-@800, LFCOR, Inc., Lincoln, NE,

USA) with a 6 crileaf chamber. C&curves were taken at the following concentrations 400,

300, 200, 100, 50, 400, 400, 600, 800, 1000, 1200, 1500, and 1800 ppm. Before commencing
measurerants, the leaves were acclimated inside the leaf chamber for approximatét/ 20

min until steadystate conditions were reached, measurements were performed on one
representative leaf per mesocosmaf gas exchange was measured between 11:00 am to 14:00

pm; this is for accurate measurement as the plants are at their maximum levels of activity. For
all measurements, PAR wass viamedi(68a nm) amcebtle (@30 16 0 C
nm) LEDs integrated into the leaf chamber fluorometer (LI6800). Phdtossis rate
measurements were taken at 400 ppm on ambiepi{&I») plots and at 600 ppm on e€O

plots. The chamber temperature was set ®t_2beaf area was calculated using ImageJ (1.23a,
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Wayne Rasband, NIH, USAYcmax and Jnaxwere modelled using the Plantecophys package
(Duursma 2015yia R (R Studio, R CoréTeam 2021)Instantaneous water use efficiency
( WUE, mnitpwas deteriined as the ratioAf{ ¢ md3as'?) to transpiration rate (I

( mmo'fs YHrHatfield and Dold 2019)Specific leaf area (SLA) was calctéd as the ratio

of leaf area to leaf dry mass (€mi?) (Vile et al. 2005)

2.2.3 Biochemistry measurements

A single leaf of each mesocosm was sampled (the same leaf used for gas exchange
measurements) and kept at ~0 °C in dark conditions during transport back to the University of
Sheffield (~10km away) for laboratory analysis. To astiteaf chlorophyll, three equally sized

leaf samples (leaf disks) were taken using a hole puncher witinra Biameter (28.3 mfp

Each leaf sample was then immediately transferred into-tliethylformamide (DMF) for

foliar chlorophyll extraction follving the methods afMoran 1982) and the absorbance was
subsequently measured at 663.8, 646.8 and 480 (Wellburn 1994) using a
Spectrophotometer (C&€E1020 100 series spectrophotometer, Spectronic). Leaf N, C and

P concentrations were determined from fresh leaves (Due to the restriction on the amount of
leaf material for nutrient analysis, Leaf N and P analysis were collected on adjacent plants from
the same mesocosm) that were oven dried &Cgfrior to grinding by tissufyser (FastPrep

24TM 5G bead beating grinder and lysis system, MP biomedical). To assess tissue
concentrations of N, C, and P, approximately 2 mg of finely ground plant maial was

placed inside a tin capsule and sealed with tweezers for subsequent analysis by areisotope

mass spectrometer (ANCA GSL-20 Mass Spectrometer, Sercon PDZ Europa).
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2.2.4 Hyperspectral reflectance measurements

A Spectral evolution PSR+ 3500 fietpectrometer (Spectral Evolution Inc., MA, USA) was
used to measure leddvel hyperspectral reflectance from each mesocosm (the same leaf of gas
exchange measurement and leaf biochemistry). The PSR+ 3500 has a spectral range of 350
2500 nm and a spectnasolution of 2.8 nm at 700 nm. Leaf level reflectance was measured
on individual leaves using a leaf clip attachment with an internal light s&peetral on panel
(Spectral Evolution Inc., MA, USAjvas used as a calibration reference panel to convert
reflected radiance to reflectance. Several spectral vegetation indices were selected according

to their sensitivity to different structural, biochemical, or physiological traits (Table 2.1).
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Table 2.1: Details of all published spectral vegetation indices tested in this study.

Index Name Equation Reference
MTCI MERIS terrestrial (R7541 R709)/ (R709 R681) (Dash and
chlorophyll index Curran 2004)
NDRE Normalized Difference (R7901 R720) / ( R7 (Fitzgerald et al.
: 2006)
red edge index
MNDVI1 Modified NDVI (R755R745)/ (R755+ R745) (Mutanga and
Skidmore 2004)
MNDVI8 Modified NDVI (R755R730)/ (R755+ R730) (Mutanga and
Skidmore 2004)
RVII Ratio Vegetation Index R810/R660 (Zhu et al. 2008)
I
RVII Ratio Vegetation Index R810/R560 (Xue et al. 2004)
Il
Clred edge Red edge chlorophyll ( NI R/ Red Edge) (Gitelsonetal.
index 2005; Gitelson
et al. 203)
RwWC Relative Water Conten (R1451/R1263) (Yu et al. 2000)

P_1080_146C Phosphorus index

(R1080- R1460)/ R1080 +
R1460

(Pimstein et al.
2011)

P_1645 171t Phosphorus index

(R1080- R1460)/ R1080 +
R1460

(Pimstein et al.
2011)

P_2015 219t Phosphorus index (R2015 R2195) (Mutanga and
Kumar 2007)

P_550 750 Phosplorus index ((R550 R750) (Mutanga and
Kumar 2007)

WBI Water Band Index (R970/R900) (Penuelas et al
1993)

WCI water content index (R686- R955)/ (R955 R548) (Mertens et al.
2021)

WPI Water Poverty Index  (R665- R715)/ R715) (Mertens et al.

2021)

56


https://www.sciencedirect.com/science/article/pii/S1476945X13000998#bib0250
https://www.sciencedirect.com/science/article/pii/S1476945X13000998#bib0250

Chapter 2- Interactive effects of elevated €a&nd nutrient inputs on Plantago lanceolata physiology
in a phosphorus (P) limited grassland.

2.2.5 Statistical analysis

Statistical analyses were carried out using R (R Studio, R J@am 2021) Two-way
ANOVA models were used to assess the main factor effects and interactions @n@O
nutrient treatment. If there were significanterall differences among treatment groups, the
Tukey multiple comparison of means was used to determine between which pairs of treatment
differences occurredThe (userfriendlysciencePeters 2018pnd (spectrolabjJose et al.
2023)packages were used for reflectance data analysis for calculating both the andides
determining whether the life stages had different reflectance fea{lmgdunction was used

to calculate the linear regression among leaf physiology and bigstherAll the plots were

performed using the (ggplot2) functigwilkinson 2011)
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2.3 Results

2.3.1 Leaf gas exchange, leaf biochemistry and water e$gciency (WUE)

The effect of CQ and nutrient treatments and the interactions between ad@ nutrient
treatments orPlantago lanceolatdiochemistry and physiological parameters are shown in

Figure 2.2 and S.2.1.
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Figure 2.2: Effects of CQ, and nutrient treatments on A) Photosynthesis raje B)
Maximum carboxylation capacitycmax C) maximum rate of electron transpdfiay, D)
Stomata conductance g E) leaf chlorophyll content, F) leaf nitrogen content, G) leaf
phosphorus content, H) leaf carbon content, I) Water use efficiency (WUE), and J) Specific
leaf area (SLA). Large points with standard error bars indicate the mean, and the smaller points
are individuad data points. Overall main factor effects of £@nd nutrients and their
interactions are indicated in each grapiw@ ANOVA). Pairs of treatments that do not share

a letter are significantly different (Tukey, P < 0.05).
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Elevated CQ (eCQ) significanty increased the photosynthesis ra& ljy 14% compared to
aCQ (Fig. 2.2A;F = 5.814,df = 1, 24, P < 0.05), and water use efficiency (WUE) by 34%
compared to aC£XFig. 2.2I;F =6.088,df= 1, 24, P < 0.05). Interestingly, photosynthesis was
higher ineCQ-HN than in all other treatments. On the other hand, in comparison tg aCO
eCQ significantly reduced/cmaxby 15% (Fig. 2.2BF = 5.800,df = 1, 24, P < 0.05), stomatal
conductancegs) by 26 % (Fig. 2.2DF = 6.211,df= 1, 24, P < 0.05), leaf chlorophyll content
by having 13 % less leaf chlorophyll (Fig. 2.2E= 5.956,df= 1, 24, P < 0.05), and leaf
nitrogen content by having 16 % less leaf nitrogen content (Fig. 22R,0.417df= 1, 24; P

< 0.01). However, Coitreatment had no significant effect dax (Fig. 2.2C;F = 2.789,df =

1, 24; P > 0.05), leaf phosphorus content (Fig. 2RG;0.979,df = 1, 24, P > 0.05), leaf
carbon content (Fig. 2.2HE = 0.399,df = 1, 24; P > 0.05), and specific leaf area (SLAY(Fi

2.2J;F=1.032df=1, 24, P > 0.05).

Among nutrient treatments, the HN treatment significantly increased leaf chlorophyll and leaf
nitrogen content compared to the control ON and P treatments, with no significant differences
between ON and P treatments. (Fig. 2RE;21.686df = 2, 24; P <0.001; and Fig. 2.2F =
57.629;df= 2, 24; P < 0.001), but significantly reduced SLA compared to the control ON, with
no significant differences between ON and P treatments (Fig.R=25.802;df = 2, 24; P <

0.01). The P treatment significantly neased leaf phosphorus content compared to the control
ON and HN treatments (Fig. 2.26;= 19.013;df = 2, 24; P < 0.001). Interestingly, nutrient
treatments had no significant effect on leaf gas exchange, such as photosynthesisaxate,
Jmax and stenatal conductancgys), and had no significant effect on leaf carbon content and

WUE (Figure 2.2).
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There were no significant interactions between.@@d nutrient treatments in leaf gas

exchange, leaf biochemistry, WUE, and SLA (Figure 2.2).

2.3.2 Regression between leaf gas exchange and leaf nutrients

Leaf chlorophyll content showed a positive relationship with photosynthesis for all treatments
(Fig. 2.3A). Interestingly, HN under eGQhowed a higher rate of photosynthesis with a

similar amount of leaf chlorophyll compared to HN under a(Fy. 2.3A).
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Figure 2.3: Regression analysis between photosynthesis rate and A) leaf chlorophyll (overall

regression coefficient of R= 0.203; p < 0.01), B) leaf nitrogen content (overall regression

Nitrogen percent

coefficient of R = 0.214; p < 0.05), CYcmax(overall regression coefficient ofR 0.287;p <

0.01), D) betweeiVecmaxandJmax(overall regression coefficient ofR 0.861;p < 0.001),and

E) between leaf chlorophyll and leaf nitrogen content (overall regression coefficieAtof R

0.778;p< 0.001), * and ** indicate significance pi 0.05 ang < 0.01, respectively.
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Leaf nitrogen content and,,,., showed positive relationships with photosynth¢Big. 2.3B
and 3C).Vemaxwaslower under eCQ compared to aCg) andVemaxunder eCQ@showed high

photosynthesis withower amount ofVemax Also, the strong relationship betwe¥g,,, and
Jmaxwas apparent aé.,,.,.showed a positive relationship wilhax(Fig. 2.3D); alsoVemaxand

Jmaxwere less under eCGQand the slope gradient of HN under eGBowed a slight increase
compared to other treatments. Leaf chlorophyll content showed a positive relationship with
leaf nitrogen conten(Fig. 2.3E); Overall, N additions increased leaf chlorophyll content,
although the greatest increase occurred un@ér,awhere chlorophyll concentrations are at

their highest. In addition, leaf chlorophyll content was &seerin eCQ than in aCQ.

2.3.3_ Hyperspectral reflectance signatures for Plantago lanceolata in different-z@@d
nutrition treatments

The ability of lyperspectral reflectance to discriminate betwd@lantago lanceolata
acclimated to different C£and nutrient treatments was investigated (Figure 2@» HN
showed a higher reflectance in the visible arfcared regions compared to a€®IN (Fig.

2.4A and 2.4B)and the HNrreatment showed the lowest reflectance under.a0@pared to
aCQ ON and P(Fig. 2.4A). Interestingly, HN treatments showed a variation in reflectance
under the different C&treatments. The P treatment remained the sarderiaCQand eCQ;

also, ON almost remained the same under2&81@d eCQwith a slightly higher reflectance in
the peak of visible light under eGQFig. 2.4A and 2.4B)alsg ON and P separate in the green

peak and after 1400 nm for aglut not for eCQ.
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Figure 2.4: Spectral reflectance among €®eatments and nutrient treatments. (A) The
reflectance of the nutrient treatments under a@D all the reflectance regions; (B) The

reflectance of the nutrient treatments under £foDall the reflectance regions.

2.3.4 Leaf chlorophyll, leaf nitroge, and leaf phosphorus content and vegetation indices
at the leaf level

To investigate if the adjustments in leaf physiological and biochemical traits in response to
COz and nutrient treatment (seen in Figure 2.2) can be quantified remotely using hyperspectral
reflectance, selected vegetation indices are regressed against measured leaf traits (Figure 2.2

and S.2.3).
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Figure 2.5: Vls at the leaf level for (A) MERIS terrestrial chlorophyll index (MTC#4R0.92,

p < 0.001); B) MERIS terrestrial chlorophyll index (MTCI?R 0. 85, p < 0.001); C)
P_1645 1715 phosphorus index (P_1645 1715; R2 =®:0,05). Rvalues for linear trend
lines are shown on each plot. * and ** with bold indicate significanpe<a.05 ang < 0.01,

respectively. The dotted lines represent the overall regression among estcbafi@ent.
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For all treatments togethéeaf chlorophyll content had the strongest relationship with MERIS
terrestrial chlorophyll index (MTCI), with segressiorcoefficient ofR> = 0.92 (p < 0.001)

(Fig. 2.5A). From all the indices tested, leaf nitrogen content also presented the strongest
relationship withMTCI; R?>= 0. 86, p < 0.001)Fig. 2.5B).Repetition offour spectral indices

were sensitive to leaf phosphorus four indices were tested; however, none of the indices
displayed a significant relationship with the measured phosphorus content. The strongest one

wasP_1645 1715, with a regression coefficient 8£F0.11 (p > 0.05]Fig. 2.5C).
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2.4 Discussion

2.4.1 Summary of results

In this study of Himited grassland using the common fdPlantago lanceolataas a study
species, we havdetermined how leaf gas exchange dmathemistryrespond to elevated
atmospheric concentrations of €&hd nutrient enrichment in alitnited grasslandwe found

out that, after three years of egfomigation stimulateghotosynthesis ratédf by 14% on
averagend increased water use efficiency (WUE) by 34% compared to ambierfaCQ).

On the other hand, eG@ignificantly reduced/cmaxby 15%, stomatal conductangg) by 26

%, leaf nitrogen content by 16 %, and leaf chlorophyll conted3#6 less compared to agO

In addition, HN treatment significantly increased leaf chlorophyll and leaf nitrogen content
compared to the control ON and P treatments, and P treatment significantly increased leaf

phosphorus content compared to the controb@N HN treatments.

2.4.2 Effects of eCQand nutrient treatment on photosynthesis and leaf gas exchange: N
addition alleviates photosynthetic acclimation to e€O

In this study, after three years of &éhrichment, we observed an increasgludtosynthesis

rate @) under eCQ@ by 14%. This photosynthesis increase is attributed to a higher rate of
carboxylation and a reduction of the rate of the competing oxygenation reactions in Rubisco
due to the increased G@oncentrationLong et al. 2004) This increase in photosynthesis
under eCQis consistent with previous studies, including a natalysis where eCQOwvas
foundto increase photosynthesis by 28% on average among FACE exper{A@sisorth

and Long 2005, 2021A longerterm grassland FBE study orLolium perenneobserved that

the photosynthesis rate increased by an average of 36% oveyearlPeriod, despite 18%
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decreases iVcmay 9% decrease idmax and a 30% decline insgAinsworth et al. 2003b)
However, our findings demonstrated a lower photosynthetic response withinre€parison

to other studés and model predictions, which could be due to photosynthesis acclimation after
three years of eCexposure. Photosynthesis acclimation occurs as a result of the suppression
of Rubisco gene expression by nonstructural carbohydrate accumulation, waicklerated

under eCQ (Byeon et al. 2021; Jacob et al. 199bherefore, in this study, when the plants
grown at aCQ@and eCQwere both measured at the e@®ncentration (600 ppm), there was

a 15% decrease in the photosynthesis rate of,g@ts compared to aCQFig. S.2.2). In
addition, in our results, photosynthetic acclimation was evident, with a significant decrease in
Rubisco activity Ycmay of 15% at 600 ppm for eC(plants compared to aG@®@lants. The
reduction inVemaxat eCQ s attributed to Rubisco reduction, consistent with many other studies
that have shown submaximal photosynthetic responses in plants actlim&€Q may be
caused by loweKemax if photosynthesis becomes more limited by ribulosel,5bisphosphate
(RuBP) regeneration and less by Rubisco as@®@centration increasé&insworth and Long

2005; Ainsworth and Rogers 2007a; Maier et al. 2008; Pastore et al. 2019; Rogers and
Humphries 2000; Tissue et al. 199®%hile Jnaxwas not statistically significantly affected by

CQ, it followed the same trend &&maxand wasconsistent with the N addition. Ainsworth

and Rogers (2007) also showed tataxis reduced by about twice that &faxin response to
long-term eCQ. These photosynthesis and leaf gas exchange findings suggest that past

findings may also apply to-Fmited ecosystems even though they have been studied little.

Interestingly, despite being -litmited grassland, Naddition had a bigger effect on
photosynthesis than P addition under e@&dg. 2.2A). Previous studies have also suggested

that photosynthesis acclimation to efd®alleviated at high N concentratighinsworth and
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Long 2005; RuizVera et al. 2017) This is because, under eg€@©onditions, Rubisco
suppression is related to leaf N reallocation from a-lmited source to other limiting
photosynthetic components, for instanelectron transport enzymes or the ligiairvesting
complex(Evans 1989; Kanno et al. 2017his shift in N allocation can give a chance to
improve photosynthetic N usage efficien(tyakey et al. 2009which is defined as the net C
assimilation rate per unit leaf N and relates to Rubisco's increased efficiency undetueCO

to the suppression of photorespiratif@ifford et al. 2000; WujeskKlause et al. 2019)
Additionally, in Plimited ecosystems, N addition can reduce P limitation due to the stimulation

of phosphatase enzymes or dissolution of mine(@Hen et al. 2020; Wang et al. 2021)

Stomata conductances@nd water use efficiency WUE

In our study, eC@reduced gby 26 % on averagattributable to thencrease in intercellular
COz concentration under eCQensed by guard cells to maintain intercellular 6&@ween 20

to 30% lower than the C{&zoncentration at the leaf surface (Ainsworth & Rogers, 2007), also
due to gdecreased with eCOWUE increasedby 34%. Other FACE experiments have also
shown an eC@decrease ingoy 22%,which allows plants to conserve water and increase
water use efficiencyChater et al. 20150ver longer time periods of eChew leaves may
develop with lower stomatal densi(Gray et al. R0O0). In addition, greduction is one of the
primary findings which indicate photosynthesis acclimation to £@0nsistent with other
studiegPastore et al. 201@)nd shows thdlantago lanceolatdas undergone photosynthetic
acclimating to eC® after three years exposure, which in turn could potentially limit C
sequestration in response to eCOur findings suggeed that past findings from different

ecosystems may also apply tdifaited ecosystems even though they have been studied little.
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2.4.3 Effects of eCQ and nutrient treatment on biochemistry and leaf traits

Across all nutrient treatments, leaitrogen content was observed to decrease by 16 % on
average under eG@ompared to aCf)and there are various potential mechanisms for.eCO
induced N reductioiiTaub and Wang 2008These include a reduced demand for thecN
Rubisco enzymefd_uo et al. 2021)a reduction in photorespiration, which leads to a decrease
in the reductant supply necessary fordN€ductase activitfWujeskaKlause et al. 2019)r

a decrease in transpiration, which results in a decrease in the mass flow of r{ifieageand
Wang 2008) Interestingly, our findings on leaf N are consistent with a number of-meta
analyses involwg a large number of lNmited ecosystem@u et al. 2019; Wang et al. 2021;
Xu et al. 2020) In addition, across all nutrient treatments, leaf chlorophyll content was
observed to decrease on aggdy 13% under eCOThis is attributable to the reduction in
leaf N by 16% under eCfand by the reduction in Rubis@ooladze 2002; Mcgrath and Lobell
2013; Taub and Wang 2008p addition, as expected, N addition increases the leaf chlorophyll
concentration due to N being an essential element in the chlordgkgihs 1989; Marschner

2011; Taiz et al. 2015)

SLA was unaffected b Oz, under eC@ in general, any reallocation of biomass to thicker
leaves or additional carbohydrate storage in the leaves would tend to increase leaf mass more
than leaf area, therefore decreasing SLis finding suggests that the additional carbohyelr

has been stored elsewhere, possibly by allocating the C below ground as organic acids and root
exudates to enhance the nutrient captiia et al. 2022)However, N enrichment reduced the

SLA, attributable to the N enrichment increase in leaf chlorophyll alleviating photosynthesis

acclimation.
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2.4.4 Effects of CQ and nutrient treatment on leafevel hyperspectral reflectance

The changes in the leddvel hyperspectral reflectance among e@@d aCQ, driven by the
alterations in leaf physiological and biochemical traitRlahtago lanceolatathat are affected

by CO: treatmentCha et al. 2017; Zhengt al.2020). eCQ: can change leaf water content

due to the stomata closure, which leads to a higher water use efficiency in plants, as it was also
detected in our results, meaning they lose less water per unit of carbon(@anssebrthand

Rogers 2007b; Nelson et al. 200A» a result, leaves might have higher water content under
eCQ (TauszPosch et al. 2015; Wullschleger et al. 200283 water also affects the light
absorption and reflectance properties of leaves, changes in leaf water contemtfecride

the hyperspectral reflectance, especially in SWIR water absorption bands around 1450, 1940,
and 2500 nnfJunttila et al. 2022; Kovar et al. 201Fherefore, as leaf water content increases,
absorption increaseand reflectance decreases. In addition, £&@els can also change in

leaf structure, which leads to changes in the physical structure of leaves, making them thicker
and dense(Prior et al. 2004) This is because eC@ften promotes growth and leads to a
higher rate of carbon assimilatigAinsworth and Long 2005, 2021This increase in leaf
thickness and density can alter the lighattering properties of leaves, which can influence
reflectance patterns, particularly in the ngdrared part of the spectrum (72300 nm), so
thicker leaves scatter more NIR light areflect more light back to the sensor, increasing
reflectancgStéphane Jacquemoud and Ustin 2019; Pauli et al. Z01ig)is due to an increase

in cell layers and air spaces that light can interact with. Also.@@0@often lead to changes

in the chlorophyll content of leaves, the changes in chlorophyll concentration can alter the
reflectance patterns in the visible pafthe spectrum, where chlorophyll absorbs visible light
strongly, particularly in the blue (43660 nm) and red (64680 nm) wavelengths, with
maximum absorbance between 660 and 680 nm, while reflecting green ligka{8G0m),

with maximum reflectancén green wavelengths at (560 nif@levers and Gitelson 2013;
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Gitelson et al. 2003)in addition, eC@can affect the production of other biochemicals like
carotenoids or anthocyanins, which can also influence spectral reflectance, especially in the
visible region of the spectrum, where carotenoids absorb light in the blue angrddune
regions of the spé&wm (around 40600 nm), and anthocyanins absorb light in the green
region (around 50850 nm), which can lead to lower reflectance in these wavele(i@bsn

et al. 2021) However, it is also important to consider that these changes might not always be
consistent and can be influenced by other factors such as nutrient availability, plant species,

and physiological condition&roft et al. 2013; Croft et al. 2014; Crousaé 2019)

In this study, MTCI at the ledével hyperspectral reflectance showed a strong relationship
with the measured leaf chlorophy@levers and Gitelson 2013; Dash and Curran 2004, 2007)
The ability to estimate chlorophyll content at the leaf and canopy levels is primarily due to
chlorophyll's unique ability to absorb and reflect light. Importanthorphyll also reflects

light in the neaiinfrared (NIR) and shortwavefrared (SWIR) regions of the electromagnetic
spectrum. MTCI is a reddge positiorbased index that utilizes the advantage of the distinct
transition (rededge) between red light, wah chlorophyll strongly absorbs, and néafrared

light, which chlorophyll reflects(Clevers and Gitelson 201Bash and Curran 2004, 2007)

This transition allows the index to capitalize on the distinct difference between these two types
of light. MTCI tool assesses, in particular, the steepness of thidgel transition, which has

been found to be related toe chlorophyll concentratio(Clevers and Gitelson 2013; Dash

and Curran 2004, 2007n addition, we can utitie the leaf chlorophyll index as an indicator

of leaf nitrogen status because of the strong relationship between leaf chlorophyll and leaf
nitrogen(Clevers and Gitelson 2013)s we found, MTCI Bowed a strong relationship with

the measured leaf N in the |@Blevers and Gitelson 2013; Dash and Curran 200372 The

results were promising, suggesting that existing indices can be used to forecast leaf chlorophy!l
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and N in Plimited ecosystems, providing useful indications of plant production and leaf

biochemical condition.

aCQO-HN showed the lowest leadVel reflectance in the visible wavelength region compared

to all other treatments due to the greater leaf chlorophyll. The spectral band between 680 and
760 nm is the region in which the reflectance of vegetation changes sharply due to the transition
from chlorophyll absorption in the red region to cell scattering in the-inf@ared region
(Dawson and Curran 1998). Also, in visible wavelengths, chlorophyll absorbs strongly in red
and blue spectral regions, with maximum absorbance between 660 and 680 maxanum

reflectance in green wavelengths (560 nm).

However, in this study, we tested the utility of hyperspectral reflectance to estimate the
phosphorus concentration 8lantago lanceolatan a Rlimited grassland using leddvel
hyperspectral reflectance data. While the remote sensing of foliar P has received very little
attention compared to N and chlorophyll, it plays an important role within physiological
processes, leaf biochemistgnd biodiversity in Rimited ecosystem@§Mutanga and Kumar
2007; Mutanga et al. 2004; Osborne et al. 20B2en though studies orefd spectra have
pinpointed numerous absorption characteristics linked to a variety of biochelfGcads
Blackburn 1998; Gvers and Gitelson 2013; Fitzgerald et al. 2006y understanding of the
significance of these absorption features, particularly their specific bands for predicting P,
remains limited(Mutanga and Kumar 2007; Mutanga et al. 2004; Osborne et al..2002)
simpler terms, there's a significant lack of knowledge about which parts of the electromagnetic
spectrum are beneficial for forestang P leaf concentration. Selecting the appropriate
wavelengths is a critical process in developing a functional model for estimating leaf P levels

using remote sensing da@onsidering P received less attention, the indices we evaluated were
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weak compeed to the N and Chlorophyll indices, and the results were unimpressive. In
addition, we only had a small number of replication measurements, which made developing

our own index challenging.
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2.5 Conclusion

We found that after thregears of eC@exposure, eC@stimulated photosynthesis, though to

a lesser extent than often seen in other studies and model predictions, with evidence of clear
photosynthesis acclimation to ee€@n addition, eC@reducedVcmaxand g, which are also

strong indicators for photosynthesis acclimation. Our work, therefore, suggests that increased
productivity of Rlimited grasslands may be limited due to the acclimation of photosynthesis.
Furthermore, our work shows that responses in leaf photosynthedioahdmistry to eC©

in P-limited grasslands are similar to those observed in other work that has often been
conducted on Nimited ecosystems. Therefore, despite the limited amount of research on
eCQ in P-limited ecosystems, understanding fromilited ecosystems might be used in the
absence of work in Hmited ecosystems when developing leaf photosynthesis models.
Consistent with this, our work also shows that despite the grassland BeimteB, it was still

N that had the greatest impact on plsgtdhesis, not P, extending further telirRited
ecosystems the strong control of N on photosynthesis compared to P. These findings are
important for understanding the physiological responses of plantéinmt®d ecosystems to

eCQ, and how their capagito sequester C in a high @@orld will be impacted by that eCO

and by N and P nutrient availability.
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Figure S.2.1: Effects of CQ, and nutrient treatments on A) Potassium, B) Calcium, C)

Magnesium, D) Carotenoids, E) 15N, F) Leaf transpiration, G) Leaf mass per area, H) leaf dry

matter content. Large points with standard error bars indicate the mean, and the smaller points

are individual data points. Overall main factor effects of2G@d nutrients and their
interactions are indicated in each grapiwg@/ ANOVA).
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Figure S.2.2: Effects of CQ, and nutrient treatments on A) Photosynthesis rate (A), both aCO
and eCQ measured at eC@oncentration (600 ppm), where instantaneous means the plants
grown at aC@ and longterm eCQ means plants grown at ecQarge points with standard
error bars indicate the mean, and the smaller points are individual data points. Overall main
factor efects of CQ and nutrients and their interactions are indicated in the graplay2
ANOVA).
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Figure S.2.3: VIs (chlorophyll and nitrogen indexes) at the leaf level for;Ngrmalized
Difference red edge indgNDRE) (NDRE; R = 0.8639, p < 0.001); Bylodified NDVI 8
(MNDVI 8; R2 = 0. 816, p < 0.001); CNormalized Difference red edge indéXDRE)
(NDRE; R = 0.795, p < 0.001); Dylodified NDVI 1 (MNDVI 1; R2= 0. 771, p < @01); E)
Ratio Vegetation Index (RVI II; R?= 0. 511, p < 0.001); Red edge chlorophyll ind€Clred
edgg R2=0. 435, p < 0.001).
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Figure S.2.5: VIs (water index) at the leaf level for (AYater Band IndexWBI; R = 0.265,

p < 0.001) (B) Water content index (WCR? = -0.036, p > 0.05 (C) Water Poverty Index
(WPI; R? = 0.137, p < 0.05); (D) Relative water contents (RWE&=R.313, p < 0.001)R?
values for linear trend lines are shown on each plot. * and ** indicate significance at p < 0.05

and p < 0.01, respectively.
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3 Abstract

Humans have altered the carbon (C) and nitrogen (N) cycles significantly through the industrial
andgreenrevolutions, with negative consequences for plant biodiversity in many ecosystems
due to rising atmospheric N deposition. Increased levels of atmaspadon dioxide (eCg)

in ecosystems could potentially have an effeqgilant communities either directly or indirectly
through impacts on N and phosphorus (P) cycling. Although research has been conducted on
how N deposition affects plant communities, the potential interconnections of, #&CO
deposition, and nutrient limitain on plant communities are still poorly understood. This is
particularly true in habitats where the limiting nutrient is P. In this study, we used-&mei

Air CO2 Enrichment (miniFACE) system to expose grassland mesocosms from-zion(p

27 year} nutrient manipulation experiment onlifhited limestone grasslands in the Peak
District, UK, to eCQ (600ppm) for five years. This was in factorial combination with a
phosphorus treatment (P, 3.5 ¢ §rl), a low nitrogen treatment (LN, 3.5 gZwyr?), a high
nitrogen treatment (HN, 14 g-fryr?), and a distilled water control (ON). Changes in plant
community composition, biodiversity (species richness and diversity), and functional
composition were all assessed. Species richness and diversity @sspyece found to be
increased by eCOThe functional composition changed as e@@reased the dominance of
legumes, especially in combination with P addition, while decreasing the abundance of grass
and bryophyte PFTs. Nutrient treatments (N and P) atsongly impacted community
composition, diversity, species richness, and functional composition. N additions considerably
reduced species richness and diversity, especially under HN -@edt€& communities were

also significantly less diverse than ONhe addition of N and P changed the functional
composition by decreasirfgrb abundance and increasigigss abundance. The N treatment
also increasededge abundance, while the P treatment decreased this. Sedges therefore
replaced grasses as the dominalant functional type under elevated £&hd N conditions,
potentially due to their fcquisition strategy benefiting more than that of mycorrhiza
dependent grasses, which may be less able to acquire more of the limiting P resource with
increased C investent. Under the future scenario of rising4a@d N pollution, species shifts

in grassland communities may reduce the value of the ecosystem services theygwavide

result of their combined impact on plant competition.
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3.1 Introduction

Disruption to the carbon (C), nitrogen (N), and phosphorus (P) cycling can have large impacts
on the structure and function of terrestrial ecosystems and the ecosystem services they provide
(Jones and Donnelly 2004; Phoenix et al. 2004a, 2@&k#hropogenic activity has increased
atmospheric C® concentrations to over 417.2 ppffriedlingstein et al. 2022)an
unprecedented level in human hist@Willeit et al. 2019) while it is estimated that human
activities now contribute more N to theoghl N cycle than all natural sources combi(i2avid

et al. 2013) To date, however, much of our understanding of the impacts of elevategh@O
increased atmospheric N deposition has come from studies on ecosystems where N is the
limiting nutrient. Yet, the productivityf approximately 82% of the land's surface may be
limited in some way by P availability, either alone through P limitation or Hymating with

N and P(Du et al. 202Q) To date, there is very little understanding of hovinited
ecosystems, including grasslands, will respond to concurrent perturbetie@®> and N

deposition.

Grasslands are one of the most extensiienRed ecosystems in temperate regi¢Aspinall

et al. 2011)and the most widespread terrestrial ecosystem on Ealitlet al. 2016) They
provide a variety of &sential services, including the storage of large amounts of soil C, and
represent about 20% of terrestrial net primary productivity (NERapin 2011; Jones and
Donnelly 2004)and the reduction of nutrient pollution leaching into watercouiBaeenix,
Leake, et al. 2004 )Furthermore, in temperate regions, spedids grasslands are angihe

most biodiverse habita{€arbutt et al. 2017and in Europe, they host 1 in 5 endemic vascular
plant speciefHabel et al. 2013)Grassland biodiversity is critical to the provision of ecosystem
services(Isbell et al. 2011)yet temerate grasslands are one of the world's most threatened

biomes(Hoekstra et al. 2005)
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Elevated CQ (eCQ) enhances photosynthesis and promotes produciitysworth and

Long 2005, 2021)including Rlimited limestone grasslan@Keane et al. 2023Chapter 2),
though this effect is strongly dependent on species as well as the function@dgpter and
Navas 2003)including in calareous grasslandsthe study system in this chap{efanley et

al. 2004, Stocklin et al. 1998ppecies which can make better utilization of additional carbon
resources may increase in size and population at the expense ofPtilesset al. 2012)The

effect of eCQis not only on increasing photosynthesis and growth, but also the plant may use
the extra C to capture more nutrierggch as phosphor®hoenix et al2020) In addition,

eCQ can, through the reduction of stomatal conductance, lead to reduced evaporative water
loss and increased water use efficieflogakey et al. 2009)As a consequence, increases in

soil water availability could stimulate N mineralization and enhance plant g{®kistra et

al. 2010)or by extending the dominant graminoids growing period, which may therefore shade
out lateseason growing plants and reduce diversity (e.g. as seen in California grassland

ecosystemjZavaleta et al. 2003)

The interactions between e€énd nutrient availability would become more important, which

is anticipated in environments where nutrients rather than water availability are limiting
productivity, such aB-limited temperate grasslanfiSrinzweig et al. 2003; Reich et al. 2001)
eCQ has the potential to disturb soil nutrient relationships significantly; for instance, eCO
can affect soil nutrients by altering the activity of soil microorganisms, such as bacteria and
fungi, which play a ky role in the cycling of nutrients in the s@iVang et al. 2020; Wang et

al. 2019) eCQ levels can alter the composition and activity of soil microbial communities,
potentially leading to changes in nutrient availabi{ifaylor 2021; Wang et al. 2020; Wang et

al. 2019) In addition, eC@can affect the chemistry of soil organic matter, which can impact
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nutrient availability and hence affect plant biodiversity and community composition because
of the close couplings of the C, N, and P cy¢[@avies et al. 20163nd the potential roles of

C for N and P acquisition.

Plant diversity depends on the nutrient availability in the (k@imbers et al. 2008and high
levels of plant diversity are often associated with low levels of availability P, with the most
diverse ecosystems beifgund disproportionate in highly weathered soils that are low in P
(Laliberté et al. 2013; Lambers et al. 20183 a result of P limitation, several adaptations have
evolved in plants to acquire(Wance et al. 2003)with some acting on particular groups of P
compounds in soil to liberate the phosphates(PiGn for uptakgCeulemans et al. 2013, 2014;
Phoenix et al. 2020Acquisition of P from different chemical forms in the soil enables distinct
species or functional types to utilize complementary niches for P, therefore reducing
interspedic competition for the limiting P resource and facilitating the establishment of
diverse plant communitig®hoenix et al. 2020 herefore, alterations in nutrition availability
may uncouple these interactions and decrease biodiversity. For instance, increasingaPO
P-limited ecsystem may reduce the need for niche complementarity and reduce biodiversity

because most-Bemanding species will have ready access t9.PO

Carbon is invested in numerous ways by plants to acquire phosphorus. These include trading
metabolites with mycohizal partners such as most forbs and gra&aeéth and Read 2008)
growing highly branching root systems such as somenmggorrhizal forbgLi et al. 2017)

or secreting acidic exudatesrtone P from soil (Fmining) (Shane et al. 2006and growing
specialist roots such as dauciform roots in sedges that release organic acids and chelators in
spatially limited bursts to overwhelm soil microbes and facilitate plant P acquisti@ame et

al. 2006) Various ‘carbn costs' are incurred by each of thesacRuisition strategied.ynch
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and Ho 2005) Therefore, becausarious species and functional types employ different P
acquisition strategies, the rise in atmospherie @@l the additional C supply could alter how
plants acquire the limiting P resource and hence impassind community composition and

biodiversity(Lambers et al. 2008; Phoenix, Booth, et al. 2004)

Extensive research into the effects of increased N availability on terrestrial ecosystems,
including grasslands, has shown that N deposition has a negative impact on plant diversity,
leading to communities that are more gramingasinated(Bobbink et al. 2010; Lu et al.
2021; Phoenix et al. 2003; Stevens et al. 2004; Stevens, Dupr, et al.IBG&06), N deposition

is the third most dangerous factor threatening biodivensirydwide (Payne et al. 2017; Sala

et al. 2000) The rapid expansion of the most nitrophilous species has been linked to N
deposition in Nlimited environments, potentially causing local extinction of more sensitive
and slowergrowing species(Bobbink 1991; Bobbink et al. 2010Although Rlimited
grasslands are susceptible to the negatifeetsfof N depositioiBasto et al. 2015; Carroll et

al. 2003; Horswill et al. 2008)ittle is known abut how they may react when additionally

subjected to high C©

Prior to the study reported in this chapt@mmunity changes after 3 years of G@migation

in the same experiment found that in the limestone grassland,he@no significant effect

on diversity, species richness, and functional composifiaylor 2021) However, nutrient
treatments (N, P) had a signditt effect on diversity, species richness, and functional
composition, where N enrichment, as well as P additions to a lesser extent, resulted in less
diversified graminoiedominated communities with lesderb species. In addition,
community compositionwas affected by both eGGand nutrient treatments with the

interactions between G@nd nutrient treatments. Hence, this study chapter examines the
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community changes after more years (five yetsl) of CO; fumigation and nutrient

treatments; therefore, greater response is expected.

To investigate this, we examine how difRited limestone grassland ecosystem responds to
eCQ and longterm N and P additions. Into a MiRree Air CQ Enrichment (MiniFACE)
facility, intact plantsoil monoliths (mesocosshwere transferred from a lontgrm (> 25 years)

N and P addition field experiment. The N treatment simulates atmospheric N deposition; the P
addition alleviates the-Bmitation. We surveyed plant communities in the limestone grassland
mesocosms to expie how five years of eCfand the longerm N and P treatments impacted

biodiversity, species richness, community composition, and functional composition.

We hypothesized that:

1) Higher CQ concentrations will enhance species richness and diversity compared to
aCQ, as species benefit from increasedupplies to gain the limiting nutrients

2) Grassland biodiversity and species richness will decline, and graminoid functional
types will dominag plant communities as a result of letegm nutrient treatments (N
and P).

3) eCQ combined with P enrichmemill increase the abundance of legumes since
legumes are cbmited by C and P.

4) Long-term N additionwill increase the abundance of the gramingidss andedges

at the expense of the abundancéoobs.
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3.2 Methods

3.2.1 Field sitedescription

Wardlow Hay Cop grassland (original nutrient treatment site)

The limestone grassland is naturallylifhited and is located at the Wardlow Hay Cop long

term experiment in the Derbyshire Dales National Nature Reservé@yldiecroft et al. 1994)

The plant community (National Vegetation ClassificattastucaAvenula CG2d;(Rodwell

1992) grows in ashallow ranker soil, pH ca. 6(8lorswill et al. 2008)that extends no more

than 10 cm tahe limestone belowKeane et al. 2020)The community is speciose and
predominantly calcicolous. In 1995, replicate $ experimental plots were established
(Johnson, Leake, and Lee 199%hese plots have been subjected to one of the following
nutrient treatments: a control of distilled water (ON); a low nitrogen treatment (LN, 35 g m
yr1), which is roughly equal to the background N depositioreak1980s levels; and a high
nitrogen treatment (HN, 14 gfyr?) simulating very high N loading. A phosphorus treatment

(3.5 g n? yr?) relieves the natural P limitation. For the N and P treatments, solutions of
NHsNOs or NaHPQs are applied in solution as a fine mist using a backpack sprayer. Since
1995, the limestone grassland has received nutrient treatments once a month and then every
two months since 2017. However, phosphorus (P) treatments were suspended between 1996
and 201 after their initial application due to a large productivity response. The N treatments

in the first years increased P limitations and caused reductions in limestone grassland
productivity (Carroll et al. 2003; Johnson et al. 1999; Phoenix, Booth, et al. .208064)ver,

in the longterm, the stimulation of fcquiring enzyme activity appears to have alleviated P
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limitation in line with evidence from other systemsai®ing longterm N loadingChen et al.

2020; Taylor 2021)

Bradfield FACE expgment (elevated C¢)

The MiniFACE experiment is described in Keane et al. (2020), with the general sysigm set
also described ifMiglietta et al. 2001) Briefly, in 2017, 35 cm by 35 cm intact stilrf
monoliths were extracted from each nutrient treatment of the limestone grassland (10 replicates
per nutrient treatment, including controls, 40 monoliths in total). To capture the complete soil
profile, maoliths were extracted to a depth of 10 (eane et al. 2020)These monoliths

were moved into fredraining polypropylene mesocosm boxes. In the bottom of the
mesocosms, 5 cm of limestone chipgs of the same limestone type as at Wardlow were added
since plant roots are often in contact with the bedrock at the Wardlow grassland. Monthly
nutrient treatments, as used in the Wardlow experiment, were also applied to the experimental

mesocosms.

The Bradfield Environmental Laboratory research station where the FACE experiment is
located is in the Peak District (ca. 350 m asl), which is geographically close to Wardlow (~20
km) and has a climate and altitude similar to that of Wardlow (ca. 390 m asipdglsms were
embedded into the ground at Bradfield to provide a soil temperature buffer (Keane et al. 2020).
Mesocosms were either exposed to ambiendt @G, approximately 410 ppm) or elevated

COz levels (eCQ, target of 600 ppm using the miniFACE sm). Following a full year after
extraction to allow the mesocosms to settle, fumigation began in April 2018 and continued
during the daylight hours between the beginning of April and the end of October each year to

capture the growing season.
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Plant divesity data collection

In the 8" year of CQ fumigation (this also being the ®&ear of nutrient manipulation),
community composition surveys were performed to determine the percentage cover of each
plant species. Each mesocosm was divided into a quadnath consisted of nine replicate
squares of the same size (~12 cm by 12 cm). Each species' percentage cover in each square was

estimated by eye, and the overall coverage of all species was allowed to exceed 100%.

Bare soil and dead plant cover were also quantified but not analyzed in this chapter. For further
analysis, each species was allocated to one of the following plant functional types (PFT): forb
(nonlegume), grass, sedge, legume, bryophyte, rush or unknBwmphytes were not
identified to species level due to time constraints, and comparable congeners of common
species were aggregated. This was the situation Agtiostis spp where the distinction
betweenAgrostis capillarisand Agrostis vinealisvas na@ made. Only one species is included
within the rush functional typé:uzula campestrisAlthoughHelianthemum nummulariuand
Thymus praecomclude some woody tissue, they have been classified as forbs due to their
functional similarity to other forbs.dlavoid attributing unexpectedly additional percentages

of cover to the incorrect PFT, an unknown PFT was included in the analysis. The unknown
plant community represented a very small percentage of the entire mesocosm cover, accounting

for an average of.0% of the total mesocosm cover.
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3.2.2 Statistical analyses

Community composition

Statistical analyses were carried out usinRFCore Tam 2022) pr i mar i Iy i n t he
environment(Wickham et al. 2019)Non-metric Multi-Dimensional Scaling (NMDS) was

used to assess the variations in community composition by analysing species abundance data:

in this, a greater NMDS axis value dissimilarity indicates greater differences mh pla
communitiefAnderson 1971)NMDS is a powerful technique for data that may not ftitd
assumptions of other ordination methodologies due to itslvask&d approach. For the purpose

of this study, the Bragurtis dissimilarity index was used, as it is the standard of choice for

ecological data in which numerous rare species cogxnsterson 1971; Klupar et al. 2021)

Prior to NMDS analysis, data were nmmax normalised to ensure that each variable
contributed equally to the NMDS. The 'metaMDS' function of the 'vegan' package in R was
utilised to conduct NMDS studig®ixon 2003) Usng 100 model iterations, the NMDS
reduced the data dimensionality to two dimensions and generated stress values below the 0.2
thresholds (Klupar et al. 2021) Permutational Multivariate Analysis of Variance
(PERMANOVA) was employed to assess the effects ob €€atment, nutrients, and their
interactions on plant communities. PERMANOVA is a #p@arametric statistical test that
distributes variability across multivariate data, and it's capable of utilizing a-@ureis
dissimilarity matrix(Anderson 2017)making ituseful in conjunction with an NMDS analysis.

A significant result from a PERMANOVA implies that treatment groups are considerably
dissimilar, as it tests the null hypothesis that the centroid of each treatment's ordination in the

dissimilarity matrix is no different (Anderson 2017)Each mesocosm's plant community's
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Bray-Curtis dissimilarity matrix was analysed using the 'adonis2' function from the vegan

package, calculated from 999 permutations.

Species associations

To visualize the relativassociation of each species to the community of a particular treatment
combination, principal component analyses (PCA) were used. The PCA analyses presented
here assist in visualizintpe data, as the approach is a more restrictive parametric ordination
method that implies thénearity of variables. Hence, statistical analyses on the PCA results
were not performed. Following mimax normalization on the data, PCAs were performed

using the 'PCA' function from the 'FactoMineR' package {hézet al. 2008)

Grassland diversity

The species richness was analyzed by summphieghumber of species recorded in each
mesocosm and performing a tm@y ANOVA. CQ: treatment, nutrient treatment, and their
interaction wee included as modelled fixed effects with species richness as the response
variable. Where the entire ANOVA model indicated a significant impact, Tukey multiple

comparisons of meamosthoctest were used to determine pairwise treatment differences.

Simpson's diversity was calculated using the same statistical analyses as were used for species
richness. The Simpson's diversity index is a measure of community diversity that considers
species richness and relative abundance, allowing for the assessnantafroty evenness

and dominancg¢Simpson 1949)As our grassland community is relatively rich but contains

multiple rare speciesith low abundance, we deemed the Simpson's diversity index to be more
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appropriate than the more commonly used Shannon i(slexnnon 1948; Spellerberg and
Fedor 2003) The Simpson's index value (D) assesses the possiffilityaindependently
collected individuals belonging to the same species; thus, D decreases as diversity increases.
Thus, we employ-D to facilitate intuitive interpretation so that greater values signify greater

diversity. D was calculated with the 'digéy' function in the 'vegan' package by R.

Plant functional composition

The mean total percentage cover of a PFT in each mesocosm was computed by summing the
percentage cover of each species that shared a functional type across quadrat squares and
dividing it by 9 (number of quadrat squares per mesocosm). In order to better fit the complete
statistical models, zeflmaded PFTs were removed from the analyses. As a result of the data's
positive skewness, transformations were required to improve residdakfence with the
appropriate statistical test assumptions. The data were changed using the natural log + 1

transformation.

Linear mixed effect models (LMESs) are effective statistical tools that are resistant to deviations

in distributional assumptions typical of complex data structures like (Qaisielzeth et al.

2020) The models were fit to data where the total PFT cover was the response variable and
where PFT, C@ and nutrient treatment were categorical fixed effects with factorial interaction
ter ms. The model sé output was andmesoeodniBct ed
random intercept terms; thus, we eliminated them. In order to perform the model fitting, the
'Imer’ function was used from the Ime4 package i(BRtes et al. 2015)Tukey's multiple

comparisons of mearnessts were used to classify the data into distinct functional types, and the
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‘emmeans' function from the emmeans packbgeth et al. 2022)vas utilized to obtain these

classifications.
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3.3 Results

3.3.1 Community compositior{grassiand NMDS)

Both eCQ and thenutrient treatments created plant communities that were significantly
dissimilar from one another (GOPERMANOVA, df = 1, 39,F = 2.4,p < 0.05; Nutrients:
PERMANOVA, df = 3, 39,F = 6.1,p < 0.001) (Fig. 3.1). However, there was no significant
interaction between GQ@nd nutrient treatments (PERMANOV#&E= 3, 39,F = 0.4,p > 0.05)

though eCQ appeared to have a stronger effect on plant communities in the LN and HN
treatments compared to the ON and P treatments (Fig. 3.1). Communities trdaiffevent
nutrients (N or P) exhibited distinct characteristics compared to the ON control, following
different paths in the ordination space. This underscores that communities treated with N and

P also showed differences from one another.
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Community composition
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Figure 3.1: The limestone grassland community composition is mapped using (NMDS) for

each of the 40 experimental mesocosms, depicted as individual data points. The NMDS plot
depicts the(dis)similarity among plant communities subject to varying. @@mbient and
elevated) and nutrient (ON, LN, HN and P) treatment combinations. Every treatment
combination claims a unique area within the ordination plot, indicated by the shaded polygons.
The more distance there is between these polygons, the greater the dissimilarity among the

plant communities.
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3.3.2 Species associatior(grassland PCA)

The PCA indicated that sonspecies have strong associations with specifie & nutrition
treatment combinations. Many species were strongly associated with ON and LN when
combined with eC@ especially a large number of forbs, includiigllis perennis
Sanguisorba mingrSuccisa pratensis, Helianthemum nummularil®anunculus epens
Gentianella amarellaLeontodon hispiduand sedg€arex caryophylleaand to lesser extent
the forbsCirsium acualeandScabiosa columbarjdghe legumd.otus corniculatusThe forbs
Plantago lanceolataandThymus praecowere associated with ON wh combined with eC£
Fewer species were strongly associated with N addition (HN and edyeciallywhen
combined with eC@) the grassAvenula pratensdprb Potentilla erecta, Polygala vulgaris,
andsedge<Carex flaccaandCarex paniceagand to less extent FoBuphrasia officinalisand
Cirsium acuale(Fig. 3.2). P addition was associated with many grasses, inclédielkgria
macrantha Anthoxanthum odoratunDanthonia decumben®riza media Holcus linatus
along with the rusthuzula campstris and forbsveronica officinalisandGalium verun(Fig.

3.2).
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Figure 3.2: A PCA biplot represents the relationship between each species of limestone
grassland to thaverage community composition of €and nutrient treatment combinations.
Here, A and E represent agénd eCQ, respectively, while the same nutrient identifiers (ON,

LN, HN, and P) are utilized. Every recorded species has an arrow that is positiohed in t
ordination space in the direction of that species' most potent association wiim€@utrient
conditions. The size and warmth of the arrow's colour are proportionate to the strength of a
species' relationship. The average community composition ébraanbination of treatments

is shown.
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3.3.3 Grassland diversity

Species richness

eCQ increased species richness by 11%, with 4 more species on average compared to aCO
(ANOVA, Fig. 3.3A,df=1, 32;F=7.2;p < 0.01). Species richness was significantly affected

by nutrient treatment (ANOVAFig. 3.3A,df = 3, 32,F = 5.0;p < 0.001), and there was an
interaction between C{and the nutrient treatments (ANOVERig. 3.3A,df = 3, 32;F = 3.0;

p < 0.05). The HNreatment significantly reduced richness by five species compared to the ON
(Tukey, p <0.05), but not LN and P treatments (Fig. 3.3A). Among all treatment combinations,
eCQ-HN had significantly lower species richness than eGR (Tukey, P<0.05). In addiin,
eCQ-HN, aCQ-HN and aC@-P tended to decrease species richness compared te0O&GO

also, eC@-P increased species richness compared to¢0D(Fig. 3.3A) Interestingly,

eCQ, when combined with HN addition, reduced species richness compared #®OEGDd

eCQ-P (Fig. 3.3A).

Simpsonbs diversity

The effects of Cand nutrient treatments on Simpsond¢
species richness results. Si mps onengchmantver si
(ANOVA, Fig. 3.3B,df=1, 32F = 5.8,p < 0.05), where eCg&xommunities were significantly

more diverse than aC@ommunities. Also, there were significant effects of nutrient treatment
(ANOVA, Fig. 3.3B,df = 3, 32,F = 9.0,p < 0.0001): HN and freated communities were
significantly less diverse than ON overall (Tukey p < 0.05), and for eaatmtent combination

aCQ-P was significantly lower than all ON and LN treatments of both IiE@Is (Tukey p <

0.05). There was no significant interaction between & nutrients (ANOVA, Fig. 3.3Bif
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=3, 32,F = 1.3,p > 0.05). In addition, the Shanndiversity index has been provided in the

appendi x even though it closely resembles Si
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Figure 3.3: A) Speciesrichnessand8)i mps onds di wandnatiientreatmentso s s C(

The smaller transparent points represent the richness and diversity of each individual
mesocosm, respectively. The larger points, which are accompanied by their respective standard
errors, show thenean richness and diversity across all mesocosms with the same treatment.
Points sharing the same letter don't have a significant statistical difference (p < 0.05). Simpsons

is shown a 4D so that a greater Simpsons value intuitively indicates a greatrsity.
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3.3.4 Plant functional composition

The abundance alverallplant functional types was significantly affected by Q@atment,

where eCQreduced the abundance of all plant functional types by 4% on average compared
to aCQ overall (LME, df = 1, 240;F = 5.5;p < 0.001) and the abundance of specific plant
functional types was significantly affected by nutrient treatment (LME,3, 240;F = 3.6;p

< 0.001), generally HNreatments reduced the abundance of all plant functional types by 7%
on averageand P treatments by 10% on average compared to ON. However, there were no
significant interactions between @@nd nutrients (LMEdf = 12, 240 =1.6;p > 0.05) (Fig.

3.4). As individual functional types responded toG@d nutrients to different extentthe

functional composition changed considerably.

Forb abundance was unaffected by-@®@atment (LMEdf= 1, 32;F = 0.1;p > 0.05) but was
significantly affected by nutrient additions (LM&,= 3, 32;F = 10.5;p < 0.01); HNtreatment
reduced forb abundance by 49% compared to ON being, the lowest;tegatrent reduced
forb abundance by 34% compared to ON. However, there wo significant interactions

between C@and nutrients (LMEdf= 3, 32;F = 0.1;p > 0.05) (Fig. 3.4A).

Grass abundance was nearly significantly affected by CME df = 1, 28;F = 4.2;p =

0.0502), where eCfOreduced grass abundance by 12% compared to..a880, grass
abundance was significantly affected by nutrient additions (L€ 3, 32;F = 6.2;p< 0.01),

LN -treatment increased grass abundance by 11% compared to ON, and P addition increased
the abundnce by 27% compared to ON, and HN addition increased the abundance by 42%
being significantly higher compared to ON (Tukey, p < 0.05). However, there was no
statistically significant interaction between €&hd nutrients (LMEdf = 3, 32;F = 0.4;p >

0.06) (Fig. 3.4B).
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Sedge abundance was not affected by QME, df = 1, 32;F = 0.4; p > 0.05) but was
increased by nutrient treatments (LMi,= 3, 32;F = 42.9;p < 0.01). LN increased sedge
abundance by 23% and HN by 35% compared to ON. In contrasgaftents reduced the
abundance by 48% compared to ON (Tukey, p < 0.05). However, there was no significant

interaction between C{and nutrients (LMEdf= 3, 32;F = 0.5;p > 0.05) (Fig. 3.4C).

Legume abundance was significantly increased undes BZ6Y% compared to aGQLME,
df =1, 32;F = 5.3;p < 0.05) but not nutrient treatments (LM&,= 3, 32;F = 0.8;p > 0.05)
and not their interaction (LMEIf = 3, 32;F = 2.6; p > 0.05), generally significantly increasing

in response to eCQOespecially in combination with P addition (Fig. 3.4D).

Bryophyte abundance was significantly reduced under&@®4% compared to aGQLME,
df=1, 32;F = 8.6;p < 0.01) but wasot affected by nutrient treatments (LME= 3, 32;F =
0.5; p > 0.05) and there was no €@nd nutrient interaction (LMEf= 3, 32;F = 1.1;p >

0.05), (Fig. 3.4E).

Rush (a single species) was not affected by CME, df = 1, 32;F = 0.6;p > 0.05 but was
affected by nutrient treatments (LMHEf = 3, 32;F = 7.5; p < 0.01), generally being
significantly higher in P treatments (Tukey, p < 0.05). However, there was no statistically
significant interaction between G@nd nutrients (LMEdf = 3, 32;F = 0.9;p > 0.05) (Fig.

3.4F).
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A qualitative summary of the main effects of £4hd nutrient treatments on the abundance of
grassland functional type is provided in Table 3.1. An additional graph combining all the PFT

in each treatment and the perceetagver of each species individually has been provided in

the appendix.

104



Chapter 3- Impacts of fiveyearCO, enrichment and longerm nutrient additions on
phosphorudimited limestone grassland biodiversity

PFT composition: CO2 [l Ambient | Elevated

A) Forb B) Grass
100+ 100 -
754 751
504 501
25‘ - 25.
0- : ' ! : 01 ' ; ! ’
ON LN HN P ON LN HN P
C) Sedge D) Legume
60+ 60-
40+ 40-
. Bl e e
01 ! ] . | 0- | | ! |
ON LN HN P ON LN HN P
_ E)Bryophyte _ F)Rush
2 54 ¢ 5-
38 8
341 341
8 8
@ 3 3 3
2 =4
821 82
© ©
S 1. 811
-y C
8 0. 8 0. i
2 2 Al n J
HN P
Nutrlent treatments Nutnent treatments

Figure 3.4: The mean total percentage cover of each plant functional type (PFFyria)B)

Grass, C) Sedge, D) Legume, E) Bryophyte, F) Rush, acrogdr€dments (ambient and
elevated) and nutrient treatments (ON, LN, HN and P) and Error bars represent the standard
errors of the means. Note the differentXis lengths.
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Table 3.1: A summary of the effects of GOnutrient treatments, and the interaction between
COz and nutrient treatments on grassland plant functional types é@Pkimylance

Plant functional type CO.effect Nutrient effect COy* Nutrient
Forb NS ** NS
Grass * b NS
Sedge NS ** NS
Legume * NS NS
Bryophyte *x NS NS
Rush NS ** NS

NS=P>0.05*=P<0.05 *=P<0.01, **=P<0.001
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3.4 Discussion

3.4.1 Summary of the results

eCQ affected community composition, diversity, species richness, and functional composition
of limestone grasslandfter five years of C®fumigation. eCQ tended to increase species
richness and diversity. eGQalso increased the abundance leGumes, especially in
combination with P addition, but reduced the abundance of grass and bryophytes, causing a

shift in overall communityunctional composition.

Nutrient treatments (N and P) strongly impacted community composition, diversity, species
richness, and functional composition. N additions reduced species richness and diversity,
especially under HN, compared to ON, andrdatedcommunities were significdlly less

diverse. N and P additioratered functional composition by reducing forb abundance and
increasing grass abundance. Also, N addition increased sedge abundance while P reduced

sedge abundance but increased rush abundance.

3.4.2 eCQ effects

In this study, after five years of CQumigation, we observed that e€Caused significant
changes in the community composition and an increase in species richness undsr 00

(+4 species on average compared to gCélso, eCQincreased the diversity opscies on

S i mp sdwersitysindex, where eCOcommunities were more diverse compared to aCO
These changes in the community composition and the increase in species richness and diversity

under eCQare most likely due to the fact that plants are utiizihe extra carbon to acquire
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the most limited nutrient, which is P in this cé3im et al. 2015; Phoenix et al. 2028nd this
alleviates the P limitation which ultimately reduces the intensity of competition for the
nutrients, and in turn, this shouktilitate the coexistence of spec{@&hoenix et al. 2020}-or
instance, plants may use the extra C to capture m@de Rt al. 2015; Phoenix et al. 2020)
through trading metabolites with mycorrhizal partners such as most forbs and {Gasiles

and Read 2008growing highly banching roots systentki et al. 2017) or secreting acidic
exudates to mine P from soil-(Rining) (Shane et al. 2006and growing specialist roots such

as dauciform roots in sedges that release organic acids and chelators in spatially limited bursts

(Shane et al. 2006)

It has been shown in the same experimiat there is an increase in productivity and
photosynthesis rate in limestone grasslanegsponse to eCKeane et al. 202X hapter 2).

In the context of the humped back curve the@ki~Mufti et al. 1977) this suggests that
limestone grassland is on the left side of the curve, which mé&@spushes the limestone
grassland to the right so that both productivity and species richness increase. Moreoyer, eCO
has been widely observed to enhance plant photosynthesis rate, including limestone grassland
(Chapter 2) but decrease stomatal condwetéhinsworth and Long 2005, 2021ipcluding in
limestone grassland (Chapter 2), as well modifying stomata morphology (Haworth et al., 2016)
Consequently, plants can maintain a greater leaf water cofftanszPosch et al. 2015;
Waullschleger et al. 2002)mprove water use efficiency (WE) (Li et al. 2017; Pazzagli et al.

2016; da Silva et al. 2017; Yan et al. 2Qliigluding in limestone grassland (Chapter 2) and
eventually, soil water increas€Bijkstra et al. 2008; Dijkstra et al. 2010piven that the

|l i mestone grassland soil is shallow (~10cm
limited, and the above improvements in water use efficiency cthedefore, also results in

minimizing the decrease in growth associated with water stnedsr eCQ.
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eCQ significantly reducedyrassabundance. This suggests other plant functional types may
benefit more from the extra carbon under e@Dobtain thdimiting nutrient P; hence they
outcompete grass, resulting in a reduction in the grass abundance. As mentioned above,
sedges, for example, have dauciform roots that release organic acids and chelators in spatially
limited bursts to overwhelm soil micraband enhance plant P acquisit{®mane et al. 2006)

In addition, some nemycorrhizal forbs grow highly branching root systeftiset al. 2017)

trading metabolites with mycorrhizal partners such as most (8rbgh and Read 2@&). Each

of these Pacquisition strategies has a 'carbon cdkigich and Ho 2005)which can benefit

from the additional carbon under e€é@hd hence impact grassland community composition

and biodiversity where some species or functional types benefit more than(btmebers et

al. 2008; Phoenix, Booth, et al. 2004

eCQ significantly increased legume abundance, especially when e@®©combined with P
treatments. Our results support the findings of others who have hypothesized that the
availability of both C and P may act as-louiting factors for legume greth in calcareous
grasslandgNiklaus et al. 1998)The process of N fixation is an enefigyensiveone, both in

terms of C resourcgdinchin and Witty 2005pand P resourcddiu et al. 2018) Therefore,

the provision of both C and P at the same time may constitute the optimum conditions for the
expansion of legumes. This may mean that land managers in agricultural limestone grasslands
may be able to reduce the requirement for N fertilizers and their related environmental impacts
in a high CQ future through this eCfpromotion of biological N fixaon even with very

modest inputs of PFuchs et al. 2020)
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Finally, eCQ significantly reduced bryophyte abundance. This may simply be because eCO
increased the biomass of vascular plants, thus shading out the bryophytes. A decline in

bryophyte abundance has begeaviously observed in the same experin{@iatylor 2021)

3.4.3 Nutrient additionseffects

N enrichment led to significant declines in species richness and diversity, which were primarily
attributed to considerable reductions in forbs and a significant increase in grass and sedge
abundance, resulting in communities even more dominbjedjraminoids. Comparable
responses have been observed previoflalyet al. 2021; You et al. 201,7)ncluding at the
Wardlow field site where the limestone mesocosms were extracted @amoll et al. 2003;

Lee and Caporn 1998; Stevens et al. 20849 in this eC® experiment(Taylor 2021)
Numerous species that constitute limestone grasslands are calcicolous, meaning they are
favourable to alkaline soils. This makésem vulnerable to the impacts of-ihduced
acidification (Tian et al. 2021) Acidification causes depletion of base cation availability,
possibly contributingo forb declines(Horswill et al. 2008; Stevens et al. 2018)ereby

making the environment conducive to the growth of sttelesant graminoids. HN and LN
treatments enhanced the growth of sigrewing sedges sudbarex flaccaandCarexpanicea
indicating that they may be capable of withstanding acidification and perhaps utilise N for extra
P absorption, such as by stimulating the growth of their speciadisiiiring dauciform roots.
Treatments of N or P can cause a reduction of beydity because they promote the growth

of fastgrowing species, such as some grass species, which can result in the competitive

exclusion of other speci€Bobbink et al. 2010)
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Carex species are particularly adapted to {Bwconditions in this limestone grassland;
therefore, sedge abundance increased with N additions, where we would anticipate P demand
to be highest due to the need for maintajrarstoichiometric balance in plant tiss(@@soenix,

Booth, et al. 2004; Taylor 2021li)e. sedges increase not (only) because of the additional N
supply, but because they are well adapted to cope with the extra P stress that arises with extra
N. In P-limited soils, microbial immobilisation of sable inorganic P can be rapid and
important (Bunemann et al. 2012; Schneider et al. 20bt the strong pulses of sedge
exudation from their dauciform roots may over@microbial competition for FPhoaix et

al. 2020) resulting in an efficient approach that becomes more so as P limitation increases
(Lambers et al. 2008Y he stimulation of this with N addition may enable sedges to potentially

be stronger competitors against forbs for the limiting P and exploit ‘sjgee’ produced by

forb reduction, especially under HN treatments.

In N-limited ecosystems, N loading can reduce biodiversity by facilitating the expansion of a
competitive dominant specigBobbink 1991)because aggressive grass species may take
advantage of the additional nutrient resources available and outcompete othel(Bpbbiek

etal. 2010; Lu et al. 2021; You et al. 201\Re, therefore, expected that relieving P limitation
through the addition of P would similarly lead to grass dominance and decreased diversity in
this Rlimited grassland. This is exactly what has been observed in our results as P addition
reduces the Sipson's diversity. In a comparableliited ecosystemsStiles, Rowe, and
Dennis (2017palso found losses in the diversity of tp21% as a result of P enrichment. In
addition, P enrichment has been found to reduce biodiversity in the same experiment at
Bradfield ( Taylor 2021) This emphasizes the crucial role that P limitation plays in sustaining

the diversity of these grasslan@eulemans et al. 2013, 2014; Phoenix et al. 2020)
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Since we surveyed the limestone community after 27 years of N additions, species richness
reductions are also caused by ldegn effects, such as alterations in plants' reproduction. As
protective seed coats become increasingly decomposable ugidél levels, N deposition has

the potential to deplete seed banks and reduce the flowering of several Forb species, as found
in Wardlow grassland¢Basto et al. 2015)These indirect impacts on plantniéss could
become more prevalent during tle@g N deposition period, and if seedbanks are indeed
depleted, could suggest that the declines in grassland biodiversity shown here are unlikely to

be recovered rapidly where atmospheric N deposition declines.
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3.5 Conclusion

After five years of CQ@ fumigation, eCQ had an effect orthe community composition of
limestone grassland, including an increase in species richndsdiversity, causing a shift in
functional composition. Since this is difited ecosystem, the increased species richness and
diversity under eC®may be a cosequence of plants utilizing additional C to acquire P, the
most limited nutrient. This alleviates the P limitation, which consequently reduces the intensity
of competition for the nutrients, facilitating the coexistence of species. Also, this may explain

the changes in community composition and plant functional type.

The effects of longerm simulated N and P treatments on community composition, diversity,
species richness, and functional composition were significant. N additions reduced species
richnessand diversityas a consequence of significant reductions in forbs and an increase in
grass and sedge abundance, resulting in communities dominated by graninadistion,

communities treated with P were much less diverse.

Reductions in richness antvdrsity and a shift towards graminoideminated grassland under
nutrient treatments (N and P) could potentially diminish the conservation and recreational value
of these grasslands, as well as their usefulness as grazing lands. While the responsP of plan
uptake to eC®is a plausible factor driving these alterations in thigrited grassland, we
highlight the necessity for deeper mechanistic understanding to comprehend lwvtied®

grassland evolves in response to e@@d nutrient enhancement.
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3.6 Appendix

This appendix provides extra figures related to the community composition dataset. Included
is the mean cover percentage of each species recorded across all mesocosms. Individual

species' percentage cover changes as a resultz:odr@nhutriton treatments are also shown.

3.0+
®
2.51 + + & &
= + @ Ambient
U":r} ¥ Elevated
2.01
1.5-
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MNutrient treatments

Figure S.3.1: Shannondiversity index across CQOand nutrient treatments. The smaller
transparent data points show the diversity respectively of individual mesocosms. The larger
pointsrepresent the mean diversity across all mesocosms sharing the same treatment and are

presented with their respective standard errors.
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represent the standard errors of the means.
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Figure S.3.3: CO2 and nutrient treatments effect on the mean percentage cover of each

individual species with error bars representing the standard errors of the means.
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Chapter 4- Ecological and Physiological Comparisons and Contrasts between Calluna vulgaris
(Heather) life stages.

4 Abstract

British moorlands are distinctive and important habitats, both biogeographically and in terms
of carbon cycling. In addition, upland moorlands span 2 to 3 million hectares in the UK,
accounting for 75% of the world's total. However, past and present nmaeapmalpractices,
including overgrazing, inadequate burning, and artificial drainage, are contributing to the
degradation of this habitat and reducing its capacity to withstand climate change. It is
anticipated that the peatlands of the United Kingdorat(thclude moorlands), which have
historically served as a carbon sink, will begin to act as a carbon source in the latter years of
the 20th century. Lorterm, repeatable observation of moorland areas is required for assessing
the amount and trajectory @fcological changeCalluna vulgaris(C. vulgarig is a shrub
dominant across all British moorland habitats and is known to be vulnerable to N deposition
and climate change. Understanding the ecology, physiology, and biochemi€tryw§aris

is crucialfor both protecting and managing UK moorlands. The challenge is further amplified
becauseC. vulgaris undergoes four distinct life phases, and there is a knowledge gap in
understanding how the species’ physiological and biochemical traits change asestailes.

The aim of this study is, therefore, to i) investigate the physiological and biochemical variations
amongC. vulgarisgrowth stages, and ii) assess if distinct life stages can be detected using
hyperspectral reflectance at both the leaf and canopy levels. This study was carried out at the
University of Sheffieldbés Bradfiel dof2820vi r onm
using biochemical analysis of leaf chlorophyll content, hyperspectral reflectance, and gas
exchange measurements, along with ecological surveys. Our results showed that the average
C. vulgarisplant height varied from 57 cm to 26.5 cm for the umatand pioneer phases,
respectively. Flower positions on the stems differed through the life stage, with the pioneer
phase having the highest flowering position (2 cm from the top of the stem) and mature and
degenerate phases having the same flower pos{l cm). In additionJeaf biochemistry
significantly differed through life stagewith the degenerate phase having the highest leaf
chlorophyll and leaf nitrogen content, and the pioneer phase having the lleavestiorophy!l
andleaf nitrogen contenThe photosynthesis ratd)(was highest for the mature phaagth

an average of 28.33mol m2 st and lowest for the pioneer phaséth an average of 21.77

pmol m2 st Leaflevel reflectanceamongall the tested indicesNormalizeddifference red

edge index(NDRE) and MERIS terrestrial chlorophyll indeXMTCI) showed a strong
relationship with leaf chlorophyll and N among life stages. Cateysl reflectanceamong

all the tested indicef\ormalizeddifferencevegetationindex (NDVI), NDRE, MTCI, and
Simpleratio (SR) showed a strong relationship with leaf chlorophyll. The results obtained
indicated that each phase has traits that are unique and disiirend distinguish it from other
stages, whether in terms of ecology, physiology, or biochemistry. Understamdikaowing

these characteristics and differences may help facilitate moorland management.



Chapter 4- Ecological and Physiological Comparisons and Contrasts between Calluna vulgaris
(Heather) life stages.

4.1 Introduction

The moorlands of the UK are a distinctive and valuable habitat which plays an important role
in biogeography and carbon cycling on a national and international (#diee et al. 2016;
Chapman et al. 2010; Harris et al. 201Mdwever, ongoing and historical (mis)management
practices refer to inappropriate human interventions or a lack of necessary interventions, such
as overgrazing, poor burning, aadificial drainag (Allen et al. 2016; Chapman et al. 2010;
Clarke et al. 1995; Gimingham 196@)ye degrading this habitat and diminishing their
environmental resilience to climate change. In the latter decades dfstiverury, British
peatlands may be tmaformed from a carbon sink into a carbon so@fe¢hur and Malthus

2012; Bellamy et al. 2005)n order to evaluate the extent and trajectory of environmental
change, it is necessary to conduct kegn, reproducible monitoring of moorland ssea
(Arthur and Malthus 2012; Chapman et al. 2010; Knoth et al. 26i8yever, these areas are

large (upland moorland covers 2 to 3 million hectares in the UK, 75% of the world's total) and
so present challenges for monitori(ebischer et al. 2D; Holden et al. 2007; Thompson et

al. 1995) Most British moorland environments are dominated by one plant sjpabieshrub
Calluna vulgaris(C. vulgaris commonly known as heather or ling), which is known to have
sensitivity to climate chand@lbert et al. 2011; Gordon et al. 1999j we are tdoetter protect

and manage moorland from the threats of mismanagement and climate change, it is important
to understand the ecology, physiology, and biochemisti@.ofulgaris This is made more
challenging by the fact th&t. vulgarishas four distinctife stages and the fact that there is
much | ess known about how the speciesd phys

reflectance varies throughout the life stages.
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Calluna vulgarisis a lowgrowing, evergreen dwarf shrBimingham 1960; Gordon et al.
1999; Sands and Gimingham 19/7joducing densely packed shoots with purple flowers. Its
competitive and hardy nature allows the maintenance okagge dominance. Gimingham
(1975), based on the studyWatt (1955) identified four distinct phases in the growthCf
vulgaris (Fig. 4.2)that are associated with changes in biomass and shoot prodBaiciay
Estrup 1970; Society 1978nd differences in the microenvironmei@arclay-Estrup and

Gimingham 1969; Sands and Gimingham 1975)

l. Pioneer phase:Characterised by small individuals witimited lignification,
resulting in a patchy distribution pattern with a lush green colour appearance.
Flowering is rare, occasionally missing, and the patch is open, with a large number
of bryophytes and vascular plants growing beneath.

I. Building phase: Thedense, green canopy of larger individuals entirely covers the
ground, with little light reaching the ground level. Flowering is vigoraut a
lack of other plants developing undervulgaris

[I. Mature phase: Plants keep expanding, although at a slower rate. A less thick
canopy with more gaps is the result of this development type, with abundant
flowering and the beginning of other plants growing beneath.

V. Degenerate phaseDue to the collapse of the major bches, the canopy gaps
produced during the mature phase get larger, and other plant species expand rapidly;
the lichenParmelia physodegrow on the stems during the degenerate phase

(Gimingham et al. 1981; Sands and Gimingham 1975)

These phases are, therefore, each associated with characteristic physiology, morphology, and
ecological compositiof Gimingham 1989; Mead anflrthur 2020; Sands and Gimingham

1975)
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Much of UK heather moorland is managed for grouse shooting. The gamekeepers burn patches
of heather every 8 to 15 years to ensure there is a mix of ydunggarisand oldelC. vulgaris
because each life stapas a different advantage for grouse (i.e. the young heather is used as
food for grouse, and the old for nesting). In heatt@ninated moorland, rotating controlled
burning is the most commonly used management mefietle et al. 2012) However,
mismanagement, fdeposition, ad grazing have reduced. vulgarishabitats across Europe,
including the UK(Damgaard019; Holden et al. 200.7iigh N deposition can change species
composition by decreasing heather and increasing grass species, especially-totergen
grasses, causing biodiversity reducti@obbink et al. 2010)In addition, mismanagement,
such as inappropriate burning, can destroy habitatpeaitandsand raise carbon emissions
(Thompson et al. 1995)Another example of mismanagement which lacks to implement
regenerationgcan cause th€. vulgarispopulation to age, and diminish the resilience of the
habitat (Thompson et al. 1995Moreover, overgrazing by cattle or wild herbivores can
seriously harm heather plants by creating soil cotnpacerosion, and, eventually, a reduction

in C. vulgarisabundance, leadirtg the dominance of less desirable plant spgdirenpson

et al. 1995)

Chlorophyll molecules are fundamental plant pigments that convert solar radiation into
chemical energy through photosynthesis. The amount of solar radiation captured by a leaf is
mostly a consequence of the foliar concentratiorhotosynthetic pigments. Hence, reduced
chlorophyll concentrations can significantly restrict photosynthetic capacity and, by extension,
the primary productionRichardson et al. 2002)Chlorophyll content tends to change
throughout a plant's lifetime in response to environmental stress and during sengskcemocei k

et al. 2014; Swoczyna et al. 2022; Tamary et al. 20A8) a result, total chlorophyll
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measurements can provide ionfant insights into plarénvironment interactiondichardson

et al. 2002) In addition, leaf chlorophyll concentran is significantly associated with leaf
nitrogen contenfDaughtry et al. 2000)which provides bicindicator of plant physiological
status, indicating areas of plant stress and perturb@inatoly et al. 2003; Sampson et al.
2003) Understanding variations in leaf pigments' (such as chlorophyll) in response to changing
biotic and abiotic variables of specigseific and crossspecific are also essential for resource

managemen(iRichardson et al. 2002)

Monitoring changes irelaf biophysical or physiological traits acr@ssvulgarislife stages is
therefore important for accurately modelling plant function over a range of spatial and temporal
scaleqArthur and Malthus 2012; Nichol and Grace 2010; Varvia et al. 20¥Bijle traditional
ecological fieldbased observation methods®@fvulgarisgrowth, such as efoot ecological
surveys, can be timeonsuming and spatially limite@rthur and Malthus 2012; Mead and
Arthur 2020) remote sensing methods for classifyi@g vulgaris growth and canopy
morphology at the leaf or canosgale may be of great interest. Hyperspectral remoténgens
techniques offer the potential for precise, rapid, and scalable evaluation of the dynamic
biophysical changes that may occur as a result of chan@es in v u lifegstagegMeéd and
Arthur 2020) Leaf reflectance is controlled by the occurrence of foliage pigments a&s
chlorophyll, N, and water conte(itstin et al. 2004and by leaf structuréCroft et al. 2014)
Various methods exist for quantifying these leaf variables from remotedgdeata, including
spectral vegetation indices and radiative transfer md@etst et al. 2017; Heenkenda et al.
2015; Main et al. 2011)Such approaches would therefore lend themselves to monitring

vulgaris at large spatial scales, across landscapes and (if distinguishable) for different life

12
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stages. Hwoever, the efficacy of hyperspectral techniques for detecting change thro@hout

vulgarislife stages has yet to be investigated.

Our study aims to: i) revise and refine the ecological variation ar@omylgarislife stages
(Gimingham 1975) and examirierther new ecological traits such as stem length, length of

the green | eaf on the stems, fl owersdéd positi
percentage cover @. vulgaris and percentage cover of other species u@deulgaris and

i) investigate the physiological and biochemical differences af@owrglgarislife stages and

investigate whether the different life stages can be detected through hyperspectral reflectance

at both the leaf and canopy levels.

This study, therefore, addresshe following research questions: (I) Wlaaie the ecological
and physiological variations amo vulgaris(heather) life stageqM) Can changes in leaf
biochemical and physiological traits resulting fr@mvulgaris(heather) life stageshanges be
detected using hyperspectral reflectance at both canopy and leaf levels? aAde(there

vegetation indices that can distinguish between life stages?
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4.2 Methods

4.2.1 Bradfield site description

Fieldwork was conductddle t ween 26/ 08/ 2020 and 20/09/2020
Bradfield Environmental Laboratory (53°25N 1°35W) (Figdr&), 390 m above sea level,

with mean annual air temperatures of 10°@5Fick and Hijmans 2017)The mean annual
precipitation is 893 mn{Fick and Hijmans 2017)Although the site is dominated k.

vulgaris, other plant species tigal of acidic upland soils are common, including dwarf shrubs
Vaccinium myrtillusand Vaccinium vitisidaea, grasses species includingeschampsia

flexuosa, Festuca ovinandNardus strictathe rush guncus squarrosuand forbsAnthriscus

sylvestris Plantago major, Vicia sativandGalium saxatilgFigure 4.1).

Block selection

Across the Bradfield site, eight vulgarisblocks were selected, approximately 5x5imsize
(Figure 4.1). Each block was dominated®yvulgaristo the extent that at the canopy level,

C. vulgariswas the only species (though other species were presentCinddgaris)

12t
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Figure 4.1: Bradfield site, the yellovborderarea. At the left is the main building. Orange
circlesCalluna vulgarisblocks, with a total of eight blocks, each block has four different life

stages. Scale label and compass directibtiseabottom right.
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Within each block, four plots (50x50 énwere selected, each representing a different life stage

of C. vulgaris(Figure 4.2). The total number of plots across the eight blocks was, therefore, 32
50x50 cm plots, with each life stage represented eight times. The four different growth phases
were selected based on the phenotypé&s. afulgarisas identified previouslpy Watt (1955)

and Gimingham (1975) (Figure 4.2):

Pioneer Building Mature Degenerate

N " X /
S

Figure 4.2: The four different growth phases@élluna vulgaris From left to right: 1.
pioneer phase; 2. building phase; 3. mature phase; aledjdnerate phase (source: Watt,
1955).
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4.2.2 Ecological measurements: structural traits

Within each plotC. vulgarisheight was measured by measuring the height of five randomly
selected points using a rigid tape measure. The stem lengtmeasired by selecting five
random stems and measuring the length of the stem from the soil. The length of the area on the
stem covered in green leaves was also measured. The flowering position on the stems was
measured as the distance from the top oftétra slown to the first flower. The density of stems

on the bush was measured using a quadrat by selecting five random spot< BxSizerand

counting the stems within those.

The percentage df. vulgarisground cover was assessed by two methods; thieeftimate
was by visualising the ground cover@fvulgarisfor the whole plot (50x50 cfh The second
was estimated using a quadrat by counting the presence or absénacailgfariswithin each
5x5 cntgrid cell inside the quadrat. The percentagesco¥ other plant species growing under

C. vulgariswas assessed by the same two methods

Leaf area was measured using ImageJ (1.53a, Wayne Rosband, http://imagej.nih.gov/ij java
1.8.0- 172). The leaves were captured via iPhone 7 sitting on a tripoidngodted to ImageJ

to measure the leaf area via polygon selections.
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Soil moisture and temperature

Soil moisture was recorded on the same day on 10/09/2020, for all blocks using Hydrosense I
handheld soil moister sensor HS2 (Campbell Scientific, Loddtah, USA), and soil

temperature was recorded at the same time using a TP3001 digital thermometer (Metria).

4.2.3 Physiological measurements

Photosynthesis raté\ was measured using a LiCor LI6400 portable photosynthesis system
(LiCor, Germany) with a 64B02B LED Light Source leaf chamber (6 §rby recording three
random replicates for each plot 50x50°cfor all measurements, PAR was maintained at 1600

e mo I'? s fnvia red (680 nm) and blue (430 nm) LEDs integrated into the leaf chamber
fluorometer. Tlie CQrate wassetat 4 0 0 2anoloahd fl@Owvas standardised at 500

e mo L. The temperature was standardised at@5nd humidity was set betweenB0V.

Before commencing measurements, the leaves were acclimated inside the leaf chamber for
approximately 510 min until steadystate conditions were reachddeaf gas exchange was
measured between 11:00 to 14:00; thiforsaccurate measurement as the plants are at their
maximum levels of activity. Becau§e vulgarisleaves were relatively small in size, the leaves
which had been measured were collected, and the leaf area was calculated using ImageJ

(http://imagej.nih.gov/ij java 1.8.0172).
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4.2.4 Biochemistry measurements

Three leaves were sampled from each plot (the same leaves used for photosynthesis
measurements) and kept at ~0 °C in dark conditions during transport back to the University of
Sheffield (~10 km away) for laboratory analysis. From these samples, leaf disks were taken to
extract chlorophyll using a hole puncher with-enfh diameter (28.81¥). Each leaf sample

was then immediately transferred into Ndiinethylformamide (DMF) for foliar chlorophyll
extraction following the methods ¢Moran 1982) and the absorbance was subsequently
measured at 663.8, 646.8 and 480 ¢Wellburn 1994)using a Spectrophotometer (Cecil
CE1020 100 series spectrophotometer, Spectronic). Three fresh leaves with the remaining leaf
material from chlorophyll pun@d leaves were dried for C/N concentrations and were oven
dried at 8C°C prior to grinding by tissufyser (FastPre24TM 5G bead beating grinder and

lysis system, MP Biomedical). To assess N and C tissue concentrations, approxirately 2

mg of finely gound plant material was placed inside a tin capsule and sealed with tweezers for
subsequent analysis by an isotspgo mass spectrometer (ANCA GSL -20 Mass
Spectrometer, Sercon PDZ Europa). Using the same leaves, specific leaf area was calculated
usingthe ImageJ leaf area and leaf dry wejgind leaf HO was calculated usingaf fresh

wight andleaf dry weight.

4.2.5 Hyperspectral reflectance measurements

A Spectral Evolution PSR+ 3500 field spectrometer (Spectral Evolution Inc., MA, USA) was
used to masure leatevel hyperspectral reflectance from three leaves that were sampled from
each plot (the same leaves used for photosynthesis measurement and leaf biochemistry). The
PSR+ 3500 has a spectral range of-3500 nm and a spectral resolution of 2.8atrd00 nm.

Leaf level reflectance was measured on individual leaves using a leaf clip attachment with an

13C
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internal light source. To investigate if the adjustments in leaf physiological and biochemical
traits amongdC. vulgarislife stages can bguantified remotely using hyperspectral reflectance

at the leaf level, selected vegetation indices are regressed against measured leaf traits. A panel
spectral was used as a calibration reference panel to convert reflected radiance to reflectance.
For canpy measurements, adegree foreoptic was used, with the fiberoptic held at 1 m height
above the ground, which gave an instantaneous field of view of 7 cm diameter. Reflectance
data were collected on a sunny, biky day on 12/09/2020, with three measueats taken in
different locations within each 50 x 50 cm plot. To analyse the reflectance data, several spectral
vegetation indices were selected according to their sensitivity to different structural,

biochemical, or physiological traits (Table 4.1).
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Table 4.1: Details of all published spectral vegetation indices tested in this study.

Index Name Equation Reference
MTCI MERIS terrestrial (R7541 R709)/(R7091 R681) (Dash and
chlorophyll index Curran 2004)
NDRE Normalized Difference (R7901 R720) / ( R (Fitzgerald et al.
. 2006)
red edge index
NDVI Normalized Difference (NIRT Red)/ (NIR + Red) glgglise et al
Vegetation Index )
MARI Modified Anthocyanin ((R760R797) *(550)-(1/701)) (Zgr;ztoly et al.
Reflectance Index )
MNDVI1 Modified NDVI (R755R745)/ (R755+ R745) (Mutanga and
Skidmore 2004)
MNDVI8 Modified NDVI (R755R730)/ (R755+ R730) (Mutanga and
Skidmore 2004)
RVII Ratio Vegetation Index R810/R660 (Zhu et al. 2008)
I
RVII Ratio Vegetation Index R810/R560 (Xue et al. 2004)
Il
Cl red edge Red edge chlorophyll ( NI R/ Red Edge) (Gitelsmetal
index 2005; Gitelson
et al. 2003)
RWC Relative Water Conten (R1451/ R1263) (Yu et al. 2000)
WBI Water Band Index (R970/ R900) (Penuelas et al
1993)
WCI water content index (R686 R955)/ (R955R548) (Mertens et al.
2021)
WPI Water Poverty Index  (R665- R715)/ (R715) (Mertens et al.

2021)
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4.2.6 Statistical analysis

Statistical analyses were carried out using R (R Studio, R (J@am 2021) Oneway
ANOVA models were used to assess the variation anm@nygulgaris life stages for all
ecological, photosynthesis and biochemical measurements. If there were significant overall
differences among@. vulgarislife stages, Tukey multiple comparisons of means were used to
determine between whichC. vulgaris life stages differences occurred.The
fuserfriendlyscienae(Peters 2018andfispectrolab (Jose et al. 2023)akages were used for
reflectance data analysis for calculating both the indaocgisalso for determining whether the

life stages had different reflectance featur@®) function was used to calculate the linear
regression among leaf physiology and bioctstmi All the plots were performed using the

figgplota function (Wilkinson 2011)
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4.3 Results

4.3.1 Ecological variations among C. vulgaris life stages

Calluna vulgarisheight was significantly different between life stages (Fig. 484, 3, 28;
F=22.98; P <0.001), where the mature phase showed the greatest height, with an average of

57 cm while the pioneer phase had the lowest height, with an avefr26.5 cm.
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Calluna vulgarisstem length significantldiffered between life stages (Fig. 4.38;= 3, 28;
F=30.54; P <0.001). The degenerate phase showed the longest stems, with an average of 66.2
cm, and the pioneer phase had the shortest, with an average of Gélltma vulgarislength

of the green laf area on stems also significantly differed among life stages (Fig. df.3G3,

28;F = 20.91; P < 0.001). The pioneer and building phases had the longest green leaf on the
stem, with an average of 8.4 cm for the pioneer and 8.2 cm for the buildinig, tvli
degenerate and mature phases had the lowest green leaf on the stem, with an average of 4.37
cm for the degenerate and 4.9 cm for the mature. Also, following the sameGrandgaris

fl owersdé position on the stfesages(Fig 4.3dfcgni fi c a
28;F = 8.541; P < 0.001). The pioneer phase had the highest flowering position with flowers
which means flowers started 2 cm from the top of the stem, while mature and degenerate phases
had the same flower position on teems, which means the flowers grew at the top of the
stems (0 cm)Calluna vulgarisdensity of stems on the bush significantly differed among life
stages (Fig. 4.3Hf = 3, 28;F = 32.62; P < 0.001). The building phase showed the highest
density of stemswith an average of 24 stems, while the mature and degenerate phases were

the lowest, with an average of 11 stems for mature and 10 stems for degenerate.

The percentage cover Gf vulgarissignificantly differed among life stages (Fig. 4.8lF= 3,

28, F = 34.94; P < 0.001). The building and pioneer phases had the highest percentage cover
of C. vulgaris with an average of 92% of cover for the building and 81% of cover for the
pioneer, while the degenerate phase had the lowest, with an average ofofi4¢®@%r. The
percentage cover of other species urderulgarissignificantly differed among life stages

(Fig. 4.3G;df = 3, 28;F = 8.871; P < 0.001). The degenerate, mature, and pioneer phases had

a high percentage cover of other species ufidetulgaris, with an average of 34.5% for the
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degenerate, 40% for the mature and 30% for the pioneer, while the building phase had the

lowest with an average of 12.2%.

Soil temperature and soil moisture were not significantly different between life stages (Fig.

4.3H and 4.3Idf = 3, 28;F = 0.742; P > 0.05; andf = 3, 28;F = 0.264; P > 0.05).

4.3.2 Leaf physiology and biochemistry variations among C. vulgaris life stages

Both leaf chlorophyll content and leaf nitrogen content were significantly diffareang life
stages (Fig. 4.4A and 4.4@af chlorophyll,df= 3, 28;F = 12.35; P < 0.001; arldaf nitrogen
contentdf= 3, 28;F = 10.64; P < 0.001), and both followadimilar trend with the degenerate
phase having the highest leaf chlorophyll, with an average of 48.13 (ug cmRaéndrogen
contenf with an average of 2.1 %, where pioneer phase had the lowest leaf chlorophyll, with

an average of 40.69 pg cmz, dedf nitrogen contentyith an average of 1.62 %
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Figure 4.4: Leafphysiology and biochemistry variation amo@gvulgarislife stages; A)eaf
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The photosynthesis rat@)(was also significantly differer@mong life stage@-ig. 4.4B;df =
3,28;F=7.474; P <0.001ngain following a similawith the mature phase having the highest
photosynthesisate with an average of 28.38mol m? s, where the pioneer phase had the
lowest photosynthesisate, with an average of 21.7{dmol m? st. Leaf carbon content
significantly differed among lifetages(Fig. 4.4C df = 3, 28;F = 4.924; P < 0.001), andaf
carbon content dropped in the pionegith an average of 48.61 %nd mature phasesjth

an average of 48.24 %nd increased in the building phaséeth an average of 51.53 .%
However, specit leaf area (SLA) did not show differences among life stéiges 4.4E;df =

3, 28;F = 2.117; P > 0.05).

4.3.3 Relationships between leaf gas exchange and leaf nutriemsng C. vulgaris life

stages

Leaf chlorophyll content showed a positigationship with photosynthesis, with an overall
regression coefficient of R= 0.779; p < 0.00{Fig. 4.5A). Mature and degenerate phases had
the highest leaf chlorophyll with the highest photosynthesis. Leaf nitrogen content showed a
positive relationsip with photosynthesis, with an overall regression coefficient’cf 8794;

p < 0.001(Fig. 4.5B). Furthermore, leaf nitrogen content showed a positive relationship with
leaf chlorophyl] with an overall regression coefficient of R 0.913; p < 0.001Fig. 4.5C).

Mature and degenerate phases had the highest leaf chlorophyll with the highest leaf nitrogen.
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Figure 4.5. Regression analysis betweén vulgaris life stages,A) leaf chlorophyll and
photosynthesigoverall regression coefficient o?R 0.779; p < 0.001), B) leaf nitrogemd
photosynthesigoverall regression coefficient o?R 0.794; p < 0.001), C) leaf nitrogamd
leaf chlorophyll(overall regression coefficient of R= 0.913; p < 0.001). P, B, M, and D
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4.3.4 Hyperspectral reflectance signatures f@. vulgarisdifferent life stages

The ability of hyperspectral reflectance to discriminate anngulgarisdifferent life stages

was investigated at both the leaf and canopy levels (Figure 4.6).

Life stages — Pioneer — Building — Mature — Degenerate

A) Leaf level
0.6

Reflectance

Reflectance

7 %) 0 8000 ‘9\900

500 7000

Wavelength (nm)

Figure 4.6: Spectral reflectance amofy vulgarislife stages, A) at the leaf level and B) at the
canopy level; each colour represents a different life stage.
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At the leaf level (Figure 4.6A), life stages did show differenceisarvisible light between 600

T 700 nm and in NIRthe building phase had a slight increase in the green peak. In addition,
the degenerate phase showed a higher reflectance infituesd regions and after 1500 nm
compared to other life stages. There were no differences in reflectance in the water absorption

bands at 1900 nm between life stages.

At the canopy level (Figure 4.6B), the pioneer phase did show lower reflectance overall and in
the visible light andnfrared regions, while the building phasieowed a higher reflectance in

theinfrared regions.

4.3.5 Chlorophyll, nitrogen and water content ahvegetation indices at the leaf level

To investigate if the adjustments in leaf physiological and biochemical traits atnonfgaris
life stages (Figure 4.4) can be detected remotely using hyperspectral reflectance at the leaf

level, selected vegetatiandices are tested (Figures 4.7 and 4.8).
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Figure 4.7: Theleaf level hyperspectral reflectance variation am@ngulgarislife stages; A)
NDRE - Normalized Difference red edge index, B) MERI®rrestrial chlorophyll index()
MARI - Modified Anthocyanin Reflectance Index, BRatio Vegetation Index I, E) Ratio
Vegetation Index I, F) Red edge chlorophyll index, G) Relathater ContentLarge diamond

points with standard error bars indicate the mean, and the smaller faint points are individual

data points. Life stages that do not share a letter are significantly different (Tukey, P < 0.05). *

and ** indicate significance gt < 0.05 and p < 0.01, respectively.
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Bothnormalized difference red edge index (NDRE) and MERErestrial chlorophyll index
(MTCI) were significantly differenamong life stages (Fig. 4.7A and 4. MDRE; df = 3, 28;
F=3.12; P < 0.05; anMTCI; df = 3, 28;F = 3.73; P < 0.05), and both followed a similar
trend with the degenerate phase having the highest NDRE &Gtireflectance where pioneer
phase had the lowednterestingly, these results closely resembled the leaf chlorophyll and
nitrogen cotents that were observed in the laborai@ig. 4.4A and 4.4D). In addition, both
modified anthocyanin reflectance index (mARI) amdio vegetation index (RVII) were
significantly differentamong life stages (Fig. 4.7C and 4. fARI; df = 3, 28;F = 3.96; P <
0.05; andRVII; df = 3, 28;F = 3.54; P < 0.05)and both followed a similar trend with the
building phase having the highest mARI aRWll reflectance where mature phase had the
lowest. However, ratio vegetation index Il (RVII1), red edge chlorophyll indexstésh, and
relative water content (RWC) showed significant differenceamong life stages (Fig. 4.7E,
4.7F, and 7G; RVIIldf = 3,28;F = 2.91; P > 0.05; Gddedgs df = 3, 28;F = 1.68; P > 0.05;

and RWCdf= 3, 28;F = 1.63; P > 0.05).

For all life stages, leaf chlorophyll content had the strongest relationship with MERIS terrestrial
chlorophyll index (MTCI), with a regression coefficient Rf = 0.2 (p < 0.05)Fig. 4.8B).

From all the indices tested, leaf nitrogen content also prestrdestrongest relationship with
MTCI; R? = 0. 17, p < 0.05]Fig. 4.8C). Al the other indices tested in this study are also

presented in (Figure 4.8), with thei? &d P value.

144



Chapter 4- Ecological and Physiological Comparisons and Contrasts between Calluna vulgaris
(Heather) life stages.

Figure 4.8: Leaf level Vegetation Indices (VIs) at the leaf level with regression against the
most related measured variable for Rdrmalized Difference red edge index, B) MERIS
terrestrial chlorophyll index, C) MERIS terrestrial dadphyll index, D) Normalized
Difference red edge index, E) Ratio Vegetation Index I, F) Ratio Vegetation Index Il, G) Red
edge chlorophyll index, H) Relative Water Content. The ov&&allalues are shown on each

plot. * and ** indicate significance at p < 0.05 and p < 0.01, respectively.
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