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Thesis Summary

The burning of fossil fuels and land use changes have substantially altered the composition of

the atmosphere. Consequently, the climatd&nging into a warmer more volatile state. This

thesis investigates how the soil microbial cycling of carbon changes under climate change.

The second chapter investigates how trend cl
nitrogen deposition antthe alleviation of phosphorus limitation, alters soil microbial

biodiversity and communities. In this chapter, two phosphorous limited grassiaspisnse

is assessed over a year. El evated CO appear
communities, pdicularly bacterial communities, and to a greater extend in the acidic

grassland compared to the limestone. The two grasslands appeared to have opposing soil
organic carbomstoragerends under eCOThere was also evidendeteCQ canextend

summer commnities into autumn when they would usually undergo changettrtie. The

third chapter is a methods chapter and aims to improve understanding about how common

soil samplestorage methods altdre measured soil properties commonly used in research.

This chapter illustrates that soil sample storage should be avoided where possible and
analysis should be conduCokodyanmoarbonasigish soi |
stable undeall storagemethods testedrhe fourth chapter investigates how erte event

damage, investigated bgmovingaboveground plant material mimicking high plat mortality,
canstronglyinfluence soil respiration but that soil organic carbon appeared unaffected. In

contrast sitelevel effects such as soil moisture (droughtyidime of year appeared to

strongly alter soil organic carbon.
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Chapter 1. General introduction

The year | was born there was 362 ppm of carbon in the atmosphere, the year | started this PhD there
was 412 ppm and as | write this there is 421 pphn
the anthropogenic combustion of fossil fuels and las&lchanges, and the consequences of these

(IPPC, 2018) The effects of climate change span, the global air currents that mediate our weather
systemgqStendekt al, 2021) to the microscopic organisms inhabiting the world bellow our feet

(Bardgett, Freeman and Ostle, 2Qd8)our lifetime, and at all scales, the change in the chemical

compositionof the atmosphere is affecting life.

1.1. Trend climate change

The ability of terrestrial ecosystems to sequester additional carbon from the atmosphere is dependent
on photosynthesis and on the biogeochemical cycling of carbon through soil ecosystemisularpart

soil microorganisms mediate the transfer of photosynifireed carbon to soil and back to the

atmosphere through reassociated processes and through the decompaosition of soil organic matter.
Furthermore, soil microorganisms can boost plant prindty by releasing inorganically and

organically bound plant nutrients, feeding back into ecosystem productivity and therefore carbon
sequestratiofJacobyet al, 2017) However, plant transfer of carbon to fiégng and symbiotic soil
microorganisms can also stimulate the decomposition of soil organic matter (priming), leading to the
release of C@from soils to the atmosphefi€uzyakov, Friedel and Stahr, 2000; Hartktyal, 2012;

Korandaet al, 2013; Lindahl and Tunlid, 2015)

Trend cl i mat e c¢ han npaeage ®®abové graund igrowthsobptamtsodue)to ¢ a n
increased photosynthesis and enhanced photosynthetic effi¢&insyorth and Long, 2005, 2021;
Elmendorfet al, 2012) reduced evapotranspiration due to greater stomatal closurgresgter
atmospheric Ceand so also enhanced soil water availab{#tinsworth and Long, 2005nd

increased root productidiungateet al, 1997) Roots contribute the formation and turnover of
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SOM by storing carbon in the s¢ifrumbore, 2000; Gieleet al, 2005) A review on the effects of

roots wunder e €idtotal foat biomass-R8Beo), rech lsngth (+26.0%) and root
diameter(+8.4%), expansions of root biomass deeper into the soil, and increases root respiration

(+58.9%), rhizodeposition (+37.9%) and fungal colonisation (+3(B%&et al, 2013) Plants
increased growth responsetoeC | evated CO ) is often(Reichetst r ai ne
al., 2006) to which plants can (as well as increasing root production) increase carbon allocation
belowground to encourage the microbial mining of nutriébikstra et al, 2013) However, this can

promote both ecosystem carbon sequestration o(Hazyakovet al, 2019)

Belowground carbon allocation by plants, under e@0ncreased even in the absence of increased

above ground biomagKdrner and Arnone, 1992 addition to the quantity of plant derived carbon,

the quality of litter and root derived products is reported to ch@€igg, Thomas and Strain, 1997,

Zaket al, 2000; Pendall, Mosier and Morgan, 2004pst of the indirect effects on soil communities

with eCQ is driven by changes in carbon availability but soil processes are egnaglich makes
predicting how they change difficult. Under el ev
found, where authors suggested that increased plant nitrogen uptake had increased microbial nitrogen
limitation reducing their capacity thegrade soil organic matt@u et al, 2001) However, under

eCQ soil microorganisms are also found to limit plant growth by increasingitr®bial

immobilisation of nutrient¢Keaneet al, 2023) There is a greater understanding of how plants

respond to eCgbut the mechanisms behind how soil microbial communities react is less understood.

Anot her effect of 1 nc rwarmiagelavil l@i€fly covenhow waeningt mos pher
effects the balance between ecosystem photosynth
ecosystem respiration (input of CO to the at mos
including plant phenolagal (Parmesan and Yohe, 2003; Rebal, 2005)and microbial cellular
responsegBradford, 2013)to name two. Increased temperatures can release cold constraints on
photosynthesigElmendorf, Henry, Hollister, Bjork, Bjorkmaet al, 2012) Warmer temperatures

promote increased photosynthesis by plants; however, they similarly stimulate soil respiration

17



(assuming no water limitation) which limits soil carbon sequestr@farmentieet al, 2018) The
balance between terrestrial ecosystem respiration and carbon fixation by plants could be disrupted by
warming, as warming more positively increases respiration rates compared to photosynthé¢lserates
et al, 2010; Mahechat al, 2010; YvorDurocheret al, 2010; Smith and Dukes, 2013)he effect of

this imbalance is incorporated into timeergovernmental Panel on Climate Change (IPCC) coupled
climatecarbon cycle models where by 2100 it contributes ~2 °C of global mean annual warming
(IPCC, 2018)Warming by itself, strongly effects carbon cycling in environments, although not
assessed in this thesis, it drives substantial changes to carbon cycling and warrants further
investigatian. In particular, research on the combined impact of other global change drivers and
warming on soil microbial communities is essential, given their crucial role in soil organic matter
(SOM) decompositioiBardgett, Freeman and Ostle, 20#)d specifically, as the influence of

warming on soil microorganisms remains relatively understu@@eawther and Bradford, 2013)

1.2. Climate driven extreme events

Extreme events are another symptom of climate change, and can often produce contrasting ecosystem
responses compared to trend climate change. Extreme events are defined in different ways
ecologically and climatologicall but are typically marked by their rarené&sitschick and

BassiriRad, 2003andbr strong impact and comparably short duration. Some can be limited to only a
particular set of ecosystems, such as extreme winter warming events that appear in arctic and boreal
ecosystems onl¢Bokhorstet al, 2011)(Bokhorstet al, 2009) while others may effect more

ecosystems and regions such as heatwaves or pest ou(irédBs2007)However, despite the large
diversity in the types of extreme events, common factor for many is their abitigyise high plant
mortality (Bokhorstet al, 2011)and hence have a major effect on ecosystemb@lance, reducing

the carbon sink capacity of the ecosys{@meharneet al, 2019) For example, in 2012, northwest
Scandinavia experienced a regt@ow in terrestrial productivity and 14 different anomalous weather

events were linked to driving (Bjerkeet al, 2014)
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Future climate models predict more variability, including increased extremariteheightened
occurrences of intense precipitation and droghasterlinget al, 2000; Orlowsky and Seneviratne,
2012) Warming trends are anticipated to enhance plant growth in temperate regions, increasing
carbon sequestratigBonan, 2008; Piaet al, 2009) However, extreme heat, such as heat waves,
typically reduces primary production and plant growth in ecosystReishsteiret al, 2013) In

2008, a mega heatvave in Europe led to a 30% decrease in gross primary productivity, illustrating
the impact of extreme heat events on ecosystem functi¢@ing, 2003) The 2005 drought in
Amazonian rainforests caused a decline in plant production, accompanied by increased tree mortality
and reduced growtfPhillips et al,, 2009) Asidefrom drought and heat, precipitation event intensity
is expected to rise globally, irrespective of changes in total annual precipitation for most regions
(Tebaldiet al, 2006) likely putting plants under increased stré3se 1999 extensive flooding of the
River Rhine, for instance, resulted in significant damage and mortality of emhgd{Kramer,
Vreugdenhil and van der Werf, 2008herefore, broadly extreme events are found to largely
negatively affect plants whereas trend climate change is lam@byted to boost plant growth (when

not constrained by nutrient limitation).

1.2.1. Belowground impacts of extreme events

Few studies have assessed the belowground impacts of extreme climatic events. Microorganism
activity, at the ecosystem level, influences tiptake and release of €Bardgett, Freeman and

Ostle, 2008) Extreme climatic events aré&ely to interfere with the microbial cycling of carbon and
nutrients, especially given the abrupt-oiftof carbon supply from plants due to severely reduced
primary productivity(Treharneet al, 2019) In addition, root growth can be reduced, for instance, in

by up to 72% and 63% following one and three consecutikters of extreme warming events
(Bokhorstet al, 2011) A reduction in root growth suggests a reduction in ecosysgspiration (less

CO: released to the atmosphere), as roots are major contributors to respiration. Furthermore, a global
review on drought impacts on carbon cycling found that drought decreased average soil organic

carbon content-8.3%), primarily atttbuted to a reduction in plant litter inpu8(7%) and reduced
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litter decomposition-13.0%) across all three global ecosystem types (grassland, forests and
shrublandsjDenget al, 2021) This indicates strong controllers of plants health on soil carbon and
nutrient cycling. There is a need, therefore, to understand the underlining mechanisms associated with
how carbon cycling changésspecially belowgroundifter events, to create more accurate global

carbon models. This is especially important in terms of assessing how highly organic soils could

convert to a climatic carbon source.

1.3. Atmospheric nitrogen deposition

Through land use changes, particularly agtizal ones, and the burning of fossil fuels, humans have
also increased global nitrogen depositiSchlesinger, 2009Nitrogen deposition was historically

first a major problem in northern Europe, although rates have now started to (Bafitmsonet al,
2020) However, global nitrogen emission scenarios project elevated rates of atmospheric nitrogen
deposition in most regions by 20@entenelet al, 2006) The cumulative loading represents aéarg
input of nitrogen into ecosystems that is substantially greater than natura(fanwieret al, 2013)

A global review of nitrogen deposition effects on soil microorganisms revealed consistent impacts
across all terrestrial ecosyste(d@hang, Chen and Ruan, 2018)is suggests similar responses in
different ecosystems, supporting the extrapolation of nitrogen deposition microbial results from one
ecosystem to infer potential effects in others. The authors of the review reported that nitrogen
deposition reduced mmiobial biomass, microbial respiration and relative abundance or arbuscular
mycorrhiza(Zhang, Chen and Ruan, ZX). This indicates that nitrogen deposition can confer
substantial alterations in microbial functioning and the cycling of carbon and nutrients. This is of
particular concern as arbuscular mycorrhiza are important phosphorus acquisition plant partners
(Smithet al, 2011; Jianget al, 2021)and as itrogen deposition can increase the demand for

phosphorus in some environméRhoenixet al,, 2004)

Nitrogen deposition can alleviate nitrogen limitation increasing carbon sequesiiati@sBassetet

al., 2021)and cause soil acidificatigifian and Niu, 2015)vhich can retard microbialecomposition
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of SOM(Li et al, 2018) Nitrogen deposition can increase soil acidification by increasing plant
uptake of NH" increasing Hions release into the soil, N®eaching when N©@ availability exceeds
biotic demand¢Lucaset al, 2011) and by depleting available base cations in the soif (@g." and
K*) and increasingly nehase cations (M and Ak*) (Tian and Niu, 2015)Furthermore, soll
acidification likely strongly affects slainicrobial community composition indirectly as pH is one of
the strongest drivers of community composition across geographical @aheamet al, 2018) In
addition, the mobilisation of nebase cations (M# Als* and Fe*), due to a loss of buffering base
cations, have the potential to be toxic to plgBsihaize, Physiology and 1995, 1995; Van Den Berg
et al, 2005) Therefore, nitrogen deposition can have strong effectsudron cycling and the biotic

and abiotic soil environment.

Nitrogen deposition is also found to stimulate the decomposition of SOM in tropical forests by
altering the trophic structure of fauna communities, promoting decomposition through increased
abundaces of predators and detritivor@sn et al, 2022) Nitrogen deposition can further indirectly
effect carba cycling through affecting plant species abundance. Nitrogen deposition can strongly
reduce aboveground biodivers(iyalaet al, 2000; Paynet al, 2017) Over time, shifts in vegetation
composition, especially ones concerning the predomimant functional type or growth forms, may
alter litter quality and decomposabilifiiobbie, Schimel, Trumbore and Randerson, 2000; Saétska
al., 2002; Questedt al, 2003) Plant litter containing more labile carbon compounds and high
nutrient content positively correlate with faster decomposition rates; whereas, litter containing more
recalcitrant structural carbon and secondary metabolite compounds atigalggelated with
decomposition rates (Meentemeyer, 1978; Taylor, Parkinson and Parsons, 1989; Kurokawa and
Nakashizuka, 2008; Coq et al., 2010; Makkonen et al., 2012; Jackson, Peltzer and Wardle, 2013;
GarciaPalacios et al., 2016). Therefore, the effeof climate change and nitrogen deposition are

likely to interact in unpredictable ways to affect ecosystem carbon cycling.
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1.4. Soil microorganisms

Soil microorganisms are a highly biodiverse complex community. In one gram of soil thousands to
millions of different species exi§Torsvik, @vreds and Thingstad, 2002; Gans, Wolinsky and Dunbar,
2005) The majority of soil microorganisms are not cultuf@thitman, Coleman and Wiebe, 19%8)

the sequencing of soil microorganism will help our understanding how they respond to global change
and further our understanding of ecosystem functioning. Mial@activity and abundance is globally
generally enhanced in the rhizosphere compared to the bu(Bso#indsen, Pieterse and Bakker,

2012) while diversity is reduced because of dominance of few taxa in the rhizo$phéiggpotet

al., 2013) however, arctic rhizosphere microbial diversity is reported to be higher than the bulk sail

(Tamet al, 2001; Kumaet al, 2016).

Symbiotic mycorrhizal associations are important for plant productivity in nu{p@mt environments
(Smith and Read, 2008 exchange for supplying host plants with nitrogen and phosphorus, hosts
provide mycorrhizal fungi with labile forms of carb{fRead, 1991)However, their role in carbon

flux is not well defined Selosse and Roy, 2009)hey are broadly defined into two groups, reflecting
colonisation strategy, the ectomycorrhizas (ECM) and endomycori(de@th and Read, 2008)
Endomycorrhizas colonise inside the root cells, and are further divided into orchid, ericoid and
arbuscular mycorrhizas (AMs). AM fungi are a more widespread fungal synflriong than 80% of
land plantsSmith and Read, 200&)elonging to the phylum Glomeromycota a divergent group
from the same ancestas Basidiomycetes and Ascomycgi®shwarzott, Walker and Schubler,
2001) ECM colonises the root intercellular spaces and often form associations with trees and
decduous shrub species; In particular, ECM species of Basidiomycetes and Ascomycetes form
associations the tree familiPnaceae, Fagaceae, Dipterocarpaceae and Caesalpinoidaskaping
forests(Smith and Read, 2008kricoid mycorrhiza (ERM) form symbiosis with ericaceous plant
species, which include dominant tundra and heathland sf&giwiita, 2005)suchasCalluna,
Empetrum, Vaccinium and Cassiagenera known to be damaged by extreme e&atishorstet al,,

2009; Treharnet al, 2020b)

22



In the conventional view on carbon cycling, mycorrhizal fungi were primanictor for the transfer

of carbon from plants to the soil, which promotes carbon sequestration. However, there is
accumulating evidence that mycorrhizal fungi can act as decomposers, either directly or indirectly,
contributing to the release of carbonifr&OM (soil organic matte(ralbot, Allison and Treseder,

2008; Vowles and Bjork, 20)9No evidence for mycorrhizas acting as decomposers has been found
for AM fungi (Talbot, Allison and Treseder, 200&lthough, ERM can act as decompog@ralbot,
Allison and Treseder, 2008nore recent evidence from boreal forests suggests they contribute to
carbon sequestration in soffSlemmenserrt al, 2015) ERM cell walls are melanised, slow to
deconpose, and contribute to a builgh of fungal necromass in so{iSlemmensemrt al,, 2015;
Fernandez and Kenned018) It is unclear how a reduction or increase in symbiotic fungi biomass
may affect net carbon sequestration. However, it is clear that a change carbon allocation belowground
will affect mycorrhizal biomasgLipsonet al, 2006; Parkeet al, 2017, 202Q)thus due to the role
mycorrhizal fungi play in carbon and nutrient cycling, there is likely to be an effect on carbon

sequestration.

Bacterial communities directly mediate the breakdown of soil organiemBtcteria process
nitrogen in the soil through nitrification (NHA NOs’) which involves two steps, where bacteria and
archaea oxidise NHinto NO,, and NGO A NOs (Blaudet al, 2015) Denitrification (anaerobic
reduction of N@ A N,) involves several step®laudet al, 2015) Soil phosphorus is usiha

classified into three forms in the soil, phosphate ions in solution (generally of low concentration),
inorganic phosphorus (e.g. sorbed on Fe and Al oxides, insoluble metallophophsates, calcium
phosphates), and organic phosphorus (e.g. sugar phospiteisghomonoesters, phopshodiesters,
and phytatefShenet al, 2011) The enzyme mainly used by bacteria to mineralise organic
phosphoruss phophomonoesterafidannipieriet al, 2011) Heterotrophic soil microorganisms are
primarily limited by carbon and secondly by nutrief@songet al, 2019) Therebre, either an
increase, change, or decrease in carbon availability in the soil will likely effect the bacterial cycling of

nutrients.
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15.Sensitive ecosystems in the context of

Some ecosystems can be considered particularly vulnecatble effects of trend and extreme event
climate change. During the past 50 years, the Arctic has warmed at a faster rate than any other region
globally (AMAP, 2017) Consequently, climate models project a higher frequency of climate

extremes in the Arcti(Benistonet al, 2007) This concentration of climate change at the poles, along
with the largg amounts of carbofPinget al, 2008; Schuuet al, 2008)stored in arctic soils makes

them an important area of study. Similarly, upland heathlands at lower latitudes sequester substantial
amounts of atmospheric carbon in sdidése, 2009)which is relatively stable due to the recalcitrant

plant matter (ericaceous species €glluna vulgaris)and acidic soils which slow decomposition
rates(Anderson and Hetherington, 1999; Berg and Laskowski, 2668thlands in Europe are

sensitive to longerm historical nitrogen deposition which is found to alter carbon storage and

nutrient dymmics(Southonret al, 2013) Experimental nitrogen deposition, in a lowland heathland,
increased nitrogen uptake by plants, soil decomposition rates and nitrogen (goliey, Ashmore

and Cousins, 1998and in an upland heathland greater carbon sequestration was r€osttbet

al., 2017) A survey of both pland and lowland heathlands in the UK found that greater ambient
nitrogen deposition strongly reduces species diversity, with a concurrent increase in nitrophilous plant
species, across spatial and climatic gradiédsithonet al, 2013) Other ecogstems, such as

grasslands, are important ecosystems to study as they are the most extensive ecosyste(iglobally

et al, 2016) Therefore, representing a massive carbon sequestration potesttiglerfite grasslands

are able to sequester additional carbon under, 8QtQhis response is constrained when grasslands

are limited by nitrogen or phosphori&ussana and Lischer, 200Hpwever, when an increase in

the input of carbon belowground in grasslands under&Cfound, it could be accompanied by

greater turnover limiting net carbon sequestrafidardonet al, 2001) Soil respiration increases,
stimulated by eCQ are enhanced by nitrogen deposition depending on the amount of nitrogen
supplied (enhanced in the low treatment but not the Ki@adet al, 2020) This suggests not linear
responses to the combined effects of e@@l nutrient availability, which may indicate complex

interactions with combined drivers of global change and climate change effects.
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1.6. Thesis chapter rational

Chapter 2. Soil microbialcommunitie® i odi ver sity responses to el

deposition and the alleviation of phosphorus limitation, in two phosphorus limited grasslands

In soil ecosystems, microorganisms are crucial in the role of carbon and nutrient cycling, and their
influence is assumed to be significant in shaping how terrestrial ecosystems respond to global change.
Phosphorus limited grasslands can be important reservoirs for above ground biodirbrstyixet

al., 2020) Lots of research on plant biodiversity lagicated that increased plant biodiversity can

boost ecosystem carbon sequestrafitmrnara and Tilman, 2008; Steinbeétsl, 2008; Conget al,

2014)by increasing plant biomag§ilman, Hill and Lehman, 200&nd reductions in plant

biodiversity can reduce soil organic carbon sto@gedinaleet al, 2012) Soil communities

generally have high levels of taxonomic and functioma ity (De Deyn and Van Der Putten,

2005)

Nevertheless, there is a gap in the literature on how global change drivers such asceai@ogen

deposition affect soil biodiversity, especially in pplosrus limited ecosystems including grasslands.

As outlined above eCO wi || |l i kely increase cartk
are likely sensitive to this change. Understanding how.e®@ nutrient manipulation affects soil
microbialbiodiversity and changes communities, in phosphorus limited grasslands, is important in
disentangling how these ecosystems will respond in the future. This is especially interesting since
phosphorus limited grasslands of differing soil pH (limestone aidith@nd aboveground plant

species composition have responded to g@yoth increased and decreased aboveground plant

biomasgKeaneet al, 2023)

Therefore, the FACE chapter in this thesis aims to investigate how 16S and ITS soil microbial
biodiversity aad communities, of two contrasting soil pH phosphorus limited grasslands, which have

undergone >25 years of nitrogen treatment (N deposition simulation) and phosphorus treatment
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(alleviation of phosphorus limitation) respond to e@Qtime series approadh analysis was taken
where four time points that coincided with spring, summer, autumn and winter were sampled over a
year. This was done as research suggests that climate change may be altering the timings of the
seasongSparks and Menzel, 200&pd soil organic priming activitgstimulated by eCg) can

contribute to climate feedbacks outside of the growing se#adel, 2019) In past work, sampling

has usually taken place only in the growing seaSbannon diversity, Chao species richness and beta
diversity for treatments was measured from the 16S and ITS sequencing data for each time point
(season). Furthermore, measurements of soil pH and total soil organic carbon are conducted to
explore variations in organic carbon storage and assess the effihetdreatments on soil

acidification. This additional information aims to offer insights into potential reasons for microbial

biodiversity and community changes

Chapter 3. Quantification of storage effects in analysis of upland soil samples

Due to the COVIBD19 pandemic, | missed my initial Arctic field season, prompting a delay until the
following summer (I thought at the time). Utilizing the additional time, | focused on better preparation
by investigating how the storage and transportaifeamples could influence measured soill

properties | was interested in assessing. The experiment aimed to assess the impact of soil storage

treatments and the duration of sample storage on measured properties compared to fresh sail.

Fresh soil, sourceddm accessible moorland in The Peak District National Park, UK, featuring

vegetation cover functionally similar to Arctic regiddalluna vulgaris) underwent initial property
measurementgktractable total nitrogen, nitrate, ammonium & phosphorus; miatdbiomass,

di ssolved inorganic and or gal?’lﬁ:iofmrgmiacratﬂnm]mnd tot al or
activity of five soil enzymes (BG, NAG, POX, PER, PH&)bsequently, soil storage preservation

techniques were applied, including freeltging, rdrigeration (4 °C), air drying, and freezing (

18 °C). Measurements were then taken on the treated soil after one month and again after three

months, with the relative change in each property from the fresh soil calculated and similarity was
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assessed. Thesulting alterations in measured soil properties of the stored soil were compared to the

fresh soil to draw inferences for optimizing storage methods during remote (e.g. arctic) fieldwork.

Chapter 4. Consequences of plartb-soil carbon cutoff following an extreme climatic event

simulation

With the additional time that the COVAIDO pandemic provided, due to a missed arctic field season, a
proxy extreme event (EE) was gt onC. vulgarisdominated moorland. Extreme events vary in

their effects on ecosyems but a common theme is the damage and mortality of plant cover. Plants
allocate a substantial amount belowground via rhizodepoghignyen, 2003; Jones, Nguyen and
Finlay, 2009) which is an important carbon source for soil microorgariVeintraub and Schimel,
2003; Blagodatskaya and Kuzyakov, 2Q08)e removal of plant carbon input into the soil, by the
clipping vegetation cover, offers a way to investigate how plant activity and the distribution of

photosynthate carlmdbelowground controls microbial carbon cycling.

An EE proxy was satp on matched plot pairs (clipped vegetation plot neighbouring control plot)
trenched around the boarder. The experiment al
60si mul a tseibsimdlatdd ¢he ghotosynthate flow-ofitresulting from the EE, rather than
simulating the EE itself. Sampling was conducted through agdames, starting with time points

closer together to capture the initial response, and then further apaonitor the response over

time (up to X days after the EE proxy). Throughout the time series microbial carbon cycling was
investigated by monitoringoil respiration, dissolved organic carbon, total soil organic carbon and
microbial biomass. Soil temperaguand soil moisture was also measured to investigate the effects of
the physical loss of canopy, which could indirectly affect microbial carbon cycling. After a year (X
days), an intensive sampling was conducted which included more response variailestigate

carbon and nutrient cycling. This included measuring the response of five key soil enzymes involved
in carbon, nitrogen and phosphorus cycling. Soil extracellular enzyme ratios were calculated from

these to investigate the relative investmdrthe microbial community into nitrogen vs phosphorus
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acquisition and recalcitrant vs labile carbon sources. In addition, extractable total nitrogen, nitrate and

ammonium, and extractable phosphorus were also measured to investigate nutrient availability.

1.6.1. Thesis aims

The aims of this thesis is to investigate soil microbial carbon cycling and diversity under climate
change. One experimental chapter investigates how,dik€ly boosting rhizosphere carbon

availability, combines with nutrient manipulatioe$fects soil microbial biodiversity and community
change over a year. In addition, the work was undertaken to investigate how potential microbial
changes may coincide with changes to soil pH and total organic carbon in the two grasslands. Another
experimatal chapter, investigates how removing rhizosphere carbon through an EE proxy (clipping

of above ground material), affects the microbial cycling of carbon and nutrients, initially, over time,
and a year afterwards. In addition, the work was carried anvéstigate how the microbial

community processes soil carbon, in the absence of fresh photosynthate carbon, through investment
into microbial growth, respiration, or resource acquisition. Both increased and decreased rhizosphere
carbon can theoreticallgad to soil carbon sequestration and loss, from and to the atmosphere.
Therefore, disentangling the drivers that control the storage and release of carbon from soils, in these
two scenarios, is of the upmost important to our understanding of how ecasydteamd are

changing in the Anthropocene.
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Chapter 2. Soil microbial communities biodiversity responses to
el evated CO , nitrogen deposition
phosphorus limitation, in two phosphorus limited grasslands

2.1. Abstract

Humanadt vi ti es are increasing atmospheric CO |l eve
ecosystems. While more is known about the impacts on above ground biodiversity, the impacts below
ground on soil microorganisms is much less clear. Grasslands areghextensive ecosystem

globally, andphosphorudimited grasslands are often associated with high plant biodiversity. Nutrient
limitation is reported to constrain gains in plant growth under-eElnts can, as a mechanism to
overcome relative nutrient limitation, increase carbon allocation belowground with one of the
conseguences being to stimulate the microbial decomposition of soil organic matter to increase plant
access to nutrients in theilsélowever, there is limited investigation into hgliosphorudimited

grasslands soil microbial biodiversity and community structure will change with. d0@ssess

community responses to global change, it's crucial to consider the impacts of el@@a{e@Q2)

and nitrogen deposition, as these changesccar. In this study, the addition of a phosphorus

treatment alongside eG@elps disentangle the drivers of ed@®sponses in phosphorlisited

ecosystems. Soil microbial biodiversity and communiitgrges in two phosphoHimited grasslands
(limestone and acidic) using a leterm minitFACE setup with eC@and N or P nutrient

manipulations, was investigated. A seasonal{s@ges (spring, summer, autumn, winter) explored

the impacts of eC9nitrogen treatment, and phosphorus treatments on bacterial and fungal
communities. B v a t e mducgdbacterial Shannon diversity and spring bacterial species richness
(acid Grassland), and fungal and bacterial species richness (limestone grassland).Thibwead a

to a relative increase in dominance of certain species driven by the alleviation of carbon limitation via
greater plant carbon allocation belowground. Spring and summer bacterial alpha diversity was lower

than autumn and winteFhese reductionsere additionally attributed to a dominance effect from
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greater belowground carbon allocation by plants during these seasons. More seasonally dynamic
bacterial communities appeared more sensitive tod0@gi communitie were relatively resistant

to eCQ but relatively more sensitive to nutrient manipulation. There was evidence, in the acidic
grassland, that eG@xtended summer microbial communities into autumn, possibly due to greater
plant exudation or a longer exudation season undep. &10e v a t affetts €biDmicrobial

communities, particularly bacterial communities and more so in the acidic grassland.

2.2. Introduction

The burning of fossil fuels, | and use changes ar
(carbon dioxide) and regionaitrogen availability, altering the stoichiometry and functioning of
ecosysteméPefiuelagt al, 2012,2013) Terrestri al ecosystemsdé6 abil i
at mospher e, as tddi€e, is drivewly the stinonu@tion df photasynthesis with

photosynthate carbon stored in biomass and soils. ThisndGced increase in ecosystem carbon
sequestration, is the most important biogeochemical feedback mitigating anthropogenic climate

chang (IPCC and Intergovernméal Panel on Climate Change, 2023pwever, the ability of

ecosystems to increase carbon sequestration is constrained by nutrient avgfReidhet al, 2006;

Zavalloniet al, 2012; Reich and Hobbie, 2013; IPCC and Intergawemntal Panel on Climate

Change, 2023)

Al ong with increased CO many ecosystems have ha
identified as the third greatest threat to biodiversity glo&blaet al, 2000; Paynet al, 2017)

Although, nitrogen deposition is thought to alleviate relative nitrogen limitation induced by eCO

potentially increasing the carbon sequestration capacity of ecosySehtssinger and Andrews,

2000) nitrogen deposition is found to reduce soil @#an and Niu, 2015)vhich strongly controls

the distribution of microbial communiti€Balramet al, 2018) The combined response of soll

microbial communities to nitrogen deposition and e@®f great importance to our understanding of

ecosystemscalecarbon cycling.
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Microorganisms that live in the soil play an important role in e¢esygarbon and nutrient cycling.

Soil microorganisms, such as bacteria and fungi, decompose organic matter, breaking it down into

si mpler compounds. This process releases carbon
converts complex organic materiatso simpler forms that can be utilized by plants and other soil

organisms (Van Der Heijden et al., 2008; Six et al., 2006). Their activity can boost plant growth by
increasing the bioavailability of soil nutrier(dan Der Heijden, Bardgeand Van Straalen, 2008)

For example, they transform organic nitrogen int
accessible for plant uptake (Paul, 2014; Schimel and Bennett, 2004). Phasphbilezing bacteria

release phosphorus from ingble compounds, making it available to plants (Rodriguez and Fraga,

1999; Vessey, 2003). Nitrogdixing bacteria, such as Rhizobium species, form nodules on the roots

of |l eguminous plants, converting at mo@apraner i ¢ ni t

1999; Franche et al., 2009)

Mycorrhizal fungi form symbiotic relationships with plant roots, enhancing the plants' ability to

absorb nutrients like phosphorus from the soail. In return, plants provide the fungi with carbohydrates
produced throug photosynthesis (Smith and Read, 2008; Brundrett, 2602Qi can even pick up

and relocate bacteria, via their hyphae networks, in the soil environment to optimise soil organic
matter decompositiofKohlmeieret al, 2005) Microorganisms are responsible for the majority of

the breakdown of plant material as they are the only organism capable of produgicity aet

carbon degrading enzymes, like those that break down IjBaimaniet al, 2006; Masai, Katayama

and Fukudla, 2007) Some microorganisms contribute to carbon sequestration by stabilizing organic
carbon in the soil. This can occur through the formation of soil aggregates that protect organic matter

from rapid decomposition (Jastrow et al., 2007; Lal, 2004).

Soil microorganisms do nartteractsolelywith each other to influence soil carbon cycling; a cascade
of plant, bacterial, fungal, soil faunal interactions, along with abiotic conditions, shape and influence
the cycling of carbon and nutrients. As diffat soil types, with different abiotic factors such as soil

pH, nutrient level, soil age, climate and season are assumed to contain specific microbial communities

31



(Fierer and Jackson, 200@)ey will functionally cycle carbon and nutrients differently in these
different ecosystem& | ev at ed C Ond tolhave differeneeffects an unicrobial diversity
including reported increases, decreases and no cldisgassed further on in more detdilanuset

al., 2005; Lipsoret al, 2014; Tuet al, 2015) The different effects reported could be due to different

ecosystems responding uniquely to additional ptanbon availability.

Research has demonstrated global patterns in microbial communities that correlate with
environmental factors such as salinity (Lozupone and Knight, 2007; Auguet et al., 2010), pH (Lauber
et al., 2009), and habitat type (Dinsdale et al., 2008; Nemergut 2081 ; Fierer et al., 2012), and

links between microbial community and ecosystem processes have been observed within numerous
individual studies (van der Heijden et al., 1998; Torsvik and @vreas, 2002; Bardgett and van der
Putten, 2014; Wagg et al., 201 Therefore, it is important for studies to assess the effects of @O

a variety of ecosystems to ensure a comprehensive understanding of the future effects of eCO

In the soil, even when a large range of microorgasem@ present only small proprtionwill be
adapted to the main source of organic resources prEseift, Heal and Anderson, 1973he rest

will likely be in a state of dormancy. The functional redundanapihmicrobial populationsallows

the communityto dynamically respond to changes in resource avaitiabllhis effect is commonly
reported in microbial studies investigating changes in microbial communities during the stages of
decompositiondue to differing eégradatiorratesof chemical compound$-ontaine, Mariotti and

Abbadie, 2003)

High soil biodiversity contributes to the resilience and stability of soil ecosystenessBimicrobial
communities are better able to adapt to environmental changes and disturbances, maintaining soil
functions under varying conditions (Griffiths and Philippot, 2013; Loreau and Mazancourt, 2013).
Soil biodiversity, particularly the diversityf bacteria and fungi, enhances nutrient cycling by
providing a wide range of enzymatic activities necessary for breaking down organic matter and

releasing nutrients in forms accessible to plants (Torsvik and @vreds, 2002; ERtgadwizo et al.,

32



2016). Moreover, soil biodiversity can enhance plant resistance to pathogens through competitive

exclusion and the production of antimicrobial compounds (Wagg et al., 2014).

Plants exhibit a variety of ecological interactions with soil microorganisms from cowgettit

exploitative, neutral, commensal and mutualistic. Through root exudates, plant species are thought to
select specific microbial populatiofBerg and Smalla, 2009and shape the microorganism

communities around their roots to benefit their own hg@érendsen, Pieterse and Bakker, 2012)

Plants can allocate around 1L17% of their net carbon fixation to rhizodeposition, although this
variesconsiderably depending on plant species and age, soil type and nutrient avaidpilitgn,

2003; Jones, Nguyen and Finlay, 2Qd9)t is reported to increase with egJDarrah, 1995; Pendall,
Mosier and Morgan, 2004; Fransson and Johansson, . ZRA@pdeposition is therefore a major

carbon source for the microbial production of extracellular enzymes that break down SOM (soil

organic mater) (Schimel and Weintraub, 2003; Blagodatskaya and Kuzyakov, 2008)

The effects of eCO (el evated CO )CumishandWaagnt gr ow
1998) greater fine rogproduction(Hungateet al, 1997)and altered carbon allocatidbelowground

(Pregitzeret al,, 1998; Huet al, 2001) Increased exudatidPhillips, Finzi and Bernhard2011)and

bel owground plant biomass, with eCO , wil!l i ncr e
Recent advancements suggest that heterotrophic soil microorganisms are primarily carbon limited and
secondly by nutrientéSoonget al, 2019) Thaefore, the microbial community is likely sensitive to

the effects of increased or changed carbon availability driven by plant responses.iGle&@es in

soil microbial populations are in turn likely to influence plant nutrient availability due toitrelbmas

role in biogeochemical cyclin@@ardgettet al, 2013)

A major issue of the Anthropocene is the global trend for a reduction in plant and animal biodiversity
(IPBES, 2020)Whether, this holds true for microorganisms is a profound unknown quéEtialer,
2021) Classical ecological theory predicts that biodiversitydtamg effects on ecosystem

functioning by contributing to ecosystems stability, productivity, nutrient dynamics and invaisability
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of ecosysteméTilman, 1999) E | e v aftea@sgplanChbdivemsity through multiple indirect
effects: altering the stoichiometry availabildf nutrients, water availability and altering competition
between plantéPotvinet al, 2007) A change in aboveground biodiversity is likely to influence soil
microbial communities, particularly asviasive plant species are known to have major effects on
microbial communitiegvVan Der Putten, Klironomos and Wardle, 2005bove ground grassland
species evenness is reported to increase with €likovaet al, 2014) but no change in

biodiversity is also reportg@ayloret al, in press) Furthermore, eCthas been found to reduce the
loss in plant diversity caused by nitrogen deposifieich, 2009)In an open air longerm (10

years) grassland eG@nd nitrogen deposition factorial experiment, nitrogen deposition reduced
species richness by 16% at;(Reionb200®)Theauth@rs but onl y
suggested that eG@nd nitrogen deposition haduitiple effects on plant traits and soil resources that
led to changes in competitive interactions among plant species, and thanhgig&ted the adverse
effects of nitrogen enrichment on species richijBegch, 2009)An in depth undestanding of how
above and belowground biodiversity is affected by £&l nitrogen deposition can help to explain
how ecosy&ims as a whole are respondingitizularly as greater above ground and belowground
biodiversity have been found to jointly exglphosphorus resources more competitively than less

diverse onegOelmanret al, 2021)

Globally grasslands are the most extensive terrestrial ecos{lieet al, 2016) In temperate

regions species rich grasslands hold the greatest biodivisitgutt, Henwood and Gilfedder, 2017)
Along with their ofen high biodiversity, they are important global carbon sfdises and Donnelly,

2004) Plant species which inhabit phosphorus limited grasslands have adapted various belowground
evolutionary approaches to cope with phosphorus limitation, reducing plant competition leading to
greater plant biodiversitfPhoenixet al, 2020) In phosphorus limited systems, the availability of a

low mobility nutrient like phosphorudinker and Nye, 2000% highly dependent on microbial
processing. Plants in low nutrient ecosystems likely develop strongeomstaps with microbes,

either through direct symbiosis or nutrigatycling feedback mechanisiffserts and Chapin, 1999)

Symbiotic mutualist relationships between plants and microbes increase nutrient availability and
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facilitate niche partitioning, promoting div@ty among plant speci€¥an Der Heijderet al, 2006;
Van Der Putten, 2017)f global changelrivers such as eG@nd nitrogen deposition influence soil
microbial diversity, there could be a knock on effect on nutrient cycling, which could in turn influence

plant biodiversity.

There is some evidence that aboveground and belowground biodiversitsitively correlate(Liu

et al, 2020) Higher aboveground biodiversity may enhance belowground biodiversity by changing
the input of plant detritus into the soil. This detritus, characterized by diverse chemical and physical
properties, createsgreater number of distinct niches for specialized decomp@$eoperet al,

2000; Gessnest al, 2010) Alternatively, more biodiverse plant communities may beemo
productive(Tilman, Isbell and Cowles, 2014; Langkal, 2015) providing greater resource input

that fosters greater microbial divers{tfattenschwiler, Tiunov and Scheu, 2005; Bardgett and Van
Der Putten, 2014However, in a global review of the links between aboveground and belowground
biodiversity, sd pH was the major factor found to negatively associate with the positive plant
microbe biodiversity correlatiofLiu et al, 2020) The authors suggested this was likely due to the
extremes of pH limiting microbial fitness and survigatipathi et al,, 2018) and therefore the plant
microbe relationshipssuch feedback mechanisms underscore the complexity of ecological
relationships and emphasize the need to consider the many interactions within eco3ysrafure,
understanding how above abdlowground species are effected by eCG@trient alleviation and

limitation is needed to disentangle how ecosystems will respond to global change in the future.

How soi l mi crobi al communitiesd biodiversity cha
disentangle how ecosystems are responding as a whole, and if they occur, uncover potential drivers of
climatefeedbacks involving carbon sequestration. Some soil species are known to be sensitive to
anthropogenic global chan¢®cheu and Schulz, 1996; Eggletral, 2002; Bardgetet al, 2005;

Parrent, Morris and Vilgalys, 2006; Briones, Ineson and Heinemeyer,. 20@Articular, n a sem

arid shrubland FACE experiment the effects of ecC

fungal biomass but bacteria responded relatively little to.CiPsonet al, 2014) It was suggested
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that in this ecosystem, both greater fungal abundance and biodiversity were closely linked to greater
plant carbon allocation belowground and fine root produdtigysonet al, 2014) This contrasts

reports from an agriculturgfhnderson, Heinemeyer and Weigel, 20af)l grassland experiment,
where eCO tended to more dr a(redta.alDbuy aff ect
microbial biodiversity was not assessed. Intaapstudy, Apen seedlings grown under eCad

greater fungal and bacterial species richness of communities associated with roots, compared to
seedlings gr own(Janurtat, 2005 Witilst mordisceralle effects of eGON

bacterial biodiversity have also been repoftédsonet al, 2006) In an Australian grassland FACE
andwarming experiment, bacterial diversity was unresponsive te e€®arming unlike fungal
communitiegHaydenet al, 2012) Furthermore, microbial community structure has been reported to
change with eC@(Castroet al, 2010; Heet al, 2012; Yuet al, 2018)but also be resistant to change
(Ebersbergeet al, 2004; Guaetet al, 2012) No clear effect of eC£bn soil microbial biodiversity

and community structure is found, and appears to be highly ecosystem specific. Therefore, how
phosphorus limited grassland microbial biodiversity and community structure wilidotea by

eCQ is unknown.

There are limited studies assessing the effects of combined nitrogen deposition aod s@iO
microbial diversity. One study that investigated the effects of,e@@ nitrogen fertilisation
(separately and combingdn forest soi) at different depthdound that eC@alonereduced fungal
richness at B5cm but eC@combined with nitrogen fertilisation increased fungal richness to similar
|l evel s found i(Webe, Migalys antd Kusk® 2013he response of microbial
biodiversity to nitrogen deposition alone appears to be consistent among ecosystestetigely

well studied. In a steppe ecasym nitrogen addition experiment, ammonium availability significantly
reduced bacterial species richness thiedesulting acidification indirectly changed bacterial
community compositiofZenget al, 2016) In a sermiarid grassland in China, simulated nitrogen
deposition significantly reduced both bacterial and fungal alpheagiiy, with the authors noting sail
acidification as the likely caug@Vvei et al, 2020) A review into the effects of nitrogen deposition

found that the decreases in fungal and bacterial diversity found across ecosystems, isdkelyarel
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reductions in microlal biomasgWang, Liu and Bai, 2018Yhis indicates that soil acidifiGan

reduces the abundance of soil microbes in the soil, with some taxa or life histories being especially
sensitive to acidification also resulting in the reported reduced microbial biodiv@itstympact of

eCQ, on the observed trend of decreased afi@l diversity with nitrogen depositipremains
uncertaingiven a notable gap in the literature investigating their combined effects. Considering the
future ceoccurrence of both global change drivers, it is crucial for research to explore their combined

effects to provide a more accurate representation of future conditions.

Consequentlyan investigation into the effects on belowground biodiversity was conducted o a long
term nutrient and eCQactorial designed mini free air carbon dioxide enrichm&peament (mimni

FACE system). Soil monoliths from two contrasting phosphorus limited grasslands (a limestone and
an acidic grassland), which had undergone over 20 years of nitrogen and phosphorus nutrient
treatments, were transplanted to the facility Foeé year$2018) The soil microbial community, ITS

and 16S, was sequenced four times over a year to investigate the effects,ofig@gen deposition

and the alleviation of phosphorus limitation over the four seasons; along with soil organic carbon an
soil pH. The seasonal sampling was undertaken to fully evaluate the effects of treatment in the times
of year with higher (spring and summer) and lower (autumn and winter) plant activity. Furthermore,
grassland soil microbial communities are known tesepally changéHabekostt al, 2008) so

sampling across seasons for a year provides a more complete understanding of tesEit®e on

microbial communities.

It was hypothesied that:

1. Elevated CO , nitrogen deposition and the
the 16S and ITS community structure, but the effects of nutrient manipulations would be
stronger than theCO:; effect due to the relationship betweenatgn deposition and soil
acidification, and release of phosphorus limitation promoting greater aboveground

biodiversity.
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2. ITS and 16S species richness and biodiversity would increase undede€® greater
rhizodeposition increasing carbon availabilitggucing the microbial carbon limitation,
allowing a greater number of microbial niches to be occupied in the soil.

3. The effects of eCg&bn soil microbial communities will be greater in summer as a greater rate
of plant photosynthesis is expected, incnegshe rate of plant C transfer belowground.
Periods of greater rhizodeposition will change the microbial community present in the soil
and likely effect ITS to a greater extent than 16S as plants are expected to have a closer

relationship with symbioticungal partners compared to free living bacteria.

2.3. Methods

2.3.1. Field site description

The Wardlow Hay Cop lonterm experiment, situated within the Derbyshire Dales National Nature
Reserve, UK, encompasses both acidic and limestone gras@orésroft, Sellers and Lee, 1994)
These grasslands are naturally phosphtimised (Carroll et al, 2003) The limestongrassland
(National Vegetation Classification Festutgenula, CG2d; Rodwell, 1992) consists of a shallow
ranker soil (Fig2.1. right image) with a pH of approximately §Horswill et al, 2008)extending
around 10 cm from the limestone bedrock (Keane et@2QR This grassland supports diverse and
largely calcicolous plant community. The acidic grassland community (RyfGstisGalium U4e;
Rodwell, 1992) displays lower diversity and is more calcifugous. It consists of a deep (> 70 cm)
cryptic podzol with gH of about 4.4Horswill et al, 2008; Keanet al, 2020) The acidic soiis
divided into two layers (Fig.1. left image): an orgaridch A horizon (approximately 7 10 cm
depth), which houses the majority of biological activity, and a mineral horizon that extends to the
underlying bedrock (Keane et al., 2020). Cattle g@piccurs on the site from the middle of May
until December, with the addition of sheep in May and June. The maximum density of grazing

animals is 20 cattle and 20 ewes with their lambs, distributed across an area of approximately 20
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hectaregCarroll et al, 2003) The site has a history of significant nitrogen deposition, with this

peaking around 25 to 30 kg N-hgr? (Phoenixet al, 2004; Horswillet al, 2008)

Figure 2.1. Examples of the soil profiles of the acidic (left) and limestone (right) grasslands at
Wardlow. The two distinct layers of the acidic; organic and mineral are clearly visible, and split
according to their colour. The limestone soil represarmsisigle organicich humic horizon, with a

shallow profile.Image credit: Chris Taylor

Experimental plots for the nutrient addition letegm study were commenced in 1995 on replicate 9
m? plots. The experimental plots received one of three nutrient treatments: (i) distilled water control
(ON), (ii) high nitrogen treatment (HN) to simulate high rates of N loading with an application rate of
14 g N n? yr, and (iii) a phosphorus treatméR) aimed at alleviating phosphorus limitation with

an application rate of 3.5 g Payr™. The nutrient solutions were applied at canopy height, using
NH4NO:s for nitrogen treatment and NalPiQx for phosphorus treatment as solutions in distilled water,

administered using a fine spray via a backpack sprayer.
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2.3.2. FACE CQ

Comprehensive descriptions of the MiniFACE system and theegeriment setip can be found in
Keaneet al, (2020) In 2017, 80 intact seturf monoliths (35 cm by 35 cm) were extracted from both
grasslads at The Wardlow Hay Cop losigrm experiment, with ten replicate monoliths obtained

from each nutrient treatment and controls. To encompass the full soil profile, the monoliths from the
limestone grassland were taken to a depth of 10 cm, while thosé¢hecaaidic grassland were
excavated to 20 cm, which included the main rooting zone and part of the mineral horizon (refer to

figure 2.1. for an image of the contrasting soil profiles) (Keane et al., 2020).

These intacturf monoliths were transplanted free-draining polypropylene mesocosm boxes. In the
limestone grasslands of Wardlow, the soil profile is small, and plant roots come into contact with the
bedrock. To mimic this, limestone chips quarried from the same Derbyshire Carboniferous limestone
asthe bedrock were placed in the bottom of the mesocosms. The nutrient treatments in these

mesocosms in the FACE experiment were continued with monthly applications.

The miniFACE experiment is situated at Bradfield Environmental Research Station in The Peak
District, UK. It is located outdoors at a similar elevation and experiences comparable climatic
conditions to Wardlow (approximately 360 m a.s.| and 390 m a.s.|, respectively). To maintain normal
thermal buffering Keaneet al, 2020) the mesocosms were placed into the ground flush with

Bradfield soil and vegetatioAdditionally, mesh was used to cover drainage holes at the base of the

mesocosms, preventing plant roots from coming into contact with Bradfield soil.

Mesocosms from the ON (control), HN (high nitrogen), and P (phosphorus) nutrient treatments in both
gras$ands were assigned to either an ambient tB&atment (approximately 410 ppm) or an elevated

CO;, treatment (target 600 ppm). The elevated @@nigation at the miniFACE experiment began in

April 2018 and has continued until the present day (2023). Fuwongatapplied during daylight

hours from the start of April to the end of October each year to encompass the growindgaseason
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grassland vegetation at Bradfield. Note that there is limited grassland growth well into May some

years. (refer to figure2.2. for an image of the experimental gt of the miniFACE).

CO; sensor (Vaissala probe) MiniFACE ring

Vaissala display
screen

CO, supply pipe

Figure 2.2. Experimentaket up for a block of eCOnesocosms (top image). €énters the

ring by the supply pipe and is supplied to the grassldwdsigh lasedrilled holes in the
miniFACE ring. The C@sensor reads the G@oncentration of the middle of the ring and

feeds back to the central computer to determine how mughdd®lease to meet the target
concentration (600 ppm). This is adjustedccount for wind speed and direction from a
weather station on site. The bottom image shows an blo€k during the active experiment,

with the automated COlux chamber visiblelmage credit: Ben Keane with annotations done by

Chris Taylor
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2.3.3.Soil sampling for soil microbial assessments

Soil sampling was carried out at four time points over a year to createyaamgme series. The

initial sampling (T1) was conducted on the 26th of April 2021, coinciding with spring and the
commencementohte gr owi ng season, after the CO fumi gat
(T2) took place on the 29th of June 2021, timed to align with peak growing season conditions when

sunlight hours reached their maximum. For the third sampling (T3) on the 22ntbbe0©2021,

autumn was chosen as it marks the end of the gro
31st of October but vascular plant uptake had likely been falling gradually since September, with

likely minimal uptake at the third sampling. Lgstihe fourth sampling (T4) occurred on the 31st of

January 2022, during miginter conditions when plant activity is presumed to be at its lowest point

within the time series.

During each harvest, a 2cm soil corer was used to collect four randomly Isabtsimples from

each mesocosm down to a depth of 10cm, therefore sampling soil from the rooting zone and main
area of biologtal activity as the experiment is focussed on capturing-pl@ihinteractions changed

by eCQ. For the acidic grassland, whetgs included collection of some mineral horizore th

mineral horizon soil was diacded. Between mesocosms, the soil corer and hands were cleaned with
100% ethanol to reduce cressntamination. Sulsamples were pooled and sieved using a 5 mm

mesh size sive to remove stones, large roots, and ensure anisadd composite. Between samples,

the sieves were washed thoroughly wWiirkon, dried in a 50 °C oven, sprayed down with 70%
ethanol, reducing crosontamination between samples. The soil sieving gtk place in a fume
cupboard to minimize soil spillage around the workspace. Additionally, hands and the workspace

were wiped down with 70% ethanol to ensure cleanliness and reduce any potential contamination.
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2.3.4. Soil microbial analysis

2.3.4.1. Microbial community analysis

DNA was isolated from approximately 250 mg of soil using the DNeasy® PowerSoil® Pro Kit
(QIAGEN, 2023) following the manufacturer's provided instructioAferwards, the DNA was
guantified through UWIS spectrometry (Nanodrop 8000 Thermo Scientific) and preserv@0&

for subsequent analysis.

Table 2.1. Primernames and genetic sequences used in the two rounds of PCR Ifbé ttargeted
operon and the one round of PCR for the 16S targeted of\#ftite et al., 1990; Gardes and Bruns,
1993; Ihrmarket al, 2012; Apprillet al, 2015; Parada, Needham and Fuhrman, 2016)

Primer name  Primer sequence

ITS1f CTTGGTCATTTAGAGGAAGTAA
ITS4 TCCTCCGCTTATTGATATGC
[TS4-ill GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC

AGTCCTCCGCTTATTGATATGC

gITS7-ill TCGTCGGCAGCGTCAGATGTGTATAAGAGACA
GANNNHNNNWNNNHGTGARTCATCGARTCTT

TG

S15F-ill TCGTCGGCAGCGTCAGATGTGTATAAGAGACA
GANNNHNNNWNNNHGTGCCAGCMGCCGCGG
TAA

806r-ill GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC

AGTGGACTACHVGGGTWTCTAAT

For the identification of both total fungi and total bacterial species, primer sets targeting the rRNA
operon were employed (refer to TaBl&. for primer sequences). Amplification of the bacterial
communitywas accomplished using 5TH0D6R primers, specifically targeting the V4 region of the
16S SSU rRNA, through a polymerase chain reaction (PCR) process (refer to Table 2 for PCR
reaction mixture, settings, and primer sequences). Meanwhile, the total damgunity was

amplified using a nested PCR approach with ITS1f/ITS4 primers followed by gITS7/ITS4 primers
(Ihrmarket al, 2012)to amplify the ITSegion (refer torable 22 for PCR reaction mixture, settings,
and primer sequencegdmplicons were cleaned using AMPure beads (Agincourt) following the
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manufact ur er 0 s -lliT®4ill amplicons andb$5H1/8@b-lTagplicons underwent
Nextera (lllumina) barcoding and sequence library preparation. 300 bp paired end read libraries were
run on the lllumina MiSeq platform. Bacteria were sequenced by a commercial provider (Novogene)
and fungi were sequenced by the TechgylFacility at York though The University of Leedby

arrangement).

Table 2.2. The PCR mixtures and cycles used in each round of PCR for the ITS and 16S targeted

operons. PCR cycles and temperatures are matched horizontally to the PCR reagents use

ITS full length PCR round Each plate (ul) PCR cycle temperatures PCR cycle durations
x5 clear buffer [mg = 1.5mM] 1164 Initial denature 94 °C 2 minutes
10mM dNTP 116.4 20 cycles:
10um ITS4 116.4 94 °C 30 seconds
10um ITSIF 116.4 57°C 30 seconds
Go Taq (5 units / uL) 36.375 72 °C 30 seconds
5% blotto 232.8 72°C 5 minuets
PCR water 3455.625
ITS nested Each plate (uL) PCR cycle temperatures PCR cycle durations
x5 clear buffer [mg = 1.5mM] 2910 Initial denature 94 °C 2 minutes
10mM dNTP 291 35 cyeles:
10um ITS7-ill 291 94 °C 30 seconds
10um ITS4-ill 291 58°C 30 seconds
Go Taq (5 units /uL) 36.375 72 °C 30 seconds
PCR water 10439.63 72°C 5 minuets
168 Each plate (uL) PCR cycle temperatures PCR cycle durations
x5 clear buffer [mg = 1.5mM] 2910 Initial denature 94 °C 5 minutes
10mM dNTP 201 30 cycles:
10um 515-ill 291 94 °C 30 seconds
10um 806-111 291 57°C 30 seconds
Go Taq (5 units / uL.) 36.375 72 °C 30 seconds
PCR water 10148.63 72 °C 5 minuets

Primers were removed from sequence data using Cutadgarith, 2011) Sequences were
processedR in Rstudio(R Core Team, 2023pllowing the dada2 pipelingCallaharet al, 2016)

Reads were inspected for quality visually and appropriate filtering and trimming parameters were
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selected. For the fungal sequences, the atanohrametric error model was used. The Novoseq
bacterial sequence data had binned quality scores, so error rates were estimated via four different
methods and the best was selected visually by plotting the learned and observed error rates. The
learnErrors function typically used for Misegtyle 640 quality stores has about 1df the

information to learn the appropriate error function for Novoseq data. Option 1: alter loess arguments
(weights and span and enforce monotonicity). Option 2: enforce oraoity only. Option 3: alter

loess function (weights only) and enforce monotonicity. Option 4: alter loess function arguments
(weights and span and degree, also enforce monotoniOjpyijon 3:was visually identified as the

best method in this case. Ttiereplication, sequence inference and merging of painddeads

followed where sequence information was shared between samples to ensure sensitivity to rare taxa.
Chimeras were removed and taxonomy was assigned using the Silva3dtatdbase for 16S

sajuencing andUNITE db for ITS sequences.

2.3.4.2. Downstream processing

To ensure that OTU&6s (operational taxonomical un
di fferent species and to | imit t hlesteedraea97% ssi gni n
similarity level. OTU sequences were aligned using Muscle (MUItiple Sequence Comparison by Log
ExpectationEdgar, 2004fomputer programing software and a phylogenetic tree was constructed

using FastTreefPrice, Dehal and Arkin, 2010 he phylogenetic tree was imported batk Rand

using thetip_glomfunction from theSpeedySeq VO0.2padckaggMcLaren, 2020)After clustering

OUTb6s at 97 % s i reads assighad taxonominajly d@wh td species level with the same

names were alsdustered together. In addition, the clustered OTU tableondesed by percentage

cumuative frequency, the OTUs aride bottom 1% tail ofeads was removed. Mitochondria and

chloroplast reads were identified via BLAIB{ against the NBCI database and ogad. Similarly,

anything identified as just fungi and just bacteria taxonomically were blasted and removed if

sequences could not be verified against the NBCI databaskey were assumed to be 1specific

PCR productsA new phylogenetic tree was cted using the above methods, and the filtered and
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clustered OTU table, taxongntable and phylogenetic tree wemgported back intéhylosec

(McMurdie and Holmes, 2013) RStudio.

16S data were rarefied down to 60000 and for ITS data reads were rarefied down to 10000, the

rarefication depth was selected visually from rarefication curves, and depth was selected on a

plateaued section of the curve which balanced the loss of samplesitomum. Clustered OTUs

sequenced from the 16S data are referred to as bacteria, and OTUs from the ITS data are referred to as
fungi, for brevity (although, it is understood that they will not capture the full bacteria and fungi

profiles of the soil, aththe bacteria profile will include some archaea). Shannon diversity, Chao

species richness and beta diversity measurements were performed on the clustered rarefied OTU data
using thePhylosegackaggMcMurdie and Holmes, 2013) The effects of CO , nu
and time on Shannon and Chao species richnasgesgted for significance using a mixed model

using thdme4packaggBates, Maechler, B. Bolkeet al,, 2015)to account for repeated measures,

sample loss during PCR and rarefication, leading to unbalanced design. Residuals were checked for
normality and in all cases were normal. Posttukeytest waperformed with themmenmeans

packagdLenth, 2022) Beta diversity PCoA ordination plots were created using a weighted Unifrac

di stribution to account for phylogenetic based d
time on beta diversity was tested for significance uslBEBMANOVA (Oksaneret al, 2022)on a

weighted Unifrac distance matr{McMurdie and Holmes, 2013) all cases, as beta diversity

dispersion did not significantly differ. To test for within group level significangaiavise.adonis

post hoc test was used when a main term was significant.

2.3.5. Organic carbon content

Additionally, soiltaken from the consolidated pooled s#mpks, was oven dried at 75°C until a
consistent weight was achieved (approximately 3 days). The resulting dried soil was finely ground
using a tissue grinder. Subsequently, 60 mg of the dried soil was weighed into a 1.5 ml Eppendorf

tube, after which carbotes were removed from the sample utilizing the acid stripping technique of
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Hedges and Stern (1984)his involved the gradual addition of approximately 700 pL of 6M HCI to

the soil, with careful stirring using a blunt needle. Additional HCI (~100wsintroduced to

samples that exhibited continued effervescence, guaranteeing complete removal of carbonates. The
soil was left in contact with the acid for a-Bdur period to ensure complete reaction, after which the
tubes were placed within a Techne R&0/3 DriBlock at 105°C for an additional 24 hours, to
evaporate the acid. Next, the resulting pellets were finely powdered prior to analysis within an
isotoperatio mass spectrometer (ANCA GSL-20 Mass Spectrometer, Sercon PDZ Europa),

following the méhodology established kyarris, Horwath and van Kessel (200Ihe useof IRMS

for measuring organic carbon (acid stripped soil) provides extreme precision and accuracy in

detecting small changes over tif&antoiemma, 2018)

2.3.6. SoilpH

Additional soil, taken from the consolidated pooled-saimples, was mixed well in a 1:1 ratio with
miliQ water, left for 30 minutes to come to room temperature and for the sediment to settle. The pH
meter was calibrated with a pH 4, 7 and 10 buffesrgo use. The pH meter was held in the soll

water solution until a consistent reading was displayed. In between samples, the meter was cleaned

with miliQ water and wiped with a sterile tissue.

2.3.7. Additional analysis that was unsuccesisfyllantitaive spike

After DNA extraction from the soil, guantitativeThermus thermophilgdasmid spike was added to

the extracts in a known concentration. This plasmid contained base sequences that would have been
amplified by both the 16s and ITS amplificatidiime aim of this was to assess changes in the 16S and
ITS community size through time. Unfortunately, the spike was not amplified successfully in all

sequencing batches so was not successful and was discarded from the experiment.
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2.4. Results

2.4.1. Alphadiversity

2.4.1.1. Acidic grassland bacterial Shannon diversity

Overall in the acidic grassland, ee€@duced bacterial Shannon diversity (LME, df = 1, 37.42, F =
14.01,p < 0.00). Specifically, eC@reducedspring (t(106) = 2.83, p = 0.00p&ummer (1{15) =

3.26, p=0.0015 and autumn (t(113) = 0.0120.0122 bacterial Shannon diversity. Over the year,
eCQreduced Shannon diversity in the control nutrient treatme3.4) = 2.9, p ©.007) and near

reducedt in the phosphorus treatment (t(38:21.90, p = 0.06)

BacterialShannon diversityaried depending on the time of year (LME, df = 3, 86.16, F = 154.72, p
< 0.00). Autumn €(88.65) = 10.60, g 0.00) and winter (t(85.93) = 11.52,4¢0.00) increased in
Shannon diversity compared to sgrimnd summer (full contraavailable in supplementary material

S1.0). There was no C£x time of year interaction (LME, df = 3, 86.58,=1.41, p =0.245.

Thewas armoverall effect of nutrient treatment on bacterial diversity (LME, df = 2, 33.93, F =3.21, p
= 0.053).Specifically, bacterial Shannon diversity in the nitrogen treatment was lower compared to in
the phosphorus treatment (1(39.1)2716, p = 0.09)Therewas no eC®@x nutrient treatment

interaction (LME, d= 2, 40.45, F =1.23, p=0.331
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significant difference < 0.07
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2.4.1.2. Acidic grassland fungal Shannon diversity

Fungal Shannon diversity was unaffected by e@®™E, df = 1, 32.33, F 0.13, p = 0.7233Bungal
diversity varied depending on the time of year (LME, df = 3, 93.09, F = 2.24, p = 01089k was
no eCQ xtime of year interaction (LME,fd= 3, 94.69, F = 0.70, p = 0.556'Nutrient treatment
(LME, df = 2, 31.30, F = 2.44, p = 0.1034dnd the eCeX nutrient treatment interaction did not

affect fungal Shannon diversity (LMEf d 2, 34.20, F = 0.33, p = 0.72269

A S Nutrient treatment

5 : ‘ 5] Control
= n - ® Nitrogen
g Phosphorus

3 i COQ

O Ambient
A FElevated

Shannon diveristy

Spr'ing Summer Autumn Winter

Seasonal sampling

Figure 2.4. The acidic grasslands ITS bacterial Shannon diversity over aean ambient and

e | e v a tresdlts fGr®ach seasonal time point are indicated in black and joined with a black line to
show trends over the year (though the straight lines are not intended to signify a linear change
between time points). Nutrient treatments are colour coded: cedtrol nutrient treatment, green =

nitrogen nutrient treatment, blue = phosphorus treatment. (*) indicate significant difference at time
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point and number of stars indicate significance level (* p < 0.05, ** p < 0.01, ** 9610+ p <
0.08

2.4.1.3. Addic grassland bacterial Chao species richness

Overall, bacterial species richness was unaffected by ®@E, df =1, 31.67, F = 1.99, p = 0.1680
but areduction was found iapring (t(127) = 2.27, p = 0.024' Bacterial species richness changed
depenéhg on the time of year (LME, df 3, 85.62, F = 13.21, 9 0.00)). Autumn (t(90.48) = 2.32, p

= 0.023) and wnter (1(84.15) = 2.06, p = 0.04RBad greater bacterial species richness compared to

spring and summer (full contraetailable in supplementamaterialS1.29.

There was no overall time of yeaeCQ interaction (LME, d= 3, 86.99, F = 1.86, p = 0.1416) but
there was aimteraction effect between eG®winter (1(85.37) = 2.31, p = 0.0229) on bacterial
species richness. Elevated £1facterial species richness crosses above ambient richness in winter

only (Fig.2.5).

Nutrient treatment did not affect bacterial species richness (LME2d29.37, F = 2.19, p = 0.1209
and neither was there a nutrient treatmee€Q interaction (LVE, df = 2, 32.91, F=0.07, p =

0.9328.
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treatment, blue = phosphorus treatmeftindicate significant difference at time point and number of

stars indicate significance level (* p < 0.05, ** p < 0.01, ** p < 0.00p < 0.08.

2.4.1.4 Acidic grassland fungal Chao species richness

In the acidic grassland, fungal species richness wot affected by eGQLME, df = 1, 30.47, F =
2.31, p = 0.13900r the time of year (LME]Jf = 3, 91.15, F = 0.46, p = 0.708hutrient addition

(LME, df = 2,29.45, F = 2.27, p = 0.121 and neither were there a e©Qime of year interactions
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(LME, df = 3,92.77, F = 0.021, p = 0.890®r a nutrient treatmemteCQ interactionLME, df = 2,

32.33, F=0.25, p = 0.7758
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Figure 2.6. The acidic grasslands ITS Chao species richness over dAgsar.ambient andlevated

co results for each seasonal time point are ind
trends over the year (though the straight lines are not intended to signify a linear change between time
points). Nutrient treatments are colowded: red = control nutrient treatment, green = nitrogen

nutrient treatment, blue = phosphorus treatment. (*) indicate significant difference at time point and

number of stars indicate significance level (* p < 0.05, ** p < 0.01, *** pGo0, + p < 0.08.

2.4.1.5 Limestone grassland bacterial Shannon diversity

In the limestone grassland, egl@ad no effect on bacterial Shannon diversity (LME: d, 30.94, F

= 0.24, p = 0.630810) but it did vawjth the time of year (LME, df = 4, 80.23, F26.13, p < (00J).
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Autumn (1(79.53) = 2.17, p = 0.032§%nd wnter (1(79.52) = 3.97, p < 0.0phad greater bacterial
Shannon diversity compared to spring and summer (full corva#iible in supplementary material

S1.3. There was no eGQctime of year interaction (LME,fd= 3, 80.23, F = 0.91, p = 0.435662

Nutrient treatmenéaffected bacterial Shannon diversity (LME, <2, 36.88, F = 7.20, p < 0.00The
nitrogen addion treatment hatbwer Shannon diversity compared to the phosphtreaiment
(t(39.6) =-3.40, p = 0.0048 Over the year there was no eGChutrient treatment interaction (LME,
df = 2, 36.88, F = 0.91, p = 0.43566Rlowever, there was positive contrast within the model,
where eC@x phosphorus treatment interactedncrease bacterial Shannon daity (1(39.99) =

2.14, p = 0.038738differing to the eC@trend for reduced diversity in the other nutrient treatments.
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Figure 2.7. The limestone grasslands 16S Shannon diversity ovearaWean ambient and elevated

co results for each seasonal time point are ind
trends over the year (though the straight lines are not intended to signify a linear change between time
points). Nutrientrieatments are colour coded: red = control nutrient treatment, green = nitrogen

nutrient treatment, blue = phosphorus treatment. (*) indicate significant difference at time point and

number of stars indicate significance level (* p < 0.05, ** p < 0.01,0°2¢ 0.001 + p < 0.08.

2.4.1.6 Limestone grassland fungal Shannon diversity

Fungal Shannon diversity was unaffected by e@®E, df =1, 109, F = 2.51, p = 0.1}L&y the
time of year (LME, df = 3, 109, F = 0.0270.995, or an interaction betweenetm (LME, df = 3,

109, F = 0.03, p = 0.993
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However, nutrient treatment affected fungal Shannon diversity (lAWE 2, 109, F =5.63, p =
0.005. The phosphorus treated limestone grassland had greater fungal Shanrsity i(28.8) =
3.07, p = 0.0126compared to the nitrogen treated grassland. There was noxeQ@ient treatment

interaction (LME df = 2, 109, F = 0.21, p = 0.81L3
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Figure 2.8. The limestone grasslands ITS Shannon diversity over alean ambienand elevated

co results for each seasonal time point are ind
trends over the year (though the straight lines are not intended to signify a linear change between time
points). Nutrient treatments are cota@oded: red = control nutrient treatment, green = nitrogen

nutrient treatment, blue = phosphorus treatment. (*) indicate significant difference at time point and

number of stars indicate significance level (* p < 0.05, ** p < 0.01, *** p < Q.80Ji< Q08.
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2.4.1.7 Limestone grassland bacterial Chao species richness

Overall bacterial species richness in the limestone grassland, was unaffected IflyMEQIf = 1,
105, F = 0.15, p = 0.69520) butvaried depending on the time of year (LME, df = 3,,105 8.25, p
< 0.001). Winter bacterial species richness was greater piniaug $t(95.3)=3.834, p = 0.0004and
summer (1(105) = 2.71, p = 0.0013 here was no eCQx time of year interaction (LME, df = 3, 105,

F=0.52p=0.6676]

Nutrient treatmenover the yeasaffectedbacterial species richness (LME, df =2, 105, F =2.73, p =
0.07). Nitogen amendmemeduced bacterial species richness compared to the control nutrient
treatment (t(31.1) = 2.14, p = 0.097). Elevated: €Butrient treamnent inteacted taaffect species
richnesqLME, df = 2, 105, F= 4.74, p = 0.0L1n the limestone grassland, with no nutrient
enrichment, eCé&reduced (1(30.8) = 2.17, p = 0.037%hd in the phosphorus treatment eCO

increased (t(34.2) =1.89, p = 0.067) bacterial species richness.
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point and number of stars indicate significance level (* p < 0.05, ** p < 0.01, *** p < 010K

0.08.

2.4.1.8 Limestone fungal Chao species richness

Overall, imestone fungal species richness was reduced by @B, df =1, 109, F = 6.56, p

0.01177% but eCQ reduced spring (t(121)= 1.88, p = 0.06) and autumn (t(112) = 1.74, p = 0.08)
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richness. Fungal species richness was unaffected by the time of yeardL Mg, 109, F = 0.50, p =

0.68583 and there was no eG®time of year interaction (LME]f = 3, 109, F = 0.60, p = 0.6R3

The fungal species richness, was unaffected by nutrient treatment gfME2, 109, F = 1.64, p =

0.199 and there was no eG®nutrient treatment interaction (LME, df2, 109, F = 0.39, p = 0.681
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Figure 2.10. The limestone grasslands ITS Chao species richness over Byaaambient

and elevated CO results for each seasonal ti me
line to show trends over the year (though the straight lines are not intended to signify a linear change
between time points). Nutrient treadnis are colour coded: red = control nutrient treatment, green =

nitrogen nutrient treatment, blue = phosphorus treatment. (*) indicate significant difference at time
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point and number of stars indicate significance level (* p < 0.05, ** p < 0.01, ** 9&10+ p <
0.08.

2.4.1.9 Grassland alpha diversity comparison

Generally, bacteria species richness and biodiversity (slightly) was higher in the limestone compared
to the acidic grassland [Bacteria alpha diversity at ambient @€an Shannon diversifpcid =

5.65) (Limestone = 5.96), mean Chao species richness (Acid = 1593.59) (Limestone= 2363.91)]
However, fungal diversity and species richness was similar in both grasslands [Fungal alpha diversity
at ambient C@ mean Shannon diversity (Acid3:75)(Limestone = 3.72), mean Chao species

richness (Acid = 166.33) (Limestone = 166.28&cteria compared to fungi tended to have greater

biodiversity and species richness in both grasslands.

2.4.2. Beta diversity

2.4.2.1. Acidic grassland bacterial betaedsity

In the acidic gr ass | amdnjtieséh@ @ereisgimilardocenrendnitiesanc t er i a |
the ambient Cetreatment (PERMANOVA, df = 1, R2 = 0.046, F= 9. 48, p < 0.001) and the time of
year ppduced communitiedissimilar to one anothdPERMANOVA, df =3, R2 =0.38, F =27.98, p

< 0.001.

Spring and summer bacterial communities, which did not differ to each other, differed from both
autumn and winter communities, which differed to each other (see supplementary table for statistical
contrastsS1.4. The spring summer and autumn winter bacterial communities clustered separately in
the ordination plot (Fig2.11). Spring and summer communities cluster towards the south and south
west, autumn and winter communities cluster more towaeladrth and north east of the ordination

plot.
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Elevated C@bacterial communities are dissimilar to ambientG@cterial communities in autumn
(PERMANOVA, df =1, R2, F=4.95, p = 0.006Autumn eCQ@bacterial communities appear to
cluster more closelwith ambient spring and summer communities in the ordination space, as blue

triangles appear to have a socutést trajectory away from blue circles.

Nutrient treatment (PERMANOVA, df =, R2 = 0.03, F = 3. 07, p = 0.0)9@nd the eCéenutrient
treatmenm interaction (PERMANOVA, df =2, R2 = 0.07, F = 7.5% 9.001) producedissimilar
acidic grassland bacterial communities. The nutrient treatment ie€@@action produced dissimilar
communities in spring (PERMANOVA, df = R2 = 0.18, F = 3.0835, p =04 and winter
(PERMANOVA, df =2, R2 =0.14, F = 2.15, p = 0.038nd in summer (PERMANOVA, df =2, R2

=0.145, F = 2.18, p = 0.077).

Bacterial communities in the acidic grassland, in the control nutrient treatment, were less seasonally
dynamic with e©-. In the nitrogen treatment bacterial communities did not change with the time of
year of eCQ. The opposite effect was found in the phosphorus treatment whepéreGfased

seasonally dynamic communities (see below).

In the ambient C&(no nutrient adition) acidic grassland, bacterial communities in summer and
autumn were dissirar (df = 1, R2 = 0.53, p = 0.086ut were not dissimilar in the eG@eatment

(df =1, R2 =0.22, p = 1.000Whereas, in the phosphorus ambient @&atment the communéts
were not seasonally different but with eC@e bacterial communities in summer and autumn were

dissimiar (df =1, R2=0.62, p = 0.042
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Figure 2.11. The acidic grasslands 16S weighted UniFrac PCoAdegasity over a year. Both plots
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CO:, mesocosms, displayed with different colour coding. The left plot has nutrient treatment colour

coding: red = contrahutrient treatment, green = nitrogen nutrient treatment, blue = phosphorus

nutrient treatment. The right plot has season colour coding: red = spring, green = summer, blue =

autumn and purple = winter. Ellipses indicate 95% confidence intervals and stamichrstering

regions by group.

2.4.2.2. Acidic grassland fungal beta diversity

Elevated CQ@fungal communities in the acidgrassland were nalissimilar to ambient C©O

communities (PERMANOVA, df 1, R2 =0.01, F = 1.27, p = 0.2273) but difler with the time of

year (PERMANOVA, df =3, R2 = 0.06, F = 2.35, p = 0.003% he fungatcommunity in autumn was
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dissimilar to the community in sumer (df = 1, R2 = 0.07, p = 0. 18 he summer and autumn fungal

communities did not clearly cluster away from eatter in the ordination plot (Fig.12).

The fungal communities in éhacidic grasslandiffered with nutrient treatment (PERMANOVA, df =
2,R2 =0.03, F = 2.03, p = 0.025%pecifically, phosphorus treated amomities weredissimilar to
nitrogen amengd communities (df = 1, R2 = 0.04, p = 0.075). However, this effect was not clearly

observed in the clustering in ordination space (EitR).

Elevated CQ@and nutrient treatment imtacted to produadissimilar fungal communities
(PERMANOVA, df =1, R2=0.04, F = 2.26, p = 0.01%4Vinter fungal commnities, wereffected
by this interaction (PERMANOVA, df =2, R2 =0.11, F = 1.76, p = 0.054) but there was no evidence

for this effect in other seasons.

Elevated CQ@reduced the occurrence of seasonailigtent communities in the control nutrient
treatment but had no effect in the nitrogen and phosphorus treatment. In the acidic grassland (no
nutrient addition) at ambient GChe autumn fagal community wasissimilar to the summer fungal
commurity (df = 1, R2 = 0.21, p = 0.04&ut this effect was not found in the eX€&atnent (df = 1,

R2 =0.15, p = 1.000

The fungal acidic grassland comnitigs had two distinct clustems ordination space, but it was not

clear what drove this.
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Figure 2.12. The acidic grassland ITS weighted UniFrac beta diversity over aB@trplots are the
same data, circle points are individual, ambi
mesocosms, displayed with differentaar coding. The left plot has nutrient treatment colour coding:
red = control nutrient treatment, green = nitrogen nutrient treatment, blue = phosphorus nutrient
treatment. The right plot has season colour coding: red = spring, green = summer, bluer~aagtu

purple = winter. Ellipses indicate 95% confidence intervals and show broad clustering regions by

group.

2.4.2.3. Limestone grassland bacterial beta diversity

Bacterial communities in the limestone grassland underp @@€2 dissimilar to ambient GO

bacterial communities (PERMANOVA, df § R2 =0.02, F = 3.08, p = 0.0246) atigsimilar

depending on the time of year (PERMANOVA, df = 1, R2 = 0.28, F = 14.26, p < 0.001). The spring
and summer bacterial communities, which were not dissimilar to ¢laeh differed from both

autumn and winter communities, which did not differ to each other (see supplementary table for

statistical contrastS1.5. Spring and summer communities cluster together in the samghand
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significantly to the phosphorus amendeatgl(df = 1, R2 = 0.07, p = 0.009
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Figure 2.13. The limestone grasslands 16S weighted UniFrac beta diversity over 8g#aplots
are the same dat a, circle points are indi
CO: mesocosms, displayed with different colour coding. The left @istriutrient treatment colour
coding: red = control nutrient treatment, green = nitrogen nutrient treatment, blue = phosphor!
nutrient treatment. The right plot has season colour coding: red = spring, green = summer, bl
autumn and purple = winter. Fibes indicate 95% confidence intervals and show broad clusteri
regions by group.

2.4.2.4. Limestone grassland fungal beta diversity

Fungal communities in the limestone grassland undes d@ot differ from ambient CO

communities (PERMANOVA, df 4,R2 = 0.01, F = 1.44, p = 0.147But fungal communities did

vary with the time of year (PERMANOVA, df 3, R2 = 0.05, F = 1.81, p = 0.0)20he summer

fungal communities differed from the winter fungal communities (df = 1, R2 = 0.05, p = 0.072). This

effect was not clearly shown by clustering in the ordination plot gigt).

Nutrient addition ppduced fungal communities thdiffered from one another in the limestone

grassland (PERMANOVA, df =2, R2 = 0.08, F = 4.43, p < 0.001). Specifically, thpptros

treatment community was dissimilar to both the control (PERMANOVA, df = f, R2 = 0.05, p < 0.01)
and the nitrogen treatment community (df = 1, R2 = 0.09, p < 0.01). The phosphorus treated limestone
fungal community clustered towards the northernration area; whereas the nitrogen and control

communities tended to extend towards a southern trajectory2(E#).

The fungal limestone grassland community was significantly affected by nutrient treatment in spring
(PERMANOVA, df =2 R2 = 0.15, F = 29, p = 0.00band in summer (PERMANOVA, df =2, R2
=0.18, F =2.68, p < 0.001). Summer fungal communities were affected by the@@ent

treatment interaction (PERMANOVAIf = 2, R2 = 0.11, F = 1.65, pG:042).

Similar to the acidic grassland fung@mmunity, the ordination plots featured two main clusters with

an east and west trajectory and it is unclear what drove this clustering. However, the eastern fungal
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Axis.2 [14.7%]

cluster community is more represented by elevategdf@@al communities in the limesten

grassland.
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Figure 2.14. The limestone grasslands ITS weighted UniFrac beta diversity over 8gdaplots

are the same data, <circle points are individual

CO: mesocosms, displayed with different colour coding. The left plot has nutrient treatment colour
coding: red = control nutrient treatment, green = nitrogen nutrient treatment, blue = phosphorus
nutrient treatment. The right plot has season colour codidg: pring, green = summer, blue =
autumn and purple = winter. Ellipses indicate 95% confidence intervals and show broad clustering

regions by group.
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2.4.3. Soil organic carbon and pH

In the acidic grassland, eG@creased organic carbonNIE, df =1, 2613, F = 4.74, p £.0463).
The time of year (LME, = 3, 80.98, F = 0.63, p = 0.6L8r nutrient treatment (LME, df = 1, Z&l,

F = 0.05, p = 0.963did not affect organic carbon.

In the limestone grassland, organic carbon was unaffected by(ENIE, df =1, 28.57, F =0.36, p
= 0.549 or time of year (LME, df = 1, 73.35, F = 0.860.421 but wasaffected by nutrient
treatment (LMEdf = 2, 59.38, F = 4.84, p = 0.01Z he nitrogen treatment (1(65.422.99, p <

0.004) and phosptrus addition negit(75.26) =-1.9, p = 0.06), reduced organic carbon.

The pH measurements for the acidic and limestone grasslands are only available for the first three

seasonal samplings: spring, summer and autumn.

Control Nitrogen Phosphorus

—
I

T.I'

Amt'Jient Elevéted Ambient Elevéted Ambient Elevéted
CO,

CO, B8 Ambient B3 Elevated  Seasonal sampling &4 Spring &5 Summer E3 Autumn Winter
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Figure 2.15. The soilorganic carbon content (%) of an acidic grassland over a year, with and without

eCQ( A = ambient CO |, E = elevated CO ) and with

addition. Seasonal sampling times correspond to spring = T1 (red), summer T2 @raenih = T3

(blue) and winter T4 (purple). Small coloured dots illustrate replicate results from each time point.

Control Nitrogen Phosphorus

. l- -.. .
- : ]

Ambient Elevated Ambient Elevated Ambient Elevated
CO,

CO; B Ambient B3 Elevated  Seasonal sampling &4 Spring £ Summer B3 Autumn E4 Winter

Figure 2.16. The soil organic carbon content (%) of a limestone grassland over a year, with and

withouteCQ(A= ambi ent CO , E = elevated CO ) and with

addition. Seasonal sampling times correspond to spring = T1 (red), summer T2 (green), autumn = T3

(blue) and winter T4 (purple). Small coloured dots illustrate replicatdtssfrom each time point.

The acidic grassl and?®os,(MB,idfl=1,8H78Wa.71luypnd.pdhck ct e d
time of year (LME, df = 2, 34.77, F = 0.04.0.989 but wasaffected by nutrient addition (LME, df =

2,12.79, F = 20.20, p <@1). Thenitrogen treatmentediwced (1(13.96) =3.64, p < 0.00Land
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phosphorus treatmeimcreased (t(13.17) = 2.42, p = 0.038il pH compared to the control nutrient

treatment. The eChosphorus treatment interaction decreased soil pH (1(12-1192, p = 0.077).

Similar to the acidic grassland, the limestone grasslands soil pH was unaffectedlfi ECf =
1,29.773, F = 1.78, p = 0.163The limestone grasslands pH differed depending on the time of year
(LME, df = 2, 49.22, F = 6.49, p 0.8}, nutrient addition (LME, df = 2, 39.13, F = 22.31, p < 0.001)

and the time of year nutrient treatment interactiadid, df = 4, 50.09, F = 3.36, p = 0.018

Soil pH was lowern summer (t(51. 46) =3.41, p = 0.001Band autumn (t(48.21) =4.16, p < 0001)
compared to spring. The limestone grasslands pH was overall reduced by nitrogen (t(7L.44,) =

< 0.001) and phosphorus addition (t(72.962:82, p < 0.001).

Control Nitrogen Phosphorus

7.0-

6.5-

pH

6.0-

5.5-

5.0-

Ambient Elevated Ambient Elevated Ambient Elevated
CcO,

CO, B Ambient B3 Elevated  Seasonal sampling = Autumn =5 Spring &1 Summer =1 Winter
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Figure 2.17. The soil pH of an acidic grasslaader a year, with and without eGQA = ambient
co , E = elevated CO ) and with control, nitroge
times correspond to spring = T1 (red), summer T2 (green), autumn = T3 (blue) and winter T4

(purple). Smalkoloured dots illustrate replicate results from each time point.

Control Nitrogen Phosphorus

+ - Lt —— .;.!' S
— a0 %

Ambient Elevated Ambient Elevated Ambient Elevated
CO,

CO, B Ambient B2 Elevated Seasonal sampling =2 Autumn EJ Spring & Summer &1 Winter

Figure 2.18. The soil pH of a limestone grassland over a year, with and without (@COambient
CO , E = elevated CO ) anms nuatiientadditon. Seasonal samplngt r o g €
times correspond to spring = T1 (red), summer T2 (green), autumn = T3 (blue) and winter T4

(purple). Small coloured dots illustrate replicate results from each time point.
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2.5. Discussion

2.5.1. Alpha diversity

25.1.1. Elevated CO effects on alpha diversity

Overall, eCQreduced the acidic grassland bacterial Shannon diversity, the acidic grassland spring
bacterial Chao species richness and the limestone grassland bacterial and fungal Chao species
richness. A rduction in alpha diversity can be analogous to a relative increase in dominance
(Schwartzet al, 2000) possibly due to a greater flow of plant carbon belowground with,eCO
(Patersoret al, 1997)and a relative increase in the abundance of species best adapted to that greater
resource availability. Soil microorganisms dynamically respond to changes in resource availability
(Fontaineet al, 2007) and soil carbon composition, and the microbial community composition and
function exist in a tightelationship(Ng et al, 2014) As heterotrophic soil microorganisms are

primarily carbon limitedSoonget al, 2019) and the alpha diversity measurements in this experiment
are relative, the alleviation of carbon limitation may have released constraints on certain species that
now are able to dominate the community more, in turn reducing alpha diversity. This dominance
effect is usually found in the rhizosphere, where diversity is reduced compared to bulk soil with the
dominance of a few tax@hilippotet al, 2013) This effect could become more prevalent in bulk soil

under eCQ@as found in this experiment.

However, most eC£experiments, including FACE experiments, do not report reductions in bacterial
or fungal alpha diversity.ipsonet al, (2014) found fungal diversity in terms of richness and
evenness increased at the semiarid chaparrdblsiiFACE in Southern California. In addition, the
long-term eCQ BioCON experimental site, a 42ar CQ manipulation in temperate grassland in
central Minnesota, USA, fungal richness was not found to change withte@@ommunities did
reassemblé€Tu et al, 2015) No discernible effects of eGOn bacterial biodiversity have also been
reportedLipsonet al, 2006; Haydert al, 2012) However,Populus tremuloideseedlings grown

under five years of eCad increased bacterial biodiversity sampled from the (datsuset al,
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2005) The reductions in microbial alpha drsgy in this study may contrast most reports in the
literature, as investigating eG@ffects on phosphorus limited ecosystems is rare. For example, this
mini-FACE systen{Keaneet al, 2020)is one of two FACE systems globally that investigate the
effects of eCQ@on proven phosphorus limited environments, the otaergathe EucFACE

Eucalyptus forest system in Australia where as far as | am aware no investigation into soil microbial
diversity with eCQ has been don@EucFACE, no datePhosphorus limitation is noted as an
importantconstraint on eC@ecosystem productivity in a recent matzalysis(Jianget al, 2020) As
increased ecosystem productivity is dependent on the microbial cycling of carbon and nutrients
(Dijkstraet al, 2013) constrains on ecosystem productivity are likely representative of microbial

process as well. Therefore, phosphorus limited ecosystems are likegptind uniquely to eGO

In fact, the alleviation of phosphorus limitation (the phosphorus treatment) increased microbial alpha
diversity in this experiment, indicating thathosphorudimitation may be driving microbial alpha
diversity declines observeuith eCQ. In the limestone grassland, e£&hd phosphorus treatment
interacted to increase bacterial Shannon diversity, and fungal Shannon diversity in the phosphorus
treatment was higher compared to the nitrogen treatment (control treatment was imbédtwee

addition, the limestone grassland bacterial species richness was reduced byte@€©ontrol

nutrient treatment but cloge-increased (neasig) in thephosphorusHowever, increased microbial
alpha diversity with eC@was only found in the lingtone grassland not the acidic. Although both
grasslands are phosphorus limited, the limestone grassland has a more neutral pH compared to the
acidic grassland (mean soil pH; acidic grassland = 4.39, limestone grassland = 6.25). Soil pH is
commonly reporte to have strong controls over soil microbial communities over regional scales
(Hartmanet al, 2008; Bakeet al, 2009; Jesust al, 2009; Jonest al, 2009; Laubeet al, 2009)
Therefore, it seems that iinosphorudimited grasslands, eG@educes alpha diversity; but this trend
can be reversed by the allation of phosphorus limitation but only in more neutral pH soils. The
nitrogen treatment in the limestone grassland strongly reduced soil pH and was associated with
reduced alpha diversity. This further suggests that the alpha diversity response tb andrest@

are partly controlled by soil pH.
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2.5.1.2. Time of year effects on alpha diversity

Bacteria alphaliversity changed depending on the time of year. There was a trend for increased
bacterial alpha diversity in autumn and winter comparedtosprimgd s ummer i n al | nut
treatments. In both grasslands, autumn and winter increased bacterial Shannon diversity compared to
spring and summer. Bacterial Chao species richness followed the same trend in the acidic grassland
and was higher in witer compared to spring and summer in the limestone grassland. As this
experiment contained one time series of samplings from spring to winter, it is unclear whether this
trend was increasing through time and year on year, or if this was a seasonalvh#esacterial

alpha diversity is reduced by spring and summer each year and then gradually increases as the year
progresses. But the similarity in reduced alpha diversity in spring and summer vs autumn and winter,
and the overall trend of a reductiontveCQ, could indicate that an increase in rhizosphere carbon is
driving both reductions. In grasslands, spring and summer is when the greatest root biomass and
exudation rates are report@darciaPausa®t al, 2011; Shert al, 2020) Increased belowground

plant activity in spring and summer could therefore be driving the reductions in alpha diversity
compared to autumn and winter, and is more likely to besbsabcycle rather than a yeam-year

increase. As samples were taken over one year this cannot be fully evaluatetheNesg, the

similarity in the eCQ@response also driving reductions in alpha diversity in this study do indicate a

rhizosphere drive response.

2.5.1.3. Possible effects of community size on alpha diversity

It is unfortunate that the quantitative spike used in this experiment was unsuccessful. A measure of the
microbial community size though time and for different treatments in this study would have provided
information on whether greater biodiversity coireddvith greater or reduced community size and
whether reduced biodiversity coincided with greater of reduced community{&iethroughput

sequencing can provide information on how the abundance of taxa within a sample relate to the

abundance of otherxa within the same sample. However, it has limitations as it is unable to assess
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total microbial DNA across samples, which affects result interpreté@imetset al, 2016) For

example, one (treatment or tirpeint) sample may appear to have a high relative abundance of a

certain taxa, and another sample a relatively low abundance (sample with greater biodiversity) but the
samplewith the lower relative abundance may have a considerably larger number of microbial cells
within the soil and a much greater cellular abundance of the taxa in question. In this experiment
specifically, dramatic changes in biodiversity are hard to irggkgithout a measure of community

size as large relative increases in one taxa cannot be distinguished from a relative decrease in another
taxa. Therefore, the proportional nature of Higroughput sequencing alone makes it difficult to

assess how the sdtamounts of microbes are changing across samples that could have very large

differences in community size (cell numbeiSinetset al., 2016)

Another method that could provide information on the community size would be the use of gPCR.
During the gPCR reaction, the amount of DNA present in the sample is amplified exponentially. The
increase in fluorescence intensity is monitbire reattime by the gPCR machine. The cycle at which

the fluorescence signal exceeds a predetermined threshold (Ct value) is recorded for each sample. The
Ct value is inversely proportional to the amount of target DNA in the sample, with lower Ct values
indicating higher abundanc8tatistical analysis can be performed to compare microbial population

sizes between different samples or treatmgriiset al, 2005) IF this experiment was to be repeated

it could benefit from the additional use of qPCR to assess the 16S and ITS populations between

different time and treatments.

2.5.2. Beta diversity

2.5.2.1. How eC@effects the soil microbial communities

El evated CO produced different bacterial commun
treatment to produce different acidic grassland fungal communities. Microbial communityrstructu
in particular bacterial community structure, is sensitive to £@€vious research conducted in

grasslands has found that microbial community change is both resistant:t(E&€@bergeet al,
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2004; Guenett al, 2012)ard sensitive to chang€astroet al, 2010; Heet al, 2012; Yuet al,

2018) Experiments have also &edone on eC@grassland studies, whel€ labelled tracers were

used to understand how additional plant carbon is incorporated into the soil microbial communities. A
13CO, pulse labelling experiment was conducted in the@mm Giessen FACE experiment

(GIFACE) in Germany on a temperate grassl@dehefet al, 2007) They found little of thé*C

tracer incorporated into the PLFAsefthree hours, but there was greater incorporation into the

fungal compared to the bacterial PLFAs after 10 hours. After eleven montk erichment of

fungal PLFAs was largely still present but had decreased, while the bacterial PLFAs were greater
enriched in thé*C compared to a few hours after the pulse labelling. They concluded that additional
eCQ is rapidly processed by arbuscular mycorrhizal fungal species (relative enrichment in the
arbuscul ar mycorr hizal f unhgnathlateibygtimeabackeeat PLFA 1
communities. Furthermore, they attributed this to either a fumediated translocation of

rhizosphere carbon into the bacterial biomass or bacterial preference for dead root or fungal necromas
carbon over the direct usemizosphere carbofDenefet al, 2007) This study can provide

information on how the fungal and bacterial communities may respond individually to eCO

However, that longterm FACE experiment reported that the bacteria and ar¢Bagazingeret al,

2017) and the fungi arbuscular mycorrhizammunitiey Ma |letak 2019)were unaffected by

eCQ. Although, more subtle increases amg@ases of specific AM fungal taxa were observed with
eCO ( Ma leteak 2019) Neverthelesghat grassland was characterised by nitrogen limitation

rather than phosphorus limitatigDenefet al, 2007)and observed increased fungal (AM) richness

with eCQ, which suggests that different grassland responses tpe@np ar ed wi t h t hi s
experiment may be taking place. Furthermore, the unique nature of the seasonal time series in this

study provides insight into why microbial communities changitd @CQO.

2.5.2.2. How the time of year shapes the microbial communities

The bacterial community, in both grasslands, differed in the;&@&tment compared to the ambient

co treatment and differed dependiaesbadstongt he t i
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spring/summevsautumn/winter communities with the two groups significantly different to each
other. Spring and summer bacterial communities clustered together in both ordination spaces and
away from the autumn winter cluster. However, #ffect was more pronounced in the acidic
grassland. The different spring summer vs autumn winter bacterial communities could be driven by
the availability and quality of carbon resources partitioned belowgr@@bactiaPausagt al, 2011,
Shenet al, 2020) which is suggested to also be responsible for the seasonal reductions in alpha
diversity. Seasonally different microbial communities are reported in grassland ecogizaigett

et al, 1999; Habekostt al, 2008; Slaughter, Weintraub and McCulley, 204/ a change in carbon

source and availability is commonly reported to paatgount for differences.

2.5.2.3. How eC@modifies the seasonal microbial communities

There is evidence that eGid the acidic grassland altered the seasonal dynamics of the microbial
communities during the year of this samplinip the acidic grasstal, the eC@autumn bacterial

samples (blue triangles) tended to cl ugtlgr mor e
In autumn,theeCfb act er i al community differed from the a
not differ from the ambier€ O summer communi toausedihBsusmer ndi cat es
bacterial community to extend into autumn, when the communities would udifghy/from each

other( ambi ent CQOheretisrsame evidencetthjs effect was present in the fungal acidic
grassland community, but only for the control nutrient treatment. Under ambierfiti@al

communities differed in autumn compared to summer. Whereas, undettet®©was no difference

between any of the seasonal communities. This could be the resgitezfter amount of rhizosphere

carbon availability or/and extended exudation seéBubillips, Finzi and Bernhardt, 2011; Phillipt

al.,, 2012; UsyskiATonneet al, 2021) dr i ven by greater atmospheric

It is unclear why thigffect was not found in the limestone grassland, particularly in the bacterial
community, as ialsohas the spring summesautumn winter community clustering (F@13) and

the bacterial community changed depending on the time of year. In additnhaerial
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communities differed compared to ambient CO con
carbon availability. However, when analysing each time point in isolation there was pefé&0Oon

beta diversity, which suggests a less sensittgponse to eC@onpared to the acidic grasslarite
limestone bacterial community overall changed depending on the time of year, but this effect was
produced by nutrient treatment, as within each nutrient treatmentd€@ot produce different

bacterial communities. The limestone grassland bactamamunity was less different between

seasons in the year of samplioagmpared tahe acidic grassland. The limestone bacterial community
(seasonal perspective within eaultrient treatment) was different in the spring and following winter
only in the nitrogen treatment, but did not seasonally change in the control or phosphorus treatment.
Therefore, the bacterial limestone microbial community appeared less seasonallicdymalass
responsive to change by e&mpared to the acidic grassland community. More seasonally dynamic
belowground communitiesr key taxa/ life histories within those communitieay be more sensitive

to eCQ, as they may be shaped to a greatemekbs carbon quality and availability.

I n both grasslands, eCO did not produce differe
both grasslands, did produce fungal communities that differed to each other. Fungi may be more
sensitive to nutriegnaddition due to above ground biodiversity changes associated with nutrient
addition. Previous work on the miRIACE experiment found that nutrient treatment rather than.eCO
changed the plant functional types in the grassl@haldor et al, in press)An increase in legumes

was found in the phosphorus treatment andnhcrease in sedges was found in the nitrogen treatment
(Taylor et al., in press). In a seasonal microbial community investigation on artificially controlled
above ground biodiversity experiment (Jena experiment), the proportion of fungi was decréased in
presence of leguméblabekoset al, 2008) In grasslands studies across Chirtantpdiversity had a
stronger linkage with soil fungal diversity than with bacterial dive(€tyWanget al, 2022) Fungi,
rather than bacteria, may be mor#uanced by nutrient addition rather than e@®cause of the
functional roles that fungi occupy in relation to plants and their greater sensitivity to plant functional
changes. For example, fungi functional guilds are arbuscular mycorrhizal fungi (AMF),

ectomycorrhizal fungi (ECMF), saprotrophic furagmd pathotrophic fundiNguyenet al, 2016; Yang
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et al, 2017) Therefore, a change ptant functional types with nutrient addition, rather than gCO
may influence the functional niches that exist for fungi to occupy, driving stronger community
changes seen in this experiment. Microbial diversity research is currently shifting towards
investigating microbial functionand traitsandtheirinteractions with other species rather than just

taxonomy because of thiEracet al, 2018)

2.5.3. Different organic carbon grassland responses toeCO

The limestone and acidic grassland exhibit opposing organic carbon storage trends with eCO

El evated CO caused a (pd0.0463nrthe acidie grassiandobutgaemd ¢ car b
for reduction in the limestone grassland, which was further reduced bploegphorusind nitrogen
treatment. The opposing directions of carbon storage in the soils may represent opposing priming of
organt matter directions. In the acid grassland undera@@ative priming may be occurring where

an increase in carbon storage (reduced decomposition) is found, and in the limestone grassland
positive priming may be occurring (increased decomposition) whlilts in a trend for carbon

storage losgKuzyakov, Friedel and Stahr, 2000; Kuzyalaial, 2019) Under eCQin both

grasslands, an increasepimosphorusnd nitrogen cycling enzymes has been folitehneet al,

2020) suggesting that additional carbon, from ed®invested byhe plants into alleviating nutrient
limitation. However, plants seem to only benefit from this increased carbon availability in the
limestone grassland because previous research on this experiment found that in the limestone
grassland, aboveground produity increased (16%) and the microbial biomass phosphorus remained
unchanged; whereas in the acidic grassland, aboveground productivity and phosphorus uptake
declined (11% and 20%, respectively), but P immaobilization into microbial biomass increased (36%)
(Keaneet al, 2023) Therefore, these twghosphorudimited grasslands may represent a tratfe

that exists under eGOIlt appears that under eg@lants are relatively less carbon limited but

relatively more nutrient limited, to overcome this nutriemtitétion they invest greater amounts of
carbon belowground to overcome this limitation. In the limestone grassland, this investment pays off

and plants increase phosphorus uptake and above ground biomass. In the acidic grassland, this
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investment does noty off and the microbial community benefits from the greater carbon and

nutrient availability. In the acidic grassland (as discusémde) there is a stronger microbial

diversity response to eG@nd it is suggested that the declines in diversity avelty greater

dominanceof certain speciesaused by greater carbon availability. The priming response discussed
here also indicates that the acidic grasslandsb®d
nutrients comparedo the limestone grasl a nd s 6 , geatat regolree availkakility shapes the

microbial community more so.

The acidic grassland microbial community in this study, was comparatively more sensitive;to eCO
while the limestone grassland was more sensitive to nutrietihigata This effect, although also
observed in beta diversity responses, was particularly apparent in the organic carbon content of the
soil. This was surprising as previous research has shown that the limestone grassland is comparably
more carbon limitedKeaneet al, 2020) so a greater sensitivity to carbon was expe. Both

grasslands anghosphorudimited but the limestone grassland has aRGeeatherable bedrock;

wher eas, t he phasphoristecagse af theldwasoilgH, will be bound to iron and
aluminium secondary minerals for which access isregyveestricted for plants and microb@geane

et al, 2023) Recent research has found that nitrogen addition, in theiéomglike in this study, can
alleviate phosphorus limitation by increasing microbial phosphatase activity to mineralise organic P,
or increasing acid exudates to mobilize mineralFG&hen, van Groenigeet al, 2020; Keanet al,

2020; R. Wanget al, 2022) Therefore, the more abundant supply of weatherable inorganic
phosphorus (G®&) in the limestone grassland may explain why it appears more sensitive to nutrient
addition, as the microbial community is able to use both nitrogen and phosphorus to overcome
phosphorus limitation. The loss @fganiccarbon in the phosphorus treatmegatticularly with the
combination ophosphorusind eCQtreatmentmay also indicate rhizospleepriming. However,

instead ofelatively greater phosphorus limitation driving this priming, witenlimestone grassland

is supplied withphosphorushere isa relatively greater stress witrogen limitation that then drives

the priming of organic matter.
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Plants need nutrients in stoichiometric ratios, the relative increase in one nutrient may increases the
relative limitation of anothgDijkstra et al, 2013) Therefore, the alleviation of phosphorus (and
carbon with eCg) limitation in the limestone grassland may increasedlagive nitrogen limitation

of the grassland also driving soil organic carbon loss by stimulating the microbial decomposition of
soil organic matter. Whereas, in the acidic grassland nutrient addition does not affect soil organic
carbon as plants do notveaas much access to the nutrients due to microbial immobilisation (Keane

et al., 2023).

2.6. Conclusions

This study conducted in two phosphotimited grasslands over the coersf a year revealed
alterations in bacter i a@COz)omulmiumal communities appeared e |l e v a
relatively |l ess unaffected. Elevated CO l ed to
bacterial species richness in the acidic grassland. In the limestone grasslanesedi€d in reduced

bacterial ad fungal species richness. The observed decrease in alpha diversity is attributed to the
alleviation of carbon limitation and a relative increase in the dominance of specific species. There was
evidence that more seasonally dynamic bacterial communigea@e sensitive to eG@s they are

shaped to a greater extend by the availability of rhizosphere carbon. In the acidic grassland, eCO
appeared to extend the bacterial and fungal communities into autumn, disrupting the usual community
change at that tiem Fungal communities, whilst appearing more resistant t@,e@de more

sensitive to nutrient manipulation, possibly due to nutrient manipulation driving greater aboveground

plant functional change and the close relationship fungi have with plantstdesiti grasslands

being phosphorumited, their contrasting responses to eCO2, with increased organic carbon in the

acidic grassland and a trend towards reduction in the limegi@ssland (furthereduction with

nutrient addition), suggest a potehtimade off where either plants or the microbial communities

benefit from el evated CO
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Chapter 3. Quantification of storage effects in analysis of upland
soil samples

3.1. Abstract

Analytical samples collected during fieldwork or generated in large experiments often needs storing
due to the technical and physical constraints of processing such samples immediately. This is an
unavoidable part of research for many scientists and ihénaited consistent guidance on how to
appropriately store soil samples to minimise the effects on measured soil properties. Soil from an
uplandCalluna vulgarismoorland in The Peak District National Park, UK, was subjected to four
different soil storag preservation treatments:-ditying, freezedrying, refrigeration (4C) and

freezing €18 °C). Commonly measured soil properties were analysed on thered soil

immediately and the stored soil from the four storage treatments, after one andahtiee of

storage. Statistical similarity was assessed, where the relative change in measured soil properties
compared to the ustored soil was considered similar when it was within 10% of thstaned soil.

The analytical measured properties assesseet wetractable total nitrogen, nitrate, ammonium &
phosphorus; microbial biomass, dissolved®inorgan
C of organic carbon; and activity of five soil enzymes (BG, NAG, POX, PER, PHO). Statistical
similaritywa s o n | y ¥fCofwnmgahic dadan, alihough, some storage treatments met a less
stringent 20% similarity limit. Generally, freezing and refrigeration out performethyirg and
freezedrying at maintaining soil properties. Large changes in medsoil properties were found in

the freezedrying and akdrying treatments, particularly for enzymes: POX, PER, PHO; and dissolved
organic & inorganic carbon, microbial biomass, extractable nitrate & ammonium. These findings
indicate that soil storagésuld be avoided when possible, with refrigeratimmd to a lesser degree
freezing performing the best at preserving measured soil properties. However, the variability in
measured soil properties after storage raises questions about the utility of siaaigscience,
suggesting the need to consider alternative approaches for research. Researchers should declare soll

storage in their studies to enhance scientific rigor.
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3.2. Introduction

Ecological research often requires sample collection in relocations, meaning that ecological
samples, including soils, cannot be immediately analysed. The situation is exacerbated where the
researcher may be away in the field for an extended period. In addition, laboratory or greenhouse
experiments can producede volumes of samples during intense harvests, again potentially delaying
analysis. Ideally, samples would be processed and analysed immediately, however this is not always
feasible for remote work or if the quantity of samples collected are greateéhéhgustrumental

and/or human capacity for processing. So, researchers face a decision about the most appropriate

method and time to store samples to limit their degradation prior to analysis.

Fresh soil samples are preferred for microbiological stydiederson,1987) but when this is not
possible, freezdrying, refrigeration, freezing and alrying may be used depending on the property

of interest and the intended storage time. However, the storage recommendations for soil properties
vary considerably. Manstudies have been conducted testing soil sample storage, for properties
ranging from microbial biomass to phospholipid fatty acid profietersen and Klug, 1994; Bandick
and Dick, 1999; Sessitseh al, 2002; Pesaret al, 2003, 2004; Goberret al, 2005; DeForest,

2009; Liu, Yao and Huang, 2009; Kiet al, 2016) the consensus is that soils respond uniquely to

storage depending on storage method, duration, soil type and the soil property of interest.

Lowering the temperature or removing water from the soil reduces the microbial activity, preserving
someof the soil 6s condi ({Zelleset al, 1891) Whdn soilstaie nefigemted s a mp | |
a small amount of microbial activity is expected to continue and resources are depleted more slowly
(Coxson and Parkins, 1987) Freezing soil is expected to slow microbial processes further but cause
osmotic stress similar to drought, due to salts concentrating in the liquid phase during ice crystal
formation(Calcott and Gray, 2006yVhen comparing the microbial biomass of stored soil (4°G and

20°C), using the chloroform fumigation method, mixed results have been fdentleg) et al.,

(1998b) found the effects on the microbial biomass of 12 different soils were generally smaller when
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the soil was stored frozen at 1 2Rdk®Btag@BPar ed
found when testing microbial biomass via three different methods, no storage temperature (25°C, 4°C
and-20°C) was satisfactory at preserving field conditions, but mostly 4°C was adequate for short

periods of less than 28 days.

Generally, cold storag@esarcet al, 2004; Leeet al, 2007; Liu, Yao and Huang, 2008)preferred
over drying treatments, but there is evidence drying is more appropriate for enzyme analysis
(Gianfreda and Bollag, 1996; Bandick and Dick, 1998wever, drying of soil is found to increase
nutrient availability and pH of the sdiErich and Hoskins, 2011)n particular, akdrying is known to
the increase the nitrogen (N) pool of stored glihes and Willett, 2@) Inselsbachest al, 2011;
Ros, Temminghoff and Hoffland, 2011; Gutlein, Dannenmann and Kiese,. 20t6gen (N) is
dynamic in the soil and therefore it is expected that storage allows transformations to talde glace
al., 2012a) The N pool of soil is similarly affected by sieving, which is routinely used during soil
sample preparatiofii et al, 2012b) and the N content of soil has been found to increase
immediately after sampling when soil was only refrigerdRalley et al, 2021) Soinne, Raty and
Hartikainen (210)found that aidrying, although not altering the total amount of extractable
phosphorus (P), altered the distribution of P in soil pools. Brging is commonly used as a
storage method in university and commercial laborat¢Heskins, 1995; Mallarino, 2003nd is

convenient for exteded fieldwork as it can be achieved with no equipment.

Walleniuset al (2010)found when assaying for soil enzyme activity how soils respond to fgeerin
air-drying was dependent on enzyme assayed for and soil type. This complicates predicting how to
store soil for enzyme investigation, as often multiple enzymes are tested at once, as more than one
enzyme is involved in the steps of soil organic matemomposition. Researchers are unlikely to use
different soil storage practices for different enzyme analysis, as this is likely to increase the chance of
biasing results. Furthermore, there is often conflicting information on how long samples caedbe stor

Rhymeset al, (2021)highlighted many studiasffer contradicting advice for soil storage temperature
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and duration, with some recommending immediate analysis and others recommending storing soil at

4°C for 8 weekg L e r n o hdt &,2009)m 48°C for up to 13 monthiStenberget al, 1998)

To date however, no storage methods paper has included the uddrofisboreal or arctic regions;
instead, they mainly focus on mineral and agricultural ¢béget al, 2007; Peoples and Koide,

2012; Inselsbacher, 2014; Baileyal, 2021) The type of soil is often noted as an important factor in
determining how soil will respond to stora@¥alleniuset al, 2010) so this makes it difficult for
researchers wanting to make informed decision on how best to store soil not from mineral or
agricultural environments. In addition, storage papers often focus alel neecommendations based

on one soil property, so when designing studies that involve a number of analysis the decision about
how to store soil becomes complicated. One storage recommendation for one soil property may not be
suitable for another, but remehers want soil storage to be consistent within the study. Therefore,

when faced with deciding how to store soil samples, the preferred solution is to either base choices on
pre-existing studies with similar soil type and properties, or if there is aitede literature, to

conduct an appropriate storage study.

Work in upland, boreal and arctic environments often involves acidic soils of high organic carbon
content(Djukic et al, 2010; Buckeridget al, 2013; Prietzel and Christophel, 2014; Koller and

Phoenix, 2017; Silest al, 2017)but information on the impacts of storage on these types of soil is
lacking. With this in mind, this study aims to test how this soil type responds to storage prior to

testing for a range properties that are often undertaken on soils. For this study, accedy to fresh
collected soil, which can be immediately analysed, is important so as to not investernaige before

the initiation of the study. Therefore, local upland organic soil from The Peak District National Park
was used since it is (a) accessible from thesérsity of Sheffield laboratories, and (b) has organic

carbon content, pH, nutrient availability and vegetation similar to many arctic, boreal and other

upland landscapes. A number of commonly used soil properties were tested in this study to investigate

how each soil property may be individually affected by storage.
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The storage treatments were, refrigerated 4°C (R), frd&%¢C (F), airdried (AD), and freezdried

(FD). Air-dried storage was chosen because it should be possible in almost all situdtilens

refrigerated and frozen storage treatments were selected to represent methods that could be available
for long fieldwork seasons in remote areas where only basic lab (or domestic) facilities are available.
Freezedrying was included as it presesvile soil microbial communities for DNA sequencing
(WeilRbecker, Buscot and Wubet, 20159 should strongly inhibit microbiactivity. Although,

freezedrying is not often available on remote fieldwork, soil could be frozen and shipped to the
nearest research institution for freetging. Once freezdried, samples could be stored at room

temperature and transported overfinédional borders without the need for cold storage.

The soil properties analysed in this study were chosen as they are used in environmental research to
investigate carbon cycling in soil. Dissolved organic carbon was analysed, as it the most important
source of carbon for soil microorganisifMarschner and Bredow, 200@preenting a labile freely
available carbon pool in the soil which turns over qui¢klgff and Asner, 2001)50il organic carbon

is the organic fraction of soil carbon and therefore is the pool where carbon is sequestered in the soil.
Soil organic carbon is a source of energy for all soil fauna and flora, and their activitistrer

release of soil organic carbon as Q®the atmospher@Vhalen, 2009)Soil nutrient availability

influences carbon dynamics stropgls nutrient availability in the soil strongly controls soil organic
matter decompositiofSchmidtet al, 2011;Stuart Chapin, Matson and Vitousek, 2Q12)

Microorganisms produce extracellular enzymes to degrade organic matter into soluble compounds
that can be assimilat¢@chmidtet al, 2011) so their abundance in the soil can be a measure of the
availability of nutrients in the soil and the activity of the microbial commuitgk, 2015).

Microbial biomass carbon is the amount of carbon stored within the cells of the microbial community
and can indicate the relative size of the community. Together these soil indicators provide information
on the microbially mediated carbon dynanaésoil and can help to disentangle the mechanisms

behind carbon sequestration and loss.
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It was hypothesised that a soil storage treatment and duration of storage is appropriate for a property
when the stored and tgtored soil have a change in properithin 10% maximum (the similarity

limit). A 10% similarity was considered appropriate because that is the maximum level of difference
preferred when testing two different methods of analySi®, 2004 )or environmental research. If

two methods of environmental analysis are considered equivaledfagifnilarity, then stored and

un-stored soil should be considered equivalent within the same margin for environmental research.

3.3. Materials and Methods

3.3.1. Study site

Soil was collected (~ 4 kg) from the organic horizon (this included the matimgazone) ofCalluna

vulgaris( heat her) dominated moorl and, High Bradfield
001A3506 00 6 8Jahuarp2021tArslovelwss used to remove the litter layer from a plot (~2

X 2 m) and the dark organic layer of soilawbund 20 cm depth was removed. Afterwards, the litter

layer was returned onto the plot to minimise disturbance. The site is 393 m above sea level, has mid
summer (JuAugust) temperatures of 20°C to 11°C, winter (eb) low temperatures af°C to

6°C,and has an annual precipitation average of 807 rhhgtional Oceanic and Atmospheric

Administration, 2019)The soils are nenalcareous and siliceous with a thin peatiaggical of

acidic moorland.

3.3.2.Experimental design

The experimental had three sampling time pdjRig. 3.J). The first time point used freshly

harvested wstored soil and had twelve analytical replicates to ensure an accurate quantification of
each soil measurement before soil storage took place. This created the baseline quantification of each
response variable for the experiment and was used to compare how storage treatment and duration

affected the soil. The two subsequsainplings took plee afterthe soil was stored for one and three
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months in one of the four different storage treatments. Each time point for each storage treatment had

six replicates per analysis tyfieig. 31.).

Time point 0 1 month storage 3 months storage
Refridgerated
4°C
____________ _[ Sampling e L. sampling
~8 &ED
Air dried

ﬁ' ____________ [ Sampling [ | _( sampling
(6 reps) (6 reps)

Sampling
C\ o (12reps) S <

Freezedried

- ARRRT, __{ sampling ) | L Sampling
(6 reps) (6 reps)
;»‘ ............ L.{ Sampling I | _[ sampling
(6 reps) (6 reps)

Figure 3.1. Schematic flow diagram illustrating the processing of soil through different soil storage

treatments streams, replication number and soil storage duration.

Freshly harvested soil was sieved (4mm) and mixed by hand twice to ensurevaxedlkoil

compaite free from large stones and root material. Immediately, the soil was divided into 1/5, one
was used for the first analysis (Time point 0) and the remaining four were used to apply the storage
treatments to the sofboil was homogenisesb that replicaon was considered analytical replication,

to increase the accuracy of measurements made on the storedstacedrsoil, and to minimise

variation introduced by multiple bags of soil being stored (i.e. chance that one bag might not be closed
as well asanother, or temperatures variation in different areas in the fridge or freezer).

Homogenisation allowed the interpretation of variation introduced by analysis (i.e. the size of
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standard deviation for different soil property measurements on the stored-stwdad soil). The

decision to homogenise the soil used in the study was adffidérere homogenisation would reduce

the actual replicatioreducing statistical power and comparability to real studies. However if the soil
was not homogenised, due to gample size constraints and the ability of one person to conduct the
lab work in a time sensitive manor, analytical replication in the study would not have been able to be
conducted. Therefore, results could have been strongly affected by variationgetiday analysis

and soil property measurement accuracy could have been reducedhBi@ss it is important to

consider that statistical implications of homogenisation on the results and that actual replication is

reduced in this experiment.

The soil h each storage treatment was divided into two aliquots (one for 1 month storage and one for
three months storage). The 1 month and 3 month soil was kept in separate (double bagged) bags. This
was done so that when the 1 month analysis took place the bail)wbuld not have to be deforested

and refrozen (or opened in moist room temperature air) artdmeed to storage. This reduces a

possible disturbance effect of the soil stored for the three months analysis.

For all storage treatments, apart fromaliredrying, the division into the 1 month and 3 month
aliquots was done prior to the application of the storage treatment. For-thngilady treatment, soil
was divided into two aliquots after airying. Soil in all aliquots were double bagged in plastags
and kept in together in the centre of the shelves in the fridges, freezersdingsz®r cupboard. At

the 1 month analysis one bag was randomly selected for sampling.

For the airdrying treatment, soil was thinly spread on to A4 tin trays ydrda wellventilated room
for 5 days. Soil was shaken every day to bring fresh soil to the surface.-Briegzsoil was frozen
for 48 hours at18°C, and then freezgried. The freezedryer (Edwards Modulyo, Crawley Sussex,
England) was run for 72 houas 0.14 mbar at an ice condenser temperatw®46C. Air-dried and
freezedried soil was then stored in a cupboard in the laboratory°GR0ut of sunlight on the same

shelf. Refrigerated and frozen soil was stored in a frid¢fe) @nd freezer-18°C).
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On the same day that the storage treatments were applied to the soil, the measurements of the un
stored baseline soil undertaken. Measurements taken from the baseline soil (time point 0), and at 1
and 3 months analysis, took one week to conduct. Tder tinat response variables were measured in
that week was kept consistent throughout the whole experiment. So, at the next analysis time all
response variables were measured in the same way on the same days in sequence to keep storage

duration the same f@ach property.

During the analysis for the estored soil (time point 0), soil that was not being used for quantification
was stored in a 6°C refrigerator to mimic field conditions as closely as possible. The soil was
harvested at spring time, so 6°Chfmrms with the average temperature range for this period of time

(National Oceanic and Atmospheric Administration, 2019)

During the 1 month and 3 month analysis, soil was kestorage treatment conditions until analysis
was completed. Aidried and freezdried soil was kept in the same cupboard in the laboratory and
refrigerated soil was kept on the same shelf in the refrigerator. The frozen soil was not kept in the
freezr as the soil had to be defrosted first so that accurate weights of soil could be weighed out for

analysis, so the soil was defrosted and stored at 4°C during this time.

3.3.3. Analyticaimethods

3.3.3.1.Enzymes

Soil extracellular enzyme activity wassessed for four enzymes involved in the decomposition of
soil organic matter (SOM ) and covering C, N and P cycling (Tafi)e Enzyme activity was
measured spectrophotometrically using the microplate assay techiagisdqn, Tyler and Millar,
(2013) B-glucosidase, N acetylglucosaminidase and acid phosphatase, were assayed using PNP
linked substrates andbsorbance was measured spectrophotometrically 405nm. DOPA substBate (L

4-dihydroxyphenylalanin) was used to measure the activity of lignin peroxidase and lignin phenol
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oxidase; the activity was measured at 450nm after Omins, 1.5h, and 18.5hr (tdtafiorctime of

20hrs).

The soil slurry concentration, substrate concentration and incubation time for PNP linked substrate
enzymes was optimizd@Germanet al, 2011)using baseline (time zero) soil before the assays. The
soil and buffer slurry concentration was optimize®.875 g mL%, standard incubation times were
maintained and the substrate concentrations used wgitecBsidase 40mM (1.5 hr incubation time),

b-N acetylglucosaminidase 8mM (3.5hr incubation time), acid phosphatase 50mM (0.5 hr incubation

time). Enzymeactivity was expressed as substrate nméigirdry soil.

Table 3.1. The role of extracellular soil enzymes and their significance in soil organic matter
decomposition and turnovéChet al, 2017; Luo, Meng and Gu, 2017; Waeigal,, 2020)

Enzyme Reaction Source End Saoll Factors influencing
name product  function enzyme activity
indicate
d
B-1,4 Cellobiose Bacteria, Glucose C- Temperature, pH
glucosidas hydrolysis archaea, cycling water, Q, location of
e fungi, organic matter,
(BG) plants, fungicides, mineral
animals elements
Acid Hydrolysis of Plants, Phosphate P- Organic matter conten
phosphata esters anc fungi, (PQw) cycling pH, managemen
se anhydrides of bacteria practices, pollution.
(PHO) phosphoric plant species
acid
B-N- Hydrolysis of Bacteria, N-acetly N- and Availability of N, soail
acetylgluco chitin archaea, B-D- C- depth, pH, ect.
saminidase oligomers fungi, glucosami cycling
(NAG) plants, nide
animals

Phenol Lignin Plants, C C- Low substrate
oxidase hydrolysis fungi, compoun cycling specificity,
(POX) bacteria  ds (humic Oxygen as final

substance electron acceptor, pk

S) precipitation,

temperature, SON

content, N enrichment
management practices

91



3.3.3.2.Soil Organic Carboii*C

Soilwasdriedat108 f or 48 hours and then groumr@waso a fin
determined by acid digesting 50mg of soil in 1.5 ml Startedt tubes with 700 pL of 6M HCl in a

method adapted froidedgesand Stern (1984)Acid was added in small increments to remove the

inorganic carbon from the soil until effervescence stopped. The samples were left to react for 24 hrs,

and then dried at 106 for 24hrs in a fume cupboard in a TechneBlack (DB200/3. Between 12

mg of acid stripped dry soil was loaded into tin boats and run on an isatigpeass spectrometer
(ANCAGSL2020 Mass Spectrometer, Sercon®ChRiginaturEur opa)
(Harris, Horwath and van Kessel, 200Due to a balance malfunction, the carbon content of the soll

was not accurate and was ®Cisbasedaon dats 6f cacoom, ittwhasinst st udy

affected by the balance malfunction.

3.3.3.3.Extractable Phosphorus

Soil P was extracted by shaking 1 g of fresh soil with 25ml 2.5% acetic acid for 2 hours, and then
filtering through Whatman 42 filter paper. Phosphorus was then measured using an ascorbic acid
microplate method adapted frdtwo S (1996) The extract was neutralised with NaOH, and reacted

with a mixed reagent containing sulfuric acid, ammonium molybydate tetrahydrate, potassium
antimony tartrate hydrate, and ascorbic acid, to produce an intense blue colour. The absorbance was
measured &kr 10 minutes at 880nm. Phosphate standards were produced from potassium dihydrogen
phosphate in miliQ water, which was diluted in 2.5% acetic acid to form a calibration curve. P mg Kg

L dry soil was calculated by dividing the P in well (mid) I dilution factor * Extraction volume (L)

by soil dry weight (Kg).
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3.3.3.4.Dissolved Organic Carbon

Dissolved organic carbon was extracted by shaking 5 g of soil and 35 ml MilliQ for 10 minutes, and
then filtering through Whatman no. 1 filter pagearrison and Bardgett, 2004)he carbon content
of the extracts was determined by running triplicate analytical replicates on a Total Organic Carbon
analyser (Sievers 5310@RPable TOC Analyser, University of Sheffield Geography Department)

with a dilution factor of 1:5.

3.3.3.5.Extractable Total Nitrogen, Nitrate, and Ammonium

Nitrogen was extracted from the soil in a 1:5 ratio with 1M potassium chloride, and then filtered
through Whatman no. 1 filter papgllen, 1989; Liet al, 2012b) Extractable nitrate and ammonium
was measured on an atapalyser (Skalar SAN++ System Continuous Flow Analyser, Usityewf
Sheffield Geography Department). Nitrate was reduced to INCa coppexcadmium redactor
column, reacted with sulphanilamide to form a diazo compound, and then coupledivith N

naphthylethylene diamine dihydrochloride to form a purple azo dye.

For total nitrogen, 15ml aliquots of potassium chloride extracts, were digested with potassium
persulfate and sodium hydroxide, in an autoclave at 121°C at 20 p.s.i. for 30 r{liamnigser, C.L.,
1982; Kdff, J., 1984) The persulfate under alkali conditions oxidises the organic nitrogen and
ammonium to nitrate. The digested samples were run on the Skalar SAN++ System Continuous Flow

Analyserand measured for nitrate following the method outlined above.

3.3.3.6.Microbial Biomass Carbon

Microbial biomass carbon was measured by splitting each soil sample in two, and fumigating one
sample with chloroform under a vacuum for 24 hd\iance, Brookes and Jenkinson, 198he
fumigation of soil with chloroform under a vacuum causes microbial cell lysis. Carbon was extracted

from both samples by shaking 5 g of soil with 25 ml of potassiuifate for 30 minutes, and then
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filtering through Whatman no. 1 filter paper. The carbon content of both samples was measured on a
Sievers 5310C Portable TOC Analyser. Microbial carbon biomass was calculated by subtracting the
carbon in the fumigated satey the carbon in the ndnmigated sample. Microbial carbon biomass
was expressed as mg Cdry soil. Data was corrected with the standard kEC value of 0.35

(Joergensen and Mueller, 1996)
3.3.3.7.Soil moisture

Soil moisture content was assessed by mass loss by drying soil for 72 hrs at 105°C using triplicate
replicates. This was measured to express resulted per dry weight of soil and was also measured on the

unstored soail (time ze).
3.3.4. Statistical Analysis

Statistical analysis was carried out in R Version 4R.Zore Team, 2021Data for each variable

was standardised, so data from different treatments, time points, and response variables could be
compared. Data wasamdardised by calculating the relative change from the baseline (time zero)
measurements by the following equation:

Y ‘Q’Od QOI 60 EYUHVOHQED i QDO a Qe o
i Ao 00—k ———————————— . .. .
A'QOi 0U WMQQAMeET ®i Qo Qe Q

The Levene 6 sDadinytestsAverd esedsooaasess the Normality and homoscedasticity of

the data. All wvariabl es we'CeMixedeffacts mddelslwerg t r ansf o
conducted with thalmepackaggPinheiroet al, 2013)to test the effects of the fixed factors storage

time and storage treatment, the random effect factor replicate, and their interaction on the relative
change from the basel i @) hadAeterogenesus ermorfvariatnbeethed at a ( a

modelswere set up to allow heteroscedasticity per group for the effect levels of Storage treatment
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and/or Storage time. The variance functwanlident()was combined using therComb()function in
theweights=argument. This allowed for different variancesddferent factors, which was selected

by comparing various variant structures and selecting the structure which best fit of the data by AIC
(Akai ke information criteria). FdCsodmgadc vari abl e
carbon), the intaction of storage treatment and time was removed from the models, as it was non

significant. This improved the models statistical power.

Similarity between the baseline (time zero) and storage treatment at each time point was assessed,
rather than testmfor difference. This was done because interpreting a lack of statistically significant
difference as evidence of no or negligible effect of storage treatment is inaccurate. A lack of statistical
significance fromat est (P O 0. 05) rovide evidetice boesimdasty af theenteans, o p
as a statistical difference between the means is not found and the means are assumed to be close
together. But, largp-values can be obtained from large standard deviations and small samples sizes.
Therefore, nisy experiments with small sample sizes could show the similarity of two storage

methods, hence similarity cannot be accurately assessed orsmynificant ttest resul(Rita and

Ekholm, 2007)

3.3.4.1.Justification for the Similarity test

Power analysis has been suggested as a method to overcome this (OsbEn2002) This

approactsuggests that largevalues can be accompanied by the large power-tést,tto conclude

similarity between two means. However, this approach only provides a partial solution as it still bases

the testing on the nul | which implieshhe aim o thedtéshisstagain i s n o
support for the hyp oRithand kEksolmd200vV/iner testirg fomsimdarity, f er e n ¢
the alternative hypothesiswoudde o6t he means o fclose dneught ovoe aneht hotdlse rad
Therefore, power analysis cannot resolve the problem of showing similarity of two means as the

hypothesis testing is incorre&chuirmann (1987xonductedh detailed critique of power analysis

and similarity testing. They found that the similarity approach (twesided tests procedure) is
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uniformly superior to testing of no difference supplemented with power analysis, as long as the

significance levels of the onsided tests are set to no greater than 0.05.

Testing for similarity is an approach that is used commonly in the pharmaceutical industry when

comparing the treatment of two drugs to evaluate if they can be used interchangeakdyniemntre
(bioequivalence). This approach is less common in environmental studies as it requires the setting of
similarity levels, to determine how 6cl ose enoud
the intended application. In the pharmacaltiadustry the similarity level is set by the authorities.
Pharmaceutical industries have favoured a 20% difference in the adsorption of two drug products

(CHMP, 2010) to determine similarity. Whereas, a comparison of colony counting methods used in

water microbiology favours a 10% similarity le O, 2004)

Previous environmental studies that have used this statistical epfavaur the use of a 20%

similarity level(Walleniuset al, 2010; Jennifer M. Rhymest al, 2021) One reason for this,

outlined byWalleniuset al(2010), is that experiments testing storage treatments on different types of
soil are more interested in a uniform relative change from the baseline across soils tested, rather than
the magnitude of response. Therefore, as most enzyme studies (the rgapabtethey assessed

storage treatment for) are based on comparing different soils, they chose the less conservative 20%
level. As the experiment in this chapter uses one type of soil, a 10% similarity level was used.
However, a 20% similarity level edditionally illustrated to provide a guide for other researchers

who may use this study to inform their own soil storage practices.

3.3.4.2.Similarity test

In this chapter, similarity between the baseline measurements and storage treatments foe each tim
point was assessed following the approach outlined in det&itayand Ekholm (2007Ayith the
hypothesis being 6beabaselnnguant iaty af mami mum 1

in quantity from the baseline exceeds 10%6 usi ng
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Theemmeansunction from theemmeanpackagdlLenth, 2022)was used to calculate 95% predicted

fitted upper and lower confidence intervals from the mixed effects models. Similarity between the
baseline and storage treatments was determined when the upper and lower limit of the predicted fitted
confidence intervalfit within 10% positive and negative variance from the baseline. For log
transformed data, when the log transformed relative change fits witR231 and 0.1823, it is

accepted that the similarity limits are met and the null hypothesis is rejectethtfeorsformed data,

when the relative change from the baseline fits within 0.8 and 1.2, it is accepted the similarity limits
are met and the null hypothesis is rejected. Where relative change from the baseline was not within

the similarity limits, the st@ge treatment is not similar to the baseline (time zero).

3.4. Results

3.4.1.Enzymes assays

3.4.1.1.Beta glucosidase (BG)

No soil storage treatment assessed, for a duration of one and three months, had a similar beta
glucosidase activity to then-stored soil, as the 95% confidence intervals of the stored soil did not fall

within the 10% similarity boundaryr{g 3.2. no error bar span is within the dashed boundary).

Air-drying and freezelrying soil tended to increase the mean BG enzyme activitgreas freezing

and refrigerating soil tended to decrease mean BG enzyme activity (note, these differences are not
statistically tested because this work tests for similarity). The storage treatment and duration with the
apparent smallest mean changé@G RC (log relative change compared to the t=0 unstored soil)

BG enzyme activity from the baseline was thedaying treatment after 3 months of storage (0.72

nmol h g dry soil), followed by the refrigeration treatment after 1 month of store@&4{ nmol ht

gdry soil). BG enzyme activity tended to change the least between 1 and 3 months of storage under
freezing conditions (mean LOG RC 0.08 nm3dIght dry soil). Freezalrying soil and storage for 1

month caused the apparent greatest mean ehar8G enzyme activity compared to the baseline (2.4

log nmol ht g dry soil). Between 1 and 3 months of soil storage, all storage treatments had tended
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towards decreased mean BG enzyme activity, apart from the freezing treatment that had a slight

increase in activity [Fig 3.2).

N
L

O

LOG RC BG activity (nmol h-1 g-1 dry soil)

1 3 1 3 1 3 1 3
Storage duration (months)

Figure 3.2. The natural log of the relative change compared to baseline (tstored) soil in soil
betaglucosidase enzyme activity after 1 and 3 months of soil storage, comparesttoadsoil.

Storage treatments are air dried (AD), fredded (FD), frozen atl8 °C (F) and, refrigerated 4 °C

(R). The inner dashed line represents the 10% variation from the baseline boundary, referred to as the
similarity limit. The outer dotted line illisates 20% variation from the baseline. Error bars are the

upper and lower 95% confidence intervals extracted from the mixed model. Horizontal lines within

the violin plots represent the mean relative change of six replicates.

3.4.1.2.Acid Phosphatase (D)

No soil storage treatment, for a duration of one and three months, had a similar acid phosphatase activity
to the unstored soil, as the 95% confidence intervals extracted from the model do not fall within the

10% similarity boundaryHig 3.3. no errorbar span fall between the inner dashed lines)
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Figure 3.3. The natural log of the relative change compared to baselirgt@red) soil in soil acid
phosphatase enzyme activity after 1 and 3 months of soil storage, contgpanedidred soil Storage
treatments are air dried (AD), freedged (FD), frozen at18 °C (F) and, refrigerated 4 °C (R). The
inner dashed line represents the 10% variation from the baseline boundary, referred to as the
similarity limit. The outer dott line illustrates 20% variation from the baseline. Error bars are the
upper and lower 95% confidence intervals extracted from the mixed model. Horizontal lines within

the violin plots represent the mean relative change of six replicates.

The drying treatrants (AD and FD) tended to increase, whereas the cooling treatments (R and F)
tended to decreased, the PHO activity of the soil. The treatment that appeared to produce the smallest
mean LOG RC in PHO activity, compared to thestored soil, was refrigeniag soil for one month

(- 0.52 nmol h gtdry soil). Freezalrying soil tended to cause the greatest mean LOG RC in PHO
activity (3.17 nmol i gt dry soil). PHO activity under freezing conditions appeared to change the

least between 1 and 3 months. For all treatments, storage past 1 month tended to reduce mean LOG

RC in PHO activity Fig 3.3).
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3.4.1.3.B-N-acetyleglucosaminidase (NAG)

No soil stoage treatment, for a duration of one and three months, had a sirhlar B
acetylglucosaminidase activity to the-sitored soil, as the 95% confidence intervals did not fall

within the 10% similarity boundary{g 34. no error bar span fits within the innggished line.)
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Figure 3.4. The natural log of the relative change compared to baseline (tstorad) soil in BN-
acetyleglucosaminidase enzyme activity, compared to soil baseline measurements after 1 and 3
months of soil storag&torage treatments are air dried (AD), fredzed (FD), frozen atl8 °C (F)

and, refrigerated 4 °C (R). The innestad line represents the 10% variation from the baseline
boundary, referred to as the similarity limit. The outer dotted line illustrates 20% variation from the
baseline. Error bars are the upper and lower 95% confidence intervals extracted from the mixed

model. Horizontal lines within the violin plots represent the mean relative change of six replicates.

The NAG activity of airdried soil tended to have larger variation after one month of storage (SE =
0.3) compared to three months of storage (SE = OFdd¥zedried soil stored for three months had
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larger variation (SE = 0.41) in NAG activity than freelzéed stored for one month (SE = 0.09).
Cooling (refrigeration and freezing) treatments tended to reduce the activity of NAG but this reduced
mean LOGRC activity remained similar at one and three months of storage{EZ/=F3 = 1.85,

R1 =-1.5, R3 =1.59 nmol i g* dry sail).

3.4.1.4.Lignin peroxidase (PER)

No storage treatment assessed, for a duration of one and three months, had agsimifzertbxidase
activity to unstored soil, as the 95% confidence intervals extracted from the model did not fall within

the 10% similaritylimit (Fig 3.5. no error bar span is within the dashed similarity boundary).

LOG RC PER activity (nmol h-1 g-1 dry soil)
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Figure 3.5. The natural log of the relative change compared to baseline (tstdored) soil in lignin
peroxidase enzyme activity after 1 and 3 months of soil storage, comparesttoathsoil Storage
treatments are air dried (AD), freedged (FD), frozen at18 °C (F) and, refrigerated 4 °C (R). The
inner dashed line represents the 10% variation from the baseline boundary, referred to as the
similarity limit. The outer dotted line illustrates 20% variation from the baseline. Error bars are the
upper and lowe95% confidence intervals extracted from the mixed model. Horizontal lines within

the violin plots represent the mean relative change of six replicates.
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Refrigerated soil appeared to have the closest mean LOG RC in PER activity compared-to the un
storedsoil. Refrigerated soil after one and three months had mean LOG RC in PER aciivit6f

andi 0.65 nmol it g dry soil. Soil in the drying treatments tended to increase in mean LOG RC in
PER activity. Whereas, soil in the cooling storage treatmentied to reduce in mean LOG RC in

PER activity. Between one and three months of storage the mean LOG RC in PER activity of the soils

tended to decrease, apart from in the frozen soil which slightly increased by 11rgraldy soil.

3.4.1.5.Lignin phenol oxidase (POX)

No treatment assessed, for a duration of one and three months, had a similar lignin phenol oxidase
activity to the umstored soil, as the 95% confidence intervals did not fall within tBé ditnilarity

boundary (Fig3.6. no error bar span is within the dashed 10% boundary).
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Figure 3.6. The natural log of the relative change compared to baseline (tstored) soil in lignin
phenol oxidase enzyme activity measurements after 1 and 3 méstiikstorage, compared to-un
stored soil Storage treatments are air dried (AD), fredred (FD), frozen atl8 °C (F) and,
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refrigerated 4 °C (R). The inner dashed line represents the 10% variation from the baseline boundary,
referred to as the similigy limit. The outer dotted line illustrates 20% variation from the baseline.
Error bars are the upper and lower 95% confidence intervals extracted from the mixed model.

Horizontal lines within the violin plots represent the mean relative change of kbatep.

Refrigerated soil tended to have the closest mean LOG RC in POX activity compared tatiredn

soil. The mean LOG RC in POX activity after one and three months of storageQwBsand 0.72

nmol h' g* dry soil. Drying treatments tendediterease, and cooling treatments tended to reduce,

the LOG RC in POX activity. The soil storage treatment that tended to have the greatest mean change
in LOG POX activity was the freezdrying treatment. Between one and three months, the LOG RC in
POX acivity in the airdried soil treatment appeared to reduce by a relative change of 0.6-hgiol h

dry soil.

3.4.2.Deltal3C

Al treatments tested f o¥Csignmature of soll drgardcecarbonmasthd s h a

unstored soil (Fig3.7: al error bars fall within the similarity inner dashed boundary).
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Figure3.7.The rel ati ve % signguee ofs&l@rpanic carbdn Afeer 1@nd 3 months
of soil storage, compared to-8tored soil Storagdreatments are air dried (AD), freedaed (FD),

frozen at-18 °C (F) and, refrigerated 4 °C (R). The inner dashed line represents the 10% variation
from the baseline boundary, referred to as the similarity limit. The outer dotted line illustrates 20%
varation from the baseline. Error bars are the upper and lower 95% confidence intervals extracted
from the mixed model. Horizontal lines within the violin plots represent the mean relative change of

six replicates.

Between one and three months of soil gjoea t h e'*Cignature ofi soil tended to slightly
increase. Frozen and dried soil had an apparent mean RC (relative change compared to t=0
unstored soil) increase of 0.2, freeréed soil had an apparent mean RC increase of 0.1 and

refrigerated sibhad no increase.
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3.4.3.Dissolved organic carbon (DOC)

No soil storage treatment, for a duration of one and three months, had a similar dissolved organic
carbon content to the tstored soil, as the 95% confidence intervals did not fall within the 10%

similarity boundary (Fi@.9. no error bar span is within the dashed boundary).
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Figure 3.8. The natural log of the relative change in soil dissolved organic carbon after 1 and 3
months of soil storage, compared teataredsoil. Storage treatments are air dried (AD), fredrded

(FD), frozen at18 °C (F) and, refrigerated 4 °C (R). The inner dashed line represents the 10%
variation from the baseline boundary, referred to as the similarity limit. The outer dotted line
illustrates 20% variation from the baseline. Error bars are the upper and lower 95% confidence
intervals extracted from the mixed model. Horizontal lines within the violin plots represent the mean

relative change of six replicates.

Freezing soil for one monteded to change the dissolved organic carbon content of the soil the
least. The 95% confidence intervals for freezing at one month although not meeting the 10% limit set

in the experiment falls within a more lenient 20% similarity boundary (outer dottediby).
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Freezing soil for one month, and three months, appear to reduce the mean LOG RC in-DOG7y
and-0.039 mg dry soil. Drying treatments tended to increase, and cooling treatments decrease, the
mean LOG RC in DOC compared to-sitored soil. Irthe cooling treatments, storage duration tended
to reduce the mean LOG RC in DOC compared tgtored soil. In the drying treatments, mean LOG
RC in DOC appeared to increase with storage duratiordr&ing appeared to increase the mean

LOG RC in DOC fom 2.69 to 2.94 mgdry soil and freezelrying from 3.91 to 5.29 mdry soil,

between one and three months of soil storage.

3.4.4.Dissolved inorganic carbon (DIC)

No storage assessed, for a duration of one and three months, had a similar inorganic dissolved carbon
content to the wstored soil, as the 95% confidence intervals did not fall within the 10% similarity

boundary (Fi¢3.10. no error bar span is within tlashed inner boundary).

106



— AD FD F R
O F4

o6

Py

o —*

-— e

)

=

=4

8™

@®

(-) ?

L *

= Y -

3 |

2 L

o

@

>

] S = [ A
B Uhrrrrrrrrs rerrnaaaas F T s
(]

O .
x iy
@)

O 24

-

1 3 13 1 3 13
Storage duration (months)

Figure 3.9. The natural log of the relative change (LOG RC) in soil dissolved inorganic carbon after 1
and 3 months of soil storage, compared testomed soil Storage treatments are air dried (AD),
freezedried (FD), frozen atl8 °C (F) and, refrigerated 4 °C (R). The inner dashed line represents the
10% variation from the baseline boundary, referred to as the similarity limit. The outer dotted line
illustrates 20% variation from the baseline. Elvars are the upper and lower 95% confidence

intervals extracted from the mixed model. Horizontal lines within the violin plots represent the mean

relative change of six replicates.

Similar to DOC, the frozen soil appeared to have the most similar mearRIGA6G DIC compared to
the unstored soil. Although not fitting within the 10% similarity limit set in this experiment, the 95%

confidence intervals fit within a more lenient 20% limit.
3.4.5.Microbial Biomass Carbon (MCB)

No storage treatment assesdeda duration of one and three months, had a similar microbial

biomass carbon to the tstored soil, as the 95% confidence intervals extracted from the model did
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not fit within the 10% similarity limitIfig. 3.11.no error bar span lies within the innexstied

boundary).
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Figure 3.10. The natural log of the relative change (LOG RC) in soil microbial biomass carbon after
1 and 3 months of soil storage, compared tstoned soil Storage treatments are air dried (AD),
freezedried (FD), frozen at18 °C (F) and, refrigerated 4 °C (R). The inner dashed line represents the
10% variation from the baseline boundary, referred to as the similarity limit. The outer dotted line
illustrates 20% variation from the baseline. Elvars are the upper and lower 95% confidence

intervals extracted from the mixed model. Horizontal lines within the violin plots represent the mean

relative change of six replicates.

Freezedried and akdried soil appear to have a large increase in med RG in MCB after one and
three months of storage. Whereas, freezing soil caused an apparent small increase and refrigerating

soil a reduction, in the mean LOG RC in MCB. Frozen soil had close microbial biomass carbon at one
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and three months of storageyimy a mean LOG RC in MCB of 0.336 and 0.365mgy soil

respectively.

3.4.6.Extractable Phosphorus (P)

No storage treatment assessed, for a duration of one and three months, had a similar extractable
phosphorus content compared to thestored soilas the 95% confidence intervals extracted from the
model did not fit within the 10% similarity limit (Fig.12.no error bar span lies withthe inner

dashed boundary).
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Figure 3.11. The natural log of the relative change (LOG RC) in soil extractable phosphorus after 1
and 3 months of soil storage, compared tstomed soil Storage treatments are air dried (AD),
freezedried (FD), frozen at18 °C (F) and, refrigerated 4 °C (R). Tineer dashed line represents the
10% variation from the baseline boundary, referred to as the similarity limit. The outer dotted line

illustrates 20% variation from the baseline. Error bars are the upper and lower 95% confidence
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intervals extracted fronihe mixed model. Horizontal lines within the violin plots represent the mean

relative change of six replicates.

Freeze drying soil for one month has the closest LOG RC in P (log relative change in phosphorus)
content compared to tstored soil. This is shawin figure 8, as the error bar span most closely
overlaps the 10% similarity boundary. All soil storage treatments, apart from-tiggzg for one

month, caused an apparent large mean LOG RC in P concentration. P appeared to strongly reduce
with time inall treatments. Soil LOG RC in P in the drying treatments appeared to reduce less than in
the cooling treatments with time. Adiried and freezdried soil stored for three months appears to

have a close or higher LOG RC in P than soil stored by reftigarand freezing for one month (AD3

=-3.56, FD3 =2.36, F1 =3.75, R1 =3.79 mg' dry soil).

3.4.7.Extractable Nitrate (NG)

No soil storage treatment assessed, for a duration of one and three months, had a similar extractable
nitrate to the wstoraed soil, as the 95% confidence intervals did not fall within the Bo%larity

boundary (Fig3.13.no error bar span is within the dashed boundary).
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Figure 3.12. The natural log of the relative change (LOG RC) in soil exdide nitrate after 1 and 3
months of soil storage, compared teatared soil Storage treatments are air dried (AD), fredrded
(FD), frozen at18 °C (F) and, refrigerated 4 °C (R). The inner dashed line represents the 10%
variation from the baselingoundary, referred to as the similarity limit. The outer dotted line
illustrates 20% variation from the baseline. Error bars are the upper and lower 95% confidence
intervals extracted from the mixed model. Horizontal lines within the violin plots reptasamiean

relative change of six replicates.

Drying treatments tended to increase, whilst cooling treatments tended to decrease, the mean LOG RC
in NOs. Freezeadried soil stored for one month had a large variation in mean LOG RC §{MNO=

0.7). Refrigerating soil for one month had the most similar mean LOG RC jid\ie baseline-(

0.6 mg! dry soil). Air-drying soil maintained a similar mean LOG RC in \¥Oncentration between

one and three months (AD1 = 2.27 huyy soil AD3 =2.25 mg' dry soil).
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3.4.8.Extractable Ammonium (N#

No soil storage treatment assessed, for a duration of one and three months, had a similar extractable
ammonium content to the tstored soil, as the 95% confidence intervals did not fall within tB& 10

similarity boundary (Fig.14.no error bar span is within the dashed boundary).
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Figure 3.13. The natural log of the relative change (LOG RC) in soil extractable ammonium after 1
and 3 months of soil storage, compared tstoned soil Storage treatments are air dried (AD),
freezedried (FD), frozen at18 °C (F) and, refrigerated 4 °C (R). The inner dashed line represents the
10% variation from the baseline boundary, referred to as the similarity limit. The outer dwdted li
illustrates 20% variation from the baseline. Error bars are the upper and lower 95% confidence
intervals extracted from the mixed model. Horizontal lines within the violin plots represent the mean

relative change of six replicates.

Freezing soil for oa month appeared to have the closest ammonium concentration compared to the
unstored soil (mean LOG RC 0.220 fdyy soil). Freezelrying soil for one month tended to
increase Nk (mean LOG RC 2.37 migdry soil) and it was highly variable (SE = 0.69)r-flried soil
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had the closest extractable Nibetween one and three months storage (mean log RC: AD1 = 2.36 mg
Ldry soil, AD3 = 2.31 mgdry soil). Storage of soil between one and three months tended to reduce
the mean LOG RC in NH

3.4.9.Total Extractable Nitrogen (TN)

No treatment is appropriate, as no 95% confidence intervals extracted for the models fit within the inner

dashed similarity limit as shown Kigure3.15.
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Figure 3.14. The natural log of the relativehange (LOG RC) in total soil extractable nitrogen after 1
and 3 months of soil storage, compared tstoned soil Storage treatments are air dried (AD),
freezedried (FD), frozen at18 °C (F) and, refrigerated 4 °C (R). The inner dashed line repsabent
10% variation from the baseline boundary, referred to as the similarity limit. The outer dotted line
illustrates 20% variation from the baseline. Error bars are the upper and lower 95% confidence
intervals extracted from the mixed model. Horizonta$ within the violin plots represent the mean

relative change of six replicates.

Freeze dried soil stored for one month both increased and decreased LOG RC in TN (total nitrogen

concentration) compared to the baseline, as the variation between the replicates was so large (mean
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log RC =-0.585, SE = 0.7). Frozen soil stored for one thdrad the closest LOG RC in TN
compared to the baseline (mean LOG RC = 0.0026). Cooling treatments tended to reduce the TN of

soil over time. Airdried soil had a large increase in TN and it was similar at one and three months of
storage (mean LOG RC: AD42.12, AD3 = 2.204)

3.4.10.Baseline soil properties

Table 3.2. Table of mean wstored baseline soil properties (n =12)om the top down: Enzymes
BG, PHO, NAG, PER, POX, Soil moistyr@rganic carbondelta’*C of organic cebon, extractable

phosphorusdissdved organic carbon, dissolved carbon, dissolved inorganic camiorobial

biomass carbon, extractable nitrate, extractable ammonium, extractable total nitrogen

Soil prcunits Mean Medi an Standar (Stnadar d
devi ati ¢

BG nmoflgtl1275.0:1284.3982.57 23.84
dry s

PHO nmoftgt20907.¢21034.6 1631.97 471.11
dry s

NAG nmoflgt803.41 810.16 121.66 35.12
dry s

PER nmoflgt49. 29 49. 49 7.21 2.08
dry s

Soi l i % dry 69.67 69. 84 0.76 0.22
wei ght

ocC % 12.10 13.08 1.914 0.56

it & a -28. 15 -28. 15 0.21 0.06

P mg %g 61. 13 61.17 0.91 0.26
soi l

DOC mg g 608.32 580.11 53.79 15.52
soi l

DC mg Wdg 656. 11 627.82 51.36 14.83
soi l

DI C mg %g 47.79 49. 48 6. 38 1.814
soi l

MB C mg %g 17.91 17.71 2.64 0.76
soi l

NQ mg %dg 2. 94 2.81 0.53 0.15
soi l

N H mg g 80. 99 80. 88 1.58 0. 46
soi l

TN mg Wg 188.49 189.44 6.55 1.89
soi l
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3.5. Discussion

Most storage methods for this soil were found tomaintain statistically similar soil properties to the

un-stored soil, over one and three month storage. This raises questions about the appropriateness of

soil sample storage and suggests selection of storage method (where there is no option other than to

store soils), may be a case of choosing the options that causes the least change in the characteristic
being measured, while also recognising fChat ther

that remained statistically similar to the baselinebfmth 1 and 3 months.

Although, in a few cases either the upper or the lower 95% confidence intervals (illustrated as error
bars on the box plots) overlapped within the 10% similarity boundary, for statistical similarity to be
confirmed both the upper ahalver 95% confidence intervals must fall within the 10% similarity
boundary. In some cases, analytical replicates fell within the 10% similarity boundary but the 95%
confidence intervals and/or not all of analytical replicates did. Sometimes, the vainatsts results
from replicates in the same treatment and storage duration was too large to meet the 10% similarity
limit (95% confidence intervals were too wide to fit within the 10 % similarity limit), even when the
majority of replicates fell withithe 10% similarity limit. This may be a limitation of the approach, as
it does not consider the variation in analytical replicates when setting the similarity limit. In future,
researchers conducting similar studies may want to observe the variatiotytitalnaplicates of the
unstored soil when setting similarity limits, and opt for a more lenient similarity limit if unstored soil
replicate variation is large. However, in this experiment if the 20% similarity limit was used, no
change in the main fimags would occur, as results that failed to meet the 10% limit also failed to

meet the 20% limit.

3.5.1.Type of soil storage

How the soil in this study responded to the choice of soil storage treatment can be broadly split into

drying treatments (freezlrying & air-drying) and cold storage treatments (refrigeration & freezing).

115



Although nearly all measured soil properties after one and three months storage did not maintain 10%
similarity in test results to the tstored soil, cold storage treatments eghtb perform better at

preserving measured soil properties nearer to tkstared soil. There is however, a few notable
exceptions to this generalisation. For example, freeymg for one month preserved the soil

extractable phosphorus content bettantany other storage treatment. In addition, a case could be
made for aidrying being the best storage treatment for the NAG and BG enzyme assays.
Nevertheless, the cold storage (freezing and refrigerating) appeared superior overall at preserving the

meaured soil properties closest to thestiared soil at t=0.

3.5.1.1.Drying storage treatments

How soils respond to drying can be dependent upon the physical and chemical components of the soll
(Kemper, Rosenau and Dext&B887) In this study, aidrying and freezelrying of this soil tended to
increase the relative change of most soil measured soil properties. There is some evidence that drying
soil, although usually increasing, can decrease the aggregate stabpigyticular, the concentration

of clay-sized particles, 2:1 alumirsilicates, Feand Aloxides, soil organic matter content, soil water
status and exchangeable polyvalent cations such?ag<eaper and Rosenau, 198%mper,

Rosenau and Dexter, 1987; ®ixal, 2000, 2001; Denedt al, 2002; Kaiser, Kleber and Berhe, 2015)

all contribute to aggregate stability under drying conditions. Clayey soil tending to form more stable
aggregates as they dfgemper, Rosenau and Dexter, 198Me physical and chemical

characteristics of the soil used in this experim@&able3.2.) resulted in dried soil that tended to show

an increase in measured soil properties like dissolved orgahioncand enzyme activities compared

to unstored soil.

Rather than illustrating a true increase in soil properties like enzyme activity and dissolved carbon
after drying, drying may have disrupted the soil matrix and broken down the physical protection of
organic matter within aggregates. Most analysis of soil properties in this experiment, and more

generally in soil science, include an extraction phase where the soil is mixed with a solution (usually
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acid or salt based) to dissolve ions, polymers, pretaircells into the solution to later be analytically
guantified by chemical reaction. Disruption of soil aggregates prior to the extraction phase could
increase the dissolution rate of the soil compared to soil that did not undergo this disruption.
Therebre, increasing the amount of ions, polymers, proteins or cells dissolved into the extraction
solution, when thamount withirthe soil has not changed but ratherdahgount dissolvethto the

extraction solution has increased.

In this study, the soil was sieved and well mixed by hand twice to homogenise the soil and alleviate
the chance that natural spatial heterogeneity existing in the soil would introduce variation to the
analysis. This preparation of the soil, however, will have broken down aggregates fully as smaller
aggregates will be more resistant to brdakvn. Therefore, when the soil underwent the drying
storage préreatments, this may have brokdown the aggregates further, increasing the pool of

nutrients availkle to extracting solutions.

Along with drying potentially increasing the exposure of soil surfaces to solution, from the breakdown
of aggregates, drying could theoretically increase soil measured properties as seen in this study by
disrupting and changinorganic bonds, and the death and lysis of soil microbial organisms. Drying is
shown to increase surface acidity by increasing the concentration of solutes, affecting the solubility of
nutrients(Erich and Hoskins, 2011Air-drying has been found to increase extractable organic matter
(Bartlett and James, 1980; Lundquasial, 1999) which was also found in this study. In addition,
extractable nitrate has been found to increase from close to zero, to after 27 days, increase in wet soll

to 120 mg Nm? and to 690 mg N i in dry soil (Venterink etal., 2002)

3.5.1.2.Cold storage treatments

The cold storage of sail (refrigeration and freezing) generally altered soil properties less than drying,
but still tended to reduce the relative change in measured soil properties past the 10% dimitarity
Therefore, freezing and the refrigeration of this soil for one and three months was found to not be an

appropriate soil storage treatment as they did not preserve soil properties to within 10% of the un
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stored soil values. Refrigerating soil is axhd as a preferred soil storage method, with
recommendations of-2°C for up to three monti{$SO 103816, 2009) Refrigeration slows down
microbial processes, sesources are depleted more slowly but microbial activity contift@sson

and Parkinson, 1987rreezing soils is only recommended for the storage of soils that undergo annual
freezing (Verchot, 1999)due to the ffects ice has on microbial cells and soil struc{@tnberget

al., 1998) The soil used in this study during winter will experience freezing and near freezing
temperatures, and the SOM seems to be more resilient to freezing conditions, compared to drying

treatments.

3.5.2 Storage duration

Soil did not respond uniformly to soil storage duration across the experiment. For instance, for soil
extractable phosphorus, longer storage duration strongly reduced extractable phosphorus in all types
of storage treatment. However, for dissolved inorganibarafor instance, storage duration strongly
increased the mean dissolved inorganic carbon in some treatments-tik@radgrand freezelrying

but reduced it in other treatments like freezing. Overall, there was a slight trend for cold storage
treatmentgo have a more reduced relative change in measured soil properties at three months of
storage compared to one month, which might reflects a depletion in microbially available resources
over time. A small amount of microbial activity may have remaineddrstbred soils, and greater
immobilisation of these resources into the microbial biomass may have reduced their concentration in

the bulk sail.

In this study,a similar mean and variation around the mean between one and three months of storage

was rare. Aide from the stored soil ideally having similar soil properties to tkstaned soil, it

would be best if soil properties also remain consistent between one and three months of storage (in
addition to staying withi ndsuglesta ftable soitlstoragef A si mi | 8
condition. Three examples that did seem to have similar means and variation around the means at one

and three months are the microbial biomass carbon of frozen soil, the extractable ammonium content
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of air-dried soilandalt r eat ment3G dforortghaenitc car bBQofcarbbawever,

was statistically similar to the estored soil.

2.5.3. Soil measured properties

One surprising result from the study was that the microbial biomass carbordoédiand freeze

dried soil was much larger than the-stored soil. This was unexpected as drying puts a physiological
stress on microorganisms in the g&ilerer and Schimel, 2002; Blackwel al, 2010) often resulting

in cell lysis and microbial death. After the rewetting of dried soil, a pulse of nutrients is commonly
reportedand attributed to microbial cell lys{&ordon, Haygarth and Bardgett, 2008; Borken and
Matzner, 2009; Butterlgt al, 2009; Blinemanat al, 2013) The apparent increase in microbial
biomass carbon in the alried and frezedried soil could be from a rapid increase in microbial

growth, as a result of the nutrient pulse from microbial cell lysis after drying. However, the incredibly
low moisture content of freezdtried soil at one month {0% moisture contenhtsupplementar
materialS2.7), which had the largest microbial biomass, makes this highly unlikely. Some
microorganisms are adapted to very low moisture, in particular microbes adapted to severe drought
conditions(Hosseyni Moghaddamt al, 2021) But it is unlikely that the community present in this

soil hasthese adaptations. Therefore, a few possible explandtiotige increase in microbial
biomasdound are provided belawFirstly, the increase in microbial biomass in the fredizeng

treatment could be from an artificial increase caused by a combination of physical and structural
changes to the soil organiaiter with chloroform fumigation under a vacuum, which increased the
extractable KSQO, carbon. However, there appears to be no mention of this risk associated with this
technique recorded in the literature. Secondly, freleging could kill off the microkal community in

the soil without causing cell lysis, possibly through cell dehydration, whilst also increasing the surface
area of the soil through the bredéwn of aggregates. This potentially could explain a much larger
microbial biomass carbon resfddm fumigation and extraction, as dead cells could be liaised by the
technique. However, there is also no mention of this in the literature and both explanations are purely

speculativeThirdly, in the literature there is evidence that chloroform fumigpeis inhibited in water
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logged soil{Leeet al, 2016) so the increased microbial biomass found in frelEsd and akdried

soil could be the result of increased efficiency of chloroform futitiga

Another unusual result from this experiment is the preservation of extractable phosphorus content of
the soil only found in the freezdrying storage treatment after one month. Between one and three
months of storage, for all storage treatmentsgetivas a strong decrease in the soil extractable
phosphorus concentration. A small amount of microbial activity could have depleted the phosphorus
availability in the stored soil over time. Freedged soil after one month had similar phosphorus
availabiity compared to wstored soil, but it did not meet the 10% similarity limit. However, it did
meet a less stringent 20% similarity limit. The small change in phosphorus availability, in the freeze
dried soil after one month of storage compared to th&tarad soil, could reflect that freezeying

reduced the microbial activity most out of all of the storage treatments. fehs@zg soil combines

severe stresses that injure and kill microorganisms through membrane fracture and rupturing of
microbial cells(Mazur, 1970; Calcott and MacLeod, 1975; Blagodatskigl, 1987) Water and the
protein hydate shell are removed from the soil, preventing the diffusion of molecules and microbial
activity (Kurkal et al, 2005; Ball, 2008)Freezedrying the soil in this study is likely to have killed

and injured the microbial community as soil moisture was successfully removed to @#ar 10

removal. Whereas adrying only removed water content to ~ 95% at one month of storage, so the
phosphorus could have been depleted more quickly from a larger microbial activity. There are two
caveats to this understanding of the experiment. Firs#tysdil microbial biomass carbon was much
higher in freezaried and akdried soil. Secondly, this pattern of strong nutrient reduction with time

is not reflected in other nutrients and enzyme activities tested.

The trend for higher extractable forms dfagen found in this study under drying treatments could

also be explained by the similar logic of a brelakvn in the physical structure of the soil matrix

under drying, which allows for a greater extraction of nitrogen into KCI extraction. The lack of a
greater extraction of phosphorus into acetic acid extraction solution could be explained by the unique

properties of this soil and that the extraction solution was a weak acid rather than a salt solution. The
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soil used in this study is acidic (~pH 4),tke pool referred to as plant available phosphorus, which is
the weak acetic acid extractable pool, may have been fully dissolved in the soil solution and available
to microorganisms prior to extraction and considered more of an dissolved phosphorus pool.
Therefore, the breatown in the soil matrix would not have increased the availability of phosphorus

in the drying treatments. The availability of soil phosphorus across treatments could reflect the
combined size and activity of the microorganism commumityere a potentially more active/larger
community found in the refrigeration and freezer storage were able to immobilise the phosphorus at a

faster rate. However, in this study phosphorus immobilisation was not measured.

Freezing compared to refrigeratimnexpected to reduce the activity of microbes to a greater extent,
due to osmolality and physical liquid water limitation inducing st(€sgiistet al, 2009; Ewert and
Deming, 2014)This is not reflected in this data, as frozen and refrigerated soil have close phosphorus
availability at one month and again at three months. It is pegsibat during the defrosting of the

frozen soail, before analysis, the additional available phosphorus could have been immobilised to a
similar level as in the refrigerated soil. To test this in future studies smaller aliquots of frozen soil
should be stoirand soil properties extracted directly from the frozen soil without the need for

defrosting first.

Air-dried and freezdried soil had a higher soil blank absorbance when assessing for NAG activity.

The higher soil blank absorbance in the drying treatexas sometimes higher than the absorbance

in the sample wells resulting in negative NAG soil enzyme activity for those replicates. This
contributes to the large variation found in thedaiying at one month and freedeying at three

months of storagf-ig. 3).Walleniuset al(2010) found when assessing how freezing andiaiing

soil affected soil enzyme activity, using MUF linked enzyme substrates, that fluorescence of the soil
blanks was increased. They suggested, that drying increases the water repellence of samples and that
similar drying processes take place during freezing due to sublinm{&iehl, Ellerbrock and

Schaumann, 2009T herefore, the solubility of dried sod reduced and this alters the concentration

of light absorbing solutes in the buffer. They found this effect was more pronounced in compost and
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in forest soil where humic organic matter was highest, similar to the high organic soil used in this
study. Inteestingly, in this study, the effect was not consistent for all replicates in tdgeadrand
freezedried soil. Soil microorganisms and their secreted extracellular enzymes occupy the soil matrix
in a patchy distributiofMummey and Rillig, 2008; Raynaud and Nunan, 2QtH4gre they cluster in
mechanically resistant aggregates (<250 (ifigdale and Oade4982; Voset al, 2013) The

breakdown of aggregate stability in the drying treatments is likely to increase spatial variability of the
soil, increasing variability in soil properties. Consistent with this, freleeel and aidried soil had

much lager variability than frozen or refrigerated soil for most enzyme analyses, along with freeze

dried soil for DOC, DIC, N®@, NH4*, TN.

Freezedried and sometimes airied soil KCI extracts once digested in the autoclave had visible
precipitation. The higlariability around the mean in the extractable total nitrogen content of freeze
dried, and to a lesser degreediied soil, may have been caused by this precipitation. As discussed
earlier, the physical and chemical changes that soil undergoes undgratmditions could alter the
way the soil reacts to common soil solutimased extractions. Therefore, fregirging and aidrying

soil is not recommended for total nitrogen KCI digestion, as it is likely to lead to an underestimation

of the total nitrgen concentration of the soil.

3.6. Conclusions

In conclusion, this study shows that the storage of soil should be avoided if possible for all soil
properties apart 3 signatute bf®rgamic cadoon. Soil canaespormin U
unpredictably toterage treatment and soil storage reduces the accuracy and integrity of conclusions.
If the storage of soil is unavoidable, then changes that arise may be less of an issupéoison

studies evaluating the change in a single soil with, for instarfedd &xperimental treatment. This is
because comparison studies are more focussed on the magnitude of change between treatments and

not absolute values of soil measured properties, but the effects of storage should be highlighted as a

potential limitation If studies are interested in using different types of soils or soils from different
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geographical regions, the storage of soil should be avoided if at all possible, particularly drying
treatments, as different types of soil could respond uniquely t@sttnr@atment preventing the

accurate detection of changes in measured soil properties. Out of all of the storage methods tested
refrigeration could be considered the best and so is recommended for cases whazamslieds

than one month) storage muské place. In addition, high organic soils accustomed to seasonal
freezing temperatures, like the soil used in this study, may be resistant ttegindirieezing to

preserve soil properties. Notige-less, freezing or refrigeration still did not presesed properties to
statistically similar amounts found in the-stored soil. Furthermore, the unexpected large variation

in measured soil properties after storage seen in this study begs the question whether storage should
be avoided completely and whethmil science should move towards standard practice of field
extractions and the preservation of extractants, as there is evidence that extracts are more stable under

storage compared to s¢iRhymeset al, 2021) If at all possible, soil storage should be aedid
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Chapter 4. Consequences of planto-soil carbon cutoff following
an extreme climatic event simulation

4.1. Abstract

Anthropogenic climate change is increasing the occurrence of extreme events. Extreme events have a
range of impacts on ecosgms but a common result can be widespread plant mortality. Ecosystems
that are considered substantial carbon sinks, such as arctic, heathland and boreal ecosystems, could be
sensitive to a loss in plant cover and their sequestration ability could benedakereversed.

Ecosystems can take up t@l3ears to recover from extreme event damage. Previous research has
indicated that damaged sites have reduced ecosystem respiration and soil decomposition rates. This
indicates a reduction in microbial and plambt activity, driven by a reduction in plant carbon input

and/or less carbon loss from soils. It is unclear whether this will lead to a net increase in carbon
sequestration or greater loss of previously sequestered carbon to the atmosphere. Therefore, an
understanding of how sensitive ecosystems respond to the abraft @lfresh plant carbon, and

how soil microbes modify carbon cycling in response is needed. An extreme event proxy experiment
(the clipping of aboveground plant material) waswgebntrenched matched paired plots on
C.vulgarisdominated heathland. Carbon cycling (soil respiration, dissolved organic carbon, soil
organic carbon, microbial biomass, soil temp, soil moisture) was investigated following clipping
through a timeseriesover ayear and carbon and nutrient cycling (as above and including: five

enzymes involved in nitrogen, phosphorus and cadycling, extractable phosphua, extractable

nitrate, ammonium and total nitrogen) was investigated the following year during an iatensiv

sampling Soil respiration was reduced by the EE proxy over the-tiens, after 238 days the

microbial biomass and dissolved organic carbon was higher in EE proxy plots compared to control
plots. Soil organic carbon, although not affected by EE pwag, found to be highly dynamic and

vary by around 50% during the experiment. Soil moisture was affected by the EE proxy but the
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direction of change depended on the day. A year after clipping, soil respiration remained reduced
compared to controls. Whereaxtractable ammonium and soil temperature was higher compared to
controls. This was likely resulted from reduced plant uptake and reduced plant shading increasing
solar irradiance. The results of the experiment were complicated byleveitelrought tht damaged
control plots but some inferences into how plant carbon and root activity shapes the microbial cycling

of carbon can be inferred.

4.2. Introduction

Increasing frequency and intensity of extreme events (EE) are both a consequence of, §nd part o
climate chang€IPPC, D18). This is of considerable concern since they can have disproportionate
impacts on ecosystem structure and functioning, as they take organisms past lethal ti{idshblds
et al, 2007; Bokhorset al, 2009; Smith, 2011; Bjerket al,, 2014 2017; IPPC, 2018)n upland,

boreal and arctic regions a number of different types of EE are currently threatening ecosystems,
where they can cause widespread plant mort@iokhorstet al, 2015; Bjerkeet al, 2017; Treharne

et al, 2019; MyersSmithet al, 2020)

Extreme events are usually identified by their large impact on ecosystems compared to their relatively

short duration. Different definitions exist and include a climatologically rare event that alters

ecosystem structure or function outside the boundsmhal variability(Gutschick and BassiriRad,

2003) or eventglriven by interacting factors, which separately may not, but together, cross ecological
thresholds to trigger an extreme respof®rith, 2011) Extreme events include severe drought,

periods of heavy rainfall (flooding), heat waves, extreme winter warming, fire and extreme pest and
pathogen outbréa (IPPC, 2007)Although the ecological impacts of particular events are highly
variabl e, and their 06extr ©mth,2&%)senémarkoftheiar gel y con
6extremenessd6 can be widespread pl a@Bigleretal t al i ty
2006; Gitlinet al, 2006; Miriti et al, 2007; Thibault and Brown, 2008; Nati al,, 2014; Orseniget

al., 2014; Treharnet al, 2019; Coppi, Lazzaro and Selvi, 202®Jidespread plant mortality is likely
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to drastically alter how ecosystems function, and some ecosystems never fully recover to pre

disturbance level@Maxwell et al,, 2019)

4.2.1. Plants influence soil carbon cycling

Plant and soil community relationships are tightly coupled by mutual responses, whereeaiithang
environmental conditions such as temperature or moisture can cause plants to alter their inputs to the
soil via litter and root exudates, which provide carbon and nutrients to the soil, and through microbial
processes regulate nutrient availabilityptants(Bardgettet al,, 2013) Root exudates are mostly low
molecular weight organic compounds such as sugars, organic acids and amino acids. In neutral or
alkali soils they ca acidify the rhizosphere which along with ammonium supply can enhance the
mobilisation of soluble calcium (Ca) phosphates increasing phosphorus supply t¢NEsthner,

2011) Plant root respiration provides ATP and the reducinivetents for the uptake of nutrients

and production of plant biomagatkin, Edwards and Loveys, 20Q0plant fixed carbon (i.e., plant
respiration, and respiration associated with rhizosphere exudates and decomposition of fresh litter) has
been found to dominate carbon released to the atmosphere via ecosystem refpnagemet d.,

2001) Around 33+60% of soil respiration is attributed to rd@swdenet al, 1993; Pregitzeet al,
1998)and around half of photosynthetically fixed carbon is released back to the atmosphere via root
respirationLambers, Atkin and Millenaar, 20QZherefore, EE that cause high levels of plant

mortality will directly reduce ecosystem respiration by réagithe contribution of root exudates to

respiration, as well as reducing plant respiration, to respired CO

The transfer of carbon by plants is an important process in determining plant interactions with the soil
environmen{Canariniet al, 2019) Plants represent a major pathway of carbon transfer to soils,
linking plant carbon fixation in the canopy to soil carbon losses, influencing soil respiratioglystro
(Mencuccini and Holtta, 2010bhe structure of the soil microbial communit{&senhaueet al,

2017) and contributing towards reduced or enhanced soil organic c@¢hayakov, 2010)
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Plants can select soil microorganism communitBesg andSmalla, 2009; Huanet al, 2014) to
provide benefits to plant health such as growth promotion, nutrient uptake, stress tolerance and
resistance to pathoge(i&ivedi et al, 2020) Therefore, plants can suppress or stimulate the
microbial decomposition of SOM (soil organic mati@ntaine, Mariotti and Abbadie, 2003;
Blagodaskayaet al, 2007; Dijkstreet al, 2013) Plants ability to influence the soil microorganism
community can scalap to affect ecosystem and even global carbon cycling processes.
Microorganism activity influences the uptake and release ofaE@e eosystem leve(Bardgett,
Freeman and Ostle, 200&s microorganisms play a central role irtdmposition of litter and soil
organic carbon, they play a direct role in global carbon cycling and climate offaegedeet al.,
2012; Xuet al, 2014) Therefore, while microorganism activity could be disrupted should plant
photosynthate carboroflv stop or decline following EE, we do not know much about how
microorganisms will respond to that disruption in carbon flow, or what the consequences will be for

soil carbon cycling will alter.

4.2.2. How increased plant carbon supply affects carbonngycl

Research about the impacts of changes in plant carbon supply to below ground has mainly focussed
onincreasedsupply by plant¢Phillips, 2007; Phillips, Finzi and Bernhardt, 2011; Fransson, 2012;
Kuzyakovet al, 2019) This has been studied by increasing the atmospheric@@entration

around plants mainly by two approachesheaitby using controlled chambers (i.e. leaf chambers or
climate chambers) where the €@vel is raised and compared to ambient plant growth, or by using
multiple plants growiin situwith natural CQ springs, solar domes, OTC (open top chambers) or
FACE (free air carbon dioxide enrichment) to raise the atmospheric level of plant communities and
the soil environmeniKuzyakovet al, 2019) FACE experiments tend to replicate future atmospheric
COqthe best as they create the least disturbance (heatirdyspéed and turbulence, air humidity,

soil moisture etc.) with the soil being part of the unaltered ecosyiteryakovet al, 2019) Results
from FACE experiments have shown increased IB&ds to increased fine root product{@rakeet

al., 2011; Phillipset al, 2012)and an increase in carbon allocation by rhizodepogiRatersoret
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al., 1997) This creates a larger flux of carbon transferred to théesaling to greater substrate
availability for microorganisnfLos, 2013) so they can increase in biogsabut then also have a
greater demand for nitrogen and phosphorus, and so increasing microbial N and P immobilisation.
Increased carbon supply creates an environment where competition between plants and soll
microorganisms is greatétaaseet al, 2007; Keanet al, 2023)and plant growth is no longer

limited by atmospheric C£but by soil nitrogen and phosphorus availability in the &drten,

Iversen and Norby, 2011)

Lots of our understanding about the role that photosynthate carbon plays in ecosystem carbon cycling
alsocomes from addition experiments, where carbon supply is increased by direct glucose and
nutrient additions to the soil. Increased plant labile carbon supply belowground is reported to
contribute to both soil carbon losses and gains (see below). Theprtateting how ecosystems

may respond to plant carbon @ff, as may happen with plant mortality from an extreme event, is
complex. Disentangling the mechanisms behind soil responses to caradhvalltalso be

challenging.

4.2.3. Priming of soil orgnic matter

Some research shows that plant carbon additions stimulate the decomposition of SOM through
decreased metabolic efficiency (microbial carbon use efficiency) or the positive priming of organic
matter(Fontaineet al, 2007; Manzoneét al, 2012) Fontaineet al (2007)investigated the stability of
deep old carbon in soil in an incubation experiment where freshggsinedcarbon added to the
subsoil stimulated the mineralisation of older previously slow cycling stable soil carbon. This is an
example of positive priming, where the input of fresh organic matter to the soil increased the
decomposition of soil organic matterdasoil respirationZhouet al (2021)investigated how multiple
labile inputs of“C glucose20% of microbial biomass every two months and 4% of microbial
biomass every ten days, effectedQp@duction and soil organic matter priming over a 200 day

incubation. They found the addition of labile inputs reduced the carbon incorporated into the
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microbial biomass, resulting in a net loss of soil organic matter via positive priming. They attributed
this positive priming to a shift in the microbial community whereby an increase-strategist fungi

arose.

As well as evidence of positive priming, whex loss in soil carbon is found due to increased soil
organic matter mineralisation with the addition of new substrate. Negative priming can result when
new substrate additions act to retard soil organic matter mineralisation or increase microbialsiecroma
over time(Liang et al, 2011) increasing soil organic carb¢@iaoet al, 2014) Blagodatskaya and
Kuzyakov, (2008kuggested the controls on whether negative or positive priming of soil takes place

in response to fresh carbon inputs could be related to thenaiwiocarbon additions relative to the
microbial biomass. When the level of carbon additions were two to five times greater than the
microbial biomass they found evidence of negative priming, where the microbial community switched
carbon supply from the 8mrganic matter to the fresh carbon inputs. The microbes preferred to

utilise the fresh carbon inputs as they were easily available and highly accessible (preferential

substrate utilisation)Kuzyakov, 2002; Kuzyakov and Bol, 2006)

4.2.4. How plant carbon ctdff may effect carbon cycling

The cessation of plant carbon to the soil could theoretically contribute to either greater soil carbon
sequestration or greater loss to the atmosphere. Recently fixed plant carbon dominatesratdmespi
(Parkeret al, 2020) so the cubff of plant carbon input to the soil, would reduce carbon inputs
(reducing soil sequestration) and/or redaasbon loss to the atmosphere via respiration, and/or

reduce any previous negative priming that was stimulated by the plant inputs (increasing soil
sequestration). Another way soil microorganism could respond to tiedf @ftfresh plant carbon

inputs, which would contribute to reduced soil carbon sequestration, is to switch carbon substrates. In
the absence of plant labile carbon, soil microorganisms will use more recalcitrant SOM for their
carbon substrate nee@@heng, 1999; Kramer and Gleixner, 2008; De Gragé#i., 2010) Although

an overall reduction in plant plastlynthates carbon is expected after an EE, pulse of labile carbon is
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initially expected following extreme event damage, as high plant mortality releases labile carbon to

the soil from decomposing roa8owdenet al, 1993) However, the later reduction in

photosynthates carbon would lead to the greater respiratiorodf d 6 s o i | carbon, rath
fixed plant carborfParkeret al, 2020) SOM is less energetically favourable compared to

photosynthate carbon as it contains more complex carbon sources which require more enzymatic steps

to breakdown (Agren and Bosatta, 198 o the rate of SOM microbial mineralisation may decline.

Nonethel ess, without plant delivery of photosynthat
carbon through soil respiration, the amount of carboregtior soils could also decline following EE.

Evidence from extreme winter warming damaged sites in the Arctic suggest reduced soil organic

carbon decomposition following plant stress and mortélitgharneet al, 2019) In that experiment,

labile litter decomposition (buried litter bags) was reduced under extreme warteing damaged

plots indicating reduced microbial activity. Reductions in gross primary productivity and net

ecosystem exchange following extreme event damage have also been (&zorteshtieet al,

2018; Treharnet al, 2019) These results from extreme event damaged ecosystems could indicate

less overall decomposition of soil organic matter and a reduction in ecosystem photosynihdsis. B

soi l organic matter which is decomposed and resp
seqguesteredd carbon reducing further the carbon

addition to the reduction in carbon sequestratiantdueduced photosynthesis.

Plant mortality will reduce competition with soil microorganisms, potentially providing a greater
nutrient pool to the microbes. In Arctic ecosystems for example, plant competition for nutrients
reduces amino acid and ammonitoralmost undetectable levél&/eintraub and Schimel, 2005%nd

is thought to be responsible for summer low extracellular enzyme concentrations, which would
usually drive greater decompositionvilarmer temperaturd8uckeridgeet al, 2013) Furthermore,
canopy removal could increase deinperature by reducing shading and increase water availability
(due to reduced transpiration), both of which could increase microbial activity and SOM
decomposition rate®anet al (2016)found when investigating the decompaosition rates of soil

organic matter from an elevation gradient and incubating the soils at different temperatures and
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moisture conentrations; soil moisture, temperature and elevation all affected decomposition. In
addition, llleris, Michelsen and Jonasson (2008a subarctic tundra manipulation experiment found
that water additions rather than nutrient additions increased microbial biomass by 24% and root
respiration by 47%. Thihighlights that the controls on soil organic matter decomposition are not just
carbon input dependent but are controlled by a variety of soil, weather, location and climate factors.
These factors all combine to create unique environments for soil ngeresms to decompose soil

organic matter.

The structure of soil microbial communities will likely change in response to new environmental
selection pressures (reduced rhizodeposition, increases in soil moisture and temperature) caused by
damage followindeE, so the functional decompositional properties of the microbial community may
also change. Girdling experiments, where the transfer of plant carbon but not transpiration is stopped,
provides evidence that plant labile carbon can supress or stimulaggenitmineralisation rates and

shape the microbial community structkaiseret al, 2011; Cheret al, 2012; Parkeet al, 2020)

In girdled plots, if plants have a preference for organic nitrogen over inorganic nitrogen, nitrate and
ammonium, there can be a suppression of microbial nitrogen mineralisation, as plants outcompete
microorganisms for organic nitrogen sources whiclul otherwise be used by microorganisms for
mineralisationDannenmanmt al, 2009) Plants once girdled can switch from using nitrogen for

growth to increasing tmogen uptake and storage, where an increase in nitrogen accumulation in roots
is found following girdling(Dannenmaniet al, 2009) In this study the freiving microbial biomass

was reduced following girdling along with a reduction in soil dissolved organic carbon, but
interestingly the most abundant symbiotic mycorrhizal partner of the @ants g e o pabundancen6 s
or colonisation of fine roots was not reducgeller et al (2008)found nitrogen mineralisation

increased following girdling, they suggestiat another mechanism limiting microbial activity was
stopped via girdling such as a cessation of mineralisation inhibition factor by the(BElacksonet

al., 2000) They also found the difference in mineralisation rates betweediedjiand nosgirdled

plots increased over the season, suggesting that root decay may have started proving microorganisms

with another source of carbon. In addition, girdling experiments show that in the absence of

131



photosynthate carbon, a more saprotroplingi community can dominate, with a higher utilisation
capacity to degrade complex carbon substi@esandaet al, 2013) This could lead to greater

decomposition of recalcitrant soil organic carbon.

4.2.5. Addressing a knowledge need

For accurate climate models to exist an understanding of how abrupt plant carbon cut off influences
microbial carbortycling is needed, especially, as climate models often bias their quantifications by
missing details of microbial mechanisms and do not always represent HEaraintet al, 2011;
Schmidtet al, 2011; Tresedest al, 2012; TodeBrown et al, 2013; Zha and Qianla, 2020)his has
been highlighted as a weakness in recent years and an international soil carbon networkpvias set
identify gaps in knowledgéHardenet al, 2018) One way models do not capture microbial processes
fully is due to an incomplete understanding on the changes to soil organic carbon, both its
spatiotemporal distributioncaoss ecosystems and the understanding of processes leading to carbon
sequestration to, or respiration from, séiylor et al, 2020) In the past, soil decomposition was
modelled only using first order decay rates, with no consideration for microbial processes. More
recently, an emerginiield in climate modelling incorporates microbial ecology into existing precess
based models, to try to better model microbial processes that were previously {@utietkl and
Weintraub, 2003; Allison, Wallenstein and Bradford, 2010; Geretah, 2012; Zha and Zhuang,

2018) These microb&ased models report better reproduction of field and observation studies
(Moorhead and Sinsabaugh, 2006; Lawrence, Neff and Schimel, 2009Bfoad et al, 2012;
Tresedeet al, 2012; Wieder, Bonan and Allison, 201Bjowever, some microbiakpcesses such as
community structure are still rarely considered in lesgale ecosystem models, causing notable
uncertainty on model projections as microbial community dynamics are directly involved in soil
processes such as priming, which can leadit@adon loss under climate chand@ouskill et al,

2012; Grahanet al, 2014, 2016; Kaisest al, 2014; Sulmaret al, 2014; Wiedeet al, 2015) This is

of particular concern for regions with soils containing large stores of carbon, potentially representing

a substantial feedback to climate. There should also be concern in regions undergoing unprecedented
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climate warming, where a greater numbeE&fare expectePCC, 2018) Both of these factors are

at play in high latitude ecosystems.

4.2.6. Aims and objectives

Therefore, the aims of this work was to simulate the loss of photosynthesis from death of the plant
canopy arising from aextreme event to investigate how soil carbon cycling function and microbial
community structure change following extreme event damage. To address the aims, a simulation
experiment was established on upland organic rich moorland soil in the UK. Thessitewseed by
ericaceous shrubs, predominar@lglluna vulgaris(heather), which has also been the subject of
aboveground extreme event research in boreal regidreharneet al, 2019, 2020a)Original plans

for a boreal or sufarctic site could not be implemented because of Covid travel restrictions. Clipping

of all shoots was used as a proxy for extreme climatic event damage, which causes the sudden
removal of the canopy and severe vegetation mort
simulation here in acknowledgement that a specific EE was not simulatedtiar a common

outcome (cubff of plant carbon to soil) was simulated. This experiment is therefore relevant to
extreme climatic event damage that cause mortality or loss of plant canopies, such as that arising frost

drought, extreme winter warminga&ws, fire and extreme herbivore/pest outbreaks.

Soil temperature and moisture, were monitored because the treatment removed plant transpiration and
shading, and along with soil dissolved organic carbon, soil respiration, microbial biomass and soll
organc carbon for the duration of the experiment (12 months). At 12 months after the clipping
treatment (proxy for EE damage), during the following growing season, an additional intensive
sampling was conducted to investigate the legacy effects of the extventelamage. Soil enzyme

activities were measured to investigate the activity of the microbionparticular to investigate the
production of enzymes used teehkdowncarbon sources and phosphorus aitrdgen organic

matter sources. Plant availableogphorus, nitrate, ammonium and total nitrogen were measured to

investigate nutrient availability in EE damaged sites.
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It was hypothesised that: The EE proxy will cause an initial pulse of labile carbon availability, so

the microbial community will iitially increase soil respiration and biomass. EE proxy damaged plots

over winter will become more carbon limited than control plots and the microbial community will

decrease soil respiration and biomass. 2) After winter decomposition processes, EERpraggd

plots will be more carbon limited but less nutrient limited (no plant uptake of nutrients so no

competition); the microbial community will have reduced biomass and reduce soil respiration, and

wi || use more o060l dbé r e dstraterieeds GmparedSabhtrdl mots. 3y HEe i r ¢
proxy damage will increase soil temperature (due to increased exposure of the soil to the sun), and

increase soil moisture by removing plant transpiration.

The additional occurrence of drought during the experiment unexpectedly damaged plots; therefore,

drought control plots of visually healtl@. vulgariswere included for the final intensive sampling.

4.3. Materials and Methods

4.3.1. Study Site

This study was performed in the grounds of The University of Sheffield Bradfield Environmental
Laboratory, Hi gh Bradfield, South Yorkshire, UK
above sea level on top of a hill. The geology is Millstone grit and theriying bedrock is Crawshaw
SandstonéBritish Geological Survey, 2014Jhe soil is norcalcareous and siliceous with a thin

highly organic layer. In the experimental plots, the evergreen dwarf €hnaldgarisdominates (refer

to figure 4.1 for a photograph of the etgtion cover) to the extent that other vascular plant species

occur only occasionallyMaccinium myrtillusandFestuca ovina)Peak summer temperature (Jul)

range from 20°C 11°C and winter lows (DeEeb) range from1°C - 6°C, and the site receives an

annual average of 807 mmt precipitation(National Oceanic and Atmospheric Administration,

2019)
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Figure 4.1. Photograph of matched plotiwering c. Vulgaris, and the gas chamber of a LICOR
sampling soil respiration rates

4.3.2. Experimental design

A matchedplot design with eight replications of paired clipped (EE proxy), and controidliygred
plots) were used to compare how the gbautoff plant carbon supply (clipped shoots compared to
control) affects soil €ycling (refer to figure 2.2. for schematic of experimental design). Matched

plots were randomly selected from a 13 m x 26 mulgarisdominated study area ensuring simila
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biomass amount (judged by eye) for matched plots. For each matched pair, the control and treatment
plots were randomly assigned to the two plots. The plots were 50 x 50 cm and plots in the matched
pair were side by side (creating a rectangle shape 50 xrh for the pair). All plots, including

unclipped plots, were trenched at the boarders with a sharp spade (~50 cm depth) to stop the lateral
flow of carbon via roots from outside of the plots. All stems within clipped plots were cut
approximately 5 cm ave the ground level and removed from the plot (this ensured all leaves were
removed). Plots were #teenched approximately every 4 months to sever any new root growth.
Retrenching was applied after sampling so as not to cause a disturbance effecipldigtsail PVC
respiration collars (10.4 cm diameter, 4.3 cm height) were inserted 1cm into the ground 3 days before
first sampling (T=1, see below), to ensure a good seal feffldxand to allow CQpulses from

installation to settl€LiCor, 1997) Regrowth of vegetation was clipped monthly.

Half plots clipped down to stems
(EE proxy treatment)

(Birds eye view of matched plots)

Figure42. Schematic drawing from a bi r-updfonepairef per sp

matched plots

For brevity, in this study plots are referred to as EE proxy (clipped vegetation with trenching), and
control plots (trached plots with no clipping of vegetation), and drought control plots (additional
control plots added due to unanticipated-gtes| drought damageht the start of the experiment

there were eight paired matched plots (one clipped, one with above gegetdtion remaining, in
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each pair) trenched around the boarders. Due to the combination of a site level drought and the
physical disturbance of trenching, the most damaged four matched plots were discarded from the
experiment (visually inspected dead g&gion with no recovery from winter) just before the last time
point (379 days). Four new undisturbed control plots with no trenching (visually healthy heather)

were introduced into the experiment to provide additional controls.

4.3.3. Field sampling anidboratory analysis

The plots were set up on"1duly 2020, the first sampling was conducted on tieJiy (day 1), and
consecutive sampling was conducted on tHeX8y (day 13), 2% August (day 37), Z1October (day
98), 4" January (day 173and the following year on ¥March (day 238) and ¥SJuly (day 379).

After treatment application, for all 7 sampling points, soil respiration, dissolved organic carbon
content, total organic carbon content, soil moisture content, soil temperaturecapioiahbiomass

were measured. Day 379 was an intensive samplingdoirg, where soil enzyme activities, plant
available nitrate, ammonium, phosphorus, and microbial nitrogen were additionally measured.
Between the last two sampling days (day-239) aheatwave interacted with the trenching to stress
and damage control plots. The damage was visually identified as control plots that had high shoot
mortality. The five matched pairs, both clipped and control plots that were the most damaged were
discardedrom the experiment. Five drougbbntrol plots were randomly selected from heather
nearby that visually appeared healthy. These plots were not trenched prior to measurements and only
included in the final intensive sampling (day 379). As the damage frometiitwave was only visible

after day 238, the original plot selection was included up until then.

For each sampling point, soil respiration was measured using a LiCor 6400 (LiGco)n, NE,
USA), air and soil temperature was measured concurrentlg asiligital thermometer. Moss layers
were removed from the PVC rings at the start of the sampling day to allow anypwfdCQ to
escape and avoid inhibition of Gé&fflux from soil during measurements, but reapplied after

measurements to minimise ksurface heating and drying from exposure. Soil respiration was
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measured using a 781 ¢aark chamber and was placed on PVC rings with a foam gasket to provide
a good seal. Each plot measurement consisted of three cycles of flux measurements, whese CO
scrubbed to 10 ppm bellow ambient (411 ppm) and then allowed to rise to 10 ppm above ambient.
Soil respiration (the CO rate of increase of
in CO, from 10 ppm below to 10 ppm above ambient tharthree cycles. G@fflux was corrected

for air moisture and temperature and calculated as mgr€®r.

Four subsample soil cores (2.5 cm diameter) were collected to a depth of 15 cm from each plot, to
cover horizontal variation across the pldtee mineral layer was discarded, leaving the organic layer
for subsequent analysis (typically ~10cm). This was root picked and stones were removed. The four
cores taken from each plot were combined and well mixed by hand until an even colour and
consisteng was achieved. Soil analysis was conducted on themirid combined soil sample from

each plot.

4.3.4. Soil chemical analysis

Dissolved organic carbon was extracted with 35 ml MiliQ water and 5 g fresh soil, shaken for 10
minutes and filtered throughWhatman no. 1 filter paper gravimetricaljarrison and Bardgett,
2004) Extracts were frozen at8°C before analysis. Total C and organic C was determined using a
Total Organic Carbon analyser (Sievers Portable TOC 5310C, University of Sheffield Geography
Department) with a dilution factor of 1:5. Plant available ammonium, nitrate and total nitrogen (N)
was extracted using 25 ml 1M potassium chloride and 5 g fresh soikrsifior 60 minutes and

filtered through a Whatman no.1 filter paper gravimetricgljen, 1989; Liet al, 2012b)

Extractable inorganic nitrogen (nitrate and ammonium) was measured on @amalyser (Skalar
SAN++ System Continuous Flow Analyser, University of Sheffield, GeographyriDegat). Nitrate
was reduced to NOby a coppeccadmium redactor column, reacted with sulphanilamide to form a
diazo compound, and then coupled witiiaphthylethylene diamine dihydrochloride to form a

purple azo dye. For total nitrogen, 15ml aliqudtpatassium chloride extracts, were digested with
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potassium persulfate and sodium hydroxide, in an autoclave at 121°C at 20 p.s.i. for 30 minutes
(Langner, C.L., 1982; Kalff, J., 1984)he persulfateinder alkali conditions oxidises the organic
nitrogen and ammonium to nitrate. The digested samples were run on the autoanalyser and measured

for nitrate following the method outlined above.

Plant available soil phosphorus (P) was determined using 0.486%t acid extraction and analysed
using the ascorbic acid microplate method adapted fikaro, 1996) Absorbance was measured
photometrically at 880nm after 10 minutes incubation time. P and N were corrected for soil moisture
content and expressed as md kigy soil. DOC was calculated as mg of CKayy soil. Soil moisture

content was determined by drying a subsample (48 hrs at 105°C) and weighing.

4.3.5. Soil microbial analysis

Microbial biomass C and N was determined following the chloroform fumigation métamte,
Brookes and Jenkinson, 198Byiefly, soil samples were divided into two 5g samples; half
underwent chloroform fumigation fd8 hrs to ensure a good fumigation of the peat soil. 5g of the
fumigated and nofumigated soil were extracted with 25 ml of 0.5M3C;, by shaking for 30

minutes and filtering gravimetrically through Whatman no.1 filter péance, Brookes and
Jenkinson, 1987 Extracts were frozen at8°C before analysis. Extracts were measured for total C
by a Total Organic Carbon analyser (Sieveostable TOC 5310C) with a 1:5 dilution factor. Extracts
were measured for total N by cadmiweduction colourimetry using a Skalar autoanalyser. Sample
measurements were corrected for soil moisture conterntfumoigated results were subtracted from
fumigated results to obtain microbial measureméviésice, Brookes and Jenkinson, 1987)
Fumigated microbial carbon measurements wereectad with the standard kEC value of 0.35
(Joergensen, 1996). Fumigated microbial nitrogen measurements were corrected with the standard
KEN value of 0.45 (Wu et al., 1990). Data is presented as mg microbiatily goil for microbial

nitrogen and mg Ctdry soil for microbial biomass.
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4.3.6. Enzyme assays

For five extracellular enzymes involved in the decomposition of SOM (Table 4.1), activity was
assessed using the high throughput microplate assay technique following the prolackkon,
Tyler and Millar (2013) PNP linked substrates were used to determine the concentration of b
glucosidase, N acetyblucosaminidase and acid phosphatase (absorbance measured

spectrophotometrically 405nm) using the colourmentric approach. pNP enzymes activity is expressed

as nmol pNP H mg MCB. DOPA substrate (B, 4dihydroxyphenylalanin) was used to
spectrophotometrically measure the concentration of lignin peroxidase and lignin phenol oxidase
(absorbance measured spectrophotometrically 405nm) after Omins, 1.5h, and 18.5hr (total incubation
time of 20hrs). Leucine aminopeptidase activity was measisied the leucine-pitroanilide

substrate, incubated for 6 hrs and measured spectrophotometrically at 405ApiNMenzyme

activity is '1efn1g MCBe BEnzymalactiwitynis eéxpréssed per unit of microbial biomass
to illustrate the activity of theommunity relative to the size of the community. The ratio-of C
cycling: N-cycling enzyme concentration reflects the investment of microbial resources, suggesting

more Nlimited to more Gimited with larger ratios.
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Table 4.1. Soil enzyme name, reaction involved witimd significance measured in this experiment
(Matsui, Fowler and Walling, 2006; Gt al, 2017; Luo, Meng and Gu, 2017; Waetgal, 2020)

Enzyme Reaction Source End Saoll Factors influencing
name product  function enzyme activity
indicate
d
B-1,4- Cellobiose Bacteria, Glucose C- Temperature, pH
glucosidas hydrolysis archaea, cycling water, Q, location of
e fungi, organic matter,
(BG) plants, fungicides, mineral
animals elements
Acid Hydrolysis of Plants, Phosphate P- Organic matter conten
phosphata esters anc fungi, (PQu) cycling pH, managemen
se anhydrides of bacteria practices, pollution.
(PHO) phosphoric plant species
acid
B-N- Hydrolysis of Bacteria, N-acetly N- and Availability of N, soil
acetylgluco chitin archaea, B-D- C- depth, pH, ect.
saminidase oligomers fungi, glucosami cycling
(NAG) plants, nide
animals

Phenol Lignin Plants, C C- Low substrate
oxidase hydrolysis fungi, compoun cycling specificity,
(POX) bacteria  ds (humic Oxygen as final

substance electron acceptor, pk

s) precipitation,

temperature, SON

content, N enrichment
management practices

Leucine cleave N Plants, Leucine N- and Temperature, pH
amino terminal fungi, (amino C- heavy metal
peptidase residues from bacteria, acid) cycling contamination and typ:
(LAP) proteins  and animals ect

peptides

4.3.7. Statistical analysis

Statistical analysis was conducted using R with the Lme4 pa¢Ragres, Maechler, B. M. Bolkeet

al., 2015) The effects of extreme event proxy damage (clipping treatment) and time were analysed
using linear mixed effectmodels for soil respiration, DOC content, total soil organic carbon, soil
temperature, soil moisture, microbial biomass carbon. The effects of extreme event proxy damage

(clipping treatment) was analysed on, extractable nitrate, extractable ammoniuntabldreotal
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nitrogen, extractable phosphorus, extracellular enzyngtsdmsidase, #N acetylglucosaminidase,
acid phosphatase, lignin peroxidase and lignin phenol oxidase, and Leucine aminopeptidase. Day 1
238 were analysed together and day 379 (foligwhe drought damage) was analysed in isolation

with the drought controls.

In the |l inear mi xed effects model s, 6pl otd was a
matchedpai rs design and repeated measdfacmsWherand o6t r e
additional drought controls were added into the study on day 379, they were assigned a unique

treatment category and unique plot categories. In all cases, standardised residuals were visually

inspected for homogeneity of variance. In caskere model assumptions were not met, data were
log-transformed prior to analysiBosthocTuk ey tests (U O 0.05) were pe

test was significant.

4.4. Results

4.4.1. Time series following clipping

4.4.1.1. Soil respiration

Overall, he EE proxy (clipping) significantly reduced soil respiration between one and 238 days
following clipping (LME, df = 1, 77, F = 6.76, p = 0.0D%EE proxy mean soil respiration was 46.4 %

lower compared to controls 173 days afiesging (t(77) = 4.60, < 0.0Q) (Fig. 4.3.a) .

Soil respiration was found to change depending on the time following clipping (LME, df =5, 77, F =
18.70, p < 0.001). Overall, soil respiration reduced between day one and day 13 (1(77) = 4.40,p <
0.001), and increased betwegay 98and 173 (t(77) = 3.01, p = 0.0402nd reduced between day

173 and 238 (t(77) = 8.01, p < 0.001).
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4.4.1.2.Soil organic carbon

Soil organic carbon between one and 238 days was not affected by the EE prox\d{I=ME 77, F

= 0.80, p = 0.8482Overall, soil organic carbon did significantly change depending on the day (LME,
df =5, 77, F =13.77, p < 0.001). In all plots,| swganic carbomeduced between day one and 13

(t(77) = 2.88, p = 0.055) and all days following clipping had reduced wrgarbon compared to day

one (supplementary material for full contrast significance t&BI8. (Fig. 4.3.h.

4.4.1.3 Microbial biomass carbon

Overall, the microbial biomass carbon was unaffected by the EE proxy,(dMEL, 63, F = 1.55, p
=0.213 but on day 238 EE proxy mean microbial biomass carbon was 72.1 % higher compared to
controls (t(63) = 2.78, p = 0.00)1n all plots, the microbial biomass carbon did not change

depending on the day after clipping (LM& = 4, 63, F = 2.06, p = 0.2133%Fig. 4.3.9.
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dry soil) d) microbial biomass carbon (mgdry soil) e) soil temperaturéq) f) soil moisture (%).
Top right hand corner: EE (overall effect of EE proXyay (overall effect of change depending on
day), EE:Day (overall effect of EE proxy and Day interactionj ¥ (0.05), ** (p < 0.0}, ***(p <
0.001)+ (p < 0.08) Aove error barmdicates p value of pairwise comparison on.d&ye shaded

area is noincluded in overall statistics and shows results 379 days after EE proxy at the intensive

sampling.

4.4.1.4 Dissolved organic carbon

Overall, the dissolved organic carbon was unaffected by the EE proxy (LME, d5=74, F = 0.001,
p = 0.9790 but onday 238 the mean dissolved organic carbon content was 56.4 % greater in EE
proxy plots compared to contrplots (t(76) = 2.08, p = 0.94In all plots, the dissolved organic
carbon content changed depending on the day (LME, df =5, 75.74, F = 7.9901% The

dissolved organic carbon content of all plots reduced between day one and 13 (t(76) = 5.26, p <

0.001). Fig. 4.3.9.

4.4.1.5.S0il moisture content

Soil moisture was unaffected by the EE proxy (LME, df, F7, F = 1.99, p = 0.158ybut was

affected by the EE proxy and days after clipping interaction (LN 5, 77, F = 2.34, p = 0.089

One day after clipping, mean soil moisture was 13.0 % higher in EE proxy plots compared to controls
(t(77) = 1.81, p = 0.07). Mean soil moisture in EE prpbots was 14.5% higher atay 173 (t(77) =

2.08, p = 0.041pand 15.1 % higher on day 238 (t(77) = 1.95, p = 0.055) compared to control plots.

(Fig. 4.3J.

4.4.1.6.Soil temperature

Soil temperature was unaffected by the EE proxy (LB 1, 77, F = @4, p = 0.84B8but overall

did change depending on the day after clipping (LME, df =5, 77, F = 886.01, p < 0.001). In all plots,
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there was no change in soil temperature betweed daygl 13 (t(77) = 0.68, p = 0.98§2but soil
temperature increased fratay 13 to 37 (t(77) = 11.81, p < 0.001) and decreased incrementally until

day 238 (supplementary material for full significant contr&&s. (Fig. 4.3.¢.

4.4.2.Intensive sampling the following summeay 379)

4.4.2.1.Soil respiration

In the following July, the EE proxy reduced soil respiration by 147.4 % compared to the drought

controls (t(8.06) = 2.30, p = 0.04Fig. 4.9
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Figure44. Vi ol in pl ots of -2&d);shaperokcslquied aaelescrivesthe mg CO
distribution of replicate results within the groups, horizontal bar indicates the mean on the replicates

(n =5), black dots jittered show individual replicate results within the group. Blue violin plot are the
drought controls (individual aitional control plots added into the experiment due to site level

drought and control plot drought damage, plots were selected from healthy vegetation. Green violin
plots are the original matched pair controls. Red violin plots are the EE proxy (cligagdation

matched pair plots. Lettering above violin plots indicate significant differences between groups,

shared letters indicate namgnificant difference, different letter indicate a significant difference.
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4.4.2.2.Soil extractable nutrients

TheEE proxyincreased extractable ammonium by 64.3 % (t(12) = 2.08, p =;,F@h3.5.0) but had
no effect on extractablejtrate (t(12) = 0.65, p = 0.108ig 4.5.9, totalnitrogen (t(12) = 0.51, p =
0.567; Fig4.5.9, or phophorus (t(11.6) = 0.23, p©.5199 Fig4.5.9 compared to the drought

controls.

a) a b) ab
80-
0.175-
5 E
@ i 60 - -
= 0.150 _g .
© -
T ‘o
o x
= =3
=] O £
E o.125- =
o % 40- .
.
0.100-
.
. 20- .
Dvoughi control Corlltrol EE proxyl(CIipped) Drough% control Corlwlro\ EE proxyl(C\ipped)
C) . a d) a
160- 1
_ 20- 140-
a 2
> >
o o i
“_u] . a - 120
= 2
o
E £ . g2
) 10 = = 100-
=
g ’ =

! ' ! ! ' !
Drought control Control EE proxy (Clipped) Drought control Control EE proxy (Clipped)
Treatment

Figure 4.5. Violin plots of EE proxy effects on extractable nutrients: a) soil extractable phosphorus b)
soil extractable ammonium c) soil extractable nitrate d) soil extractable total nitrogen-{migy kg

soil). Shape of coloured area describes the distributisapifcate results within the groups,

horizontal bar indicates the mean on the replicates (n = 5), black dots jittered show individual
replicate results within the group. Blue violin plot are the drought controls (individual additional

control plots addedhto the experiment due to site level drought and control plot drought damage,
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plots were selected from healthy vegetation. Green violin plots are the original matched pair controls.
Red violin plots are the EE proxy (clipped) vegetation matched pair piitering above violin plots

indicate significant differences between groups, shared letters indicaségndficant difference,
different letter indicate a significant difference.

4.4.2.3.Soil temperature and moisture

The EE proxy significantlyncreased soil temperature by 6.3 % compared to the drought controls
(t(10.93) = 3.21, p < 0.01). The control plots temperature was 4.7 % higher than the drought control
plots tempeature (1(10.93) = 2.45, p = 0.04&ig. 4.6; left graph There was no Eproxy effect on

soil moidure (t(11.06) = 0.819, p = 0.3B@&ig. 4.6; right graph
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Figure 4.6. Violin plots of EE proxy effects on soil moisture (%) (On the left) and soil temperature
(°C) (on the right)Shape of coloukkarea describes the distribution of replicate results within the
groups, horizontal bar indicates the mean on the replicates (n = 5), black dots jittered show individual
replicate results within the group. Blue violin plot are the drought controls (@udivadditional

control plots added into the experiment due to site level drought and control plot drought damage,
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plots were selected from healthy vegetation. Green violin plots are the original matched pair controls.
Red violin plots are the EE proxy ifmbed) vegetation matched pair plots. Lettering above violin plots
indicate significant differences between groups, shared letters indicaségndficant difference,

different letter indicate a significant difference.

4.4.2.4 Enzymes

The EE proxy hadmeffect on soil enzyme activity expressed per unit of microbial biomass

(supplementary material for full statisti§8.4 Fig 4.8.
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the replicates (n = 5), black dots jittered show individual replicate results within the group. Blue violin
plot are the drought controls (indilial additional control plots added into the experiment due to site
level drought and control plot drought damage, plots were selected from healthy vegetation. Green
violin plots are the original matched pair controls. Red violin plots are the EE pripge()

vegetation matched pair plots. Lettering above violin plots indicate significant differences between
groups, shared letters indicate rmignificant difference, different letter indicate a significant

difference.

4.4.2.5.Soil organic carbon, dise@d organic carbon and microbial biomass carbon

The EE proxy had no effect on soil organichaa (1(9.86) = 0.32, p = 0.24&ig 4.9.b) dissolved
organic caloon (t(11.53) = 0.46, p = 0.29Eig 4.9.a) or the microbial biomassarbon (1(10.01) =

0.46,p = 0.17 Fig 4.9.9
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Figure 4.8. Violin plots of EE proxy effects on a) soil dissolved organic carbon content (fhdrig
soil) b) soil organic carbon content (%) c) microbial biomass carbon (rhdriggsoil). Shapeof
coloured area describes the distribution of replicate results within the groups, horizontal bar ir
the mean on the replicates (n = 5), black dots jittered show individual replicate results within t
group. Blue violin plot are the drought congr¢individual additional control plots added into the
experiment due to site level drought and control plot drought damage, plots were selected fro
healthy vegetation. Green violin plots are the original matched pair controls. Red violin plots ¢
EE proxy (clipped) vegetation matched pair plots. Lettering above violin plots indicate significe
differences between groups, shared letters indicatesigoificant difference, different letter indica

a significant difference.

4.5.Discussion

4.5.1.Timeseries following clipping

4.5.1.1.Summary of main results

Overall, results from this experiment indicate that the soil microbial processes were relatively
resistant to the effects of the EE proxy and thatlsitel/seasonal effects were more subthim

effecting the soil microbial processes rather than the removal of the canopy. Nevertheless, some
differences between the EE proxy damaged plots and control plots wereToergE proxy reduced

soil respiration over the time seriesmpares to cdrols. After 238 days following clipping, although
overall effects of EE proxy were not found (i.e. all time points combined), the microbial biomass
carbon and the dissolved organic carbon was greater in EE proxy plots compared to controls. In
addition, onday 238, 173 and one, the EE proxy increased soil moisture compared to controls. For EE
and control plots combined, the transition from the summer season, when clipping occurred, into
winter and spring, produced changes in soil respiration, organic ¢alisealved organic carbon and

soil temperature.
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4.5.1.2 Interpreting the results in light of trenching impacts

It was hypothesized that the EE proxy would lead to an initial surge in labile carbon availability,
subsequently enhancing carbon cyclingemeparison to control plots. Following the EE proxy, day

one organic carbon measurements were the highest of the experiment and the dissolved organic
carbon measurements were among the largest. Between day one and 13 there was a sharp drop in soil
organic @arbon and dissolved organic carbon that occurred in all plots. The relatively high carbon
availability on day one, likely resulted from trenching rather than clipping as all plots were affected. It

is probable that trenching was not performed withaguficnt t i me f or severed 1 0C
not to cause an increase in carbon availability in the soil, or the control plots might not have been

large enough to eliminate the boundary effect on carbon availability within the plots. Trenching was
likely not performed well in advance of this study because the Covid pandemic caused the study to be
designed and started very quickly. Previous research suggests that trenching should be done at least
nine months prio(Bowdenet al, 1993) However, the comparison between plots that were just

trenched (controls) and those thares clipped (EE proxy) should reveal the magnitude of the carbon
pulse induced by clipping alondonetheless in future experiments, it is recommended that

trenching occurs earlier before clipping and/or larger plots are used allowing sampling away from

edge effects.

4.5.1.3.The time series effects of the EE proxy

Over the timeseries part of the experiment, soil respiration for EE proxy plots and control plots

followed a similar pattern, increasing during the auttinmnter transition, indicating thaite level/

seasonal effects influence soil respiration strongly rather than canopy cover (assumed root rhizosphere
processes). Howevehd EE proxy reduced soil respiration over the time series compared to control
plots; where the largest difference wasnd 173 days after, when mean soil respiration was 46.38%
lower (p < 0.001)compared to control3his suggests that rhizosphere processes although not driving

substantial changes in soil respiration do have an effect and that removing the canopy does reduce soil
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respiration to some degre®oil respiration rates depend on the availability of solahkklabile

carbon sources in the soil, root respiration rates, and microbial respiration depends on the amount of
organic matter entering the s@dchlesinger and Andrews, 2000; Wareteal, 2004) The reduction

in soil respiration in EE proxy damaged plotsnpared to controls is likely due to the removal of
above ground photosynthetic plant material, and the halting of plant photosynthesis following the
damage. This would reduce plant root respiration and labile carbon availability for soil
microorganisms. fiese results are consistent with a grazing experiment, where grassland above
ground plant material was reduced to simulate grazing and a reduction in microbial respiration was
found(Stark and Kytéviita, 2006)The relative contributionf@ lack of root respiration and microbial
respiration to the reduction found in EE proxy plots is unknown, but likely varied over thediias.
Root respiration is found to contribute to betweerd@® of soil respiration depending on the
ecosystem anseasor{Hansonret al, 2000) Although, the relative contribution of reduced root
respiration and reduced microbial respiration is not knawis Jikely that both contributed to the

reduced soil respiration under EE proxy damaged plots.

It was hypothesised that over the time series, the EE proxy soil microbial community would reduce in
biomass and reduce soil respiration compared to cona®ks response to reduced labile carbon
availability and switching to less energetically favourable SOM for their carbon substrate needs
(Cheng, 1999; Kramer and Gleixner, 2008; De Gregéi, 2010) Although, the EE proxy reduced

soil respiration, overall it did not affect soil dissolved organic carbon, soil orgamiorcor the

microbial biomassThis indicates that in this ecosystem rhizosphere processes are not substantial
drivers of soil processesloweveron some sampling dayoés difference:
proxy damaged plots and control plots werend. After, 238 daythe EE proxy plots had greater
dissolved organic carbon and microbial biomass compared to controls. The upward trend in dissolved
organic carbon between day 13 to 238 could have resulted from the gradual decomposition of roots in
the EE damaged plots. Fine root decomposition has been cited to stabilise after four (Bowwihesn

et al, 1993)but other studies using coarse roots found decomposition on the yearlgQGlaplgigbe

et al, 2012) Decomposition of labile carbon occurs at shorter#gees compared to recalcitrant
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carbon(Duddiganet al, 2020) so the labile fraction of root decomposition could have contributed to
the observed increase in dissolved organic carbon over timemigint help to explain why after 238
days EE proxy plots had greater dissolved organic carbon compared to controls, as controls would
have reduced root death compared to EE proxy plots (just from trenching). Root death under EE
proxy plots was likely higér (from clipping and trenching), as results from an EE damaged site
suggest roots struggle to recover for up to three years following an extreme winter warming event

(Bokhorstet al, 2011)

The greater availability of dissolved organic carbon in EE proxy plots compared to controls on day
238 and the general trend for an increase from day 13 onwards was surprising. As plant carbon flow
had been cubff, even with root death decomposition, iasvexpected that dissolved organic carbon

in the EE proxy plots would be lower than in the controls and disappear over time not increase. A
large proportion of dissolved organic carbon in soil is considered relatively (Hieiteand Asner,

2001) A greater amount of dissolved organic carbon, in EE proxy plots, on day 288t didcur

with greater soil respiration (lowest respiration rates of the experiment). The microorganism carbon
use efficiency (the relative investment in microbial growth compared to the uptake of carbon) of a
community shows the relative investment ircrabial growth compared to microbial respiration and
substrate acquisitiofManzoniet al, 2012; Sinsabaugtt al, 2013) Although the microbial carbon

use efficiency was not maa®d in this experiment other experiments have shown that one of the
factors that shift investment to resource acquisition over growth is low resource availability
(Ekschmittet al, 2005; Don, Rddenbeck and Gleixner, 2013; Kasesed,, 2014) Therefore, this

greater availability of dissolved orgarcarbon, which coincided with high microbial biomass in EE
proxy plots on day 238, could represent greater resource availability for microorganisms and the shift
to investment in microbial growth over resource acquisition. In fact, a recent microiibased

strategy has been developed where microorganisms can be classified into three main life history
strategies high yield (Y), resource acquisition (A) and stress tolerance (S) depending on resource
availability and abiotic streg#alik et al, 2020) This illustrates how, a greater availability of

resources will not be simultaneously invested in microbial biomass growth and soil decomposition
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(degradative enzyme production). Contrary to what was hypothesised, grexyEsoil microbial
community, at least on day 238, appeared to have greater resource availability compared to control

plots.

The EE proxy did not affect soil organic carbon but overall it did vary considerably over the time
series.This suggests that this ecosystem soil organic carbon, on the tso&le investigated, is

relatively resistant to canopy removal (assumed cessation of rhizosphere processes) and influenced
largely by sitdlevel/seasonal effect¥otal soil organic carbon is commonly regatdes a stable slow
turnover carbon pool, with most of the carbon in a protected recalcitrant form, with several smaller
pools of more rapid turnover carb@iem and KégelKnabner, 2003; Fierazt al, 2009) However,

in this study soil organic carbon after 98 days in all plots had measurements around half of which they
started with. It was surprising that either environmental factors, or potentially antngtiahing

induced carbon pulse, could produce a differenamilnorganic carbon so large in a relatively short
amount of time. Nongheless, substantial changes in organic carbon have been recorded in other
environments, when assessing for seasonal patterns. For example, three different mixed oak forests
were indvidually sampled two months apart in Ohio and time differences in organic carbon for each
forest were 28, 40, and 52@oerner, Brinkman and Smith, 2005 addition, when Canadian

prairie was sampled for organic carbon in spring, summer, autumn and winter, one grassland varied
over time by 26% and another by 58&ormaar, Johnston and Smoliak, 1971Merefore, whether

the drop was seasonally driven or/and a drop associated with thetieitighinginduced carbon

pulse, soil organic carbon in this environment is found to be much more dynamic than expected and
has the capacity to gain arabé submntial amounts of organic carbon in relatively short time scales.

Nonetheless, the EE proxy did not seem to induce a large change in organic carbon.

In addition, the soil organic carbon measurements for the site cappalaredower than expected
for heathland soil organic carbon. Soil orgaaarbon can vary from 1% in skt soils to over 50% in
peatland soil$BSSS, 2021)Soil organic carbon was between ~8% to ~2.5% thie experiment

(discussion on the variability found in 4.5.2.2. below). A limitation of this experiment is that bulk
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density was not measured which would allow greater comparison with the literature as studies tend to
report SOC in the units tonnes erctare. For example, the countryside survey reports average SOC

of 205 t hal for dry heathgBaggaleyet al, 2021) However, heathland soils are considered

relatively organic and soil organic carbon (%) would be expected to be in the upper range reported for
soils, even with the acid stripping of inorganic carbon from smiies. One explanation for the low

soil organic carbon measurements recorded ighleadite is unmanaged heathland, where no grazing

or burning of Calluna takes place. The grazing and burning of Calluna is a common management
practice of UK heathlandsd is used to keep the vegetation in a young and productivéistdibs

and Gimingham, 1987The Cdluna at Bradfield is in the later growth stage where shoots lay

outwards and flat along the ground. Older Calluna vegetation may be not be as effective at carbon

sequestration and may be why soil organic carbon appeared low at the site level.

Soil moistueincreased by the EE proxy and this depended on day of sampling. This is likely due to a
balance of loss of canopy transpiration and reduced canopy inception of precipitation depending on

the environmental conditions of the day, producing increased s@ture on day 1, 173 and 238.

4.5.2.Intensive sampling one year later (day 379)

4.5.2.1 Site-level drought disruption

Between The last two sampling points, a drought effected the site. The drought caused visible plant
damage (dry brittle stems andeak of spring regreening) over the site but particularly for

experimental plotddowever, by the time the final sampling took place@a#iuna vulgarisover the

site appeared to recover from the drought and the drought appeared to only delay $peeging
indicating usuallyCalluna vulgarisis relatively resistant to droughthe damage which remained for

the experimental plots, wiikely due to trenching severing lateral rootsGalluna vulgarisreducing

ability to access water resources as &teyots are an important mechanisms for disturbance recovery
(Schellenberg and Bergmeier, 202Phe decision was made to discard the most visibly damaged pots

and introduce new undistbed control plots, which appeared less effected by the site drought. The
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drought coincided with spring and by the final time point the site appeared in recovery and viably

healthy (spring rgreening and new growth).

Overall, the site a yedand possily before due to the low OC% results for the entire experinietat)

the study was relatively carbon limited, as indicated by the low organic carbon measurements found
in all plots. A recent global review of the effects of drought indicated that dreedyinte's soil

organic carbon content mainly because of plant litter input but also because of reduced litter
decompositiorfDenget al, 2021) This would explaiwhy all finalday plots hadrery low organic

carbon content, compared to the seasonalsienes of organic carbon measurements previously
(assumed baselineBy the time the final sampling took place, over a year after the EE proxy, the
visual effects bdrought on the site appeared to be in recovery. Soil moisture had returned to near the
levels of the year before. So, it is likely that in the control and drought control @&sna vulgaris

cover had resumed some rhizosphere processes to the soil alleviating the low microbial biomass and

organic carbon.

An accumulation of dissolved organic carbon in drought affected environments has been reported for
a number of environments, suspected tgeairom a reduction in decomposition and higher stability

of dissolved organic carbd®enget al, 2021) At the site level dissolved organic carbon

concentriions were among the highest found foe tyear. Therefore, drought effects costitl be
influencing overall decomposition. It is difficult to disentangle the effects of the site level drought
from the effects of clipping alone. In addition, as the msbly damaged plots were discarded from

the drought statistical power for the final sampling was reduced.

4.5.2.2 EE proxy effects one year later (day 379)

Overall, results from the intensive sampling conducted one year after clipping also suggesit that
processes were relatively resistant to the EE proxy. Similar to theséries perspective soil
respiration appeared to be strongly reduced highlighting the strong link between rhizosphere carbon

and soil respiration rateshe EE proxy reduced saispiration by 147.42 %p = 0.04)compared to

158



droughtcontrols. This indicates a substantial drop in carbon cycling and the decomposition of soll
organic matter. For the same reasons as stated above this is likely due to reduction in plant root
respiratons contribution to soil respiration and rhizodeosition reductions reducing microbial
respiration due to carbon limitatioRurthermore, ot death and the lack of root respiration probably
contributeal to the substantial reductions in soil respiratiorefdastingly, relatively high dissolved

organic carbon (compared to the previous tgages and noesignificantly higher than drought

controls) was found in EE plots. This greater availability of labile carbon under clipped plots was not
invested by the mirobial community into relatively greater soil respiration (as expected) or microbial
biomass (observed in the earlier part of the experiment). It is likely due to the site level drought that
the microbial life history strategies switched to stress toleré®gover high yield (Y), resource

acquisition (A).

The EE proxy produced@% (p = 0.059) increase in available ammonium concentration in the soll
compared to droughtontrols. This is likely due to the cessation of uptake by the donfGedhina
vulgaiis as it preferentially utilises ammonium as a nitrogen so{PeeGraatfet al, 1998) The
availability of other forms of nitrogen and phospis was not increased by the EE proxy, indicating
similar nutrient availability for the other nutrients tested between the EE proxy and drought control
plots. Alternatively, if the cessation of plant uptake did increase the availability of other nuyitiisnts
possible that a greater uptake by the microbial community took place, in the absencerofqlze
competition for resources. The microbial N and P content was not measured so this cannot be

determined.

The availability of phosphorus in pauiar, for all plots, was very low and almost at undetectable
levels. The low phosphorus availability at the site level along with@widphatase enzyme activity
overall recorded as the enzyme with the greatest activity indicate strong site phosphtatisiim
Nitrogen was historically considered the main limiting nutrient in most northern hemisphere terrestrial
ecosystems. However, over the last century considerable nitrogen deposition has taken place within

The Peak District Nation Park, where thipexment was located, leading | to experience some of the

159



highest cumulative N loads recorded for the country and helping dtiv@tBtion (Fowleret al,

2004; Horswillet al, 2008) It is therefore possible that the site is either P limited oY-éblimited.

4.6. Conclusions

Overall, the soil processes in this ecosystem appeared relatively resistant to the disturbance of the
extreme event proxy with the exception of soil respiratfidre removal of vegetation in EE proxy

plots resulted in a notable reduction in soil respirgtindicating decreased carbon cycling function in

the absence of plant activity. Concurrently, we observed an increase in soil extractable ammonium
content under clipped vegetation, likely attributed to reduced plant uptake. It is worth noting that the
trenching process obscured the true carbon cycling dynamics within the soil. To enhance the accuracy
of future studies on heathland ecosystems, we recommend conducting trenching a year in advance and
utilizing plastic sheets to inhibit root growth, therebgiding the need for rFrenching. In addition,

the site was exposed to strong drought conditions that affected all plots carbon dynamics,
complicating comparisons with baseline control plots. The draugiithaveeffected the soil organic

carbon contentfahe soil and overall soil organic carbon content was highly seasonally dyaathic
appeared low for an ecosystem of this typguFe studies assessing climate driven EE and carbon
cycling should consider the @xcurrence of drought conditions as thegymeflect future conditions

more accurately. Furthermore, it is also recommended that carbon cycling studies do not just sample
in the growing season but sample throughoetysar as soil carbon cycling appestrengly

influenced by seasonality.
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Chapter 5. General dscussion

Unl ess dramatic action is taken, by t h@PPEnd of
2018) Past greenhouse gas increases are already
Attribution studies have shown that the devastatioods that took place in Pakistan in 2022, which
affected 33 million people and killed 1789DP, 2023) were made significantly worse by climate
changgOttoet al, 2023) Also, the Australian 2019/2020 bushfires, which burned 4Ganillion

acres (72,000 square miles) and destroyed around 3500 f\febster, 2019)were made worse by

climate change drivergan Van Oldenborgeét al, 2021)

Over this century, depending on the action we take nabatjtemperatures could rise between-1.5
5.8°C. Global air currents that drive regional weather could alter, upsetting precipitation patterns, and
the frequency and intensity of extreme events will increase to an uncertain @&pteeglinget al,

2000; IPPC, 2018Nitrogen deposition, caused by the burning of fossil fuels (NO, +#¥@ NQ i

referred to as N¢) and agricultural emssions (reduced Nreferred to as NgJ, have already caused
widespread reductions in plant biodivergiBayneet al, 2017) Global climate and regional
environmental changes arkdly to strongly affect terrestrial ecosystems and their organisms,

creating complex response patterns, causing unpredictable effects on ecosystem processes and

functionality, which will be exceeding difficult to predict.

In each experimental chapter bid thesis, a disturbance was applied and the resulting effects can be
viewed through a resilience and resistance approach. Resistance refers to the ability of an ecosystem
to remain unchanged when subjected to a disturbance. An ecosystem with highcesisita

withstand environmental pressures and maintain its structure aciibius despite external shocks

Pimm (1984)ntroducedhow resistance is an essential component of ecological stability, highlighting
that ecosystems with high species diversity tend to exhibit greater resistance to disturbances.
Resistance in soil science can refer to the ability of soil to withstand @istiegb without undergoing

significant changes in structure, composition, or function. For example, Soils with high organic matter
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content and aggregate stability are more resistant to erosion and compaction (Lal, 1993). Resilience,
on the other hand, refets the ability of an ecosystem to recover after a disturb@ribean and

Downing, 1994) It focuses on the speed and extent obvecy, allowing the ecosystem to return to

its original state or adapt to a new stable state. Holling (1973) introduced the concept of ecological
resilience, emphasizing that resilient ecosystems can absorb shocks and reorganize while undergoing
change, tbhs maintaining their core functions and structures. While resistance and resilience are
distinct concepts, they are interconnected. An ecosystem with high resistance may not necessarily be
resilient. For example, a forest that initially resists drouglgh(ihésistance) might suffer loigrm

damage if the drought persists and it cannot recover quickly (low resilience). Conversely, an
ecosystem with low resistance might still be highly resilient if it can recover quickly from

disturbances

Press and pulsdagiurbances are two distinct types of ecological perturbations that impact ecosystems
in different waygBender, Case and Gilpin, 198#ress disturbances are continuous, iemm

changes that exert a persistent influence on an ecosystem. These distidvarcharacterized by

their sustained nature, which can lead to gradual but significant alterations in the structure and
function of ecosystems over tifiBender, Case and Gilpin, 198&pr exampleclimate change
(Longterm shifts in temperature, piep i t ati on patterns, atmospheric
(continuous exposure to pollutants such as heavy metals, pesticides, or industrial emissions) and
nutrient enrichment (ongoing addition of nutrients (e.g., nitrogen and phosphorus) from agricultural
runoff, or nitrogen depositionRulse disturbances are shtaitm, discrete events that cause

immediate and often dramatic impacts on ecosystems. These disturbances are typically episodic and
can result in rapid changes, but their effects may not beléstigg if the ecosystem can recover

quickly (Bender, Case and Gilpin, 198%)pr example, droughts, floods, heatwaves, wildfires, and

other extreme events.

In the second chaptef thisthesis the experiment investigated how fhressdisturbance of

inceased CO and nitrogen deposition applied to p
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community biodiversityand community structurtirough timeln this experiment, resistance is

specifically measured by how well the grassland microbial comresmitaintained their biodgérsity,

species richnesand community structure,o mpar ed t o the control treat me
nutrient addition per each grassland) over time. Overall, fungi werersggsganin comparison to

bacteriatothe effectsf i ncr eas ald COO .bastEliaeStsalior diversiover the
year,specificallyspring bacterial species richness (acid Grassland), and fungal and bacterial species
richness (limestone grassland). This was attributegtiientialrelative increase in dominance of

certain species driven by the alleviation of carbon limitation via greater plant carbon allocation
belowgroundl n addi ti on, eCO produced bacterial cC 0o mmu
t he ambi eothgras€ldands (oivenfullihe year), whilst fungal communities were resistant to
community change effects. In this experiment, fungi were resistant to the effects:pfrefxth

grasslandsand bacteria were not resistant, particularly in the acidisigiad.

The acidic grassland, hadacterial community that seasonally changed (control treatnewgr
bacterial species richnesmd eCQ@significantly increasedoil organiccarbon. Furthermore,
previous research on the same kvagn experiment faud that eC@reduced aboveground plant
biomass and that the plant biodiversitgs overallower compared tahe limestone grassland (Taylor
et al.,in press).In comparisa, the limestone grassland had greater bactp&tdies richnesdjd not
change ommunity structure seasonally anad atrend of reduced organic carbon with eCO
Previous research found that e@@creasedhelimestone grasslanabove ground plant biomass,
plant biodiversitywas overall greater compar#te acidic grassland and eg€did not change but
restructured plant biodiversity (Taylet al.,in press)ln terms ofresiliencethe limestone grassland
was moreaesilientto the disturbance of eG@s biodiversityabove and belowgrounsjas
maintainegsoil organic carbomwasreducedand plant biomadgacreaed This supports the
diversity-stability hypothesis where more biodiverse communities are more resilient to distuabance
they are more likely to contain species that can compensate for the loss or decline of dtigers dur
environmental perturbations, thereby maintaining overall ecosystem st@hilitsan and Downing,

1994) However, as eCQepregnts apres®disturbanc€Bender, Case and Gilpin, 198#hichare
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sustainedong-term changes in environmental conditions, such as climate change, pollution, or habitat
alteration. Resilience in this context refers to the ecosystem's ability to dhsseldisturbances

while maintaining its essential structure, function, and processes; rather than a return to a pre
disturbed conditiorjBardgett and Caruso, 2028Jowever, the noignificant reduction in soil

organic carbon may be cause for concern if this trend continues and worsens irr¢h@ithu

additional eC®@fumigation), which would indicate a lack of ecosystem resilience in the limestone

grassland.

In the third chapteia soil storaggulsedisturbance was applied to soil samples to askegs

resistance to change under storagehis chapter, commonly used soil sample storage methods were
overall found to not maintain soil properties similar to those of fresstaned samples. With the
exception of théC signature of OC. Although, overall soil sample storagefawasd tonot be

appropriate (maintain significant similarity), the drying storage methods (forgirey and air

drying) were found to produce a muchaer disturbance effect. The sailalysed in the experiment,

was less resistant to drying methods compared toahling methods (freezing and refrigeratiolm).

this chapterthe soil was not resistant to storage and it was concluded that storage should be avoided

when possible, with the exception’d€ signature of OC.

In thefourth chapteraclimatic extreme everproxy (the clipping of above ground vegetatipn)se
disturbance was appligd Calluna vulgarisheathlandThis experiment aimed to investigate how

plant activity affects soil microbial carbon cycling and to understand the changes in microbial carbon
cycling when plant activity ceases, which is common in extensively damaged ecosystems following
extreme eventflTreharneet al, 2019) Most soil processeinthis ecosystem were resistant to the
disturbance effect of the extreme event prdsgr. example, soil processes such as enzyme activities,
extractable phosphorus cent and microbial biomass carbon were unchanged one year after the
extreme event proxy took place. This indicates strong soil ecosystem resistance to possible extreme
event damage. Howevenikrespiration was reduced and soil extractable ammonium coatent

was increased one year later, indicating that plant carbon transfer to the soil and plant uptake of
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ammonium had reduced in the absence of plant cover. These results are consistent with girdling
experiments where reduced soil respiration and inedg@gogen availability in the soil have been
found in other ecosysins(Parkeret al, 2017; Hogbergt al.,2010; Brozsterget al.,2015)and the

understanding that soil respiration is dominated by recently fixed plant carbon.

In the fourth chapter, the experiment was not continued past one year. During the course of the
experiment if new plant growth emerged it was clipped, to mimic the duration of recovery usually
found in extreme event damaged ecosysterdsy@ars)Bokhorstet al, 2011; BretHarteet al,

2013) Therefore, resilience, in terms of the recovery of the ecosystem to tistordance

condition, cannot be fully assessed. In addition, the occurrence adtfethevel drought, which

interacted with the trenching to damage control plots, made disentangling the response of the extreme
event proxy more difficult and additionally assessing the resilience of the ecosystem to the extreme

event proxy.

Theinteraction between pulse perturbations (e.g., droughts, heat waves) and press pertygbgtions
nutrient enrichment, elevated @@Bender, Case and Gilpin, 1984)critical. Sustained press
perturbations can progressively alter microbial communitreking them more vulnerable to abrupt
changes when combined with climate extre(izgdgett and Caruso, 202B)or example, nuient
enrichmenteduces fungal abundance relative to bac{eeavrieset al, 2018) which decreases
community resistance to drought and increases vulnerability to abruptitran@iardgett and

Caruso, 2020)

In this thesis, a site level drought affected the extreme event proxy experiment, and after the site was
expected to be in recovery, soil organic carbon measurements were the lowest of the experiment,
indicating that soil moisture is a strong controller of soil oarbequestration. It seems ironic that an
experiment set up to simulate the effects of an extreme event (plant carodf), subuld have its

control treatment damaged by a site level drought. However, this highlights how the investigation of

single expamental manipulation, to help predict future ecosystem response, can be less valuable than

165



experiments investigating multiple interacting factors. The vast majority of studies that have aimed to
increase or understanding of climatehangehave, understamdbly, focussed on the effect of a single
predictor, s u(Eingatest al,c€99¢; Wiklduetdl, 20@1; Neheet al, 2004,

Pendall, Mosier and Morgan, 2004; Reich and Hobbie, 2013; Ligisaly 2014; Qiacet al, 2014;

Fenget al, 2015) warmirg (Peliniet al, 2011; Crowtheet al, 2016; Chen, Elsgaardt al, 2020)

or drought(Tobermaret al, 2008; Denget al, 2021) Although, more recently there is a trend to

include a combinabin of effects, like the combined effect of plant diversity and g@@ter, Schmid

and Brandl, 2006warming and soil moistur@®anet al, 2016) eCQ warming, and droughrndal

et al, 2018) and eCQ, phosphorus and nitrogeddition (Keaneet al, 2020) However, the

combination of multife trend induced climate change effects; such as warming ang e{Zi©

multiple extreme event driven effects; such as drought, fire, and flooding is rare.

In science, the simplest experiments often yield the most insightful response. However, here | argu
that the more complicated experiment will be more insightful of future change experiments will be. It
is a hard ask for researchers, who have set uptengtrend experiments, to expose their

experiments to extreme event simulations. However, whent@mgexperiments have been exposed

to extreme events naturally, the discoveries have been rather remarkable. For instanceteha long
grassland plant biodiversity experiment in Germany, The Jena ExpefRumtheret al, 2004) was

hit by a natural flooding event in 2013. From conversations with some of the researchers that worked
on this experiment, they were concerned that the experiment would be destheyeth&/flooding

hit. However, the natural occurrence of flooding demonstrated that the plots with the greatest species
richness had plants that were less negatively affected by the flooding (plant height, specific leaf area
(SLA), root aerenchyma, starcbhntent)(Wright et al, 2017) However, the microbial biomass was

more severely reduced in high, but not low, plant functional group richness; indicating, that in the
shortterm hidh plant diversity plots had reduced stability of soil procefdeséet al, 2016) These
interesting discoveries would not have been uncovered if it was not for the flooding. Furthermore, the

findings from the flooding event provide valuable insight into how biodiversity drivers ésuch
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nitrogen deposition reducing plant diversity) may interact with climate change (increased frequency

and intensity of flooding) in the future.

In the FACE chapter in this thesis, an unusual response ofre@@ing microbial alpha diversity

was obsernv. This contradicted reports in the literature of increased microbial alpha diversity under

eCQ (Lipsonet al, 2014)or no changéLipsonet al, 2006; Austiret al, 2009; De Graafét al,

2010; Hayderet al, 2012; Nayloret al, 2020) However, the inclusion of two phosphorus limited
grasslands with contrasting soil pH in this thes
eluded to the fact thabs pH andphosphorudimitation may have been controlling this response.

There was evidence that, in the limestone grassland, which had a more neutral pH, the alleviation of
phosphorus limitation increased in alpha diversity. Therefore, the complicated obthe

experiment (two grasslands, three nutrient treat
allowed a greater discernment of the drivers of contrasting results found in the different treatment
combinations. Complicated experiments, withidai@al designs, may offer greater insight into

ecosystem response to future conditions and help to disentangle the drivers of their response.

5.1. Seasonal studies are important

Time series generated through manipulative experiments are essential iy tuanésistance and
resilience of soil microbial communities and their functidnghis thesis, | took a timseries

approach spanning seasons to investigating the effects of trend climate change and extreme events.
This approach provided insight intike FACE chapter, where there was evidence that et®nded

the summer microbial communities into autumn (acidic grassland) when it would usually undergo
change at this time. In addition, the approached showed that more seasonally dynamic communities
may be more sensitive to eG(as they are shaped to a greater extend by rhizosphere carbon. In the
extreme event (EE) proxy chapter, a tisggies approach uncovered that, contrary to what was
hypothesised, soil dissolved organic carbon and the microbialasis carbon increased under

damaged plots compared to cont@ai238 days after clipping. Whereas, a reduction compared to
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controls was expected due to hypothesised reduced carbon availability, it was suggested that this
indicated a possible shift to iastment into microbial growth, over resource acquisition, potentially
driven by greater microbial resource availability. If in these chapters, sampling was only conducted in

the growing season, these microbial processes and responsesmeriteatould hee been missed.

The emphasis of environmental sciences on the growing season may be rooted in the historical
connection between plant research and agriculture, where the primary focus was on optimizing crop
growth. Traditional forms of plant researchglurding botany, likely concentrated on periods when

plants were visibly active, such as during the summer. A recent review on the future of sail
microbiome research, indicated that although great advancements in geographical sampling have
provided valuablénsights into the spatial variability of soil organisms, a major limitation is that all

major largescale biodiversity investigations have been assessed at one point ([G&isen, 2021)

Whereas, local studies with multiple time points have provided valuable insights into how seasonal
factors shape the soil microbiorfMervoortet al, 2012) The autlrs of the review suggested that

just as environmental conditions (moisture, temperature, the availability of different carbon and
nutrients) shape the soil microbiome across geographical regions, they also shape the soil microbiome
at temporal scalg$eisen, 2021)lt is well established, that soil microbial communities are highly
dynamt and respond to changes in resource availafifiiiptaineet al, 2007) So, if the future aim

is to asses soil microbial functioning from microbial communities, it is important to recognise that

they are under constant temporal change and secondly, to incorporate a temporal strategy in microbial

surveys (Geisen, 2021)

This is especially important considering the context of clima#age. Soil microbial communities

are able to influence the uptake and storage of greenhouse gasses at the ecosy$Bardigett)
Freeman and Ostle, 200&)d soil microbial activity does not cease to exist outside of the growing
seasonln a grassland eCG@xperiment, the authors took a seasonal-8emes approach and
discovered that eCOnduced a priming effect that increased the decomposition of SOM increasing

the activity of bacterial nitrite reductag€eidd, 2019) This was discovered by monitoring@®land
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coO soil emissions in autumn and wi niTher wher e
authors suggested that this showed a positive feedback loop, wherste@ilated greater loss of

coO a® fibm the grassland, which could further accelerate global war(ikeidel, 2019)

Without the inclusion of autumn and wémtin this study, this priming effect would not have been
discovered, and the important consequence for a potential climate change inducing feedback would

have been missed.

Important soil microbial processes occur outside of the growing season in othstents tooln the
Arctic, the belowground growing season is twice as long as the above ground(BéasaiVerry et

al., 2016)and microbial processes which occumimter feedback to affect plagtowth in summer.

A shift from immobilisation in summer to nitrogen mineralisation occurs in w{@#slin et al,

1991; Schimel, Bilbrough and Welker, 2008pil enzyme concentrations are highest over winter,
particularly before spring tha@Wallenstein, Mcmahon and Schimel, 20083 a larger pool of

nitrogen is availabléSchimel, Bilbrough and Welker, 200#)y microorganisms to allocate to

enzyme production. In the Arctic, soil respiration continues over winter, despite cold weather
constrants(Zimov et al, 1996; Oechel, Vourlitis and Hastings, 1997; Fahnestock, Jones and Welker,
1999)and winter activity accounts for ~20% of annual.@dissiongHobbie, Schimel, Trumbore

and Randerson, 20Q0kpresenting a substantial proportion of emitted carbon. Often extreme climatic
events are in winter, and the greatest climate changecurring over winter in the ArctfAMAP,

2017) Therefore, tdocus research solely on the summer season in the context of climate change
makes no sense. Even in ecosystems where winter temperatureis 20ei€h and there is no

sunlight, important ecosystem processes, driven by microbial activity take place datiemto the

ability of ecosystems in summer to sequester carbon.

Here | argue that a tirmeries approach, spanning seasons, should be the dominant approach taken in
nonseasonal ecosystems when investigating ecosystem response to climate changeeVideree
that climate change is altering the timing of seasons, with a the onset of spring becoming earlier and a

delay in the onset of autumn, shrinking winter in the mid8marks and Menzel, 2002s found in
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this thesis with eC@changing the seasonal pattern in microb@hmunities. A timeseries approach

that spans seasons also helps to identify how plants damage from extreme events can be variable, as
favourable summer conditions have been found to buffer the worst effects of extreme event damage
that occurred in wintefTreharneet al, 2019) Moreover, ecosystems exhibit seasonallieeld loops

that contribute to overall ecosystem productivity. For example, plants can alter the seasonal variations
in soil nutrient availabilityKaiseret al, 2011) To comprehensively grasp thapacts of climate

change on ecosystem processes, it is crucial to understand how these feedback mechanisms operate

both in the absence and presence of climate change.

Therefore, it is recommended that global change research, where feasible, adopteddane
sampling approach to investigate ecosystem functioning throughout all seasons, not solely the
growing season. Recognizing the financial and logistical challenges, particularly for international
fieldwork, two solutions are proposed. Firstly, fosteraningful collaboration with local scientists,
students, or technicians who can contribute to sample collection, preparation, and shipping, and
receive fair credit for their contributions. Local knowledge, often undervalued, can offer valuable
insights ino ecosystems. This recommendation additionally aims to steer away from the practice of
'helicopter sciencefAdame, 2021pffering a comprehensive solution for how wkeihded Western
universities conduct fieldwork abroad. Secondly, instead of a single sampling (on the same day)
during a short fieldwork trip, consider a tirseries with samples taken, for example, every other day
over a week, striking a balance between geographical and temporal coverage. This approach can
provide a more comprehensive understanding of dynamic communities in the face of ongoing

changes.

5.3. Cancluding statement

In chapter 2 (FACE chapter), this thesis revealed that ¢€21ded to decrease the alpha diversity of
mi crobi al communities compar ed t dorradoded adpmat CO

diversity inspring and summer acros$taéatment compared to autumn and winter. The suggestion
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was that greater rhizodepostion, in the e@€atment and during spring and summer more generally,
was increasing soil carbon availability and promoting the dominance of certain sphigaehaper
found evidence that soil biodiversity can be reduced by.e@kich could have unknown
consequences for soil ecosystem functionality in a future climate. Future work in this area,
specifically on this longerm experiment, could benefit from linking aleground and belowground
biodiversity and species presence/absence in each treatment to asses whether changes in plant
biodiversity or other response variables (e.g ptambon quantity and quality, nitrogen deposition or
soil chemistry) are driving thehanges in soil microbial community structure. Furthermore, an
analysis into the specific microbial taxa driving changes in microbial biodiversity would indicate if
the suggestion of increased microbial dominance of certain taxa was the correct exphaggtsed

for reduced biodiversity.

In chapter 3 (soil storage chapter), this thesis demonstrated that that routine soil sample storage
methods, lasting one and three months, did not preserve soil characteristics to similar levels as found
in fresh soil except fori*3 of organic carbon, which was preserved under stoifeméurther the work

in this chapter, a repeated experiment with different types of soil would be beneficial to assess if
trends in soil storage property change were consistent or ngsawib types. This work would help
researchers choose soil storage methods and durations appropriate for their work when storage is

unavoidable.

In chapter 4 (EE proxy chapter), this thesis found that an extreme event simulation (the clipping
abowegroundplant materialyeduced soil respiration over the following year, including a year later

when soil aimonium availability increased. Indicating that extreme event damage that resigts in h
plant mortality cameduce soil respiration and alter nutrienhagnics a year lateAlthough, changes

to soil respiration andoil ammoniumconcentratiorwere found, generally the ecosystem appeared
resistant to dramatic changes in soil microbial processes. This indicates that extreme events, with high
plant damage as the predominant impact, may not be a major concern in this envirbtoremter

a naturadrought at the site level likely reduced soil organic carbon content to the lowest
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measurements of the experimanticating that site level water availability may more strongly effect
soil carbon sequestration rather than plant driven procdastesework in this area could benefit

from including soil bulk density measurements to allow the agalend comparison of the effects on
soil organic carbon to other heathlands, as this was a major limitation of this work. In addition,
repeating this experime in different ecosystems would help in our understanding of how species
specific plant processes drive soil microbial carbon cycling across environments, and aid in our
understanding of the resilience of different ecosystems to extreme events tonbmttefdnd

management.

Despite the diverse topics covered in these chapters, several key points emerged across multiple
chapters, underscoring the importance of i#sages sampling, the significant shtetm variability in
organic carbon from upper $biorizons, and the necessity for complex global change experiments to
enhance predictions of future conditions. The primary aim of this thesis was to investigate soil
microbial carbon cycling and diversity under climate change. The findings reveal thiexk@nd
unpredictable responses of soil mi crobi al cycl ir
two phosphorudimited grasslands produced contrasting results, suggesting a potentialffrade
between increased plant growth and enhancedadibo sequestration under future climate

conditions. Additionallyt her e was e v i dredoce microbialdibdiversityaand alteathe
timing of belowground seasonal community changes. Furthermore, an extreme event proxy
mimicking high plant mortiity appeared to have no shaerm effect on soil organic carbon.

However, soil organic carbon in the upper horizon showed high variability over the course of a year,
likely due to seasonal changes. In conclusion, this thesis highlights the criticébnether

research to understand the changes in microbial carbon cycling under the influence of climate change
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S. Supplementary material

S1. Soi | mi crobi al communities biodi

deposition and the alleviation phosphorus limitation, in two phosphorus limited

grasslands

S1.1. Acidic grassland bacterial Shannon diversity time full contrasts

$contrasts

contrast estimate SE df t.ratio p.value
T1-T2 -0.0436 0.0473 90.70.921 0.7939
T1-T3 -0.6839 0.0469 93.314.579 <.0001
T1-T4 -0.7539 0.0464 91.716.251 <.0001
T2-T3 -0.6404 0.0498 95.412.855 <.0001
T2-T4 -0.7103 0.0489 93.114.536 <.0001
T3-T4 -0.0699 0.0480 92.61.458 0.4671

S1.2. Acidic grasstad bacterial Chao species richness time full contrasts
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S1.3. Limestone grassland bacterial Shannon diversity time full contrasts
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S1.4. Acidic grassland bacterial beta diversity time full contrasts

pairs Df SumsOfSqgs F.Model R2 p.value p.adjusted sig
1T1vs T21 0.0070559761.030618 0.01839384).341  1.000

2 T1vs T310.17552026 27.908688 0.3286906D.001 0.006 *
3T1vs T410.312844927 47.953409 0.45258988001 0.006 *
4 T2 vs T310.150502582 21.675412 0.29420143001 0.006 *

5T2vs T410.271357824 37.750864 0.415983%2001 0.006 *

6 T3 vs T41 0.0284014274.304440 0.072582090.004 0.024 .

S1.5. Limestone grassland bacterial beta diversity time full contrasts

pairs Df SumsOfSqgs F.Model R2 p.value p.adjusted sig
1T1vsT210.011513051.415907 0.02650722.187 1.000
2T1vs T310.12193212 22.338093 0.30880124001 0.006 *
3T1vsT410.19430775 30.781621 0.376388@0001 0.006 *
4 T2vs T310.065735779.553528 0.16041918.001 0.006 *
5T2vs T410.11551576 1488668 0.227140030.001 0.006 *

6 T3 vs T41 0.013036892.627199 0.05088789.036 0.216

214



S2. Quantification of storage effects in analysis of upland soil samples

S2.1. Soil sample dry weight (%)

Table S.1. Dry soil weights as percentage of total mass for each storage sample. ST = storage
experiment, number = replicate number, FD = freghzed, F = frozen, R = refrigerated, AD =-air
dried.

Rounded
to two
decimal
placei
soil dry
weight
content

Sample
code

ST2 FD1 100
ST2 FD2 98.99
ST2 FD3| 100.33

ST2 FD4 100
ST2 FD5 99.33
ST2 FD6 99

ST2 AD1 96.37
ST2 AD2 95.65
ST2 AD3 95.35
ST2 AD4 95.59
ST2 AD5 95.64
ST2 AD6 95.72

ST2R1 52.24
ST2 R2 52.85
ST2 R3 52.38
ST2R4 50.24
ST2R5 53.47
ST2 R6 52.59
ST2F1 51.64
ST2 F2 51.96
ST2 F3 52.32
ST2F4 52.36
ST2F5 54.77
ST2 F6 53.98
ST3 FD1 98.4

ST3 FD2 98.27
ST3 FD3 98.96
ST3 FD4 98.91
ST3 FD5 98.93
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ST3 FD6 98.9
ST3 ADI 95.75
ST3 AD2 95.68
ST3 AD3 95.81
ST3 AD4 95.54
ST3 AD5 95.76
ST3 AD6 95.87
ST3F1 52.47
ST3F2 51.93
ST3 F3 53.97
ST3F4 52.74
ST3F5 53.85
ST3 F6 53.23
ST3R1 51.99
ST3 R2 52.61
ST3R3 51.43
ST3 R4 52.2
ST3R5 51.24
ST3 R6 52.75
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S3. Consequences of plaotsoil carbon cubff following an extremelimatic event

simulation

S3.1. Photographs of discarded drought effected matched paired experimental plots
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