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Abstract

Optimising the use of organic amendments, such as livestock, flarcommercial
farms represents one route through which the reliance of agricultural production on
inorganic fertiliser use might be reduced. For economic, environmental and
geopolitical reasons, decoupling future agricultural production from inorganic
fertiliser use is desirable, particularly if increases in future demand for food at global
scale are to be met sustainably. However, there remains substantial uncertainty
surrounding the impacts of organic amendments on many of the key phisitical
and microbial properties of agricultural soils. This uncertainty reduces the likelihood
that land owners and land managers will adjust farming practices in order to deliver
more widespread use of organic amendments to support production. In this context,
the esearch reported in this thesis sought to understand how the management of
livestock slurry within intensive grassland systems can be optimised to support
production. The thesis had a particular focus on understanding how the soil microbial
community medites the input of livestock slurry, in terms of the influence of this
community on the cycling and crevailability of macronutrients within soil. The
thesis first examined the impact of a biological slurry additive, SlurryBugs, on the
nutrient content oflivestock slurry during storage, finding positive effects of the
additive particularly with respect to the total phosphorus (P), where an increase by
27% was observed compared to the control slurry treatment, and the total solids
contents of slurry duringtorage. It was hypothesised that the SB additive may have
altered the emission of phosphine @PHom slurry during storage. Subsequently, the
impacts of slurry application, both with and without the biological additive, on soil
organic matter (SOM), asell as on the nitrogen (N) and P content of grassland soils
were examined, in comparison to inorganic fertiliser and control treatments. Positive



effects following slurry application were observed, spanning SOM, Olsen P, mineral

N and soil pH conditions.

Finally, the impacts of applying slurry alongside a range of carbon (C) substrates of
different quality (glucose, glucogephosphate (G6P), and cellulose) to a grassland
soil were examined, in terms of the partitioning of C within soil as mediated by the
microbial community and in terms of changes in the structure and biomass of the soil
microbial community. The results revealed an increase in the soil microbial biomass,
as well as a decrease in the cumulative respiration, following the application of both
slurry types, alongside a carbohydrate, compared to the treatment with the
carbohydrate alone, likely due to a microbial metabolic mechanism known as
preferential substrate utilisation. In addition, a bacterial predominance within the soil
microbial commuity was observed in all treatments, with increasing dominance of
fungi toward the end of the 4®ay incubations. This thesis also revealed that the
guality of C substrates represented a major factor affecting both the extent of
mineralisation and of incporation of externalhderived C into microbial biomass.
The application oft“C-glucose ort“C-G6P to soil resulted in a significantly greater
incorporation of*“C into microbial biomass by 68 or 57%, respectively, compared to
41% following the “C-cellulose application. Further, the addition of US slurry
alongside!“C-glucose generated a significantly greater extent of mineralisation by
30%, compared to the treatments with AS slurry or with éf@yglucose added with
19 and 21%, respectively. Taken togaththe data reported within this thesis have
potentially important implications for the way in which livestock slurry is managed as
a nutrient resource on commercial farms, as well as for broader environmental
concerns including the acidification of agrtural soils and the impact of agricultural

soils on the global C cycle.
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1 Introduction and objectives of thethesis

During human history food availability hasfrequently been limited by natural
phenomenaincluding crop pests odrought and humannduced events, such as
conflicts or economic ases. Today, with the world populatiomlready exceeding
sevenbillion andpredicted to reaclalmost10 billion by 2050 global food demands
increasg rapidly andsome parts of the world are likely to see reduoed security
in the future compared the present dagRengel and Zhang, 20LXCommercial food
production relies heavily on inputs of externadlgrived nutrents to agricultural soil
in order to support crop yieldBouwman et al., 2013)As aresult, a significant
increase in nutrient input to soil is likely to bequiredin the future, in ordeto
increase global food producti@n a rate that meets the growing demand for food from
the global populatior(Van Vuuren et al., 2030 However, following widespread
degradatiorof waterresourcesand of agricultural sos, as well as the rise energy
consumptionon farms, in food processing, andn the prodiction of inorganic
fertilisers, futureagricultural practicesre requiredd make food productionmore
efficient per unit area of landl) order tosustainably meethe predictedincreasen
global demand for foodTilman et al., 200R Deriving greater benefit froraxisting
nutrient stocks within agricultural systenfey example those withisoil or within
livestock slurry, represents one means through which relianceth@ninput of
externaly-derivednutrientsto support food production could be reduced in the future

(Garnett, 2011)

However, although the need to increase the efficiency of future food production is
clear, farm systems are highly likely to conie to rely on a range of external inputs,

key among which is inorganic fertiliser. Historically, increased input of inorganic

1



fertilisers to agricultural soils has been a critical factor in the increases in agricultural
yields that have been observed asrthe UK, Europe and North America, particularly
since the 1940¢Stewart et al., 2005)Today,very few agricultural soils can sustain
commercial yields without the regular application of externdéyived, plant
available nutrient¢Dawson and Hilton, 2031 meaning that very substantahounts

of inorganic fertiliserare used globallpn an annual basis to support food production
Betweenl1960 and 1995, there was a sevenfold increase in the global use of nitrogen
(N) fertiliser, whilst the use of phosphorus (P) fertiliser increasedioBdSn the same
period. Further, the use of both N and P fertilisers is predicted to increase thbgefold
2050, unless there is a substantial increase in fertiliser use efficiency within
agriculture(Tilman et al., 2001)However, further increases in fertiliser application
are unlikely to result in the widespread, positive yield responses that have been seen
historically, due to ever decreasing returns in terms of crop yield per unit additional

fertiliser application thiacharacterises many agricultural regighgman et al., 200R

However, a range of otharutrient resourcesbeyond inorganic fertilisergxist
within farm systemgsincluding crop residues, food waste, compost, farmyard manure
(FYM) and slurry Optimising theuse of these alternativeitrient resources should be
a target for work that seeks to support future food productiorder toredue
reliance on externallgerivad inorganic fertiliserresourcesand to betterclose the
loop on farm nutrientycles (Petersen et al., 2007 particular, if these organic
substrates are recycled for use on the same farm from which they are originally
derived, high nutrient use efficiepacan be delivered with respect to the original
import of nutrient resources through the farm gate, with consequent reductions in the
adverse environmental impacts associated with inorganic fertiliser use on farms

(Petersen et al., 20Q7)urther, oganic substrates potentially offer a number of



additional advantages over inorganic fertiliser use, due to the effects that organic
substrates may have on the biological, chemical and physical properties ¢¥aoils
Camp et al., 2004)In turn, these effects may translate into enhanced primary
production and carbon (C) sequesitia in plant biomass and, ultimately, increased
crop yields(Acharya et al., 1988, Fraser et al., 1988, Latif et al., 1992, Versini et al.,
2013) However substantial challenges and uncertainties continue towguitthe use

of organic substratedo support productiomwithin agriculture.For example, these
substrates are normally added in large quantities to soil, dtheitolower nutrient
contentper unit mass compared to inorganic fertilis@tsati and Bandyoopadhay,
2011) Because slurry and FYM areggominantly applied to soils according to their

N content, and because these materials possess a N:P ratio of between 2:1 to 6:1, P is
often added to soil in excess of N following slurry/FYM applica(iéok et al.,1995)
Compounding the issue of imbalanced N:P in slurry/FYM, the ratio of N to P uptake
by crops, including grass, istef even greater, ranging from 7:1 to 11:1, thereby
further enriching soils in terms of P contdhteathwaite et al., 2000)n the broad
context outlined above, thisi@sis focusses on determining how the use of organic
substrates, in particular livestock slurry, can be optimised to support production in
grassland systems, thereby reducing reliance on finitepgkaally constrained and

environmentally costly inorguac fertiliser resources.

1.1 The importance o native organic matter in the availability of

plant nutrient within soil

The application of organisubstrates, such as livestock slurry, to sgpiresents an

important practice tdncreaseavailable carbon (C) for soil microorganisms and,



thereby, to alterdecompositionpathwaysof the soil organic matte(SOM) pool
(Haynes and Naidu, 1998, Lal, 2004he SOM pool represents the largest reservoir
of C in terrestrialecosystems, with a magnitude that is three times larger than the C
retained in plant biomass and twice the pool present in the atmosphereras CO
(Amundson, 2001, Lal, 2004$0M is also &ey factor influencingmany ecosystem
functionswithin soil, due to its capacity tbind inorganic ions, such as metale
reduce erosion, as well as to store nutrients in forms that may subsequently become
available to plants through the activity of sbibta (Pascault et al., 2013Further,

SOM plays a crucial role in determining soil quality in relation to water retention, due
to the large volume of mesopores and micropores within the soil aggragsteiated

with SOM (Nanzyoet al., 1993) Alongside allochthonous inputs of organic matter,
for example associated with the application of FYM/slurry, autochthonous
rhizodepositionincluding root exudatiofJones et al., 2009, Nguyen, 20@d root

and mycorrhizal hyphal turnove(Gill and Jackson, 2000, Wallander, 2006)
representsa further processhrough which labile C substratesay enterthe SOM

pool.

Among the wide range of organic composrmiesent in soil, the majority of SOM
is composed of high molecular weight compounds, including chitin, protein and
cellulose, as well as recalcitrant humic substances, all with relatively slow turnover
rates(van Hees et al., 2005, Vinken et al., 2006)owever, despite often being a
relatively small proportion of the total SOM pool, the turnover of low molecular
weight organic compounds, such as organic acids, sugars, amino sugars, amino acids
and nucleotides, daoinates the C released from soil as a result of respirétiam
Hees et al., 2005, Rousk et al., 20I0he rate at which different components of the

SOM pool are turned oveas mediated by soil biota, is critidar the availability of



plant nutrientswithin soil, including N and P, as well &sr determininghe impact of
agricultural soils on the global C cydlaltieri, 1999) Beyondthe composition of the
SOM pool itself, SOM turnover is also significantly influenced by the physical and
chemical properties of soil, including pH, moisture content, temperature, salinity and
aeration, as well as the physical accessibility of SOM to carganisms and
enzymes, due to the protection of SOM offered by the mineral matrix and soil
minerals(Sollins et al., 1996, Jastrow and Miller, 1997, Baldock and Skjemstad, 2000,
Gleixner et al., 2001)In particuar, the chemical and physical nature of the soil
mineral fraction, as well as the architecture of the soil matrix, represent important

factors that promote the stabilisation of SQB&ldock and Skjemstad, 2000)

To ensure tht arable and grassland soils reach maximum productivity, it is not
only critical that adequate levels of SOM are maintained, but also that adequate bio
availability of nutrients within soil is maintained(Baligar et al., 2001) The
application of organic amendments soil offers potential benefits because these
substrates are important sources of both SOM and of key plant tai(Aelegbidi et
al., 2003, Cordell et al., 2011)owever, the fate d®DM and of nutrients supplied to
soil through FYM or slurry is fundamentally governed by soil biota. Therefore, it is
critical that theinteractons betweensoil microbiota and organic substrates, such as
FYM/slurry, are robustly understood. This understanding may subsequently be used to
manipulate the interactions between soil biota and the input of organic substrates to
soil, in orderto enhancehe availability of plant nutrients within soils and to reduce

the relianceof agricultural productiomn external inputs of inorganic fertilisers



1.2 Role of soil microorganisms inthe cycling of soil organic matter

and the availability of plant nutrie nt from solil stocks

The turnover of SOM is predominantly governed by the activity of soil
decomposers, mainly soil microorganisms (bacteria and fungi), which simultaneously
control: (i) the storage of SOM for sustaining soil structure and fertilgyGuillou et
al., 2012 (ii) the recycling of nutrientsn agricultural soillPascault et al., 201,3and
(i) the emission of greenhouse gases (GHGs) from soil to the atmosphere
(Schlesinger and Andrews, 200M) this conéxt, soil decomposers must hydrolyse
high molecular weight compounds into molecules of lower molecular weight that are

capable of being transferred into microbial céB¢anville etal., 2012)

According toHUutsch et al. (2002)64 86% of organic compounds that are derived
from root exudates are rapidly transported to the intracellular environment and
respired by soil microorganisms, whilst the residual of this-boohe C, alongside the
OM synthesised by miobial fauna during decomposition, accumulates within the soll
matrix. The quantity, form, and distribution of root exudates, as well as the products
from subsequent decomposition of microbial falare, affected by number of biotic
and abiotic factors &m soil and plan¢Jones et al., 2004Among the most important
soil biotic factors, microbial community size, structure and activity represent key
elements for the turnover of root exudatesoil, due to rapid mineralisation by soil
micro-organisms of these robbrn substancggdones et al., 2004lFor exampleRyan
et al. (2001)eported a halfife of between 0.5 and 2 h for most amino and organic
acids, as well as carbgtirates released as root exudates by plamsilst rapid
mineralisation consumes much of the substrates exuded by roots insoewl of the
exuded Cwill become incorporated into microbial biomas®l enter a poalith a
slower turnover timgypically betweerB0 and90 daygRyan et al., 2001)
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Because exterfig-derived organic substrates, such as FYM/slurry, are respired by
soil microorganisms alongside native SOM and root exudates, it is important to
understand the relative importance of the decomposition of SOM versus
decomposition of a substrate that isled to soil with respect to total G@fflux to
the atmospherg¢Kuzyakov, 2006) This enables an assessment to be made of the
likely contribution of susbtrates, such as livestock slurry, to the -tiemg
accumuhtion of SOM versus shetérm respiration. To determine the fate of C
applied through amendments to soil, a number of studies have been conducted that
assess the partitioning of the C associated with the added substrate and that associated
with native SOM as governed by the microbial community within q@iill et al.,

2008, Schneckenberger et al., 2008, Dungait et al., 2013, Verastegui et al., 2014)
Among the different methods that have been used to probe ttigopeng of C,
incubation experimentare common(Kuzyakov, 2006) These experiments involve

the application of isotopicaliabelled substrate® soil, such as3C and'“C, followed

by subsequent deternaiion of the labelledC fractions in different pools
(incorporatedwithin microbial biomass mineralisedand released as GQo the

atmosphereand réainedwithin soil).

As understanding of the dynamics of SOM has developed, different pools of SOM
have beenlefined that distinguish living from ndiving componentgCondron et al.,
2010) In this context, microbialibmass has been defined as one of the major driving
forces inthe decomposition ofSOM (Fan and Liang, 2015)This vision of SOM
decomposition as driven by microbial activity is distinct frima traditionalview of
SOM decompositioras solely temperatureand moisturedriven, as underpins many
models simulatingC and N dynamics in so{Molina and Smith, 1997, Smith et al.,

1998c, Manzoni and Porporato, 200Birther, n manysoils the majorityof total N,



sulphur (S)and P are linked with the microbial biomgswith interactions between
SOM and the microbial communityontroling the fluxes and bioavailability of these

key nutrients(Bunemann and Condron, 2007, McNeill and Unkovich, 2007)
particular, the varying distribution of soil microorganism taxa has potentially
important implications for SOM and nutrient dynamics in soil. For example, changes
in the relative importance of bacteria versus fungi betweenswtace soil horizons
(often dominated by fungi) compared to the subsoil (often dominated by bacteria),
may have important implications for SOM stored within microbial biom&ss
example,fungi are often assumed to have a higher C storage capacity than bacteria
(Hendrix et al.,1986) but also for the translocation of nutrients between surface

horizons and the subsoil through fungal hypti@ehl et al., 2005)

The application of organic améments to soil, such as slurry or FYM, magdto
changes in soilmicrobial communitybiomass, size and activityror instane, a
number of studies have described modifications to the microbial structure, size and
activity of soil microflora, as well a® extracellular enzyme activities, following the
application of fresh slurry/FYM to different types of s(@lol et al., 2003a, Bol et al.,
2003b, Plaza et al., 2004, Aguilera et al., 2010, Kheyrodin et al., Bal@a et al.,

2014) Equally, several studies have reported that the specific nature of changes in the
microbial community structure and activity depend on the quality of organic
substrates added to soil, such organic acids, carbohydrates and aminasawiel$ as
plantderived inputs, including plant litter, crop residues and root exufi@aéshini et

al., 2003, Mondini et al., 2006, de Graaff et al., 2010, Eilers et al., 2010, Garcia
Pausas and Paterson, 20Baterson and Sim, 2013Jurthermore, a positive
relationship has been identified between SOM content and microbial biomass size,

with greater SOM content normally being linked to larger micrdin@hassand with



the addition of organic substrates tl gesulting in the accumulation of microbial
biomass(Gunapala and Scow, 1998, Nannipieri et al., 2003, Bastida et al., 2008,

Plassart et al., 2008)

However, the impact of applying organic amendments on SOMausoil nutrient
cycles, as mediated by changes in the soil microbial community, remains to be fully
elucidated. Therefore, this thesis seeks to advance understanding of the interactions
between organic amendments, soil microbial communities, the turnb\8®M and

nutrient bioavailability in grassland soils.

1.3 Thesis objectives

The aim of thisthesisis to understanthow production withinintensivegrassland
systems can makbetter use of organic materials as nutrient resourcbsreby
reducing reliane on externalhderived inorganic fertilisersMore specifically,the
thesis will focus on how the management of livestock slurry, alongside the application
of slurry to grassland soil, mighie optimised to increase the availability of key
macrautrientsto grass plantsThe thesis has a specific focos understandingnow
the soil microbial community responds terms of structure and functigio the input
of organic amendments to sa@hd the consequences of changes in the microbial

community for maawnutrient cycles in grassland soil.

In order to achieve these aims, four objectives were developed. The thesis structure

and the main objectives of each chapter are summarised below:

1 Chapter 2. The objective of this chapter was to review and synthesisarm@nt

knowledge relating to the management of slurry during storage in grassland



production systems, specifically associated with the use of slurry additives; ii)
the effects of the application of organic amendments, including slurry, on soil
nutrient ¢/cles and microbial community structure and function; and iii) the
environmental and economic implications of slurry application within grassland
systems;

Chapter 3. Theobjectiveof this chaptewas to determinavhether the treatment

of livestock slurry vith a biological turry additive significantly influenced the
nutrient content of livestock slurry during storade. addition, this chapter
focussedon changes in the nutrient content of grassland soil following the
application of organic amendments (kteck slurry with and without a slurry
additive applied during storage) compareéhtirganic fertiliseitreatment;

Chapter 4. The objective of this chaptevas to determine the extent to which
the addition of C sources of different complexity and degreenicrobial
availability to grassland sqil spanning glucose, glucose6-phosphate and
cellulose,alongsidelivestock slurry amendedr not-amended witha biological
additive affeced the activity of the soil microbial communityand the resulting
partitioning of C within soil;

Chapter 5. The objective of this chaptevas to determine the extent to which
the addition of C sources of different complexity and degreeniafobial
availability to grassland soiaffeced the biomass and the structure of sual
microbial community

Chapter 6. The objective of this chapter was to synthesise the effects following
the application of livestock slurry to grassland soil, based on the outcomes
reported in Chapters 3 to 5. Further, the chapter also places the findimghér

thesis in the broader context of key debates surrounding the
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accumulation/reduction of SOM in agricultural soil; soil acidification; gaseous
phosphine emission; enhancement of soil quality; and the relevance of the thesis
findings to environmentalral geopolitical concerns surrounding the depletion

of phosphate rock reserves.
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2 Application of slurry to grassland soil: potential implications for

key crop nutrients and the soil microbial community

2.1The role of durry and slurry additive sin agricultural production

Increased availability andpplication of inorganic fertilisers hasguably been the
key factar underpinningthe substantialincreases in food productiocseenin many
parts of the globever the pastentury(Matson and Parton, 1997 order to deliver
such increases in food production within the UK, total inorgasitliser application
has increased substantially, particularly since the 1@#f0®ston and Dawson, 2005)
For example, there has been a sustained increase in the quantities of inorganic
nitrogen (N) fertilisers applied, particularly as ammonium sulpf@tels).SQy) and
sodium nitrate (NaNg), in UK agriculture, rising from approximately 2.5%10 1.7
10'% kg during the period 1918985 (Johnston and Dawson, 200Parallel increases
in the quantities of phosphorus (P) fertiliser, as phosphorus pent(*Qs), and
potassium (K) fertiliser, as potassium oxide@¥, have also been observed in UK
agriculture during the same period, with peak applications of 5.&dLOf nutrients

applied during the years 194@90(Johnston and Dawson, 2005)

However, oganic amendments have always represented an additional, in many
cases essential, source of carbon and nutrients within agric(ftareand Hornik,
1992) A range oforganic amendments, including farmyard manure (FYM), different
types of slurry (the mixture of manure, urine and rainwater/farmyard waghing
including from livestock, pig or chickersources green manure, biochar, compost,
sewage sldge, wastes from dairy, vegetable, fish meat, poultry processing industries,

and anaerobic digestate, have bagplied to agricultural soils (note that the term

O0slurrydo wildl be wused throughout the remai
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slurry). A number of potential advantages have been reported in the literature that
support the importance of makinghaximum use of organic amendmenin
agriculture, in addition to the opportunity to reduegéance on inorganic fertilisers

For example, @anic anendments aravidely seen agmportant for the enhancement

of soil organic matter (SOMoil structure and water retentidar increagng cation
exchange capacity aridr contributing tosoil fertility through the supply ofssential

crop nutrients including, but not limited to,N and P (lyamuremye et al., 1996,
Rochette and Gregorich, 1998, Albiach et al., 2000, Leifeld et al., 2002, Montemurro
et al., 2008, Annabi et al., 2011, Patel et al., 2015, Molnéar et(dlg)2Figure 2.1
synthesises a range of effects that are thought likely to be associated with the
application of organic amendments to arable or grassiaitg] as reported previously

in the literature.

Among the available organic amendments, FYM and\sikepresent some of the
most commonly used iagricultureacross the globéChandra, 2005)Due to the
increase in fossil fuel priceand subsequent significamcreass in the cost of
inorganic fertilisers, as well as the environmental artsfoadereconomic costs of
manufacturing and applying inorgarit and Pfertilisers, there is increasirigterest
within agriculture in the role of FYM and slurry as sources of OM and nutrients,
rather than predominantly as wegsnaterials to be disposed of to agricultural land
(Dordas et al., 2008)n particular, as agricultural systems have developed into more
industrialised and commercial unigBittman et al., 2014)the recycling of internal
inputs, such as FYM and slurry, in order to close C, N and P loops within farm
systems has become essential, in order to enhance nutrient use efficiency and reduce
costs to farm busesses associated with inorganic fertiliser (Betersen et al., 20Q7)

Table 2.1reports indicative physiecohemical properties focattle, pig and chicken
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slurry, emphasising the significant nutrient resource contained within such materials.
Nutrient use within animal productionsystems that produce these organic materials
continues tde optimisedhroughimproveddesign of feeding schedules atfdough
manipulation of feed such that N and P use efficiency is incre&seagxamplethe
addition ofexogermus enzymes, such plytaseor proteasgto cattle,pig or poultry
dietsis utilisedto increase the efficiency of P uptal&elinger et al., 1996, Acamovic,

2001)

However the processes before slurry applicatiorsoil, including slurry collection
and storage, as well as the technique of slurry application to land and any
manipulation of slurry immediately after application, strongly affect the efficiency
with which nutrients and OM within slurry are recycledhin farm systems through
return to soil and uptake by crops. Furthenvironmental risks for example
associated with unacceptably high levels of N and P accumulating within soil that
increase the probability of nutrient export to water or release tatthesphere as
GHGs including nitrous oxide @®) or methane (Ck, can arise as a consequence of
suboptimum practices in terms of slurry managen{®w la Torre et al., 2000, Amon
et al.,, 2006) Beyond GHG emissinsg emissions ofNHz during slurry storage or
following slurry application to langlay a crucial role in the decline of biodiversity,
being a majorcontributor tosoil acidification andN deposition within ecosystems
(Berg et al., 2006)Further, the emission of offensive odours during the storage of
slurry in tanks andagoons,is associated with a complex mixture of volatile organic
compounds(VOCs), including volatile fatty acids (VFASs),alcohols, aldehydes,
amides, amines,aromatic compoundgs carbonyls, esters, etherdjalogenated
hydrocarbonshydrocarbonsketones nitriles, olefins,paraffins, phenolsand indoles

(Ni et al.,, 2012) According to Blane¥idal et al. (2009a),sulphurcontaining
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compounds, such as hydrogen sulphide, dimethylsulpldaeethydisulphide and
dimethyltrisulphide, which may be emitted fronstirred slurry, canalso be an
important challenge for slurry managemenherefore, whilst organic amendments
such as slurry represent a potentially significant nutrient resource viatinn systems,
understanding how this resource can be used to optimum effect whilst minimising any

associated environmental risks, remains a significant challenge for agriculture.

Slurry additives, applied to slurryduring storageyepresent a potential ay in
which nutrient use efficiency within sludlyased systems might b&gnificantly
enhanceqWheeler et i, 2011) A summary of available slurry additives is provided
in Table 2.2.Several additivesboth biological and chemical in nature, have been
developed in an attempt primarily teduce NH volatilisation andodour emission
during FYM and slurry stogge (Schils and Kok, 2003McCrory and Hobbs (2001)
categorised both biological and chemical additives, according to their ways of action:
digestive additives, acidifying ddives, disinfectants, oxidising agents, adsorbents
and masking agentg-or instance, disinfectants inhibit the natural degradation of
solids by acting on the microbiallpyediated processes occurring in livestock slurry,
whereas adsorbents use their haglsorptive capacities to increase total solids (TS) in
manure storag@/Nheeler et al., 2011)'he manipulatin of the balance between hIH
and NH" by reducing the slurry pH through application of inorganic acids represents
another way to control emissions (Stevens et al., 1989, Oenema and Velthof, 1993,
Hendriks and Vrielink, 1997, Kroodsma and Ogink, 1997, Meztet al., 1997, Beck

and Burton, 1998, Pedersen, 2003, Pedersen et al., 2004).

Digestive or Iological additives represent a mixture of microbial strains and/or
enzymeghatincrease the decomposition of livestock waste. In addition, gbek to

contrd NH3 volatilisation and to reduce the release of odorous compodundisg
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slurry storage(McCrory and Hobbs, 2001 Biological additivesare a potentially
attractivealternatve to chemicabhdditives due to the risk associated witeecondary
environmental pollutiorfollowing the application of chemicalgmended slurry to
soil, alongside the high casassociated withroducing chemicadditives themselves
(Zhu et al., 2006 Further, the extensive @®facidifying chemicaladditives such as
aluminium (Al) and iron (Fe) salts, can risk the degradation of soil quality, by
increasing sulphate and chloride concentrations in soil and reducing soil pH following

the application of slurrgkox, 1981, Fangueiro et al., 2015)

In order to reduce NHemissions, biological additives seek to promote the
metabolism olN in combination with the decomposition of Qlhd therto stabilise
N as organic N compounds within biossain slurry, rather than remaining as \bl
be volatilised (Wheeler et al., 2011)To control odour emissn, a number of
biological additiveshave been developed that sdekreduce the productipror to
increase the degradaticosf odorous volatile compoundblykanen et al., 2010)t has
been observed that odorous compounds are produced under anaerobic conditions
within slurry, mainly byClostridiumandEubacteriumspp. that favour high piZhu,
2000) Therefore, lowering slurry pH and adjusting the conditions during slurry
storage to favour lactic acid bactertzosld avoid conditions under which anaerobic
bacteria release odorous compour{tlykénen et al., 2010)Further, the use of
aeamtion to influence the bacterial community in slurry, mainly composdshoiilus
spp.that produces malodorous compounds suckiFass, has led to the selection of
specific Bacillus strains that drastically decrease the level of VFA production within

slurry during storagéHanajima et al., 2009)
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Table 2.1.Typical composition of cattle, pig and chicken slurry (adapted from Salazar et al. (2007);\Bidadest 4. (2009b), Suresh et al. (2089

DEFRA (2010),Sur esh and Choi (2012) , Ch 6 n €h'ng &t ala(R014), Cizigtel & al.; (20M), Provenmaaa et et  a |
(2014), Villamar et al. (2014), ®@assi et al. (2015), Dale et al. (2015), Kumatri et al. (2015), Antezana et al. (2016), Cocolo et glQ@@tat al.

(2016)).

Parameters Slurries

cattle pig chicken
Dry matter(%) 8.88+ 2.90 9.10+ 0.00 8.07+0.51
pH 749+ 0.30 7.00+0.20 7.52+ 0.09
Total N (%) 3.75+£0.96 7.50+0.00 4.65+ 0.10
NHs-N (mgkg?) 1510 + 0.45 5500 + 0.00 1288 + 2.02
SolubleP (mg g%) n.a. 1900 + 0.01 n.a.
Total P(mgkg?) 640 + 0.23 1490 £235 2960 + 1.05
Total K (mg g%) 2540 +0.79 3500 + 0.00 167 + 0.64
Total Mg(mg g%) 250 +0.00 704 + 632 257+7.88
Total Na(mgkg?) 1520 +1.06 542 + 241 5002+ 1.50




Table 2.2. Summaryof theavailable slurry additives in theorldwide marketaccording to the type of additive, type of sluarydtheir purposeluring
slurry storagdéadapted fronMcCrory and Hobbs (200BndWheeleret al. (2011).

Type of additive Slurry type Main purpose Commercial name Composition Author
Chemical cattle reduction of odorous AGCO natural plant extract Miner and
feedlot compounds Stroh (1976)
manure
cattle reduction in NH emission Kemira No. 2 superphosphate (CafPixv)2) and Andersson
slurry gypsum CaS® 2H:0O (1994)

Kemira No. 5 peat impregnated of calcium chloric
(CaCb) and superphosphate
Kemira No. 15 H20,, CaCh, and propionic acid
Penac G silicon dioxide
Stalosan superphosphate and copper sulphe
(CusQ)
reduction in NH emission AMD abandoned mine irostich sediments Wheeler et

and GHGs, and indorous Anthium dioxcide

compounds

5% aqueous stabilised chlorine al. (2011)
dioxine

Borax

sodium tetraborate decahydrate

Carvacrol + pinene

essential oils o©Origanum vulgare
(oregano) anéPinus sylvestrigpine)

CAS=AIr solution
R305 deamine

proprietary mixture of chemicals

CBP=Biostreme

proprietary demicals/ micronutrient

222 PoneX concentrate
CBS=Biostreme proprietary chemicals/ micronutrien
101 concentrate
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Table 2.2. Continued.

Type of additive Slurry type

Chemical

Main purpose Commercial name Composition Author
cattle slury reduction in NH emission CGE=Greaseater proprietary mixture of chemicals in Wheeler et
and GHGs, and indorous isopropyl alcohol al. (2011)
compounds CPR=Predator proprietary complex triazine mixture
CSE=Septisol proprietary dipole dibase formulatior
Eugenol essential oil oByzygium aromaticum
Glycerol glycerin
Hydrogen peroxide hydrogen peroxide
MUN=UNLOK proprietary chemicals and surfactan
for facultative bacteria
Ocimum basilicum essential oil oOcimum basilicum
(basil)
Peppermint black essential oil oMentha piperita
mitcham (Peppermint)
Zeolite clinoptilolite, K-CaNa
aluminosilicate
reduction inodorous Bio-Gest no information available Yu et al.
compounds NatureAid no information available (1991)
pig slurry  reduction inodorous Agri-Scents Yucca plant extract Patni
compoundsretain NH Bio-Surge nutrient combination (1992)
and OM Hydrogen chemical (CHNy)
cyanamide
Micro-Aid saponin surfactant, urease inhibitor
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Table 2.2.Continued.

Type of additive Slurry type Main purpog Commercial name Composition Author
Chemical pig slurry  reduction inodorous Natural Odor solution of amino acids, vitamins,  Patni (1992)
compoundsretain NH Catalyst trace minerals and enzymes
and OM Peat Sphagnum peat for Shippagan
reduction in NH emission AMGUARD lactic acid Hendriks
and GHGs and Vrielink
(1997)
increases oxygen level in CPPD chemical oxidising agent Zhu et al.
liquid to support bacterial (1997)
activities
reduction inodorous MPC chemical emulsifier
compounds
enhances biological and Shac natural coal product (enzyme)

chemical proceses to
reduce odour

Biological cattle reduction inodorous Odor Control Plus mixture of dried bacterial and enzyn Miner and
feedlot compounds Stroh (1976)
manure
pig manure reduction inodorous ADD mixture of aerobic bacteria Zhu (2000)

compounds
CATADD
cattle slurry reducton in NHs emission Add A mixture of anaerobic bacteria Andersson
(1994)
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Table 2.2.Continued.

Type of additive Slurry type

Main purpose

Commercial name Composition

Author

Biological

cattle slurry

reduction in NH emission
and GHGs, ad inodorous

compounds

MAC=Alken

ClearFlo 8000
MAE=Alken Enz
Odor 5 & Alken

EnzOdor 9
MAF=Alken

ClearFlo 7110 &
Alken EnzOdor 5

&9

MBR=Bio-Regen
Animal Waste

proprietary aerobic/facultative
microbes with growth factors

proprietary aerobic/facultative
microbes

Wheeler et
al. (2011)

pig slurry

reduction inodorous Roebic mixture of aerobic, anaerobic and  Patni (1992)

compoundsretain NH facultative bacteria

andOM

reduction in NH emission 6806405 mixture of bacteria Liao and

and GHGs Instra. Pro Bundy
Specimen (1994)

reduction inodoraus Bio-Safe Enzymes and microorganisms Zhu et al.

compounds (1997)

breaks down volatile
organic compounds

X-Stink (LF1)

Aerobic bacteria
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2.2 Application of slurry to soil in farm systems

The application of FYM and slurry to soil represents a valid alternative to inorganic
fertilisers in order to meet crop demand for available nutri@tteckdaleet al., 2001)
Much effort has been invested in enhancing the nutrient recycling in farm systems
through the application of slurry and manure so as to minimise reliance on external
inputs,because of environment@conomicand geopoliticatoncerns ovecontinued
access tpand use ofjnorganic fertilisers(Chambers et al., 2000, Stockdale et al.,
2002) Although inorganic fertilisers may be necessary to sustain intensiveyieigh
crop production, widespreadomcerns have been raised with respect to the
environmental and economic sustainability associated with future production of
inorganic fertiliserdDawson and Hilton, 2011Most inorganic N fertilisers involve
N fixation through the HabéBosch process. This synthesis is an enantgnsive
process, when compared to the productiootber inorganic fertiliserseven though
enormous prgresses haveeen made in enhancing the eneeffjciency of the N
fixation proces{Smil, 20Q). For example, according awson and Hilton (2011)
the production of N fertilisers requires, globally, over 90%hefoverall energy input
needed for fertiliser productiodlthough fossil fuels can be replaced by many other
energy sources for Ndsynthesis, there are no imminent alternatives to the increasing

reliance on the Haber process to meet demand for Nder&{Smil, 1999).

Differently from the synthesis of N§linorganic P fertiliser productias reliant on
P extacted from phosphate rock, which is a noanewable and finite P resource on
human timescale&Cordell et al., 2009)ue to the extremely long time required for P
to cycle between the lithosphere and the hydrosp(éoedell and White, 20)1
Further, because of the highly uneven distribution of phosphate rock reserves in the

world, with five countries controlling approximately 88% of remaining reserves and
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Morocco alone controlling 74% of these reserves, there is a significant power
imbalarce in terms of the control over the supply and the price of inorganic P
fertilisers (Cordell and White, 2015)n addition, significant ncertaintycontinues to
surroundthe size and depletion time for remaining phosphate roawes(Cordell

and White, 2014)Therefore the use of organic inputs, such as slurry, could be a valid
route through which agricultural production systems are able to reduce reliance on

finite and geepolitically constained phosphate rock resources.

Slurry and FYM represenan important source of OM and nutrients for farm
systems in order to replace OM and nutrients removed in crops taedebyto
maintain and enhance soil fertility and crop gro®oulding et al., 2008)When
slurry/FYM that is generated within a farm system is recycled within the boundaries
of that farm systemthis maximises the efficiency ofutrientusewithin the system
and, in turn, reduces the cost of transporting these organic amendments elsewhere, for
example to offsite anaerobic digesters, alongside the fhusiness expense
associated with inorganic fertiliser purchase and applicé@emema, 20065oulding
et al., 2008 Severalstudies have already describegtreasesn SOM and SOC
following the application of slurry or FYM toil (Haynes and Naidu, 1998, Kapkiyai
et al., 1999, Morari et al., 2006, Rasool et al., 2008, Huang et al., 2010, Mellek et al.,
2010, Peng et al., 201Zpreaterconcentations of Ca, K, Mg and Mn have also been
found in soil amended with different types of slurry and mairiBreluck Il et al.,

2002, Adegbidi et al., 2003, Soumaré et al., 2003, Gil et al., 280&sh et al.,

2009, da Veiga et al., 201%/anden Nest et al., 2014, Lima et al., 2015)

Similarly to the other soil parameters, the effects of the addition of slurry/FYM to
soil have been observed in terms of total N ahdnineral N (NH-N and NQ-N)

associated with thdirect input of NHs-N via slurry/FYM alongside thenineralisation
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of organic Nwithin these material@Eghball, 2002, Mader et al., 2002, Bittman et al.,
2005, FlieRBbach et al., 2007, Birkhofer et al., 2008, Duaal.£2011, Yang et al.,
2015) However, as N inputs increase in farm systemsrigieof greater total N
losses also increasé®enema, 2006 Losses of N may occur via NHemissions,
denitrification, leaching and ruoff (Kirchmann and Lundvall, 1993, Loro et al.,
1997, Beckwith et al., 1998, Smith et al., 2001c, Sommer and Hutchings,. 2001)
Ammonia emissions are mostly associated with slurry storage tladperiod
immediately following theapplication of slurry @ land (Oenema, 2006 Reducing

such nutrient losses, particularly from livestock production systems, has been a
significant concern both at UK and at European levels. Regulations at the EU level, as
well as poicy and management practices at local and national level, have been
adopted in order to minimise NHmissions, as well as N losses to groundwater and
to surface water bodieErisman et al., 2008EU Council Decision, 2009)One
potentially important roa through which the export of N from farm systems may be
realised is througimore efficient utilisation of slurry/FYMn balance withnorganic

N fertilisers(Hatch, 2004Rotz, 2004. For example,hte application of slurryo soll
throudh injectionmay reduce NElvolatilisation compared to surface application of
slurry by almost 50%Kuipers et al., 1999 Furthe, the amendment of slurry with
additivesmay have the potential to enhancerimamt use efficiency, for example by

mitigatingNH3z emissiongrom slurry(McCrory and Hobbs, 2001)

With regard to P, a number of studies have shown that the application of manure
slurry or other organic amendments mayhanceP availability to crops in different
soil types(lyamuremye et al., 1996, Guppy et al., 2005, Agbenin and Igbokwe, 2006,
Jiang et al., 2006, Negassa et al., 2008, Gichangi and Mnkeni, 2009, Gichangi et al.,

2 0 1 Omon aBd Czakd, 201¥ilela Penha et al., 20)5 argely in contrast to N, the
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application of P to agricultural land through slurry/FYM, alongside inorganic P
fertilisers, over several decades in what were originaltiefitient soils, has largely
exceedd P offtake in crops and led to significant accumulation of P in agricultural
soils (Hooda et al., 2001)Therefore, due to this large P surplus, many agricultural
soils do not require furthemorganic P fertiliser applicatian particularly given
slurry/FYM inputs or at most they require only maintenaragplications(Condron,
2004). However, acording toZhang and Schroer (2014), within soils in which
slurry/FYM application rateareprimarily determinedoased orcrop N requirements
significant surpluses d? are applied with respect to crop requiremeiitee resulting

P accumulation in soitan significantly increase the potential for &portthrough
runoff and leachingrom these soilgKleinman et al., 2002)As a resulta redwtion

in P surpluses in soil by mately crop requirements with P inputs neeckd for
effective soil quality management in intensively managed agroecosyg&bamdon,
2004). However, whilst this target could esbe achieved in soils with inorganic P
fertiliser applications, it will be difficult in lands receiving significant amounts of
slurry/FYM applicationswhere P application is likely to remain in excess of crop

requirementgHooda et al., 2001, Withers et al., 20@kath6 and Radimszky, 2012

2.3 Impact of slurry application on soil microbial compostion and
activity

Organicamendments, including slurry and FYM, represent a key source of energy
and nutrients forsoil microorganismgCondon et al., 2010) Bacteria and fungi

comprise 85% of the soil biomass, and their interactions with the soil faunal

community in complex fooaveb systems regulate the turnover of OM and associated
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nutrients in soilWardle, 2002, Coleman and Wall, 200Decomposition of organic

C and nutrients in soil is mainly drivday the activities of bacteria and fungi, because
the heterotropic nature of most of these organisms means that they rebpbdhas a
source of energy and of nutrienfldopkins and Gregorich, 2005, Winding et al.,
2005) Soil microorganisms are usually classified with respect to their ecological
characteristics, corresponding to the classification of copiotrophic and oligotrophic
groups used for animals and plants in relation to resource availdbildser et al.,
2007) Microorganisms whose relative abundance inc@ soils is high are classified

as copiotrophs, whilst oligotrophs have been observed to grow andiuepran
extremely Gpoor soils(Langer et al., 2004)Furthemore, whereas copiotrophs are
also classified as-strategist or zymogenous, oligotrophs correspond-gir&tegists

or autochthonougHopkins and Gregorich, 20Q5)lable 2.3 summarises several
ecological, morphologal and biochemical traits that are assocaited withnd K-

strategist organisms as they exist within the soil microbial community.

The application of organic amendments, such as slurry and FYM, to soil has been
observed to generate a microbial successionng the decomposition process.
Copiotrophshstrategists, largely corresponding to graegative (Give) bacteria,
dominate the early stages of decompositidme to their adaptation to the organic
amendments added to s@Hierer et al., 2003, Fontaine et al., 2003, Cleveland et al.,
2007, Fierer et al., 2007, Kramer and Gleixner, 2008, Fanin et al.,.d@lehntrast,
as substrate quantity and/or quality declines over time, oligotrogisdkegists,
mainly consisting of granpositive (G +ve) bacteria and fungi, become increasingly
dominant, because of their tollerance towards environmental stress, such as low
resource concentration. Therefore, these organisms are able to derive sufficient energy

and nutrientdrom the decomposition of the older and more recalcittfdm (Fierer
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et al., 2003, Fontaine et al., 2003, Cleveland et al., 2007, Fierer et al., 2007, Kramer
and Gleixner, 2008, Fanin et al., 201Kpwever, alog with biosynthetic processes

that lead to increasing microbial biomashssimilation processes can also occur
following the addition of organic amendments to soil, with such processes being
favoured when energy constraints exist or when energy demandsghr(Geyer et

al., 2016) Among these dissiilatory processegnaintainance respirationgpresnting

the basal energy requirement for purposes other than biomass production, and
overflow respiration, the respiratory mechanism used by numaited
microorganisms to min8OM in search of N, P asther nutrients, aramong thenost

important processd€&eyer et al., 2016)

According toFierer et al. (2007)even though it is unlikely that a whole phylum
would respond similarly to chges in C availability for example following
FYM/slurry application, and there is enormous physiological and phylogenetic
diversity whithin each phylum, most of the microorganisms in the phyla stiried
previous researcpresented common ecological traits relation to C availability.
Several studies have described bacteria belongimycidobacteriathat were most
abundant in €oor soils, wheread}, b-, -Pmteobacteriaand Bacteroidetes
displayed a higher relative abundance in soils with high C dil#t§a either as an
intrinsic soil property or because of organic amendmg@ésilley and Aragno, 1999,
McCaig et al., 1999, Axelrood et al., 2002, Padmanabhan et al., 2003, Héry et al.,
2005, Cleveland et al., P@, Nemergut et al., 2010, Wang et al., 201%)contrast,
Fierer et al. (2007)lid not find any significant change in the overall abundandé of

ProteobacteriaFirmicutesandActinobacteriato changes in C availability in soil.
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Table 2.3.Ecological morphological and biochemictits that are likely teorrespondo r- and K-strategistsModified fromFierer et al. (2007)

Traits

r-strategists

K -strategists

Corresponding merobial groups

Ecological group
Growth rates

Growth yield

Maintenance requirements

Substrate uptake systems

Receptivity to subsate
applications

Metabolic  quotient dCOg,
respiration rate per unit
biomass)

Temporal variability in

population size
Easeof cultivation

Gram negative bacteria

Copiotrophs

High growth rate when resources are 4hiamting,

e.g. afteraddition of organic amendment

Low, inefficient biomassaccumulation per uni
substrate

High, cells remain viable only when substrates
supplied at a sufficiently high rate

Low cell specific affinity for substrates,
competition with limited substratés

Short lag time before growth after applicatioh
organic amedments constitutive production o
enzymes

High?

lo

High, pulsed substrate supply, fast rates
population turnover, short generation times
High, best isolated in nutriemich media, visible

colonies with shortluration incubation

Gram positive bacteria and fungi

Oligotrophs

Low growth rate, predominant with recalcitrant SC
and outcompeted bystrategists in ricinutrient soils
High, efficient substrate conversion into c
biomass, efficient resource utilisation

Low, rates of substratcan also be low to mainta
viability

High specific affinity, high capacity of simultaneo
uptake of mixed substratés

Long lag in growth rates olrganic amendment:
induced production of enzymes

Low?

Low, fairly constant substrate availability, slow ra
of population turnover, long generation time
Low, visible colonies slow to appear, optimal grov

with nutrientpoor media
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Table 2.3.Continued.

Traits r-strategists K-strategists

Cell chemigry and morphology Low C:N and C:P owing to protein content a Long or filamentous cells (hyphae in fungi) with hi
high intracellular nucleic acid, spherical cells w surface area: volume ratfphigh intracellular sirage
low surface area: volume ratfo capacity of nutrient reservés

Tolerance to environmenti High sensitivity to environmental stress, spt Viability under stressful environmental conditions

stressors (e.g., pH, temperajur formation in suboptimal environment

1 Button (1993)2 Dilly (2005); 3 Matin (1979) # Hirsch et al. (1979)
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24 Impact of slurry application on the priming effect and SOM

turnover

It has also been demaostrated that the addition of organic amendments, such as
slurry and FYM,to soil may resultin changes in SOM decompositiaiiue to
microbial metabolismas characterised lyphenomenon known #se priming effect
(PE) (L6hnis, 1926, Jenkinson et al., 1985, Kuzyakov et al., 2006 PE is a strong
(from 4 to 11-fold larger than irmnunamended soil) and relatively short (from a few
days up to several months after the application) modification in the turnamesyf
native OM caused hyoften onrelatively limited addition of substrates to soil
(Kuzyakov et al., 2000) The concept underlying P& corsistent with the notion of
SOM as a highly recalcitrant substrate for microorganisms trassigatesgreater
investment of cellular resourcesuch as enzyme synthesis, to hydrolysepared to
the resourceetrieved from metabolisrof this substrat¢GarciaPausas and Paterson,
2011) In contrastthe applicationof organic amendmentgparticularly in soils where
there is nutrient deficiencyffers the energyesourcesieeded to mineralise SOM and
mobilise nutrientsthat would otherwiselimiting microbial growth and activity
(Fontaine et al., 2003, Paterson et al., 20B8tording toFontaine and Barot (2005)
andWutzler and Reichstein (20Q8yE isconceived with the decomposition raket
is not only determined bthe amount of substrate added and S@Mt also bythe
microbial biomasspool. Therefore,PE essentially depeadon three fact@: the
quality of an added substrate the microbial community composition anthe

availability of soil nutrientdo the microbial communit{Chowdhuy et al., 2014)

Since it is not possible to determine SOM turnover rate directly, this parameter is
guantifiedthrough changes in GCefflux rates However, the amount of C evolved

from soil can be attributed tdifferent microbial processe@lagodatskaya and
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Kuzyakov, 2008)Indeed, it is possible to distinguish real from apparent PE. In the
former, CQ evolves directly from SOM deenposition, whereas under an apparent
PE CQ is released in response to the activation of microbial metabolism and higher
microbial biomass turnover with na@ r e effeddls on SOM decomposition
(Blagodatskaya and Kuzyakov, 200&urther, a reaPE can eithebe positive, in

which the addition of an organic amendmentausesan accelerationin the
mineralisation of SOMpr negative, whergba reductionin the mineralisation of

nativesoil C occurs aftetheaddition of organic amendmer{tsuzyakov et al., 2000)

A number of hypotheses have been proposed to exptaential changes IiRE
following the application of organic amendmenBepending on the naount of
organicamendment added to sal succession of mechanisms may o¢Eantaine et
al., 2003, Kuzyakov and Bol, 20Q63s summarised in Figure 2.%he first phase
relies on the amount of an amendment applied to sdtidmphases, the application of
more readily available organic amendmemsisch as slurry/FYM, compared to SOM
can induce the growth of-gtrategists that, in turn, can extend their activity by
degrading SOM once any added substrates have been completeysted
(Blagodatskaya and Kuzyakov, 2008ased on this, two apparent PEs can be
observed during the first days after the application of organic amendments, with a
triggering effect, showing a small and brigfcrease inCO, efflux, that can be
observedwhen the amount of added amendment is much lower than the microbial
biomass C (&ic), whereas a pool substitution after the triggering effect can be
identified when the amount of added substrate is less but comparable with C
(Blagodatskaya and Kuzyakov, 2008y contrast, when thgquantity of anadded
substrate is higher thanm(c, a preferential substrate utilisation has been obser

with a temporary decrease in the decomposition of SOM (negative PE), due to
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microbial utilisation of the organic amendments added to soil, followed by a later
increase in thedlecomposition ofSOM (Sparling et b, 1982, Billes et al., 1988,

Cheng, 1999)

The activation of themost reactivecomponentof the microbial communityas
been observed following the addition of organic amendments to soil and, given a
sufficiently high addition of substrate, the actiwecroflora can grow(Helal and
Sauerbeck, 1984, Sallih and Bottner, 1988, Cheng and Coleman, 1990, De Nobili et
al., 2001, Mondini et al., 2006 hanges in the relative proportions of soil microbial
communities, gch as increase in the fungal populatiblmyve also been observed
following the addition of organic amendments to s(@@riffiths et al., 1999,
Broeckling et al., 2008, Chigineva et al., 2009, de Graaff et al., B&rthrong et al.,
2013, Zhang et al., 2016Dnce the most readily available substrates are exhausted,
the activated microflora will use the more recalcitrant subst(&tezsyakov and Bol,
2006) through the release of extracellular enzymesuiting in a further SOM
decomposition by conetabolism, in particular when nutrients are in limiting amounts
(Blagodatskaya and Kuziav, 2008) Further, PE has been associated with the
acquisition of N or P through mineralisation of recalcitrant OM in the processes of
microbial N and P minindMoorhead and Sinsabaugh, 2006, Craine et al., 2007,
Guenet et al., 2010, Hartley et al., 2010, Fontaine et al.,, 2011, Wang et al., 2014,
Zhang et al., 2016Finally, microbial biomass and activity will decrease and return to
the initial condition, thus, the initial relationship between SOM and the niédrob
community is potentially restablishedStenstréom et al., 2001yithin few days or a

few weeks of the addition of an organic subst(Kigzyakov and Bol, 2006)
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Figure 2.2. Sequence of mechanisms during priming efi@tgodatskaya and Kuzyakov,

2008)
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3 The effects of amended slurry application on soil nutrient

availability

3.1Introduction

The application of farmyard manure (FYM) and slurry to soil is a common practice
to replenish nutrient offtake in agricultural products, alongside the loss of bioavailable
nutrients to more recalcitrant pgeoin soil or to surface water amngtoundwater
Farmers and other land managers increasingly recognise the beneficial effects of
nutrients supplied via FYM and slurry, even though some concern continues to
surround the reliability of nutrient supply to pso following the application of
FYM/slurry as compared to inorganic fertilisé8njith et al. 2000 2001a 2001b)
However, in some locations, such China, parts of the Netherlands or the southeast
USA, FYM and slury are treated largely as a waste product from intensive livestock
production, with the application to land of large quantities of these organic materials
adversely affecting environmental quality and agricultural productiWgsterman
and Bicudo, 2005, MacDonald et al., 2011, Sz6gi et al., 2@E)mising application
of these organic materials to agricultural land is of increasing importance, not least
due to the volatile and, often, unaffordable price of iaorg fertilisers, particularly
for farmers in developing countries. This, coupled with increasing awareness of the
importance of environmental sustainability for agriculture and the desire to close
nutrient loops within agricultural systems, has led tomyng interest in maximising
the utility of cheaper locally-sourced inputs of nutrient resources to support

agricultural productiorfOpala et al., 2012

The application of FYM and slurry has the potential to contrilnatéh to farm

scale and to soil nutrient requirements, due to the considemabient content of
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these organic materials. Notably, the uséweistockslurry and FYMhas been shown

to positively influence plant growth and crop yiel@ahman et al., 2008)This is
mainly due tothe supply of key macronutrients to plants via slurry application,
including nitrogen (N), phosphorus (Rnhd potassium (K)YCulley et al., 1981
Beauchamp, 1986Sutton et al.,, 1986Matsi et al., 2003 Grignani et al., 2007
Lithourgidis et al., 200)/ A number of longerm studies, predominantly focussed on
arable soils, have reported increases in soil pH, organic matter (OM) castesm!

as N mineralisatiorfollowing the addition of FYMMader et al., 2002, Bittman et al.,
2005, Fliel3bach et al., 2007, Birkhofer et al., 2008, Citak and Sonmez, 2011, Azeez
and Van Averbeke, 20125imilarly, manure ad other organic amendments have
been shown to enhance P availability in different soil typgsnuremye et al., 1996,
Guppy et al., 2005, Agbenin and Igbokwe, 2006, Jiang et al., 2006, Gichangi and

Mn k eni , iméh@ar €zakoR014)

Slurry is also an important source of micronutrients, such ask@ncppper Cu),
manganeseMn) and zinc (Zn), which at low soil concentrations are necessary to
support plantgrowth and crop yieldgBerenguer et al., 2008, Moral et al., 2008,
Nikoli and Matsi, 2011)Greater concentrations of calcium (Ca),NMdagnesium (Mg)
and Mn havébeen reported within soils treated with different types of organic inputs,
including cattle and compaxt poultry manuréBulluck 1l et al., 2002, Adegbidi et
al., 2003, Soumaré et al., 2003, Gil et al., 2008, Vanden Nest et al., 2014, Lima et al.,
2015) Other research has reported changes to the chemical prepeftisoil,
including increase in the concentration of carbon (C) and sulphur (S), alongside
increasesn the C/N ratio, after the addition of pig slurry to soil, primarily because
dissolved organic matter within the slurry was incorporated into the sayce

(Giusquiani et al., 1998, Plaza et al., 20G2pwever, although a number of studies
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have been conducted to determine the impacissoil of applying FYM versus
inorganic fertiliser,less is known abouthé applicationof slurry versus inorganic
fertiliser on the availability of nutrients within soil, particularly within grassland

systems.

Further, before application to soil, slurry is usually stored in tanks or lagoons.
Under certain circumstances, slurryyree stored for a significant period of time, for
example up toH months in the context of farms within a Nitrate Vulnerable Zone as
designated in the UK under the European Nitr&esctive (OJEC, 1991) During
storage, slurry maype subjected to modifications of itshemical and physical
properties, such as phase separationcanstformation(Smith et al., 2007, Hjorth et
al., 2010) Odour issuesfrom slurry tanks and lagoortan also beyenerated during
slurry storage(McCrory and Hobbs, 2001Previous work has demonstrated that
ammonia (NH) volatilisation from slurry may be of concern during storage, not least
because volatilisation reduces the N contentlofr prior to application to land
(Sommer et al., 1993Yhe emission ofHs is also a particular concerruiinhg and
immediatelyafter slurry applicationa soil, with more than half of the N applied
potentially lost due to Nklvolatilisation(Sommer et al., 2003FYM and slurry ofén
possess a nutrient stoichiometry that differs considerably from crop requirements,
particularly in terms of N to P ratiiEdmeades, 2003)n particular, due to an excess
of P relative to N in many slurries, loitgrm application of substantial quantities of
slurry can lead to significant net accumulation of P within &lilarpley et al., 1994,
Schrdder, 2005)Therefore, carenud betakenwhen gplying FYM and slurryto soill

in order toavoid imbalancedpplication ofcertain elementgVitale et al., 2011

Slurry additivesthat areusedduring slurry storageepresent onavay in which

nutrient use efficiency within slurfgased systems might be enhandifferent types
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of additives,both biological and chemical, have been developed and utilised globally
(see Sectior2.l). These additive may help toreduce NHz volatilisation, odour
emission, and handling problems caused by closhation and phase separation
during slurry storagéMcCrory and Hobbs, 2001Among the different types of slurry
additives that areavailable, biological additivesrepresenta mixture of microbial
strains and enzymes thate designetb both controNH3 volatilisation and to reduce

the release of odorous compounds during slurry stqig€rory and Hobbs, 2001

To reduce NHemissions, biological additives seek to stimulate immobilisation of
N as NH* by microorganisms, through the mineralisation of decomposable organic
molecules with low N content or rdcdrant organic matter with high C:N ratios,
thereby decreasing NHoncentration in livestock slurnanothermechanisnutilised
by biological additivess to increase¢he uptake of Nklinto microbial biomass anthe
immobilisation of N as organic N corapnds In terms ofcontroling odour emission,
it is hypothesisedhat biological additives alter the microbial communitighin slurry
in such a wayasto reduce the productiolr to increase the degradatjaf odorous
volatile compoundgWheeler et al., 2011)'he amendment of slurry with additives
has also been undertaken to mitigate gaseous emissions sfuomg, owing to
increased pressure from regulatory agencies to decrease greenhouse gas (GHG)
emissions, including nitrous oxide {8), carbon dioxide (C& and methane (CHj
alongside NH (Wheeler et al., 2011)In particular, GHG emission targets from
sectors, such as agriculture, have been established by the EU Effort Sharing Decision
for all Member Statesof the period 201-2020 (EU Council Decision, 2009)In
addition,a number ofEuropean Commission policy instrumenss well as several
national policies, have influenced emissiaisGHGs and NH from the agricultural

sector,(Erisman et al., 2008)
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Although the manufacturers of slurry additives assert that positive effects are
delivered by their products to farm businesses and to the environment, and it is clear
that farmers invest in slurry diives, the effectiveness of these additives, both in
terms of slurry nutrient dynamics and in terms of nutrient availability in soil following
slurry application, remains uncertgivan Vliet et al., 2006 According toMcCrory
and Hobbs (2001)further research is needed to yulinderstand the effects of
biological slurry additives, both in terms of reducing \#nissions and controlling
offensive odours, due to inconsistent results observed in existing research to date. The
need for further research in this area is illustrég®elLaune et al. (2004yho found
that the application of a microbial mixture to poultry litter did not reduce Nstes
compared to the application of chemical additives. In contrast, more recent studies
(Amon et al., 200bAmon et &, 2006 Sasaki et al., 200d.ee et al., 200,7Van der
Stelt et al., 2007/Wang et al., 2009Kuroda et al., 20165have demonstrated more
encouraging results with regard teduction of NHz emissionswhen biological
additives wereappliedduring the storage afattleand pigslurry. However, it remains
the case that relatively few studies have sought to understand the effects of the
addition of biological additives, hereaft
livestock slurry. Faher, much more research is required to establish whether the use
of additives during slurry storage significantly influences nutrient availability within

soil following slurry application to land.

In this context, lte first objectiveof the research reped inthis chaptemwasto
determine whether treatment ofivestock slurry with the commercial additive
SlurryBugs™ (SB) significantly influenced the nutrient content of livestock slurry
during storage, focusing on key chemical parameters that werehkgs®d to be

likely to vary during slurry storage. The second objective of the research reported here
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was to determine the effects on soil nutrient properties within a grassland system of
applying slurry, with or without the SB additive, in comparisomtrganic fertiliser.

The specific hypotheses that were evaluated in this chapter are:

i. the application of the additiveBSto slurry results insignificantly higher
total nutrientcontents, compared tocantrol slurrythat does not receive the
SB additive during slurry storage;

ii.  the addition of slurryboth withand without theSB additive,to grassand
soil resuls in significantly higherconcentrationof bioavailablenutriens
within soil, compared ttreatment of soil withnorganc fertiliser;

iii. soils teated with SBamended slurry contain a significantly higher
concentration of bioavailable nutrients compared to soils treated with a

control slurry.
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3.2Materials and methods

This study was divided in two distinct trials and related analyses. The faist tr
concerned the inoculation of slurry withe biological additive, SB. The second trial
involved the application of slurrybothamended and neamended with SB, versus

the addition of inorganic fertiliser to soil.

3.2.1 Slurry and slurry additive

Livestock slurry for use in these trials was provided by Myerscough College farm,
Bilsborrow, Preston, Lancashire. The slurry was produced by Holstein cows fed with
a strawbased ration combined with grass silagiole cropmaizesilage and feed
supplemerd (Myerscough College, 2014Jhe slurry was not treated with any slurry

additiveprior to the trial reported here.

The slurry additive used in this research was a mixture of SlurryBugsd
SlurryBoostel™ (hereafter abbreviated to SB), two products developed and
commercialised by EnviroSystems UK Ltd. 8Bamicrobial andenzyme peparation
intended ® enhancethe nutrient content of slurryduring storage The specific
microbial community in the product is hypothesised retain N throughNH3z
sequestration within slurry, fixing N in organic compounds which are subsequently
made avdable to crops by slow release in the soil following slurry application to land
(EnviroSystems, personal communicatiolurryBooste™ is a specific micre
nutrient complement, which has been specifically designed to increase microbial
activity within slurry during storageThe combination of SB and SlurryBooster is also
hypothesised to reduce odour and GHG emissifsog slurry during storage

(EnviroSystems, personal communication)
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3.2.2 Soilsand soil sampling
Three soil types were included in thissarch, described as clay loam (CL),
organic (O) and sandy loam (Shased on qualitative textural analydMdl soils were
sampled from fields on Mr James Rogersonos
fields contained more than one predominant soil ,tgods were sampled only from
the CL, O or SL sulareas of each field. Samples of O and SL soils were collected on
11" July 2013, whilst CL soil samples were collected off 28ly 2013. All fields
from which soil samples were collected for this researdk received slurry that had
not been amended with SB, and soil sampling occurred immediately before the second

silage cut of the 2013 season. Within each field on each sampling date, soil sampling

foll owed a O6W6 sampl i ng oce(d7icgeapodtiongwithvi ng 51

three replicates at each position). adlil coreswere takento a depthof 7.5 cm using
a gouge augefCores within an individual field were combined into a sirglék soil
sample of some 10 kdyomogemsed and stored at 4 °@n the darkprior to the

experiments

3.23 Experimental design ofthe slurry trial

The slurry trial was undertaken at Myerscough College Fam® weeks, from
August to October 2013. Two treatments were used, an unamended livestock slurry
(control) anda slurry treated with 5 Six identical ® L cylindrical plastic open top
drums (three replicates per treatmeagich containing 4b of slurryat the start of the
experiment were placed in the fielét ambient temperatuse The drums were left
without lids during the entire 9 week trial tallow rainwater to enteand to allow
evaporation and gaseous exchange between the slurry and the atmaospirdes, to

redicate as far as possiblthe natural conditions occurring in slurry tansring
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storageThree times per weeB3 L of SlurryBooster and 381g of SlurryBugsvere
added to 50nL of de-ionised water and pouredtaithe 45 Lof SB-treatedslurry. The
mixture of B was appliedacross the surface of slurry in each drubhe same
guantity(50 mL) of deionised watefwas also added taceach drum containingontrol
slurry at the same timeAn additional 1L of fresh slurrywas added toeachdrum
three timegper weekin an attempt to replicate periodic additions of fresh slurry to
slurry storage tankg\fter addition of materis to the drumsthe B-de-ionised water
mixture or the daonised watealonewere briefly stirred to mix into the slurrglurry
sampledor analysis of approximately 200 nwerecollectedusing a plastic beakett

0, 2.5, 5, 8 and 9Yveeks of storagérom the bottom of the slurrgrofile. All slurry
sampleswere transferred toplastic bottlesin the field capped with screwcaps and
refrigerated in a cold room before being sent for analyrsiaddition,30 L of control
slurry and 3L of SB-treated slurryverecollected at the end of the triafiter 9 weeks
of storageandplaced in twodrumsfor the soil trial (see Section 3.2.below). Slurry
samples were sent @n independentaboratory (NRM Ltd) and each sample was
analysd for pH, total solids TS), total P TP), total N (TN), NH4-N, total K (TK),

total Mg (TMg) andtotal Na TNa).

3.24 Experimental design ofthe soll trial

Four treatments: soil treated with control slurry; soil treated witha®Bnded
slurry; soil treated with inorganic fertilisend soil alone (control), were established.
All treatments were incubated in triplicate within a laboratory for 85 days, from
November 2013 to February 2014. Bulk sampleshefthree soitypesdescribed in
Section3.22 were thoroughly mixedo ensure homgensaion and the treatments

werethenappliedto 9750 g of each soil typ&he slurry application rate (v/wyas
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calculated on the basis of the typical slaimysoil application ratio used by
contractors at Mr J a me? asfuong @ buskodendity of f ar m (3.
1.28, 1.30 and 1.44 g chfor CL, O and SL soil respectivelJhe inorganic fertiliser
applied to soils was a mixture of urea (BDO) (46-00-00), triple superphosphate
(TSP, monocalcium phosphate, CalPid)) (00-46-00) and potassiurchloride (KCl,
muriate of potash) (B00-60). The N application rate to soils replicated the typical
application rates used on the farm from which soil samples were collected (8.7 g urea
m for CL and O soils; 7.6 g urea?for SL soil). Theapplicationratesfor inorganic

P and K fertilisers were calculated basedthe recommendatiorgiven in RB209
(Defra,2010) Target indices for soil P for CL, O, and SL soilsrevé, 2 and 4, whilst

for soil K the target indices were 1, 3 and 3, respectively. Based on these indices, and
the number of silage cuts taken from each field, the application rate of TSP to CL, O,
and SL soil was 2.17, 0 and 2.17 ¢¢,mvhilst the appliction rate of KCI to CL, O,

and SL soil was 11.67, 3.33, and 3.33 4 raspectively. The application rates for

slurry andfor inorganicfertiliserin the trialaresummarisedn Table 3.1.

Table 3.1.Slurry and NPK fertiliser application rates for thecinsoil types.

Soil type Clay loam Organic Sandy loam

Slurry application rates (v/w) 0.035L kgt 0.035L kg!  0.031L kg*
Inorganic fertilisert application 0.11 gkg* 0.11 gkg? 0.10 g kg
rate (w/w)

Lurea, KCland TSP

Plastic containersf 150 niL volumewere used for theoil incubationexperiment.

The treatments wemrdivided togive 36 containerqfour treatments * three soil types *
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three replicates) for each day of analysis (days O, 1, 5, 15, 25 and 85mdtet af

soil required percontairer for each day of analysis wd25g. This correspondd to
1,625¢ in total per soiltype, and to4,875 g consideringthe 5datesfor analyss.
Another125g was alsorequiredatday O for the preliminary analysis directly frahe

bulk soil sample colleted as detailed irSection 3.2.1.2. After treatmentswere
applied, thesampls were left at ambient temperatuyngith the lidsplacedon topof

each containebut not saled in order to allowfor gas exchangeand wrapped with
aluminium foil to avoid lightexposure.The average temperature measuveth a

Level TROLL 500 Data Logger (#8itu, USA)during the 85 days of the solil trail was
14.00 + 0.04 °C, with 22.59 and 8.09 °C as the maximum and minimum temperature
recorded respectively (Figure 3.Beforethe soil trail was conducted, soil moisture
content at saturation and at field capacity was determined for the three soiSgpes.
moisture content was maintained at 70% of saturated soil moisture content throughout
the 85 day incubation, based on pdic weighing of each container and manual
addition of deionised water as required in order to maintain the desired soil moisture

conditions.
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Figure 3.1.Ambient temperature measuredring the 8&day soilincubation

3.25 Soil moisture content

Soil moisture content was determingdavimetrically For each sample, 10 g of
moist soil was added into a pnesighed foil tray. Samples were subsequently placed
in an oven at 105 °C. After 24 hours, samples were removed lamgdlto cool in a
desiccator prior to being weighed. Samples were then place back in the oven and re
weigh to check for constant weight. The moisture content was then determined using

Equation 3. Gardner and Klute, 1986

PITEOCADDAAIS @p TLTT (3.1)

3.26 Soil pH
Soil pH was determined by adding 25 mL ofideised water to 10 g of adried

soil (<2 mm) within a 50 mL polypropylene centrifuge tube. The suspension was
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stirred periodically and allowed to stand for 1 hour. Soil pH was measured by mixing
the soil and solution when a measurement was taken with a pH meter (PHM 220) that
had keen calibrated before each set of readings using pH buffers 7.0 and 4.0

(Radojevic and Bashkin, 1999

3.2.7 Soil organic matter content

The organic matter (OM) content was measured through oxidation using the loss
orrignition method. For each sample, a crucible was weighedlL@mngl of airdried
soil was added to each crucible. Crucibles containing soil samples were then added to
an oven for 24 h at 105 °C, placed in a desiccator, and then weighed. The crucibles
containing overdry soil samples were then put into a furnace fdeast 18 h at 450
°C. Following removal from the furnace, the crucibles were placed in a desiccator and
then weighed again. Organic matter content of the samples was determined using

Equation 3.2:

/ -b Jp mat (3.2)

3.28 Mineral -N in soil

Soil mineraiN, the combination of NFHN and nitrateN (NOs-N), was extracted
from fresh soil using a 2 M potassium chloride solufigiAFF, 1986) An aliquot of
15 g of moist fresh soil was weighed and sieved through a 5.6 mm mesh sieve. 10 g of
the sieved soil was then transferred into a 50 ml polypropylene centrifuge tube and 30
ml of 2M KCI was added. Téantubes were capped and then shaken on a roller shaker

for 2 hours, followed by filtration through a Whatman No 40 filter paper into a new
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centrifuge tube. Prior to analysis, all extracts were diluted 1:2 with-Rilvater in
order to reduce the KCI molgyr to 1M, the required sample matrix for analysis, and a
further 1:5 with 1M KClto bring the sample concentration within the calibration

range

The concentration of NN and NQ-N in the KCI extracts was determined in a
continuous flow stream using ad@r + Luebbe Auto analyser 3. The concentration of
NH4-N was calculated after reaction witdichloroisocyanuric aciénd salicylate and
with nitroprusside used as a catalyst to form a blue compound and measured at 660
nm (1ISO11732, 200p The concentration of NEN was determined after the
reduction of nitrate to nitrite by hydrazine sulphate in alkaline solution with a copper
catalyst. The nitrite then reacted with sulphanilamide and-1-
naphthylethylenediamen dihydrochlorideto produce a pink compound measured at
550 nm(1ISO13395, 1996 Phosphoric acid was added at the final stage in order to
reduce the pH. As a salt, precipitation of magnesium and calcium hydroxide were
avoided. Five calibration standards were used for the spectrophotometric analysis.
They were prepared from a 1000 ppm mixed stock solutisimg ammonium
sulphate, potassium nitrate and M{@i waer, and then diluted using 1M KCI to
producea matrix-matchedcalibration rangef 0-5 ppm for both NH-N and NQ-N.

The NH-N and NQ-N content in soil, expressed as mgtkgpil, were calculated

usingEquations 3.3 and 3.4espectively:

(. | GECAOM E1— 8 (3.3)

./ . 1 GEA OMI E1— 8 (3.4)
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3.29 Olsen Pin soil
Il n order to determine Ol sen P, 2 L of

of sodium hydrogen carbonate in-ibaised water. 20 mL of 1M sodium hydroxide

was then added to the solution to adjust

reagehwas added to 1 g of ailried and sieved sofk2 mm)within a centrifuge tube.

The tubes were capped and shaken for 30 minutes on a roller shaker and then
centrifuged at 3000 RPM for 5 minutes. The extracts were filtered through a Whatman
No 2 filter pger into a second centrifuge tube. Soil samplesween treated with

1.5M sulphuric acid, ammonium molybdate working reagent (0.15% w/v), and
ascorbic acid as the reducing agentletermine P concentratitwy colourimetry The

five PQy-P calibration stadards used for the spectrophotometric analysis were matrix

matched with the Ol sends reagent and t

ol

h e

standard with the OI s-¢mg@pPslt 2.%enalgfethefiteredo gi Vv €

soil extracts, blanks and datation standards were pipetted into a third centrifuge
tube. 0.5 mL of 1.5M sulphuric acid was slowly added to the tubes and gently swirled
to release carbon dioxide. 1@.rof 0.15% w/v ammonium molybdate reagent and 2.5
mL of ascorbic acid solution wetken added to the tubes. The tubes were mixed and
allowed to stand for 30 minutes. Finally, the absorbance was measured at 880 nm
using a Jen Way 6300 Spectrophotometer, Spectronic Analytical Instruments, zeroing
the instrument with dénised water. OlserP (expressed as mg ‘kgsoil) was

calculated usingquation 3.5

/1 oAl QE ©i E| (3.5)
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3.210Extractable cations in soil

The extractable cations €aMg?*, Mn?*, Na and K* in soil were determined
through inductively coupled plaskogptical emission spectrometry (IGBES).
Samples (5 g) of aidried soil (<2 mm) were weighed into a 50 mL polypropylene
centrifuge tube. Subsequently, 25Lnof ammonium nitrate solution (160 g
ammonium nitrate in L of Milli -Q water) was added and the suspension was shaken
on a roller shaker for 30 minutes and then centrifuged at 3000 RPM for 5 minutes.
The suspension was then filtered through a Whatman No 2 filter paper, Whatman,
UK, into a ®cond centrifuge tub@MAFF, 1986) Four calibration standards were
used with a range between 5 to 20 ppm for Ca, 1 to 5 ppm for Mg and K, and 0.25to 1
ppm for Mn and Na, using 0 HNOz3 as standard matrixithe extracts were then
acidified to the same 0.1 M HNGnatrix. Before analysis, instrument stability and
sensitivity was also evaluated by runnanginc (Zn) testising a 2 ppm Zn solution in
2% nitric acid. Finally,m order o6 detect possible drifts of the analyser during each

sample runa check standarat 1 ppmwasrunevery 12 samplefor all cations

3.211 Total phosphorus in soil

Soil samples were digested using a modified Kjedahl method according to
Rowland and Grimshaw (198%yior to the quantification of total P. A sulphuric
peroxide digestion mixture was prepared by mixing 350 mL of hydrogen peroxide,
0.42 g of selenium, 14 g of lithium sulphate and 420 mL of sulphuric acid in 2 L flask
within a fume cupboard. The mixture was theéinresd and allowed to cool on ice.
Samples (0.30 g) of soils that have been previously ground using-milballere

weighed and transferred into digestion tubes. Subsequently, 4.4 mL of the digestion

mi xture was added t o-dir logioppermlaeptaced onckacla gl as s
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tube. Each digestion was conducted using two reference soils at known concentrations
of total P (600 and 1260300 mg k¢ soil). The samples and the digestion mixtures
were heated within a fume cupboard in a block digestor, BIRI#0s Block
Digestion System (SEAL Analytical Ltd, UK). The tvatage digest first ramped heat

up to 250 °C, then the temperature was kept constant for 15 min before being ramped
to 400 °C for two hours. The digests were then allowed to cool, dilutéd toL by

adding Milli-Q water and left overnight to settlEhe supernatants were poured into a

set of plasticcontainersand then diluteédding 8 mL of hydrogen peroxide to 2 mL

of supernatant withia different set of plasticontainers

Total P was masured using an optimised version of the standard US EPA 365.1
methodology(O6 De | |), Thid sé&h®dology is based on a reaction between
ammonium molybdate and antimony potassium tartrate with dilute P solutions in an
acidic matrix in order to form an antimoimposphomolybdate conmgxt. This complex
is in turn reduced by ascorbic acid to a bbodoured complex, with the colour
intensity proportional to the P concentration in solution. This complex was measured
spectrophotometrically at 880 nm using a Seal Analytical AQ2+ discrefgsanarhe
five calibration standards (range 0 to 0.2 mb) for the spectrophotometric analysis
were obtained using the stock anion standard 1008 BQ:-P (lon Chromatography
SPEX CertiPrep, Thermo Fisher Scientific, USAhe reference standards WRihd
WR2 were obtained irsy 15 mg L'* P and 7.5mg it P, respectively (Custom lon
Standard lon Chromatography SPEX CertiPrep, Thermo Fisher Scientific, UBA).
order to detect possible drifts of the analyser during each sample run, reference
standards VR1 and WR2 were added every 12 sampléagtrix matched calibration

and external reference standards to the digest salution
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3.2.12 Total organic carbon and total nitrogen in soil

Total Organic Carbon (TOC) and Total N contents were quantified by elemental
analysis. For each sample, 1 g of milled soil was weighed into a glass beaker. 4 mL of
10% hydrochloric acid was then added to the beaker in order to remove inorganic
carbonate and left overnight. The samples were then tested with pH paper to ensure
thatthe acid had not been fully neutralised by carbonate. The acidified soils were then
transferred into 50 mL polypropylene centrifuge tubes, rinsed three times with 25 mL
of deionised water and centrifuged at 3500 rpm for 10 min between each rinse.
Sampleswere left overnight to dry at 40 °C, subsequently homogenised and then left
to dry at 40 °C until analysisSubsamples of the acidified soils were weighed
(approximately between-8 mg for O soil and 120 mg for CL and SL soils) and
placed into tin capsek. The sample capsules were lowered into the combustion
reactor of the vario EL 1l elemental analyser (Elemertaalysensysteme GmhH
Germany), in which the samples underwent combustion at high temperatures in an
oxygen atmosphere to be transformed iNtOx, CC; and HO and then analysed by

gas chromatograpliymass spectrometry (GRS).

3.2.13 Statistical analysis

The dependent variables both in the slurry and in the soiktwake checked for
normal distributions usinghe ShapireWilk test Becausea normal distribution was
observed in all datahe effects of treatment (control and -8Biended slurry) and of
time on the nutrient content of slurmyere assessed using parametric testpially,
the effects of treatment (control, inorganic fertilisgurry and slurry amended with
SB), of soil type and of time on soil properties were assessed using parametric tests.

Oneway repeated measures analysis of variance (ANOVA) andMayorepeated
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measures ANOVA were performed for the slurry and the soil taapectively.
Mauchl ybs Test of Sphericity was conduct
for eachparameter. When the assumption of sphericityvas violated, Greenhouse
Geisser correction was applied for< 0.75, whilst HuynkFeldt correction was
applied foru > 0.75 (Girden, 1992 Further, when both the GreenhouBeisser and

the HuynhFeldt corrections were unable to account for violation of the assumption of
sphericity, a multivaate analysis of variance was performed. However, all data from
ANOVA and MANOVA were compared and, because it was ascertained that both
analyses provided the same outcome, the data from ANOVA were reported although
assuming < 0.001 was required to inchite a significant effect. Pairwise comparisons
were conducted using Bonferroni pastc tests for those factors for which significant
differences were observed. Analyses were conducted using IBM SPSS Statistics 22,

assuming a significant effectjak 0.05.

53



3.3Results

3.3.1Effects of the SlurryBugs additive on the nutrient content of dairy livestock
slurry during storage

The decomposition of organic matter in slurry was observed by tracking slurry TS
content over the -veek storage period, as displayed Figure 3.2.a. Overall, no
significant difference in the TS content was observed between the two slurry
treatments. However, TS content varied significantly through time within the two
treatments K(4, 1) = 363.044p = 0.039,d? = 0.999).In particular, TS content
decreased substantially in both treatments comparing week 0 and 2.5 and week 0 and
9. Over the entire-9veek storage period, a decrease in TS content of 21% compared
to week O for the control treatment, and approximately 12% for thans#hded
slurry, was observed. Although no significant difference was observed between the
two treatments, fronweek 2.5onwards the TS content in SBnended slurry did
maintain higher valueghan within the control slurry.Overall, no significant
difference was oderved inpH between the SBmended and the control slurry
through the incubation (Figure 3.2.No significant decreaswas also observeih
slurry pH across the-@eek storage period in both treatmermally, there was no

significant interaction effet between slurry treatment and time in the incubation.

The effects of SB oslurry TN content areepored inFigure3.2.c No significant
differences were identifiedceoss the storage peribgtween the SBmended and the
control slurry.Further, o significant variation inslurry TN content was also observed
through time althoughan average 32% decrease in the TN content for coslitroly
and 29% for the SBmended slurryvas observ@, when comparing the start to the

end of the 9week storageeriod However, a significant treatment*time effect was
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observed E(1, 4), = 8.727p = 0.042,¢? = 0.686), with higler TN contentin SB-
amened slurrycompared to control slurry towards the end of the experimant
particular,a significant differencevas observeat week 8§ when SB-amended slurry
contained).36+ 0.02 kg N m2 slurry, whilst the control slurry containedd.28+ 0.02
kg N n slurry. Despitethe fact thamo significantdifference was observeid TN
content between the two slurry treatments sMHconcentratiordid vary significantly
between thecontrol and the SBimended slurryF(1, 4) = 30.143p = 0.005,¢ =
0.883), as shown in Figure33a. A significant decrease in the MM concentration
within both slurries was also observed through time in the avdekO > week 2.5,
week 5 > week 8, week (@(4, 1) = 910358.095) = 0.001,d? = 1.000) Interestingy,

at the end of thelurry storageapproximately 70 and 66% diie initial TN content
was measured as MHN in the control and in the SBmended slurry, respectively.
However, no significant interaction effects between treatment and time factors in

termsof NH4-N was observed.

As illustrated in Figure 3.3.b, a significantly higher TP content was found within
the SBamended slurry compared to the control slurry during the storage experiment
(F(1, 4) = 16.124p = 0.016,d? = 0.801). Significant variation in the TP content of
slurry through time was also observed across both treatntgatsl) = 27523927.6)
< 0.000,d? = 1.000), with a general decrease in TP content from week 5 onwards.
Further, there was a significatteatment*time effect for TPH(1, 4) = 17.549p =
0.014,d? = 0.814), illustrated by the approximately 27% higher TP content in SB
amended slurry compared to the control slurry at week 8. As a result, comparing the
start to the end of the 9 week storggeiod, TP content had decreased by an average
of 19% in the control slurry treatment compared to an average of only 6% in the SB

amended slurry. No significant treatment or time effects were found for TK, TMg or
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TNa (Figures 3.3.c, 3.4.a, 3.4.b, respeddly, despite an average 25% decrease in
slurry TK contentcomparing the start to the end of thev8ek storage periodcross

both slurry treatments.
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3.3.2 Changes in soil nutrient concentrations following application of slurry and

inorganic fertiliser

3.3.2.1Soil pH

Significant differences in soil pH{gures 3.a-c) were observed between the three
soil types used in the incubatioR(2, 24) = 15536.934 < 0.000,d? = 0.999), with
average pH decreasing in the order CL > O > SL. However, signifiif@tences in
soil pH were also observed between treatmeft3, (24) = 601.651p < 0.000,d° =
0.987). In particular, a significant decrease in pH was observed in the SiBder
amended slurpy control slurry > control> inorganic fertiliser Further, gynificant
differences in soil pH were observed through time across all treatnigbts2Q) =
1777.254,p < 0.000,d? = 0.998), with pH measured at day 85 lower than that
measured on all other days. A significant time*treatment effect on soil pH was also
observed E(15, 55) = 30.736p < 0.000,d? = 0.871). From day 1 onwards, the
treatment of soil with inorganic fertiliser resulted in significantly lower pH than
following treatment with either slurry or within the control treatment. The application
of both slurries to soil caused a significantly higher gbmpared tothe control
treatment, but only at days 15 and 85. The only significant difference in soil pH
between the two slurry treatments occurred at day 85, with higher pH following the

addition of theSB-amended slurry to soil.

3.3.2.2.50il arganic matter and total organic carbon
Soil type significantly influenced both SOM (Figures 36 ac) (F(2, 24) =
7480.175p < 0.000,d% = 0.998) and TO@ontent(F(2, 24) = 9656.150Qp < 0.000,d°

= 0.999) (data not reported), with higf&®M and TOC contents in O soil, followed
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by SL and then CL soils. No significant effect of treatment was observed for either
SOM or TOC content. Sigficant changes were observedIoM (F(5, 20) = 43.280,

p < 0.000¢? = 0.915) and TOC content&(5, 20) = 11.382p < 0.000d? = 0.740)

with time. A significant increase i80OM content was found for all days of analysis
compared to day 0. In contrast, TQGntents at days 0 and 5 were found to be
significantly higher than at days 25 and &Snally, there were no significant

interaction effects betwedreatmentindtime on eiher SOM or TOC content.

3.3.2.3Nitrogen

In this research, N was determinednaimeratN (NHs-N and NQ-N) and as total
N (TN). No significant differences in Ni-N content (Figures 3.7@) were observed
across the three soil types used in the incubation. Significant differencessiN NH
concentration were identified between treatradR(3, 24) = 114.741p < 0.000,d2 =
0.935). As expected, the application of both control ané@Bnded slurries and also
of inorganic fertiliser caused a significantly higher NW concentration compared to
the control treatment. However, a signifidgrttigher NH-N concentration was also
observed under both slurry treatments compared to the inorganic fertiliser treatment.
Significant differences in NHN concentration were also found through tinkg5(
20) = 273.706,p < 0.000, d*> = 0.986), with a sigificant increase in NHN
concentration observed from day O to day 1, followed by a significant decrease until
day 15, and with a final significant increase from day 25 until the end of the
incubation period. Further, there was a significant interaetftect between time and

treatment on NkN concentrationK(15, 55) = 12.694p < 0.000,d° = 0.745).
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In contrast to NN, NOz-N concentratior(Figures 3.8.&) differed significantly
between individual soil types(2, 24) = 863.185p < 0 . G 6 0.986),dwith a
decrease in N&N concentration in the order O > SL > CL. The concentration of
NO3-N was also found to differ significantly between treatmeR(8,(24) = 344.746,
p< 0. 69m977), ith the application of both slurries and of inorganic fertiliser
to soil causing a significantly higher N®I concentration compared to the cahtr
treatment. However, no significant difference in the BMY concentration was
observed comparing the inorganic fertiliser to the two slurry treatmérits.
concentration of N®N increased significantly through timg(p, 20) = 1809.682p
< 0. 6-00098). However, a significant time*treatment interaction effect os-NO
N concentration was also observee(15, 55) = 32.315p < 0. ¢ & @.877)q
resulting in a significantly higher NN concentration towards the end of the
incubation following the pplication of both control and S&mended slurry,

compared to either inorganic fertiliser or to the control soil.

Similarly to N&-N, TN content(Figures 3.9.&) differed significantly between
individual soil typesE( 2 , 24) = 6218. 1.998),and dgrreasedih. 00 O ,
the order O > SL > CL. A significant change in TN content was found through time
across treatments and soil type¢ 6, 20) = 8. 357, p < 0.000,
TN content at days 0 and 5 than at days 25 and 85 of the irmubldbwever, no
significant differences in TN content between treatments was observed, nor was there

a significant time*treatment interaction effect.
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3.3.2.4Phosphorus

Olsen P (Figures 3.10@ differedsignificantly between individuasoil types(F(2,
24) = 784.428p < 0.000,d%> = 0.985) in the order SL > CL > O. Significant variations
in Olsen P were also found between treatmef(s, (24) = 22.439p < 0.000,d? =
0.737),with Olsen P under both slurry treatments significantly exceeding that of the
control treatment. Whilsta significant change in Olsen P was observed comparing
the control slurry treatment versus the inorganic fertiliser treatment, the application of
SB-amended slurry resulted in a significantly higher Olsen P concentration compared
to inorganic fertiliser ®atment Significant decrease in Olsen P concentration were
also observed through time(p, 20) = 513.085p < 0.000,d? = 0.992), in the order
day 85 > day 15, day 1, day 5, day 25 > day 0. There was also a significant
time*treatment interaction effect on Olsen P concentrati{dy, 55) = 6.513p <
0.000,d? = 0.607). The application of both slurries caused signifigdrigher Olsen P
at days 1, 25 and 85 of the incubation compared to the control treatment. A
significantly higher Olsen P concentrati@wilowing the addition of both slurries to
soil compared to the addition of inorganic fertiliser was only found a8ayvhilst
the application of inorganic fertiliser produced a significantly higher Olsen P
compared to the control treatment onlydaty Oand 85 of the incubation. Finally, a
significantly higher Olsen P occurred only at day 5 undefaBBnded compared to

control slurry application.

As for OlsenP, TP conten(Figures 3.11.-a&) variedsignificantly betweensoil
types (F(2, 24) = 2770.256p < 0.000,d?> = 0.996) in the order O > SL > CL.
However, no significant differences in TP content were observed betwessgtments.
Significant variations in TP content were observed through tif(te 0) = 27.261p

< 0.000,0? = 0.872), with a significant increase in TP content from day 1 until the end
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of the incubation. Further, a significant time*treatment interaatiect was observed

for TP (F(15, 55) = 7.555p < 0.000,d? = 0.640), with a higher TP content in both
slurry-treated soils compared to the control treatment during days 25 and 85 of the
incubation, whereas the control treatment contained a higher fitBntdhan slurry
treated soils at day 15. The concentration of TP was also found to be significantly
higher under both slurry treatments than under inorganic fertiliser treatment at days 1

and 5.

3.3.2.5 Other elemets

Focussing here on the effects oédtment rather than soil type or time alone,
significantly higher concentrations of available (Hata not reportedyere observed
across all soil types following the application of sluyropmpared to either the
inorganic fertiliser or the control treatnsr{F(3, 24) = 4888.255p < 0.000,d? =
0.998). Further, higher concentrations of available K were found undanteBded
than unamended slurry treatment. A significant treatment*time interaction effect was
also observed for available K({5, 55) = 75.28, p < 0.000,d? = 0.940), with the
application of both slurries resulting in significantly higher available K concentrations
than either inorganic fertiliser or control treatments from day 1 until the end of
incubation. The addition of SBmended slurryat soil resulted in significantly higher
available K concentration compared to the addition of unamended slurry, but only at

days 5 and 25.

Available Ca, Mg, Mn and Na concentrations (data not reported) varied
significantly under different treatments(8 24) = 17.668p < 0.000,0? = 0.688),(F(3

24) = 205.982p < 0.000,d2 = 0.963), F(3 24) = 558.768p < 0.000,d2 = 0.986), and
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(F(3 24) = 926.239p < 0.000,0° = 0.991), as the statistical results for available Ca,
Mg, Mn and Na, respectively. The application of both slurriesulted in higher
concentrations of available Mg, Mn and Na compared to the control soil treatment,
and significantly higher available Mg and Na concentrations compared to the
inorganic fertiliser treatment. In contrast, higher available Ca and Mn coatens

were observed after inorganic fertiliser treatment compared to either slurry treatment.
Compared to the control slurry treatment, the application ed®Bnded slurry to soll
increased significantly only the concentrations of available Ca and Mgn/ary of

the composition ofhe slurryadditive SB, of the composition of the two slurry typess well

asof the composition of thihreesoil types with the foutreatments idistedin Table 3.2.

65



7.5 75 7.5

—e— Control —e— Control
—O— Inorg Fertil —O— Inorg Fertil (c)
704 | ¥ us (b) 704 Y Us
’ &~ AS &— AS
6.5 4 6.5 4

T
o
55 | | —#— Contral @ 55
’ —O0— Inorg Fertil
—— Us
a— AS
5.0 : . . . 5.0 - : T - T T - .
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Time (days) Time (days) Time (days)

Figure 3.5.pH in clay loam (&), organic (b), and sandy loam soil (c) over time. The four treatments are: control soil,(aathtiml)e line and filled circles
soil with inorganic fertiliser fiorg. Fertil) with pink line and empty circlesoil with unamendedlurry (US), with black line and filled triangleandsoil with
SlurryBugsSlurryBooste{AS)-amended slurry, witlgreen ine with empty trianglesAverage values of measured data aresgméed as symbolstrer bars
indicatestandard error of the meém= 3)

66



—e— Control 12 A —e— Control
—O— Inorg Fertil —O— Inorg Fertil
4 ]| —vUs (@) 4 4 | —v— Untr Slurry (c)
A= AS 10 &— SlurryB-SlurryB
= = S —¢ =
= 34 - 8 c 31
] S 9] 2] 5
E 2 E + <
3 g ¢ 3
24
s 2 ?é‘ﬁ.%:/ s =
o} o) Q
n N 44 2]
14 —e— Control (b) 1 A
2 4| —O— Inorg Fertil
—v— Us
OL— AS
0 T T T T 0 - . . . 0 T T T T
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Time (days) Time (days) Time (days)

Figure 3.6. SOM in clay loam (a), organic (b), and sandy loam sgilofer time. The four treatments are: control soil (control), with blue line and filled
circles, soil with inorganic fertiliser (Inorg. Fertil), with pink line and empty circles, soil with unamended slurry (tf)agk line and filled triangles and

soil with SlurryBugsSlurryBooster (ASamended slurry, with green line with empty triangksgerage values of measured data are presented as symbols,
error bars indicate standard error of the mgan 3).Note that yaxis scales differ between individudbts.

67



80 80 80
—e— Control —e— Control —e— Control ]
—O— Inorg Fertil —O— Inorg Fertil —O— Inorg Fertil
—v— US —w— US —Z— us
= 60 @ o hs = 60 (b) o hs = e
Z S o
n 7] n
i i D
o o
E X X
o 40 o 40 4 g
E E E
z | 5 %
<t <t
I T I
Z 20 Z 20 z
5 ///‘8
% R' ~ .
0 & T T T T T
0 20 40 60 80 80
Time (days) Time (days) Time (days)

Figure 3.7.NHsN in clay loam (a), organic (b), and sandy loam soil (c) over time. The four treatments are: control soil (controljewvitte zind filled
circles, soil with inorganic fertiliser (Inorg. Fertil), with pink line and empty circles, soil with unamended slurry (pS)lagk line and filled triangles and
soil with SlurryBugsSlurryBooster (ASamended slurry, with green lingith empty trianglesAverage values of measured data are presented as symbols,

error bars indicate standard error of the mean (n = 3)

68



250 250
250
—e— Control
—O— Inorg Fertil . /§ —e— Control
—v— US ®— Control —O— Inorg Fertil
200 - 200 —O— Inorg Fertil
A AS —v— US
= = —v— US . 200 A AS
o o A— AS =
n %) o
o 150 T 150 4 J
2 S& [ 150
~ < 2
o o o>
E E [ £
~ ~
z = 1007 = 100
» ) »
] o o
z z z \/
50 A 50 4
0 T T T T 04 . ; . . 0+
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Time (days) Time (days) Time (days)

Figure 3.8. NOs-N in clay loam (a), organic (b), and sandy loam soil (c) over time. The four treatments are: control soil (control)eviitie lalnd filled
circles, soil with inorganic fertiliser (Inorg. Fertil), with pink line and empty circles, soil with undadesiurry (US), with black line and filled triangles and
soil with SlurryBugsSlurryBooster (ASamended slurry, with green line with empty triangkgerage values of measured data are presented as symbols,

error bars indicate standard error of the mgen 3).

69



0.6 0.6

—e— Control 1.2 —e— Control
—O— Inorg Fertil

—O— Inorg Fertil I
0.5 —v— US R 1 05 —v— US
A AS 1.0 7 — xé & AS

= = =
S © ©

7] | n 7]
o4 - - 0.4

ol o 081 o

IS € €

o 031 = o 0.3 1

£ £ 061 =]

= g g £

Z 02 B3 z (b) Z 2]

< e © 0.4 ©

o] = =

o (] (]

[l [ —e— Control [

01 0.2 —O— Inorg Fertil 0.1 -
—v— US
&— AS
0.0 4 T T T T 0.0 T T T T 0.0 T T T T
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Time (days) Time (days) Time (days)

Figure 39. Total N in clay loam (a), organic (b), and sandy loam soil (c) over time. The four treatments are: control soil (cahttal)evine and filled
circles, soil with inorganic fertiliser (Inorg. Fertil), with pink line and empty circles, soil with unamended slurry (th)agk line and filled triangles and

soil with SlurryBugsSlurryBooster (ASamended slurry, with gredime with empty trianglesAverage values of measured data are presented as symbols,
error bars indicate standard error of the mean (n N@p that yaxis scales differ between individual plots.

70



(b)
60 - (@ = 60 -
= = =
5 3 ©
a ) 17}
c 5 - g
2 501 = 2 504 2
o o o
E g E
o 2 o o
c X
b & s S
o 40 0 40 g7
o —e— Control O —e— Control O —e— Control
—0— Inorg Fertil —0O— Inorg Fertil —O— Inorg Fertil
—v— US —v— US —»— US
4— AS A— AS L— AS
30 T T T T 30 T T T T 30 + T T T T
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Time (days) Time (days) Time (days)

Figure 3.10.0lsen P in clay loam (a), organic (b), and sandy loam soil (c) over time. The four treatments are: control soil (ctmtoblg Wine and filled
circles, soil with inorganic fertiliselrforg. Fertil), with pink line and empty circles, soil with unamended slurry (US), with black line and filled triangles and
soil with SlurryBugsSlurryBooster (ASamended slurry, with green line with empty triangles. Average values of measured datsamngegras symbols,
error bars indicate standard error of the mean (n = 3).

71



3000 1400
1600 4 ®)
1400 4 @
- = - 2500 & i ~ 1200
'S 1200 A © ©
2] 2] 2]
o B T 2000 D
1000 { BTN 1
2 = 2 2 1000
L N 7.
o F— o o
g 800 1 £ £
= A E
o 1500 4 a
< 8097 = = 800
S S S
o o o
= 400 —e— Control = 1000 4 —e— Control = —e— Control
—O— Inorg Fertil —0— Inorg Fertil —0— Inorg Fertil
200 - —v— US —v— US 600 —v— US
A~ AS A— AS L— AS
0 T T T T 500 T T T T ; T T T .
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Time (days) Time (days) Time (days)

Figure 3.11.Total P in clay loam (a), organic (b), and sandy loaih(s) over time. The four treatments are: control soil (control), with blue line and filled
circles, soil with inorganic fertiliser (Inorg. Fertil), with pink line and empty circles, soil with unamended slurry (th)Jaek line and filled trianglesnd

soil with SlurryBugsSlurryBooster (ASamended slurry, with green line with empty triangles. Average values of measured data are presented as symbols,
error bars indicate standard error of the mean (n = 3). Note-thas wcales differ between indikial plots.

72



Table 3.2. Summary of the composition of the slurry additive SlurryB8asryBooster (SB), of the composition of control and@&Bended slurry, and of
the composition o€lay loam (CL), organic (O), and sandy loam (SL) soils with the foatrtrentscontrol soil (Control), soil with inorganic fertiliser (Inorg
Fertil), with unamended slurry (US), and with-@Biended slurry (AShat the end of the-&eek slurry and 88lay soil trials, respectively.

Slurry additive

SlurryBugs Freeze drie@acillusspp. and enzyme combination.

SlurryBooster  Mixture of plant extracts, polymer, proteins, vitamins and minerals (EnviroSystems, personal communice

Slurry
units Control SB-amended slurry

pH 8.08 £ 0.04 8.01+0.01

Total Solids % 90.23 +1.03 100.63 + 1.23

TN Kg mslurry 2.80+0.15 2.93+0.19

NH.-N Kg m3slurry 1.94 +0.04 1.93+£0.01

TP Kg P.0Os m?3 slurry 0.88 +0.03 1.02 £ 0.04

TK Kg K20 nslurry 6.34 £ 0.10 6.41 £ 0.02

TMg Kg MgO n3 slurry 0.82 +0.05 0.96 + 0.05

TNa Kg NaO nv3 slurry 0.98 + 0.01 1.08 £ 0.02
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Table 3.2.Continued.

Soil

pH

CL soil O sail SL sail
Control 6.46 £ 0.01 5.71+0.01 5.58 £ 0.01
Inorg Fertil 6.30 £ 0.02 5.62 +0.01 5.29 +0.01
us 6.75 +0.01 5.77 +0.01 5.60 + 0.01
AS 6.79 £ 0.00 5.81 + 0.00 5.74 +0.02

SOM (mg kg sail) TOC (mg mg! soil)

CL soil O sail SL sail CL soil O saoil SL soil
Control 2.18+0.14 9.42 £ 0.30 2.76 +0.15 2.18 +0.22 13.70 £ 0.52 2.63+0.30
Inorg Fertil 2.20 £0.07 9.92 £0.52 2.77 £0.19 2.05+0.02 13.48 + 0.26 2.95+0.17
us 2.14 +0.03 10.72 +1.02 2.70+0.14 2.11 +£0.09 15.01+0.78 3.26 + 0.56
AS 2.20 +£0.02 10.52 + 0.55 2.79 +0.02 2.14 +0.10 13.60 + 0.46 2.98 + 0.09

NH4-N (mg kg* soil) NO3s-N (mg kg* soil)

CL soil O sail SL soil CL saoil O saoil SL soil
Control 7.33+0.38 8.11+1.34 6.03+1.18 39.83+1.52 121.23+10.19 5242 +1.78
Inorg Fertil 6.77 £ 0.58 8.59 £ 0.61 7.14 +0.43 88.13 +3.33 183.67 + 606 115.29+7.28
us 8.89 + 0.87 10.43 +0.73 6.13+0.14 108.73 +2.30 223.47 +4.51 131.53 +8.50
AS 8.05+0.22 8.45+0.52 5.52 +0.80 108.70 + 8.21 223.06 + 8.84 123.09 + 7.18

TN (mg kg* soil) Olsen P(mg kg* soil)

CL soil O sail SL soil CL saoil O saoil SL soil
Control 0.20 £ 0.02 1.00 £ 0.04 0.27 £0.03 53.16 + 0.87 45.88 £0.18 57.34 £ 0.46
Inorg Fertil 0.19 +0.00 0.99 £0.02 0.30 +£0.02 57.02 + 0.58 47.42 +0.49 59.50 + 0.79
us 0.19 +0.01 1.10 £0.05 0.32 £ 0.05 57.91 + 0.40 48.45 £ 0.25 59.88 + 1.03
AS 0.20 +£0.01 1.00 £0.03 0.29 +£0.02 59.60 + 0.57 47.23+0.41 61.14 £ 0.26
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Table 3.2.Continued.

Soll

TP (mg kg soil) K (mg kg? soil)

CL saoill O saoil SL sall CL sail O sall SL saill
Control 833.28 +12.18 2295.44 + 26.97 1005.68 + 44.37 46.46 + 0.95 481.67 £ 4.44 136.91 + 1.51
Inorg Fertil 835.03 £ 22.00 2402.75 + 76.19 1027.85+23.17 80.48 + 2.66 528.75 + 2.43 166.02 + 2.27
us 897.46 + 46.46 2428.45 + 54.24 1071.02 +£30.01 183.90+1.81 767.67 £ 7.06 27242 + 3.90
AS 944.26 + 20.62 2468.27 + 13.49 1053.01 + 18.33 188.42 +1.83 769.08 + 4.47 285.58 + 10.14

Ca (mg kg* soil) Mg (mg kg* soil)

CL saoill O saoil SL sall CL saoil O sall SL sall
Control 1752.75+13.75 3766.67 +36.01 1596.38+9.8 74.40+0.13 311.42 + 3.67 134.64 £ 1.16
Inorg Fertil 1815.00 + 34.18 3714.17 £24.85 1514.00 + 16.25 80.04 + 1.93 305.33 £ 1.47 127.03 £ 2.23
us 1666.08 + 13.92 3600.83+5.46 1465.92 + 15.31 90.38 + 0.80 332.58 + 0.65 14405+ 1.14
AS 1678.17 £ 9.20 3648.33 £ 25.67 1495.58 + 19.70 90.44 + 0.96 342.92 £ 2.33 147.43 £ 1.75

Mn (mg kg* soil) Na (mg kg* soil)

CL soill O saoil SL sall CL saoil O sail SL sall
Control 1.03+0.17 2.69 +0.01 5.29+£0.16 14.03 £ 0.29 70.86 £ 0.61 14.78 £ 0.38
Inorg Fertil 1.37 £ 0.08 3.22 +£0.04 9.52+0.21 14.96 + 0.57 70.32 £0.13 14.24 £ 0.56
us 0.70 £ 0.04 2.71 £0.07 5.48 £ 0.09 40.98 + 0.46 110.35 + 0.60 39.41 £ 0.53
AS 0.53 +0.02 2.53 +0.07 5.24 +0.19 44,28 + 0.88 112.43 £ 0.93 43.14 + 1.51
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3.4Discussion

3.4.1Effects of the SlurryBugs additive on the nutrient content of dairy livestock
slurry during storage

The addition of SB to slurry resulted arsignificanty higherTP contentompared
to the control slurry treatmeniby up to a maximum dt7% after 8 weeks of storage
(Figure 3.3b). These data indicate that SB had a positive effect on the TP
concentration in slurry during storage, suggesting potentially beneficial effects of
biological slurry additives, such as SB, on the availability efifhin farms that run
slurry systems. However, increased TP concentration is not always found in slurry
following the use of additives. For examp(@hapuisLardy et al. (2003¥ound no
significant differences in the TP content of cattle slurry treated with a chemical
additive at the end of aBeek storage period, compared to a control slragtment.
Further, whilst slurry TP content can vary as a result of multiple factors, including
animal diet, alongside the techniques used during slurry collection, treatment and
storagg(Barnett, 1994, Eck et al., 199%he mechanism responsible flifferences in
slurry TP concentration between the two treatments in the experiment reported in this

chapter is not immediately obvious.

The slurry that was used to create the control andu8Bnded treatments in this
storage experiment was derived freancommon source, i.e. from the same animals
that had been fed the same diet, and was collected from the livestock shed using the
same method (periodic, automatic scraping of the sheds). Therefore, differences in the
TP content of slurry at source cannopkn the differences in TP concentration

between control and S8mended slurries that emerged during storage.
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Perhaps the only viable explanation for the observed differences in slurry TP
concentration during storage is variation in gaseous emissiof’s luétween the
control and SBamended slurries. Phosphine @pPk$ a gaseous and toxic form of P,
with PHs release having been reported from animal slurry during st¢@lgelemann
and Bergmann, 199&ismann et al., 19%J. According toEismann et al. (19%J and
Jenkins et al. (@00), PHs is generated by different groups of anaerobic fermentative
bacteria and, among the genera obser8atimonellas one of the dominant groups of

microorganisms detected in pig and livestock magMitler and Varel, 201}

A possible reduction in PHemission, due to the dominance of specific microbial
groups in slurry follomng application of the SB additive, could explain the
maintenance of higher TP concentrations in thetr8Bted slurry compared to the
control slurry. In particular, the addition of SB that already contaimaumber of
Bacillusspp.(EnviroSystems, persoheommunication)alongside thosBacillus spp.
already inslurry (Peu et al., 2006, Swain and Ray, 2009, Kim et al., 20d3)Iid
inhibit or limit the activity ofPHs-generatingoacteria Further, the addition cflurry
to soil is considered to be another cause of @Hissions to the atmosphéismann
et al., 199B, Cao et al., 2000)f changes in the microbial community within slurry
during storage are also transfertecchanges in soil microbial communities following
slurry application, the use of slurry additives such as SB may ultimately influence PH
emissions from soils to the atmosphere. However, further research to determine
emissions of PEklfrom slurry during ®orage, and specifically whether these emissions
are influenced by the use of slurry additives, is required in order to test this

hypothesis.

However, o significant difference in the TN content was also found between the

control slurry and the SBmendedslurry in the experiment reported in this chapter
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(Figure 3.2.c). This is consistent witfan der Stelt et al. (200%yho demonstrated
that the addition of two microbial additives did not significantly charge TN
content in livestock slurry, compared to a control slurry, after ad2§2storage
period Similarly, Provolo et al. (2016pbserved no significant differences in the TN
content betweera control pig slurry and slurry treated with a biological additive
during al55day storageeriod The experimental resulteported in this chapter are
alsoconsistent with thoseeported byRegueiro et al. (2016)n which no significant
increase was observed in the TN contgitertreating dairy and pig slues with five
different chemical additives (acetic acid, citric acid, lactic acid, sulfuric acid, and
alum) compared to control slurrfhe gradual decrease in the TN content of slurry
observed over the-@eek storage period in both treatmergported in his chapter
reflected the decrease in DHN concentration during slurry storage, due to the high

proportion(70%)of TN present adlHs-N in slurry.

During slurry storage, NHN may be generated through two distinct processes,
microbial hydrolysis of ureara mineralisation of faecal protein (Béline et al.,
1998) The former process consists of a rapid and complete transformation of urea N
to ammonium potentially within 1 day (Béline et al., 1998)However, due to the
complexity of the faecal material, the mineralisation of N in proteins is a slower
pathway with respect toNHs-N production, thus requiring longer slurry storage
periods to produe an equivalent mass of Ml (Muck and Steenhuis, 198Béline
et al., 1998 Despite the potential for prodiimn of NHs-N during slurry storage, the
decrease in slurry Ni-N (and TN) concentration reported in this chapter suggests that
there was a net loss of ammonium from slurry during storage. WhilstN\NitHay be
taken up and immobilised as organic N compowvdkin microbial biomassthus

leading to a reduction in NN concentration in slurry, this would nogsult inthe
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reduction in TN cordrt in slurry that was reported the currenthapter. Instead, the
volatilisation of NR from slurry was presumabhgsponsible for the reduction in both
NHs-N and TN concentrations, with volatilisation occurring at a sufficiently high rate

to account for any NHN produced during slurry storage.

No significant differences were identified in BHN concentration betweethe
control slurry and the SBmended sluyr over time, suggesting that the SB additive
did not significantly influence the volatilisation of Nuring storageAccording to
McCrory and Hobbs (2001several addities, including biological additives, that are
suggested to reduce NMolatilisation from cattle and pig slurry, by promoting NH
N uptake and storage in organic compounds during slurry storage, may not be
particularly effective. One of the reasons for b efficacy of biological additives
could be their proposed mechanism, assMNHremoval from solution through
microbial immobilisation of N can only be a temporary solution. On death, the
decomposition of microbial necromass allows stored N to be deghagexather
microorganisms and, ultimately, for NMolatilisation to occu{McCrory and Hobbs,
2001) Further, adck of sufficient stimulation of the microbial communitiy the
additive,compared to the community in the contralrsy, may also be responsible for
the nonsignificant differences in NHN concentration between the two slurry
treatments reported in the current chapter. AccordinGrabbs (1979) biological
additives are effective & when the microbial communities that they introduce to
slurry become dominant with respect to the indigenous microbial communities in

slurry.

A range of environmental factors in slurry, including pH, temperature, salinity,
dissolved oxygen concentrati@m nutrient availability, as well as toxins or potential

pathogens, have the potential to limit the ability of the microorganisms within a slurry
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additive to dominate the indigenous microbial community in slurry. For example,
Ottosen et al. (2009pbserved a significant change in microbial comitu
composition and activity in acidified pig slurry, due to the strong pH sensitivity of the
microbial community. However, the microbial communities present within the control
and the SBamended slurries were not analysed directly as part of the research
reported in this chapter. Therefore, it is not possible to determine whether the SB
additive successfully led to changes in the composition or activity of the microbial
community within slurry. Despite this, it is clear that the SB additive did not result
significant changes in the NHN or TN content of livestock slurry in this research.
Clearly, further work is required to more broadly assess the impact of slurry additives
on the N content of slurry, alongside the microbial and/or physicochemical

meclanisms that are responsible &y impacts

The research reported here demonstrates that the application of SB to slurry did not
cause any significant difference in the TS content compared to a control treatment in
which slurry did not receive the addiv This finding is consistent with work
previously reported bgmith et al. (198Q)Warburton et al. (1980pPatni (1992) and
Zhu et al. (1997)as reviewed bWicCrory and Hobbs (200,Las well as byan Vliet
et al. (2006)andvan der Stelt et al. (2007)yhese previoustudies also suggested that
no significant effects on the TS content of pig or dairy cattle slurry was associated
with a number of biological additives, over a range of slurry storage period
However, in contrastProvolo et al. (2016showed a significant decrease (by an
average of 18% over aronth storage peyd) in the TS content of a pig slurry
treated with a biological additive compared to a control slurry. These authors
explained differences in slurry TS content on the basis of variation in OM degradation

rates as stimulated by microorganisms in the additdlowever, similar patterns were
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not observed in the research reported in this chapter. Indeed, for the majority -of the 9
week storage period, a higher TS content was observed in thee&Bd slurry,
although this difference only became significant talgahe end of the storage period.

It is possible that differences in physicochemical properties between the two slurry
treatments, such as pH or salinity, influenced microbial activity within the slurry
during storage and, thereby, the TS content. Fomplg according t&umari et al.
(2015) pH is the main physicochemical variable regulating microbial community
activity in pig slurry. However, no significant differees in pH were observed
between the control and SBnended slurry in the research reported here.
Alternatively, a higher TS content in SBnended slurry compared to the control
slurry may reflect greater microbial biomass accumulation following applicatio

the SB additive to slurry. However, microbial biomass was not directly determined in
the experiments reported here. Further research would be required in order to
understandthe mechanism responsible for differences in slurry TS content as

governed byhe use of additives such as SB.

No significant differences in pH were observed between tharg&Bcontrol slurry
treatmentsduring storage. In contrastan Vliet et al. (2006yeported a significant
increase in pH in slurry treated with two different biological additives compared to a
control slurry over a-@veek storage period. However, the data repondde current
chapter suggest that the same acidification process occurred in boghtredatiments
during storage, likely associated with the formation of acetic and further organic acids
as a result of the microbial decomposition of organic matteumygMatulaitis et al.,
2013) This acidification process was not enhanced, but neither was it significantly
reduced, through application of the SB additive during tine8k storage experiment

reported here.
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3.4.2Changes in soil nutrient concentrations folbwing application of slurry and
inorganic fertiliser

The application of both control and @Bnended slurry to grassland soil resulted in
significantly higher soil pH compared to soils that received inorganic fertiliser
treatment or compared to the contsalil treatment. This finding is consistent with
results reported byan Eekeren et al. (200@)here, at the end of ayear incubation
experiment, the addition of e#h FYM manure or cattle slurrio soil resulted in
significantly less acidic soil pH in a temperate grassland soil than under inorganic N
fertiliser or control soil treatments. In contraMatsi et al. (2015)observed no
significant difference in the pH of a Mediterranean arable soil between treatments that
included liquid dairy cattle manure, NP inorganic fertiliser and control soil, after an
11-yea incubation experiment. The decrease in soil pH through time for soils
receiving organic amendments, including the slurry treatments reported in this
chapter, may reflect the microbial decomposition of organic N compounds in the
organic amendment to NHN, followed bynitrification, or the release of organic and
inorganic acids upon oxidation of the organic amendment within(Boiiney, 1981,

Helyar and Porter, 198@hang et al.1991 Eghball, 1999)

This pH effect was observed acradbksoil types, but was particularly pronounced
within the clay loam where a maximum pH differenée>0.5 pH unitswas observed
between theSB-amendedslurry and inorganic fertiliser treatmenitBhe addition of
slurry to soil did not result in any increase in soil pH compared to the start of the
incubations. However, it is likely that the hydrolysis wfa fertiliser to NBN
through soil urease activity, followed by nitrification of ammonium tozMNOmay
have contributed to acidification within soils that received inorganic ferti{Qerar

and Ismail, 1999, Zhmy et al., 2008)There is widespread concern regarding the
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potential for inorganic fertilisespplicationto lead to soil acidificationwith important
consequences for crop production. These consequences for agricultural production
stem from lower avaibility of a number of key nutrients, including P, Ca and Mg,
under acidic soil conditions, alongside concern that some other elements, such as Mn
and Al, may reach toxic levels under sufficiently low soil (Melthof et al., 2011)In
addition,leaching of cations under low soil pH conditions may negatively affect water
quality (Velthof et al., 2011) Low soil pH may also limit the micradd processes
involved in the soil N cycle, such as biological N fixation and organic N
mineralisation(Raubuch and Beese, 20039)herefore, the poteiat to reduce soll
acidification througrslurry application to landhay represent a valuable route through
which to not only reduceeliance on inorganic fertiliseras nutrientresource, but

also to mitigate adverse impacts that follow the reductionssail pH through
inorganic fertiliser application (see algaekiel, 2010)

With regard to N,a significant mitial increase inNHs-N concentrationwas
observedacross both slurry treatmermdsmpared to the inorganic fertiliser and control
treatmentsThis result contradicts previous studies where the amount ofibieiN,
mainly in the form of NH-N, which was observed in sluryreated soils was
significantly lower compared to inorganic fertiliser treatmer{fBeauchamp, 1983,
Jokela, 1992)The increase observed in the @mtr chapter can be attributed ttee
input of NH4-N alreadypresentn the slurry In fact, in both slurry treatments at the
end of the slurry storage period, approximately 70% of the TN content was present as
NHs-N. However, a significantnitial increasein NHs-N concentrationwas also
observedn the fertiliser treatmentompared to the control treatmeifihe results in

this chapter suggesapid hydrolysisof the inorganicurea fertiliseroccurred within
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soil. Despite this,a greater initial increase iMNH4-N concentration in the slurry

treatmentsvas observedompared to the fertiliser treatment.

The application of both slurry types and the inorganic fertiliser to soil resulted in a
significant nitial increase in N@N concentratiorcompared to the camol treatment,
although no difference were observed between the two slurry types. This initial
increase iMOs-N concentratiorthat was observedcross both slurry treatments and
the fertiliser treatment is consistent withrification of NHs-N. However,longerterm
increass in NOs-N concentration irboth slurry treatments compared to the fertiliser
treatment suggests mineralisation of organic N, nitrification and continued supply of
NOs-N occurredin soil. Similarly, Bechini and Marino (2009pbserved similar N
dynamics, in terms of both NHN and NQ-N concentrations, across anliday soil
incubation with five different liquid livestock manures. In particular, these authors
reported: i) a significant increase NH4-N concentration in the first fotp-seven
days compared to a control treatment; and ii) a significant increase in thé&l NO
concentration throughout the incubation compared to the control treatment, with a
rapid increase during the first foto-sevendays followed by a slower increase

thereafter.

The results from this chapter sugge potentialfor accumulation of organic N in
soils following the application obrganic amendmentsjongsidelongerterm supply
of bioavailable N@N because of the tmification process acting otinese organidN
pools, in contrast to fertiliser treatmenfsccording toBechini and Marino (2009)
NHas-N in slurry is only partially available to crops during the first hours or dlgs a
addition to soil, due to the possibility that it is either incorporated within microbial
biomass, volatilised, nitrified, or trapped within soil through sorption. Notably,

volatile fatty acids (VFA), which are formed during decomposition of organic
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compounds in slurry storage, are hypothesised to cause N immobilisation immediately
after slurry application to so{Sgrensen, 1998However, a slow remaralisation of
immobilised NH-N has also been observed in soil treated with sl(Bechini and
Marino, 2009) Therefore, this N remineralisation from the NN pool that is
originally supplied to soil through slurry, or from tbheganic N within SOM or within

slurry itself, may contribute to the increase in NDin both slurry treatments during

the later stages of the incubation reported in this chapter. Further, this N
remineralisation may also explain the significant increa$¢Hs-N concentration that

was observed from day 5 until the end of the incubation both in the inorganic fertiliser

and in the two slurry treatments.

Finally, no significant changevas observedin TN content across the soil
treatmentsHowever, in contrago this shoriterm study where a single input of slurry
or inorganic fertiliser was added to soitepeated applications of organic materials
over a longeterm incubatiormay generata different scenaridSpecifically, repeated
applicationsmay resultin the build-up of organic N and therefore increases in TN
compared to fertiliser treatmenh particular,according taDiacono and Montemurro
(2010) repeated longerm additions of organidch material, such as slurry and
FYM, not only has the effeaf enhancinghe size othe organic Npoolin soil, but
alsoto produce extremely large vatians inadditionalsoil properties that modify N
dynamics and may result ifurther net accumulation of .NFor example a
significantly greater microbial biomass was observed in soil treated with slurry
compared to inorganic fertiliser &very year acros a 6year incubation thereby
leading to the potential for significantly higher organic N accumulation in these

slurry-treated soil¢Bittman et al., 2005)
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Application of the SBamended slurry to soil also resulted in significantly higher
available P (Olsen P) concentrations in CL and SL soil types, compared to either
inorganic fertiliser or control treatments. These resalte consistent with those
reported previously from manured soils that showed greater available P concentrations
compared to treatment with monopotassium phosphate fer(liaboski and Lamb,
2003) Two reasons are suggested to explain the greater available P concentration in
soil following the application of SBmended slurry compared to inorganic fertiliser
or control treatments. Firstly, becausesmof the P in manure/slurry is in inorganic
form (Turnerand Leytem, 2004his suggests that available P within slurry is mainly
in the form of inorganic P which will contribute directly to increases in Olsen P within
soil. This hypothesis is in good agreement with the results reportStidpley et al.
(2004) where, in contrast to soils that were not treated with manure in which
inorganic P comprised 26 to 57% &P, in manured soils 49 to 80% of TP was
present in the form of inorganic P. Secondlghboski and Lamb (2003)bserved that
the microbial commnity in slurly may contribute to increade availability when
slurry is applied to sothrough release of organic acid®mpared to treatment of soil
with inorganicfertiliser.

Therefore, it could be hypothesised that, due to the fact that signifidagter
available P was only observed in the-8&ated soil, both the indigenous microbial
population in slurry and the community in the SB additive contributed to the increase
in Olsen P concentration in this treatment, compared to either treatmerdowitbl
slurry or with inorganic fertiliser. In particulaBacillus, one of the microbiafjenera
that is present inthe SB additive (EnviroSystems, personal communicatiohgs
already been studied as phosphate solubilising bacteria (PSB) in (Swan and

Ray, 2009) Further, some bacterial inoculants wighcillusgen. or mixed with other
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bacteria and/or fungi havéeen considered as valid alternatives to phosphate
fertilisers and haveommonly been used to increaseiftake and crop yield in soil
(Rodiguez and Fraga, 1999, Velineni and Brahmaprakash, 2011, Mohammadi and
Sohrabi, 2012)The mechanism proposed to explain such increase in P uptake by the
plants is due to releasof a range oforganic acidssuch asformic, citric, acetic,
propionic, malic, succinic, fumaric, glycoliand gluconic acidsthat efficiantly
solubilised insoluble P within sdi/elineni and Brahmaprakash, 2011)

A significant increase in SOM content in O soil was observed as a result-of SB
amended slurry application compared to the inorganidiser treatment, likely due
to the addition of OM from the slurry. This greater SOM concentration following the
application of slurry compared to inorganic fertiliser was not obsewiddn the
other two soil types. This may be due to more rapid SOdbm@osition after slurry
application in CL and SL soil typesompared to the O soil type. As suggeste@éy
et al. (2003) differences in the composition of the soil microflora can play an
important role in determining the rate of mineralisation of SOM after slurry
application. Indeed, thactivity and compositiof bath bacterial and fungal species
in the microbial communitycrossCL and SL soil types may have contributed to the
rapid degradation of the organic compounds entering soil following slurry application,

thereby resulting in no significant differences in S@kicentration in these soil

types.

However, importantly, this shofterm study with only one application of the
individual treatments, generated a higher SOM content in O soil following slurry
application. Therefore, it is conceivable that higher SOM amninay also be
expected across a longerm study following repeated addit®af organic materials

to the other two soil types. Further studies are required to establish the SOM dynamics
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across different soil types following the application of orgame@dments, such as
slurry and FYM. The loss of SOM from agricultural soils owing to land use change
and intensification of agricultural production represents a serious concern for soll
quality and food productio(Carter, 2002, Bhattacharya et al., 2Q16)the context of

an increasing desire from economic and environmental perspetiveduce reliance

on inorganic fertiliser to support production, it is likely that agricultural practices will
increasingly havdo take into account and exploit the application of orgacit
materiab, such as slurry and FYMo soil in orderto replenish SOMand thereby

maintain soil quality and crop yield§gdmeades, 2003, Paterson et2011)
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4 The effects of organic amendments onmicrobial activity within soll

4.1 Introduction

The application offresh substratessuch as cattle slurry, crop residue or root
exudates, to soitan strongly affectcarbon (C), nitrogen (N) and phospher(P)
cycling and thereforesoil fertility (Kumar and Goh, 1999, Ludovici and Kress, 2006,
Wang et al., 2015)When these readily available substrates adeedto soil,
decompositionof the added C substratsnd mneralisation ofmore recalcitrant G
compounds in the native soil organic matter (SOM)tgpecal processes that follow,
as governed by soil microbial activif¢ondron et al., 2010)Changes in microbial
activity following substrate addition are also responsible for a prinfiiegtg PE), in
which modifications of both the fractions and the rate of SOM decomposition are
observed, following the addition of organic or mineral substrates to soil
(Blagodatskaya and Kuzyakov, 2008) particular, it has been demonstrated that the
addition of fresh C substrates can activate microbial groups in soil that were otherwise
inactive or dormant, with a broad range of bextracellular and intracellular enzymes
synthesised for SOM decompositi(Blagodatskaya and Kuzyakov, 200&yvidence
suggests thaBOM decomposition initially involves extracellular enzymes, such as
hydrolases and oxidoreductases, followed by intracellular enzyMasxsen and

Witzei, 1991)

According toFontaine and Barot (2005n increase in the extracellular activity of
enzymes responsible for the degradation of recalcitrant compounds, such as lignin and
cellulose, is believed to be the caud a PE, due to the involvement of these enzymes
in the decomposition of SOMurther, it has been observed that*Fean stimulate

phenol oxidase activitin soil, thus leading to an increase in the degradatiather
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organic compounds in soil, sucls ghenols and to contribute to the PE/an
Bodegom et al., 2@ Emsens et al., 2016However, the addition oforganic
amendmentsiot only resultan acceleratiorof SOM mineralisation(a positive PH,

but may also causa reduction in the rate of decomwgtion of native soil C (a
negativePE) (Kuzyakov et al., 2000)For example, with a level of added substrate C

of two to five times microbial biomass C (), soil microorganisms are thought to
switch from degradation of recalcitrant SOM to the more available added substrate, in
turn resulting in a lower rate of SOM decomposition and a negative PE

(Blagodatskaya and Kuzyakov, 2008)

However, owing to the microbiametabolic demand for C and/or energy,
assimilation of both SOM and added substrate into microbial biomass may also occur,
alongside dissimilation processes including maintenance respiration ((itR)and
Gadd, 2008) Whilst assimilation occurs under conditions favourable to microbial
biomass synthesis, such as iased substrate availability, and accounts for the
growth of a microbial population, dissimilation processes take place when energy
demands are high or energy limitation exi&keyer et al., 2016)in particular, MR
represents the basal energy requirement for purposes other than biomass production
(Wang and Post, 2012)n intensively managed agriculturgtassland in temperate
latitudes, microorganisms can belifdited (Jones and Donnelly, 20P4r colimited
by Cin combination with N an@r P (Jones et al., 280 Demoling et al., 2007 Such
limitationsby C may nean thata rapid respase is observed following the addition of
readily decomposile sources of C to soil, associated watimulation of microbial
growth and activity, in turdeading to aPE (Blagodatskaya and Kuzkav, 2008)
Therefore, in order to determine the fate of the C applied through amendments to the

soil, such as livestock slurry, it is critical to measure the partitioning of the C
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associated with the added substrate and associated with SOM into bbtiicatad

anabolic pathways, as driven by the microbial community in(sidilet al., 2008)

Measurements dhis partitioning have typicallyelied on incubation experiments
through the application of isotopically labelled substrates, sutiCand“C, to soil
followed by subsequent deterraiion of the fractions ofC or C activity in three
pools mineralisedincorporatedvithin micrabial biomassand reainedwithin soil. A
number of studies have examined the effects of the quality of organic inputs applied to
soil on decomposition of the added substrate and SOM respi(8tbatter and Dick,
2001, Dilly, 2004, Orwin et al., 2006, Hernandez and Hobbie, 2010, Jagadamma et al.,
2014, Elmajdoub and Marschner, 2016}her studies have examined the impacts of
substrates of different lability on the microbial turnover of the substrates and of SOM
(Carreiro et al., 2000, Rovira and Vallejo, 2002, 2007, Wild et al., 2®ialWyever,
substantial uncertaintyemainssurrounding the impacts of adding organic compounds
of different composition on microbial actives, such as respiration and assimilation,

in C- and nutrierdimited soils

In addition, little is known about theinfluence of the P moiety on the
mineralisation/assimilation of phosphorylated substrati$ed tograssland soils in
which soil microbial ppulations may be ecbmited by C and nutrientsAmong the
organic compounds added to soil, phosphosugars and tidekorepresent a
considerablanput of organic P to sof{Turner et al., 2005)Therefore, determining
how the P moiety within added suladts is partitioned once within the soil
environment is important in order to understand the impacts of substrate addition on
soil fertility, alongside the risk of P export from agricultural soipohn and
Kuzyakov (2013¥ound that microbial mineralisatioof organic Pcompoundswithin

soil wasdriven by the microbial need for,@ollowing the addition of glucosé-
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phosphate (G6P) in temperate forest sa#sulting inthe incorporation ofonly a
small proportion ofP within microbial biomassTherefore,if P moieties are not
required by microbiapopulationsthen P availability in soils is likely to increase as a
result of the addition of compounds such as G6P. Whilst rthght initially be
positive in terms of plant P availabilignd crop productignt may ultimately increase
the risk of P export from agricultural soils ifetaccunulation of P moieties continues

(Heckrath et al., 1995)

However, no studies have beemnducted to measure the extent of C respired and
incorporated into microbial biomass followitige gplicaion of organic amendments
of different quality, such as glucoge6P,and cellulosgalongsideslurry, to grassland
soil. Further, no information is available regardihg impact obiological additives,
used duringslurry storage, orthe soil microbid community and howany impact on
this community influences the fate fesh substratand SOM.For example, whilst
van Vliet et al. (2006¢xamined the effectsf applying a biological additive to slurry
on microbial diversity within the slurry, alongside how slurry additives impacted grass
production, no analyses were conducted on the soil microbial community or on the
fate of C within substrate and SOM. Therefothe objectiveof this chaptelis to
determine how the quality afrganic substratesuch as carbohydrates and slurry,
added to grassland salgnificantly affects the partitioning of elements within the
added substrate and the native SOM, includingn@ P, as influenced by microbial

activity in the soil. In this chapter, it is hypothesised that:

i. the balance between mineralisation, assimilation or retention imvslotbe
significantly influencedby the quality of a substrate added to soall,
comparing simple carbohydrates, such as glucose and G6P, to more

complex carbohydrates, such as cellulose;
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a significantly higher concentration of available P within soil will be
observed following the application of a phosphorylated C substrate,
compared to applation of the nofphosphorylated counterpart, due to the
microbial requirement for C, but not for P;

the addition of livestock slurry, either amended or not amended with the
biological additive SB, alongside carbohydrates to soil, will result in a
significantly lower mineralisation and assimilation rate of added substrate
and SOM compared to the addition of carbohydrates alone, due to the
presence of more recalcitrant C compounds in slurry;

the addition of slurry that has received a biological additive dwstorage

will result in significantly higher C cycling in soil, as driven by changes in
the microbial community within slurry and within soil associated with the

biological additive, compared to an unamended slurry.
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4.2 Materials and methods

The experimetal work reported in this chapter was divided in two distinct
laboratory inabations and related analyses of sbdt received differenreatments.
The first incubation concerned the inoculation of soil witbnradiolabelled
carbohydrate¢glucose, G6Rnd cellulosg alongside livestock slurryhat had either
been amended or not amended with SB, in order to determine the microbial
respiratory activity. The second incubation concerned the inoculation of soff‘@ith
labelled carbohydrates*C-glucose “C-G6P, and“C-cellulose), alongside the same
unlabelled substrates utilised in the first incubation, in order to measure the extent of
YC-mineralisation,*C incorporation into microbial biomass and the residial

activity in soil.

4.2.1 Soil andsoil sampling

Clay loam soilwas selected fouse inthe current chapteiDue to possible €
limitation in intensively managed agriculturgtasslandin temperatdatitudes(Jones
and Donnelly, 2004 a clay loam soil was selected according to the low total organic
C (TOC) content measured during the previous experiment, described in Section
3.4.2. Further, alay loam soilwas beerselected becauseid representative ahany
grassland soils in the UK. Bulked soil samples were collected from a grassland field in
Myerscough College FarnBilsborrow, Preston, Lancashire, that was not previously
treated with inorganic fertiliser orwsky amended with SB. The sampling followed a
OW6 sampling design, with 51 individual cCo
replicates at each site). Adbil coreswere takento a depthof 7.5 cm using a gouge

auger.Cores were combined into a singgelk sample of some 10 kgassed through
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a 2.0 mm sieve in order to remove roots and other vascular material, as well as to
homogenise the sampl@nd then stored in plastic bags at 4 p@or to the

experiments

4.2.2 Experimental desigrfor the soil incubations

Twelve treatments were established for the soil incubations for total respiration and
for the !“C-labelled study, as summarised in Table 4.1. All treatments were incubated
in triplicate within a laboratory for 18 days, with both incubations occubretgeen
May and June 2015. The incubation for the microbial respiratory activity (Section
4.2.4) required 252 dry weight equivalengwe Of soil (7 giwe Of soil per treatment *
3 replicates * 12 treatments), whereas the incubation for'4@emineralistion
(Section 4.2.5) required 504vg of soil (14we g of soil per treatment * 3 replicates *
12 treatments). An initial amount of 808.gof soil was divided in four fractions, of
which one was used for the control soil andgbigs with US or AS slutes, whilst the
other three fractions were utilised for the treatments with the three carbohydrates with
or without the two slurriesThe treatments were designed in order that soil was
amended with 0.3 mg Clgiwe s0il, to remain comparable with the eaif glucoseor
cellulose amendments reported in previous stud®Ben and Bartha, 1996,

Blagodatskaya &l., 2014 Jagadamma et al., 2014)
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Table 4.1. Summary of théwelve treatmentdor the incubationsfor the total respiration and
the **C mineralisationEach treatment is incubated in triplicates.

Treatments

Soil alone (ontrol)

Soil + tnamended slurry (US)
Soil + durry amended with SB (AS)
Soil + ducose

Soil + ducose + US

Soil + ducose + AS

Soil + G6P

Soil +G6P + US

Soil + G6P + AS

Soil + ecellulose

Soil + eellulose + US

Soil + eellulose + AS

A glucose and a G6P solution of 6.8 *°1And 6.7 * 1 M, respectively, were
made using 0.14 g of glucose and 0.2 g of G6P in 57 mL of-MiNvate. Each
solution was added to a different soil fraction of 2@@-@nd then thoroughly mixed
to ensure homogenisation. Another soil fraction was treated with 0.14 g of cellulose
that was addedlirectly as powder and then thoroughly mixed alongside 57 L o
Milli -Q water. An aliquot of 654ge Of soil from each of the four fractions was treated
with 45.5 uL of US slurryfrom the slurry inoculation (see Section 4.2.3), wherease
another solil aliquot of the same amount was treated with the same volume of AS
slurry. Finally, a third aliquot of soil was left either untreated (control soil) or treated
with one of the three carbohydrates alone in order to have the 12 treatments for both
incubations. From each aliquot, 2kwgof soil was used for each dhe three
replicates in the incubation for cumulative respiration (see Section 4.2.4), whereas 42
gawe Of soil was used forthe three replicatesn the incubation involving'C
mineralisation (see Section 4.2.5). Each fraction of 42 gf soil for the *C

mineralsation incubation that had previously been treated with carbohydrates was
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subseqgently spiked with the correspondifi@-labelled carbohydrates, before being
separated into replicates and placed into respirometersthese experiment§)-
Glucose was obtaed from BDH Laboratory Supplies, UK.-Glucose6-phosphate
di sodi um s al-€ellulwse dvera dbined froth Sigmédrich Co. Ltd.,
UK. [¥C(U)]-D-Glucose (>98% pure){C(U)]-D-Glucose6-phosphate (>97% pure)
and P‘C(U)]-Cellulose Nicotiana tdacunm) were obtained from BIOTREND

Chemikalien GmbH, Germany.

4.23 Slurry and slurry additive

Following the slurry trialdescribedn Section3.2.], livestock slurry provided by
Myerscough College farm, Bilsborrow, Preston, Lancashwees used for thelwry
inoculation prior to thesoil incubation experimentgescribed in this chaptemhe
slurry was produced by Holsteins cows fed with conserved forage (grass silage).
Further, the slurry was not treated with the slurry addi@taeprior to the trial. Tle
biological additive used for this study was SlurryBugs ($8);oduct developed and
commercialised by EnviroSystems UK L#l.more advanced version 8B wasused
in the research reported in this chapter camgpto that describedn Section3.23. In
the current chapterinoculationof slurry usedSB alone, due to the incorporation of
the organic boostefSlurryBooster, see Sectiah2.]) into the additiveitself. The
slurry inoculation was carried oatt Myerscough College Farm for 8 weeks, from
Marchto May 2015. Details of the slurry inoculation usedha research reported in
this chapter matched those describe®attion3.2.1 Slurry samples were collected
at weels 0 and 8 of the incubation from the bottom of the slurry usingaatic
containerand then mixed thoroughly. All slurry samples were collected in plastic

bottles, refrigerated in a cold room before being sent for external anatySiRM
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laboratoriedor pH, total solids total P, total N, N&tN, total K, total Mg and total Na
In additon, 5 L of US slurry and 5 L of AS slurry were collected at the end o8the
week storagérial andkeptat 4 °C prior to application to sak part of the treatments

described above.

4.2.4Determination of the microbial respiratory activity following amendment of
soil with unlabelled glucose, glucosé-phosphate and cellulose alongside
amended and unamended slurry

The microbial basal and substrateluced respiration were determined by
measuring the cumulative G@mg C g' awe Soil) released in the hdspace of the
experimentatontainers following the application of organic amendments toHuod.
soil moisture content was checked and kempgtroximately70 % of water holding
capacity 252 gwe of soil were used for the mineralisation as€agwe of soil per pot
* 3 replicates * 12 treatmentstach soil sample of 7q4ge was placed in 250 mL
Kilner jar with metal screw band and vacuum seelrubber septum in the centoé
the seal allowed headspace gas released during the respiration to lezisamalgas
tight syringe. The bottles were incubated in a Panasonic-MWRPE Cooled
Incubator in the dark at 20 °C for 18 days. 9 mL of headspace gas was collected at day
0, 1, 2, 4, 8, 11 and 18 of the incubation and injected into 3 mL Labco Exdtatner
bottomed soda glass vials. Vacuum to® Ibar was applied to the exetainers by a
vacuum pumpRZ 2.5 VACUUBRAND GMBH + CO KG, GermanyThree
evacuated exetainers were filled with each of three standard gases from 200 bar BOC
gas cylinders at 514.6038 and 4198 C&ppm. All exetainers without standard gases
were then filled with 9 mL of headspace gas from the Kilner jars. Subsequently, all

the exetainers were analysed by a PerkinElmer AutoSystem XL Gas Chromatograph
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plus HTA Headspace Autosamplergoantify the amount of CQOeleased as a result
of microbial respiration activity. Dilutions of the headspace gas injected in the
exetainers were required from day 3 of the incubation, using oxygemitrogen

from a 200 bar BOC gas cylinder.

4.2.5 Detemination of the mineralisation rate of '4C-Glucose, *C-Glucose6-
phosphate and*“C-Cellulose (Nicotiana tobacun) to “CO-

A mineralisation assay was performed for 18 days using the respirometric method
of Reid et al. (2001)n order to determine the mineralisation rate ¥C(U)]-D-
Glucose, }*C(U)]-D-Glucose6-phosphate and 4C(U)]-Cellulose Nicotiana
tobacum to 1“C-CO.. By doing so, the catabolic potential of the soil microbial
community for the added substrates was established, by quantifyinfG@O,
released over the course of the incubatiest and Sparling, 1986, Reid et al.,
2001) The utilisation of*“C-labelled compounds allasithe fate ofsubstrate applied

to soilto betrackedsuccessfull{Chotte et al., 1998

A soil amount 06504 gwe (14 giwe Of SOil * 3 replicates *12 treatmenfswas used
for the radielabelled mineralisation assayhe soil fractions that had already been
treated with the three carbohydrates were spiked with th@itabelled analogues.
The specifict*C activity measured for the labellddC-glucose,**C-G6P and!‘C-
cellulose was 108.42, 95.67 and 199.83 Boug soi, respectively, using 2 mL of
ethanol:HO for Y“C-glucose and“C-G6P, and 2 mL of NaOH for*C-cellulose, as
the carrier solventsAfter spiking, the carriers were allowed to volatilise over two

hoursbefore soils were added to the respirometric flasks.
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The respirometric flask consisted of a 250 mL Schott bottle with a Fefled
screw threaded lid. The lid was drilled in the centre and a stainless steel studding was
inserted to attach a crocodile clip. The clip held & €&p, composed of a 7 mL glass
scintillation vial containing 1 M NaOH (1 mL). All soil samples of 1ldwowere
placed in the flasks and the lids were then closed tighly.AD, released from the
microbial catabolism was then trapped into the vial located in the middle of the
respiranetric flask and above the soil. The respirometers were then placed on an
orbital shakefJanke and Kunkel, IKA.abortechnik KS250, Germanghd shaken at
100RPM at a temperature of 20 £ 2 °C. Sampling was performed at 0 h, 1 h, 2 h, 3 h,
4h,6h,8h,H4,2d,3d,4d,5d,6d,7d,8d,9d, 10d, 15 d and AT any
timepoint of analysisthe lid of the flask was unscrewed and the vial was removed and
replaced with a new one. The vial that had been removed was wiped with tissue
soaked in acetona iorder toremove any'“C activity. 5 mL of liquid scintillation
cocktail was then added to the vial, followed by resting the vial overnight in a dark
cupboard. The liquid scintillation solution was then counted in order to quantify the

1C activity, usinga Canberra Packard T@arb 2250A liquid scintillation counter.

4.2.6 Determination of “C-Glucose, **C-Glucose6-phosphate and“C-Cellulose
(Nicotiana tobacuny-associated activity in soil

The soil treatmentsfrom the 250 rh Schott bottlesdescribed abege in Section
4.2.5 were analysed for residuat’C-activity in soil through combustion of
approximately 1 @f dry soil plus 200 i1 combustaid for 3 minutesto approximately
125°C, usinga Packard 30BampleOxidiser The samples were taken a few days
after the end of the mineralisation assay, with the bottles stored anrti?@nalysis

The evolved“CQ; as a result of combustiamastrapped usind0 mL_ of Permdluor-
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E and 10 rh of Carbasorbwith atrapping efficiency> 95% The samples welept
in the dark for 36 hours tominimise the effects of chemluminescenceand, then
analysed using &anberra Packard T@arb 2250A liquid scintillation couet to

determine the residuiC activity in soil

4.2.7 Determination of “C-Glucose, “C-Glucose6-phosphate and“C-Cellulose
(Nicotiana tobacun)-uptake into microbial biomass

The uptake ot“C into microbial biomaswas determined using tliemigationand
K>SOy extraction metho@dVance et al., 198741 glwe of soil from each soil treatment
in the 250 nh Schott bottles described above in Section 425 weighed and placed
in 10 mL beakers for fumigation extraction, whilst a furthersé gvas weighed and
placed in plastic tubes for ndamigation extraction. The samples were taken a few
days after theend of the mineralisation assay, with the bottles stored at 4 °C until
analysis. The extraction for the nrfumigated soil samples was carried out us2@g
mL of 1 M K>SQy. The samples were shaken on an orbital shaker aRBddfor 30
minutesat room temprature The supernatant was filtered and & wf supernatant
was then added into a 20 mL vial with mL of GS1 Gold Statiquid scintillation
cocktail. The samples were kept in the dark overnight before coumtinghe “C
activity incorporated in mictmal biomassusing Canberra Packard FGarb 2250A
liquid scintillation counterThe samples for fumigiain were placedin a desiccator
with wet paper towe|salong with a beaker containim® L ethand-free chloroform
(CHCl3) and a few antbumping granies. CHCIlz was allowed to boil vigorouslin
the desiccatofor a few minutes, then samples were Feit 24 hours The pessure
from the desiccatowas then released slowly once time elapsed and residualsCHCI

from soil was removed bgvacuating the desiator five tosix times.Thesoil samples
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were extracted antfC activity deermired as describedsbove forthe nonfumigated

samples“C activity associated with microbial biomass was then calculated as follow:

Y4C-activity within microbial biomass*C-activity in fumigated soil *“C-activity in

nonfumigated soil. (4.1)

4.2 8 Soil chemical analyses

Soil chemical analyses were carried,@gdetailedin Sections 3.2 and 3.212, to
determine the concentrations ©OC, TN, Olsen P, andhe C/N ratioprior to the
microbial respiration incubatiomn the control soil(Sn) and at the end of the

incubationfor each soil treatmenpasdescribed in Table 4.2.

4.2 .9Calculation of the priming index

The priming index RI) accounts for any increase or desean mineralisation of
organic matter in soil per unit of substrate added per unit of digaénst the control
soil that does not receive any substrate additidre Plwas defined by Shen and
Bartha (1996, 1997)with later modificationsfor negative priming effects (PH)y
Kuzyakov et al. (200Q)so that a negative Pl describes the immobilisation or the

reduced decomposition of SOM compared to a control treatment:

0® —— p (42)

where!“C-CO; is the labelled C@respired from the soil expressed as a percentage of

the total*’C initially spiked to the soil, wherea®tCQ represents the cumulative €0
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respired from the soil as amentage of the total C initially added to the soil in a

treatment that has receiv&€C and'“C, defined as:
€ Q0 0 b—— . b 4.3

where SSR (soil with substrate respiration) is the cumulative r€él@ased from the
soil with the substrateadded MR (maintenance respiration) is the basal cumulative
CQO released from the soil with no substratiled whilst Csis the amounof Cin the
substratecalculatedat any timepointwith all these values expressed as mg'Gvg

soil.

4.2.10 Statistical analysis

The t-test was performed to evaluate whether significant differences between the
beginning and the end of the incubations existed across each chemical parameter. The
effects of applying different carbohydrates and slurry (ameondadnamended with
SB) on total respiratignon partitioning of C across microbial biomass, soil and
evolved as Cg as well an soil nutrient concentrationwere evaluated by a two
way analysis of variance (ANOVA), with carbohydrate and slurry as we t
independent factors, using IBM SPSS Statistics 22. A valug &f 0.05 was
considered the threshold value for significance. Pairwise comparisons were conducted
using Bonferroni correction gt < 0.05 for those factors for which significant effects

weredetermined.
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4 3 Results

4.3.1 Soil chemical analyses

The concentration advailable PTOC, TN and the C/N ratio were measured in the
control soil treatment before and at the end of the incubation. Further, the same
chemical parameters were measured eetid of the 18ay incubation across all soil
treatments (Table 4.2). No significant change was observed in the Olsen P
concentration in the control soil between the beginning and end of the incubation. The
application of carbohydrates to soil resultedignificant differencesrom each other
in the pairwise comparison i@lsen P concentration between treatments, in the order
G6P >cellulose> glucose> control F(3, 21) = 568.269p < 0.000,d? = 0.988).
Significant differences in Olsen P concentratiware also observed following the
addition of slurryacross all AS and US treatmentgth higher concentrations in AS
slurry and control treatments than the treatment with US slB(8 21) = 27.325p <
0.000, d> = 0.722). Significant impacts on Olsen d®ncentration following the
application of slurry alongside cellulose or G6P were also found, with the Olsen P
concentration in the cellulose and cellulose + AS treatments being higher than in the
cellulose + US treatmenE(2, 21) = 30.400p < 0.000,d° = 0.743). With respect to
the G6P treatments, Olsen P concentration was found to differ significantly in the

order G6P > G6P + AS > G6P + US2Z, 21) = 68.975p < 0.000,0° = 0.868).

No significant changes were observed either in the TOC or TN coatieng in
the control soil treatment between the beginning and the end of the inculbation.
addition, neither the different carbohydrate treatments nor the different slurry
treatments led to significant differences in TOC or TN after thdaBincubationA

significant increase in the C/N ratieas observed between the beginning #re end
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of the incubation perioth the control soil treatmegE(1, 5) =12.308p= 0. 825,
0.602). At the end of the I8lay incubation, the application of either carbohydrate or
slurry treatments did not result in any significant change in the C/N ratio between
treatmentsFinally, interactions between carbohydrate and slurryrreats did not

cause any significant effect on the C/N ratio at the end of the incubation.

4.3.2 Qumulative CO2 production from grassland soils following slurry and
carbohydrate application

Figure 4.1 reports the cumulatie#flux of CO, from the control sil treatment,
corresponding to the maintenance (basal) respiration, versus the treatments with three
carbohydrates of differing quality (glucose6P and celluloge In addition, for each
individiaul carbohydrate, this figumeports CQ efflux from treatents that received
either an unamended slurry, or a slurry that had been amended with the SB additive,
alongside the respective carbohydrate. To account for the additional C supplied within
the slurry itself, the values of the cumulative Tm the treéments that received
slurry in addition to carbohydrates were divided by two, in order to normalise all data
to the concentration of C supplied by the addition of carbohydrate to soil alone (0.3

mg C g* dwe soil).

A significant reduction in the microbiakspiratory activity was observed following
the addition of each carbohydrate to soil compared to the control treat(@n24) =
3093.433,p < 0.000,d? = 0.997). Furtherthe response of microbial respiratory
activity to the application of carbohydradepended on the quality of the C substrate
added to soil, with C@effluxes varyingn the ordemlucose > G6P > celluloseith

73, 56 and 50 % of the cumulative €@®easured for the contrareatment
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respectively at the end of the soil incubatiomhe addition of slurry alongside each
carbohydrate treatment seemed to further reduce microbial respiratory activity,
producing a significantly lower cumulative @@fflux over the 18&ay incubation
compared to the treatments with carbohydrates alone anuketaontrol treatment
(F(3, 24) = 462.612p < 0.000,0? = 0.973). Significant differences between AS and
US treatments were only observed following the addition of glucose or G6P to saill,
with the application of US slurry resulting in lower microbial resfon compared to

AS slurry. In contrast, no ignificant difference was observed betweenGilux

following cellulose+US and cellulose+AS treatments

106



Table 4.2. Concentrations of OlseR, TOC, TN and the C/N ratio in tlifferent treatments prior tand at the end of theubstrate
inducedrespirationexperimeni(S,= control soil before the incubation, Ssontrolsoil at the end of the incubation, US= unamended
slurry, AS= slurry amended with the biological additive SlurryBugs, Glu= glucose, G6P=sgtipbosphate, Cel= cellulosell
numbers are expressed as means of triplicattgntlard error of the mean

Treatments OlsenP TOC TN C/N ratio
(mg kg* soil) (%) (%)

Si. 73.41+£0.72 3.29+0.11 0.40 £0.01 8.22 +0.06
S 76.95 + 0.52 3.52+0.15 0.40 +£0.01 8.85+0.17
S+US 81.36 + 1.88 3.74 +£0.08 0.43+0.01 8.78+0.12
S+AS 81.44 +1.01 3.83+0.32 0.41 £0.02 9.21 +£0.35
S+Glu 84.58 + 1.46 3.40+0.16 0.38 +0.02 8.92 +0.08
S+Glu+US 87.47 +0.75 3.40+£0.12 0.40 £0.01 8.46 + 0.6
S+Glu+AS 86.90 + 0.58 3.54 £ 0.02 0.40 £0.01 8.95+0.12
S+G6P 121.51+1.16 3.28 +0.09 0.39 £0.01 8.45+0.08
S+G6P+US 102.16 +1.92 3.42+0.25 0.39 £0.01 8.71+0.40
S+G6P+AS 110.05+0.90 3.49+0.22 0.42 +0.03 8.27 £ 0.04
S+Cel 84.88 + 0.5 3.61+0.11 0.41+£0.01 8.88 +0.10
S+Cel+US 76.47 + 0.38 3.82 +£0.07 0.43+0.01 8.83+0.16
S+Cel+AS 87.45+ 0.50 3.26 +0.18 0.39 £ 0.02 8.26 £ 0.10
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Figure 4.1. Cumulative CQ efflux from control soil androm soil treated withglucoseand slurry amended (AS) and unamended (US) with the biological
additive SlurryBugga); from control soil and from soil treated wiglucose6-phosphate (G6Pand AS and USlurry (b); from control soil and from soil
treated with cellulosand AS and USlurry (c)during 18 days of incubatioAverage values of measured data are presented as symbols (n = 3)
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4.3.3 Maximum mineralisation rate and C-partitionin g associated with soil
microbial activity following carbohydrate and slurry application to grassland soll
Using'“C-labelled carbohydrates, the partitioning of C applied to soils over the 18
day incubation period was ascribed to three pdd0, evolvedvia mineralisation;
14C in biomass uptake; and resid&d remaining in soil (Table 4.3). The highest rate
of ¥C mineralisation was measured during the first hour of the incubation for every
treatment. The addition aither simple **C-carbohydrates!{C-glucoseor “C-G6P)
caused a significantly higher initial mineralisation rate compared to the application of
the more complex‘C-cellulose E(2, 18) = 192.124p < 0.000,d? = 0.955) (Table
4.3). A significant increase in themaximum mineralisation ratevas also observed
following the application of US slurry compared to the treatment with AS slarry
that with only '“C-glucose added (F(2, 18) = 49.209p < 0.000,d® = 0.845).
Significant interaction effects betwe&C-carbohydrate and slurry were obssl for
the maximum mineralisation raté& (@, 25) = 79.872p < 0.000,d? = 0.947).In
particulag whilst no significant differense were observed in the!“C-cellulose
treatments with or without slurry application, the addition of AS slurry to the soill
treated with“C-G6P resulted in a significantly higher initial mineralisation rate
compared to the treatment witftC-G6P alone. Finally, significant differences in the
initial mineralisation rate were found #C-glucose treatments following the addition

of both slurries in the ordéfC-glucose + US 3“C-glucose >“C-glucose + AS.

The extent of mineralisation differed significantly across the thté@-
carbohydrates added to soil, in the ortf@-glucose >“C-G6P> “C-cellulose F(2,
18) = 58.727p < 0.000,d?> = 0.867). A significantly greater extent of mineralisation

was also observed following the application of US slurry compared to the treatments
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with AS slurryor those with only a“C-carbohydrate addedF(2, 18) = 27.333p <
0.000,d? = 0.752) Further,significant interaction effects betweéfC-carbohydrate
and slurry were observed for the extent of mineralisati(d, (18) = 27.333p <
0.000,d? = 0.905).Notably, whilst no significant variation was found for the extent of
mineralisation flowing the application oft“C-cellulose and slurry treatments, the
addition of AS slurry to th&*C-G6PRtreated soil caused a significantly greater extent
of mineralisation compared to the treatments WiGG6P alone or with*C-G6P and
US slurry. In catrast, the addition of either slurry to tH€-glucosetreated soil led

to significant differences in the extent of mineralisation in the df@eglucose + US

> 1C-glucose >“C-glucose + AS.

The application okither*C-glucoseor C-G6P to soil reulted in a significantly
greater incorporation of'C into microbial biomass compared H€-cellulose E(2,
18) = 60.865p < 0.000,d? = 0.871).A significantdifferentbiomass uptake was also
observed following the application of either slurry treattseim the order'“C-
carbohydrate 3*C-carbohydrate + AS **C-carbohydrate + USH(2, 18) = 227.530,

p < 0.000,d? = 0.962).Significant interaction effectbetween'*C-carbohydrate and
slurry were observed for thimcorporation of'“C into microbial biorass across
treatments(F(4, 18) =11.468 p < 0.000,d? = 0.718). In particular significantly
higher biomass uptake was observed in the treatments without slurry compared to
treatment with either slurries for eatfC-carbohydrateSignificant differencesvere

also observed in residudfC activity in soil between the different carbohydrate
treatments, in the order cellulose > G6P > glucE$2, (18) = 119.513) < 0.000,0° =

0.930). The addition of slurry, whether amended oraimended with SB, alongsd
carbohydrate treatmerdlso resulted in significantly greater residif& activities in

soil compared to the treatments involving the carbohydrate aigBei8) = 222.887,
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p < 0.000,d? = 0.961).Further, significant interaction effects were obserbetween
carbohydrate and slurry for the residif activities in soil E(4, 18) = 222.887p <

0.001,d? = 0.628). In particular,ite addition okither slurry to eaclH'C-carbohydrate
treatment always resulted significantly higher residuat*C actvity in soil compared

to the application of the thrééC-carbohydrates alone.

4.3.4 Effect of carbohydrate and slurry application to grassland soil on the
priming index

The microbial activity toward botdiff erentsubstratéypes added to soil and SOM
was characterised through calculation of theARire4.2). Significant differences in
Pl were observed between the three carbohydrate treatments, with decreasing Pl in the
order glucose >G6P > cellulose R(2, 18) = 58.531p < 0.000,d? =0.867). The
application of slurry to soil alscevesled a significant effect on the PI, with lower
values of Pl observed following the application aither slurry types compared to
treatments that only included a carbohydrd&€2( 18) = 51.262p < 0.000, ¢ =
0.851). Significant decreases in Pl were observed through time across the treatments
(F(4, 15) = 2598.200p < 0.000,d? = 0.999). Furthermore, ignificant interaction
effects between carbohydrate and slurry were observed for th€42118) =30.305,
p < 0.000,d2 = 0.871). In particular, a significantly lower Pl was observed following
the application ogither slurry types to soil alongside cellulose, compared to treatment
with cellulose alone. With respect to G6P, the application of US slasuylted in a
significantly lower Pl compared to the treatment with AS slurry or G6P alone. Finally,
a significant decrease was found in PI following the additioeitbier slurry types

alongside glucose, in the order glucose > glucose + US slurry >sgldcAS slurry.
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Table 4.3. Mineralisation rate, extent of mineralisation, percentagé®#ctivity incorporated in microbial biomass, residtfél activity in soil
and respiratorguotient(mineralisation extent divided by biomass uptakdhe end othe incubation time for each treatment.

Treatment Maximum 14C mineralisation  !“C biomass uptake Residual*C Respiratory
mineralisation rate extent (%) activity in soil Quotient
(% %) (%) (Fixed kc? kec= 0.35) (%)
Soil + Glu 5.08 £ 0.53 21.10+x0.94 68.00 £ 0.70 10.40 £ 4.33 0.31
Soil + Glu + US 11.41£0.48 29.98 £ 0.84 22.76 £ 0.09 47.24 + 0.63 1.32
Soil + Glu + AS 249 +0.21 18.48 £ 0.20 40.99 + 1.00 40.53 + 0.67 0.45
Soil + G6P 5.79£0.32 18.28 £ 0.39 57.09 £ 0.38 22.66 +1.11 0.32
Soil + G6P+ US 6.97 £0.42 20.35+0.72 25.46 £ 1.52 54.07 £ 1.44 0.80
Soil + G6P + AS 7.51+0.16 22.84 £ 0.47 34.50 £ 0.16 40.98 £ 0.84 0.66
Soil + Cel 2.30£0.21 17.93 £ 0.54 41.11 +£0.83 40.91 £ 0.96 0.44
Soil + Cel + US 1.30£0.01 17.41 £ 0.47 20.81+0.9 61.78 £1.25 0.84
Soil + Cel + AS 2.50+0.22 18.13 £ 0.52 19.46 £ 1.82 62.26 = 1.87 0.93

& kec = (HC-flush)/(initial 1“C-activity added- 14C respired “C-activity in unfumigated soiljBoucard et al., 2008)
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Figure 4.2. Priming index(PI) for soils treated with glucose, glucos¢ongsideeitherunamended (US) sluryr slurryamendedvith the biological additive
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4 4 Discussion

4.4.1 Total respiration following the addition of organic compoundgo soil

The aim of thischapterwas todetermine how the quality of substrates, such as
carbohydrates and slurry, added to grassland soil affects the partitioningitii©
the added substrates and the native SO&8ed on microbial processessiil. The
data reported in thishapter are among the first of their kibgécause no previous
studies have investigated the fateffrom labile versusrecalcitrantcarbohydrates
applied toa temperate grasslasdil. In addition, the research reported in this chapter
examined the impd of applying these carbohydrates alongside livessigity that
had either been amended or rmohended with a biological additivduring slurry
storage The impacts on soil C cycling following the application of slurry that has
received a biological adtie during storage have also remained poorly constrained in

previous research to date.

Alongside glucose, the@hosphsugar G6P was selected to represent a labile
carbohydrate in this experiment, because of the central role played by G6P in two
microbial pathways of carbohydrate metabolisim glycolysis and the pentose
phosphate pathways6P is theproduct of the initialreaction of phosphorylation by
ATP from glucose in the glycolysis catalysed by the enzyme hexokarakésalso
the initial reactant in e pentosepathway(Cohen, 2011)Furthermore, both glucose
and G6P take part in the sequence of reactions for the synthesis of céNMibaseet
al., 2003)that is a typical product of several bacterial spe¢@&wda and Sugano,
2005) Cellulose was selected as one of the most recalcitrant carbohydrates in soil,
primarily input in the form of litter, with several microbial species in soil having

developed specific strategi¢o utilise this substrafeynd et al., 2002)This chapter,
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with the focus onC cycling following the input of substrates to Isenay also be
relevant given the growing interest in organic amendments being applied to soil,
including manure, compost,and anaerobicdigestate. Under these practices,
understanding the impacts on the soil C cycle, as mediated by the soil microbial

comnunity, is importat

An initial 3.3 and 0.4 % of TOC and TN concentration, respectivatye found in
the soilused in the experiments reported above (Table 4.2). In consequence, higher
total respiratiorwas observed in the control treatmémnhen neithecarbohydrate nor
slurry was supplied to soil), compared to all other treatm@htgire 4.1) The CO,
respired in the control treatment represents the MR corresponding to the energy
demandfor all nongrowth, maintenaneeelated activities of soil microganisms
(Geyer et al.,, 2016)A significantly lower total respiration was also founds the
complexity ofthe carbohydratadded to soiincreasedin the order glucose > G6P >
cellulose. These findings arme contrad with previous studies in which cumulative
respiration generated by glucose appiaatto soils was lower than following the
application of more complex substrates, such as cellulose, starch, lignin, and chitin,
both in arable and forest soi{Schutter and Dick, 2001, Dilly, 2004, Orwin et al.,
2006, Hernandez and Hobbie, 2010, Jagadamma et al., 2014, Elmajdoub and
Marschner, 2015)This pattern in which lower cumulative respiration is induced by
the addition of progressively more complex carbohydrates to grassland soil is

consistent with the fat hypohesis detailed in this chapter.

This finding can be attributed to the higher lability of glucose compared to
cellulose, and the fact that glucose can be rapidly mineralised by most soil
microorganisms in contrast to cellulogpungait et al., 2009)Within increasing

complexity of thecarbohydrateppliedto soil, the hydrolysis pathway becomes more
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complex and, therefore, theange of extracellular enzymes requirgd order to
catalyse the hydrolysis of the carbohydrate te @©reass. Indeed, whilst glucose is
directly taken up by microorganisms, G@Rjuires the enzyme gluceéghosphatase

for its hydrolysis(Cohen, 2011) Cellulose degradation is an even more complex
process, due to ¢hlonger and more recalcitrant structure of this carbohydrate. It
requires the combined activity of three types of enzymesna®b-1,4-glucanase
degrading the polysaccharide into smaller oligosaccharides, theexab-1,4-
glucanase, removing disaccld®i units from both the ends of the oligosaccharide
chains, a n dglucosidage; that hydrdlyges thebdisaccharides to glucose
(Moat et al., 2003)Therefore, the chemical composition of a carbohydrate added to
soil is generally the main driverf the extent to whicl substratewill be respiredand
released from soil through GQCefflux. Interestingly, more complex hydrolysis
pathways ultimately result in less rapid respiration and lower total €ifidx from

soil following the addition ofcarbohydrate Therefore, the application of complex
substrates to soil can lam effective practie within intensive agricultural production
systems due to a st@r release of C into soil and it can represent a solution for long

term SOM accumulation.

Substrate quality also affected P availability in silring theincubatiors. In
particular, ahigher concentration of OlseR was observed following the application
of G6Pto soil compared to the application of gluctseoil In fact, it is unlikely that,
due to the incubation period of 18 days, the data frolser©OP simply reflect
extraction of the GP that was added to the sdihstead, these observations are
consistent with the second hypothesis detailed in this chapter and saiggestease
in bioavailable P as a result of microbial dephosplation of G6P The data from the

incorporation oft“C into microbial biomass, indicating that 57% of the initf@-G6P
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spiked to soil was incorporated into microbial biomésee Table 4.3)also support

this hypothesis.

These findings extend those reported $pohn and Kuzyakov (2013yom
temperate forestoils and indicate thanicroorganisms in some temperate grassland
soilsmayuse the organic moiety of G6P as a C source to increasebial biomass
These data suggestat the microbial demand for C can drive a parallel release of P
into the bioavailable soil pool, following the application ofphosphorylagéd C
compound to soil. Thisncrea®d bioavailable Pin grassland soil may well deliver
initially beneficial resul throughincreasd plantavailable P However, longerm
increases in bioavailable soild®ncentrationglso increase the risk oftRansferfrom
soilsto solution and ultimately to surface and ground wétaDowell et al., 2001)
These fhndings also seem to challenge the conceptual model proposdd@iyl and
Cole (1981) in whichmicrobial C demand drives only N and S mineralisatimrt not
P mineralisation. Indeed, according kcGill and Cole (1981)similar mechanisms
appear to control the release of inorganic forms of N and S from organic compounds
during C oxidation by soil microorganisms in search of energy (biological
mineralisation). However, further research is required to confirm the mechanistic basis
to a possible coupling between C and P mineralisation in grassland soils that is

suggested bthe data reported in this chapter.

The data reported in this chapssosuggest that the addition of slurry, alongside a
carbohydrate, resulted in lower cumulative respiration compared to the treatment with
the carbohydrate alone. This finding suggesipmession of the extent to which an
added carbohydrate is subject to microbial respiration, caused by competition between
the microorganisms introduced into soil through the application of slurry and the

indigenous soil microbial community. In generaljl 98 assumed to be a hostile
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environment for faecal microorganisms, with faecal microbial populations normally
decreasing rapidly after the addition of materials such as slurry tUswiland Goss,

2004) However, the survival rate for some slurry microorganisms in soil can be
extremely variable and ctial for the net effect of slurry application on soil microbial
activity (Unc and Goss, 2004)n particular, the mixture of slurry with soil can
increase the potential for some slurry microorganisms to survive, including
Escherichia coli Streptococcus faecalend Enterococcuspp., due to adsorbance of
these microorganisms onto soil partig{Psitni et al., 1985Accordingto Chenu et al.
(2002), some possible mechanisms, including release of organic compounds, such as
enzymes and other polymers, as well as physicochemical interaetiertbe strategy

adopted by slurry microorganisms to increase their survival rate.

The sibsequentrelease of suppressing factors from slurry microorganisms
resporse to the competitionfrom native soil microorganismsis potentially a
mechanismthrough which taeducethe microbial respiration of the carbohydrate
native soil microorganissnandto allow accumulatiorof substrateC into the cells of
the slurry microrganismsAn extraordinary array of secondary metabolites, including
antimicrobial polyketides, peptides, antibiotics, toxins, as well as volatile organic
compounds (VOCs), haveeen identified as factors produced by some microbial
species to inhibit the growth of other microbial species in soil (Hibbing et al., 2010,
SchulzBohm et al., 2015)Finally, the addition of slurry that had been treated with
the SB additive to soil refted in significantly higher cumulative CGOefflux
compared to unamended slurry for both the glucose and G6P treatments. These
findings suggest that the SB additive potentially reduced the suppressive effects of
slurry microorganisms acting on native sailicroorganisms, thus allowing soil

microorganisms to respire more €fdom the two simple carbohydrates compared to
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the treatments with US slurry. However, further research into the role of microbial
suppression following slurry application to soils wouldd required to test these

possible mechanistic explanations for differences in cumulativee@iOx.

4.4.2 Carbon partitioning following the addition of labelled carbohydratesto
grassland soil

A mineralisation assay was used in this chapter to trackateeof the threé“C-
labelled carbohydrates following their addition to soil. Because none of the
carbohydrates used in this research was charged, it was assumed that they were not
sorbed onto soil particles. Therefore, the fraction of eachohydratespiked to soll
that was not evolved as G@ue to microbial respiration, was assumed to either be
assimilated into microbial biomass or to remain in the soil asuliStrates
incorporated within the humified SOM poqHoyle et al.,, 208). A high
mineralisdéion rate, in particular for the G6P treatments, was observed one hour after
the substratspiking. Thefinal mineralisation extent fahe two simple carbohydrates
was 21 and 18% dhe spiked™“C for glucose and GGRespectivelylevels that are
consisént with a number of previous studies. For exampé#n Veen et al. (198%)nd
Bremer and van Kessel (199@heasuredmineralisation ofglucoseC of 37%
compared to the initial labelled input after 101 aaiter 7 days of incubation,
respectively Saggar et al. (1999)bserved amineralisationof 25-44% of 1“C from
glucose after 35 daySchneckenberger et al. () found amineralisatiorof 26-44%
within 22 days, whilsGunina et al. (2014)eported a decomposition of 25% within
10 days The results from the current chaptdsoshowed a high mineralisation rate

for the cellulose treatments, with > 17% of thekspi*C. These results are

119



compatible with those measured Gyawford et al. (1977)where a mineralisation of

19-45% of*C from cellulose was observed after a soil incubation of 700 hours.

However, as a proportion of the C spike added to soil, considerably f@oneas
incorporated into microbial biomass than was evolved@«0,. The assimilation of
a considerable fraction of labelleglucose and G6P into microbial biomass, as
observed in the experiment reported in this chapter, is consistent with the model of
short-term glucose utilisation proposed Nguyen and Guckert (2001n this model,
once a carbohydrate is taken up from soil solution and temporarily allocated to an
intermediate pool within a cell, it is then partitioned between respiratrah a
incorporation into biomass as structural C. In turn, this stored glucose fraction can be
transferred toward anabolic pathways to produce polymeric carbohydrates, such as
cellulose, or directed to the synthesis of intracellular, dissolved compounds,
depending on the cellular C demar(@unina et al., 2014)Due to high degree of
similarity between glucose and G6P, this model is also assumed to operate for G6P,
after dephosphorylation. THewer assimilation of cellulose into microbial biomass
compared to either glucosa &G6P is expecteddue to the threstage, enzyme
mediated hydrolysis pathway required to degrade the polysaccharide prior to

microbial uptakdLynd et al., 2002, Moat et al., 2003)

An apparent suppression tiomass uptakeof added substrate wasbserved
following the addition of both types of slurry to the thté@-carbohydrate treatments
(Table 4.3) However, these findings are not consistent with the concept of slurry
application stimulating thesoil microbial community and activitghat hasbeen
reported in some research previoud{gndeler and Eder, 1993, Paul and Beauchamp,
1996, Saviozzi et al., 1997, Lalande et al., 2000, Peacock et al., 2001, Murugan et al.,

2014).The high heterogeneity of slurry, due to different food and arspedes, can
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account for differencein microbial communities that, in turn, explain distincoil
microbial responsebetween the results from the current chapter and the literature
following slurry application As discussed in Sectiod.4.1, competition in sib
between the indigenous soil microbial community and the microbial community
derived from slurry, involving the release different suppressing factors from slurry
microorganismsis alsothought likely toaccount foisuppressiomwf the activity of soil
microorganisms, both in terms oéspirationand uptake of the added carbohydrate.
Further, differences irthe organic C composition of slurry may be related to
stimulation or suppression of microbial activity in soils that receive slurry
applications. Fo example, according t¢®aul and Beauchamp (1989nicrobial
mediated processes, such as denitrification, in marsoiédan be positively related

to the total watesoluble organic C and to the volatile fatty acid (VFA) concentration
in manure. Slurry that is particularly rich in certain organic compounds may induce

increase$n microbial activity in soil.

Therefore, it is reasonable to hypothesise that the suppression of microbial
respiration and assimilation of labile C reported in this chapter may be associated with
the specific chemical characteristics of the slurry used in the experiments, for example
due to partularly low VFA concentrations. However, further research is required to
establish the impact of variations in the composition of organic compounds in slurry,
such as carbohydrates and lignocellulosic materials (lignin, hemicellulose and
cellulose) that neresent the largest fraction of the organic compounds in slurry
(Mgller et al., 2004, Christensen et al., 20@3) microbiallymediated processes such
as respiration or biomass uptake within soil. Regardleseaoh#thanism responsible,
as a result of the slurlyased inhibition of respiration and assimilation of labile C

substrates, greateccumulation of the added @ the soil poolwas observed
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compared to treatments in which no slurry was apgli@ble 4.3) Consequently, a
longer period of time following treatment of soil with slurry, either with or without the
SB-additive, would appear to be necessary for either mineralisation or assimilation of
the “C-substrates to achieve levels comparable to those vausén treatments
without slurry addition However, this study evidence that slurry alongside
carbohydrate application appears to sdisé C within soil pools, at least over the
timescales involved ithis experimentthus stimulatinghe accumulation a$oil C if

this effect persists

The effect of adding carbohydrates and slurry to soil was also assessed in this
chapter through calculation of the RQ, defined as the ratio of redpiadorporated
14C-carbon. With the apparent outlier associated with treatment that included
glucose and US slurnall the RQ values suggested thatmass accumulatiorRQ <
1) was stimulated by the treatments applied to soil. These values contrast with those
reported byDilly (2001; 2003 2004) where values of R@Q 1, suggesting microbial
respirationwere observed after thagpplicationto arable, grassland and foresbils of
glucoseand more recalcitrant compounds, such as cellulose and humicabed
comparable rateto those used in this chapteluring a sbrt-term incubation
experimentln contrast to what observed by Dilly, glucose addition to the soil eskult
in stimulation ofrespiration,as well as induction of microbial grow{stenstrom et

al., 1998)

The microbial activity towards both tlt#fferent substrates added to soil and SOM
was determined through the priming index (PI). The®lounts for any increase or
decrease in mineralisation of SOM per unit of substrate added per unit of time. This
represents aobustmethod for a quantitative assessmenthaf priming effect PE),

due to the measurement both of net,G@d “C-CO; evoluion (Kuzyakov et al.,
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2000) The PI for each treatment examined in the research reported in this chapter was
always < 0 over the course of the incubation, correspondimgrtwbilisationof C

from the added substrabe adecrease in SOM decompositiocompared to the control

soil tredment that received no added substrate. Notablyte negative Pls were
associated with tréents in which SOM mineralisation was lower, as revealed in the

total respiration data to be in the order cellulose<G6P<glucose

Further, matching the apparent prgssion effect due to the slurry application that
was described for total respiration, the Pl suggested that lower SOM decomposition
was associated with each sluamended treatment compared to the corresponding
treatment that only included the additiafi a carbohydrate. Therefore, both the
addition of carbohydrates and of slurry resulted in a negative PI, although due to
different causes. The negative PI following the addition of carbohydrates to soil
depended on the cumulative €6€volved from the resmtion of both SOM and the
more labile C substrates added to soil, as well as from*@«€0, respired as a
fraction of the labelled carbohydrate spiked to soil. In particular, the addition of
carbohydrates resulted in a microbial metabolic switch, wingl decreased
respiration of SOMas respiration switched to the more labile carbohydratesgside
incorporation of a substantial fraction of the labile carbohydmate microbial
biomass. This metabolic switchkeownas O pr ef erens ati{iPSW@ bst r e
(Sparling et al., 1982, Billes et al., 1988, Cheng, 198Brontrast, the negative PI
that was observed following slurry addition to the carbohydrate treatments is
attributed to the difference in éhcumulative respiratiorthat, in turn, is due to
differences in the SOM respiration. In contrast, Table 3 suggests that Pl was not due
to differences in the respiration of the added -laé&lled carbohydrate, comparing

the carbohydrate alone to the canpdtate + slurry treatment
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In summary, the highest total respiration of SOM was measured in the control soil
treatment, due to the MR performed by the microbial community in soil to maximise
the catabolic harvesting of energy a soil with low C and NThe pulsed input of
substrates to soil generated a sudden increase in labile substrate availability, with the
amount of substrate C added corresponding to 31% oCtheat the start of the
incubation. As a result, eapid decomposition ratef the added Gsubstrate was
measured, especially in the treatments with glucose and G6P. The total respiration was
inversely proportional to the complexity of the unlabelled carbohydrates applied to
soil. The decrease in the total msation across the increasingly cqhex
carbohydrate treatmentsuld be attributed to the PSkdm the respiration of SOM to
the utilisation ofmore labile addedsubstrate The incorporation into the microbial
biomass of a considerable fraction of all substrates that were spiked tassoll,
observed at the end of tHéC incubation could also reflect this metabolic switch.
Therefore, PSU canausea decrease in the SOM decompositiamdaccouns both
for the lower cumulative CoOmeasured for eactarbohydratéreatmentcompared to
the cantrol soil, and for the negative PI that was observed in the experiments reported
above. However, this metabolic switch normally occurs when the added substrate C is
greater than the e existing within the soi(Kuzyakov, 2002, Cheng and Kuzyakov,
2005) In contrast, in the experiments reported in thigpter, the amount of substrate

C added to soil was lower tham€

Possible explanations for the apparent activation of PSU despite the relatively low
amount of substrate C added to soil, in proportion to sai, Gay be related to the
amount of availble N in soil(Blagodatskaya and Kuzyakov, 2008)ecreases in PE
havealso been observed in a number of studies when orgarsabStates that are

applied to soil contain available (Miljeroth et al., 1994, Cardon, 1996, van Ginkel et
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al., 1997, MartirOlmedo et al., 2002, Blagodatskaya et al., 20Dt to an initially

low TN content of thedl used in the current chapter, soil microorganisms may be
activated to decompose the-righ livestock slurry to acquire N, rather than to
continue the decomposition of SOM, thereby leading to a reduction in the PE.
However, additional environmental preses that have not been investigated in this
chapter, including interactions between the added substrates and the humic fraction in
soil that cannhibit respiration by promoting the formation of stable aggregates and
organemineral associationgGeyer et al., 2016)may also be responsible for the
negative values of Pl that were observed. Further investigation is required to verify if
PSU continues to be evident with relatively low substrate C added to soil as a
proportion of Gic across different temperate grassland soils, with and without slurry

apgication.

Finally, with the decreased availability, as the added materials are increasingly

respired or taken up through tireongside the growth of microbial biomass, a return

to the initial state of SOMdecomposition and a positive PiBay be expected
(Stenstrom et al., 2001, Kuzyakov and Bol, 2006&)wever, due to the short length of

the incubation reported in this chapter, a positive PE was not observed. Presumably,
the addition of substrate to soil was ndffisient to increase the microbial biomass in

18 days sufficiently to enhance SOM decomposition and, therefore, to cause a positive
PE. Further research is required to investigate whether lbager incubation
experiments with the same amount of subst@at@dded to soil ultimately stimulate
greater SOM decompositionompared to an 18ay incubation experiment and,

therefore, promote a positive PE.
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5 The impacts of organic amendment on microbial biomass and

community structure in grasslandsoils

5.1Intro duction

Microorganisms play a pivotal role in the soil environment. They are one of the
main regulators oboil organic matter (SOM)lecomposition, nutrient cycling, and
bioremediation of contaminated soilkarkin, 2003, Aislabie and Deslippe, 2013,
Teng et al., 2015)Changes in the soil microbial community are therefore relevant
indicators of changes in soil quality, soil biological activity and the likely productivity
of terrestrial agreecosystemg¢Brussaard et al., 2004, Birkhofer et al., 2003veral
factors have been suggested to ddfiangein soil microbial communities, including
those associated wignvironmental conditionwithin soilsand withbroadedanduse
(Zhou et al., 2002, Lauber et al., 2008, Van Horn et al., 2Fd8)example, changes
in soil pH, salinity, water content, as well as variation in faed across forest, arable
and livestock production, are antgpthe factors known to shape the structure of soil

microbial communitiegLauber et al., 2008, Van Horn et al., 2013)

Further, he addition of organic amendmernits;luding crop residues and farmyard
manure (FYM) to soil has been shown to influence soil microbial communities.
Indeed, sule addition has predominantly been asatad with increass in soil
microbial biomassand changes inmicrobial community structure, particularly the
relativeabundince of bacteriand fungi within a communit{Frostegard et al., 1997,

Ritz et al., 1997, Dinesh et al., 2000, Peacock et al., 2001, Lupwayi et al., 2005,
Toyota and Kuninaga, 2006, Calbrix et al., 20B@wall et al., 2007Kallenbach and
Grandy, 2011, Katterer et al., 2Q1Rlaud et al., 2015 In turn, themodificationsof

microbial biomass and community composition that result from the addition of
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organic amendements to soil aasult in shiftsn nutritional competition betwen

and Kstrategists Specifically, rstrategists, mainly corresponding to graegative
(Give) bacteria, dominate the early stages of decomposition following the addition of
a substrate to soiln particular, increases in the proportions of some gsmf Gi ve
bacteria, s ch as Baec,t-eb aiPdtedbacteriahate been found in soil

in response to the application of substrates that contain labf@leveland et al.,
2007, Fierer et al., 2007, Nemergut et al., 201®)ontrastK-strategists, consisting

of grampositive (G +ve) bacteria and fungi, tend to prevail during the later stages of
decomposition, due to adaptations that provide a competitve advantage when
nutritional resources are associated with more recahtitSOM (Fierer et al., 2003,
Fontaine et al., 2003, Cleveland et al., 2007, Fierer et al., 2007, Kramer and Gleixner,

2008, Fanin et al., 2014)

A number of studies have previously been conducted into theatritie played by
soil microorganisms in the acquisition and transfer of nutrients in(Raiton et al.,
1988, Rod@uez and Fraga, 1999, Bengtsson et al., 2003, Dannenmann et al., 2009,
Hinsinger et al., 2011)n particular, soil microorganisms are involved in a range of
processes affecting the availability of soil P to plants, including solubilisation and
mineralisation, or the immobilisation of readily available sources ¢Ri€hardson,
2001, Richardson and Simpson, 2011, Yevdokimov et al., 2016, Zeng et al), 8016
addition, the soil microbial biomass contains a significant proportion of the
immobilised P in soil, potentially accounting forl0% of the total soil P poohat is
potentially available to plantéHedley and Stewart, 1982, Brookes et al., 1984)
reviewed by Richardson (1994)this microbial biomass P (R) is a dynamic
component of the soil P cycle, varying in response to farming practices, soil fertility

status and seasonal variation in environmental factors. However, further research is
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required to understand how the addition of substrates contahiagd in particular

those substrates that also contain a P moiety, influeneeithin different soils.

However, compared to the impacts due to the application of FYM and other
organic amendments, relatively little attention has been given to thetseffiec
microbial biomass and community structure of applying slurry to #aika and
Carballas (1988afound that 180 days of cattle slurry treatment to soil enhanced a
number of populations of microorganisms inxed in the soil Ncycle, such as
proteolytic, ammonifying and nitrifyingacteria as well as denitrifying and anaerobi
freeeN fixing bacteria. HoweverAcea and Carballas (1988lmpserved different
responses for microorganisms associated with the soilc{@, such as aerobic and
anaerobic cellulolitic bacteria, and with the soity®le, such as sulphate reducing,
elemental S axlising and anaerobic organic S mineralising bacteria. Specifically,
across a soil incubation of comparable time to that described dblbw&ing the
application of cattle slurry, an initial growth in these groups of microorganisms was
observed, followedby a rapid decline, resulting in no significant changes in the
populations examined by the end of the incubation, presumably due to the rapid

exhaustion of labile substrate.

A different response following the addition of slurry to soil was observed by
Opperman et al. (1989Wwhere a significantand rapid increase in presurtine
coliformswas recordedcompared ta soil that did not receive slurryollowed by a
decrease at similar rates for both treatmeRisrther, these authors observed no
change in the soil fungal population over a -t3fy incubation following the
appliation of slurry to soil. More recently, an initial increase in microbial biomass C
(Cmic) was found in an agricultural soil during a 1@8y incubation following the

application of pig slurry{Plaza et al., 2007Bimilarly, Pezzolla et al. (2013howed
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that the addition of differerforms of labile organic matter, includingig slurry, to
arablesoils resulted in ageneral increase insfe and in G-ve bacteriaacross a 4%6lay

incubation, whereas a decline in G +ve bacteria was observed

A number of studies have also been conducted into the impacts of applying
different carbohydrates to soil on microbial biomass a&oedhmunity structure.
Increases in soil microbial biomass content both in a beech forest soil and in an arable
soil were observed following glucose and cellulose additibilsy, 2004). Similarly,
after the application of cellulose tdoth temperatearable and grasslandoils,
Blagodatskaya et al. (20Lébservedan increasén G -ve bacteria and fungi during
the intensive phase of cellulose decomposition, whilstgrowth of G+ve bacteria
and fungiwas obsered during the slow phase of cellulose degradatiurther,
Mondini et al. (2006¥ound that the response of microbial biomass to the application
of substrates, including carbohydratégpended on the complexity and degree of

degradability associated with the carbohydrate added to soll

However,despite such research, relativétile remainsknownaboutthe structural
changes in both the badedrand fungal communityhat follow the additionof slurry
and carbohydrates of differemtolecularcomplexity, particularly within temperate
grasslandsoils. Therefore, the potential to interpret changes in soil nutrient cycles and
nutrient bioavailabity that follow the addition of carbohydrates and slurry to saill,
such as those reported in Chapters 3 and 4, through changes in the soil microbial
community, remains limited.ufther research is needed to better understand the short
term variationsin microbial biomass andn the composition of thamicrobial
community,including acrossacteria, consisting of G +ve andi@e bacteria, and
fungi, in grassland soil$ollowing the application ofsuch amendment$n addition,

little evidenceis available to corstrain the effecé on microbial biomass and
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community structurexerted bythe P moiety within compounds, such as glucese
phosphate (G6P), compared twnphosphorylatedcounterpas Therefore, he
objective of this chapteas to determine the extent tehich the additiorto soil of C
and Psources of different complexity and degreevotrobial availability, as well as
livestock slurry amendeor not amendedith the biological additive B, significantly
affectedthe biomass and the structure of the notical community in a temperate

grassland soilThe specific hypotheses trare tested within this chapter are:

i. the application to soil of C substrates of increasing lability will result in
significantly greater increases insfs, alongside a shift in theoil microbial
community structure towards significantly greater prevalence of Gve
bacteria over G +ve bacteria and fungi;

ii. the addition ofphosphorylated compound® soil will not result in any
significant difference in R., compared to the additiorof the non
phosphorylated counterpart, due to the microbial requirement for C but not for
P in a typical grassland soil;

iii. the gplicaion of slurryto soil, eitheramendedor not amended with the
biological additive SB, alongsidecarbohydrge, will resut in a significantly
greater increase in bothwcand in G +ve bacteria and fungi, compared to the
addition of a carbohydrate alondyie tothe addition ofmore recalcitranC

compounddo soil contained withislurry.
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5.2 Materials and methods

5.2.1Experimental designfor the soil incubations

Bulk samples oftieclay loam (CL)soil described irSection 4.2.vere thoroughly
mixed to ensure homogeésaion. Twelve treatments were used for theperiments
reported in thecurrent chapterfollowing the samexperimental design described in
Chapter 4 (see Table 4.1¢arbohydratesand slurry were derived from the same
sources, anevereappliedto soil at he sameapplication rate (v/w), as described for
the incubations in Chapter 4 (see Section 4.2.2).iPlesihtainers oil50 mLvolume
were used for the experimemtn initial 120 g (fresh weight)of soil was placed in
each individual container at the beginning of the incubation experiment. All
treatments were incubated in triplicate within a laboratoryfbdays, from June to
August 2015. Containers were kept in the dark within a temperatuteolled
incubator at 20 °C. On each day of analysis (days 10, 20 and 49), 1.5 g (fresh weight)
of soil was suksampled from each container for phospholipid fattid g®LFA)
analysis, 10 g (fresh weight) for+{c determination, and 15 g (fresh weight) fokid®
determination. All soil samples for analysis were immediately analysed or stored for a

short time in a refrigerated cold room before analysis.

5.2.2Microbial biomass carbon

To measure the amount of l@undin soil microbial biomass, the fumigation
extraction methodVance et al., 1987)vas used. Thefumigation procedure lyses
microbial cells and releases C for extractionth KoSQu. 5 g of fresh soil was
weighed for each sample into a beaker. All beakeese placed into a desiccator

alongsidea beaker containing amylessgabilised CHG and a few boiling chips. The
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desiccator was evacuated usawyater vacuum pump until CHgboiled. CHCY was
allowed to bdi for one minutethen the water tap was closed, the water pipe was
removedand the pump was turned off. The samples were left in the desiccator at 25
°C for 18i 24 hours. The pressure was then released slowly and residuad fhel
thesoil was removetly evacuating the desiccator figesix times.

To extract C from soil microbial biomass,0.5 M KSQs solution was prepared,
and pH adjusted to 6:87.0 using @NaOH solution from NaOH pellet® g of each
sampleof nonfumigated soil was weighed intopdastic bottle Subsequently, 25 mL
of the KkSQy solution was added to each of the fomigated soil samples and to the
soil samples that had been previously fumigated with GH®@ixed thoroughly and
placed on an orbital shaker for 30 minutes. The eksalutions were filtered through
WhatmanNo 1 filter papers with the filtrate collected Bterilin sample bottles.
Filtrates were analysed to determine the: @sing a Total Organic Carbon Analyzer.

Cnmic, expressed as mgtairy soil, was calculated g Equation 5.1:

8 (5.1)

5.2.3Microbial biomass phosphorus

To measure the amount of phosphate bound in soil microb@hdss, a
fumigationextraction method similar to that performed fomicCwas conducted,
following the method oBrookes et al(19&). The fumigation procedure lyses the
cells and releases P for subsequent extraction with NgHE@hird set of samples
with an added P spike to account for P sorption to the soil during extraction was
included. The fumigation of soil followed the procee described in Sectidn2.2for

Cnic. To extract P from soil microbial biomass, a 0.5 M NaHCG®Ilution was
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prepared, with the pH adjusted to 8.5 usinga®DH solution from NaOHpellets or a
concentrated NaOH solution. Tvog (fresh weight)sample of nonfumigated soil
for each sample wemneighedinto separate plastic bottles. 100 mL of the NaHCO
solution was added to each of the fiomigated soil samples, in addition to a further
bottle that contained the fumigated soil sample. For ondumaigaed sample, 1 mL
of a phosphate spike solution (125 pgP?) was added. For the other nhmigated
sample, the equivalent volume of MiQ) water to that added to thesBiked sample
was added. All bottles were mixed thoroughly and placed on an orhatlaéisfor 30
minutes, then allowed to settle before filtering. Soil solutions were filtered through
Whatman No 42 filter papers and the filtrates were collectestenlin bottles. The
filtrates were analysed for P using an -2YSampler + AA3 AuteAnalyse. The
extractable P, expressed as mg¥Psgil, was calculated using Equation 5.2, whilst

Pmic, expressed as mg P goil, was calculated using Equation 5.3:

~ z

0ol GWd w9 (5.2)

N

0 — (5.3)

where, 25 in Equation 5.3 refers to the P concentrationbtargk sample that had
received the P spike, whilst the 0.1 in Equation 5.3 refers to volume of the extractant

in litres.

5.2.4Phospholipids fatty acidsanalysis
To measure PLFAs in soil, a thre@age analysis was conducted. Stage one

involved lipid extraction, weighing 1.5 g (fresh weight) of soil for each sample and
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placing into 50 mL Pyrex glass tubes that had previously rinsed with £CA®lank

tube was ao included. In order to extract lipids, 1.5 mL citrate buffer (0.15M) at pH

4 was added to all tubes, alongside 1.9 mL GH&B mL methanol (MeOH) and 2.0

mL of extractant (CHGIMeOH:citrate buffer, 1:2:0.8 v/v/v). Tubes were left for 2
hours, followedby centrifugation at 650 relative centrifugal force (RCF) for 10
minutes. Tubes were then left overnight to ensure phase separation. Subsequently, 3
mL of the lower phase were transferred by pipetting to a clean small glass test tube
that had previouslyden rinsed with CHGI The tubes were then placed in a heating
block under a stream of compressed air entering the tubes to evaporate the liquid and
with the heating block turned off. When all liquid had evaporated, the tubes were
capped, labelled, baggemhd frozen, or immediately used for stage two of the

extraction process.

During the second stage (lipid fractionation), lipids were separated into different
classes with increasing polarity: neutral lipids, such as hydrocarbons, free fatty acids
and sterd, glycolipids and polar lipids, such as phospholipids. Columns (Isolute Sl
500 mg 6 mL SPE columns) were activated using 2.5 mL of gH®le dry lipid
material remaining from stage one of the protocol was dissolved by adding 0.5 mL of
CHCIls, then transfeed carefully to each column using glass Pasteur pipettes. All
tubes were then rinsed in sequence with GHElelute the neutral lipids, acetone to
elute the glycolipids, theMeOH to elute the phospholipids. The solvent from the
tubes was evaporated werdcompressed air as described above, but with the heating
block turned on to 40°C, leaving the dried phospholipid fraction in the tubes. The
tubes were then capped, labelled and either frozen or immediately used for stage three

of the PLFA protocol.
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In stagethree (mild alkaline methanolysjs two internal standards, C13 (Methyl
tridecanoate) and C19 (Methyl nonadecanoate), were prepgeasttling 22.67 mg of
C13 standard and 23.08 mg of C19 standard to 100 mL of heR8ngL of both
standards were added each tube, then the samples were dissolved in 1 mL of a
MeOH:toluene (1:1, v/v) solution and in 1 mL of KOH 0.2 M solution that had been
previously prepared, and then incubated in a water bath & 3¥ér 15 minutes.
Subsequently, 2 mL of a hexane:CB{:1, v/v) solution, 0.3 mL of a 1 M acetic
acid solution, and 2.0 mL of MillQ water were added to the samples. The samples
were then vortexed for 1 minute and centrifuged at 650 RCF for 5 minutes. The upper
organic phase was transferred using glastelda pipettes to a clean set of test tubes
that had been previously rinsed with hexane. The lower layer in the previous set of
tubes was washed with a 2 mL portion of hexane:GKKEL, v/v), vortexed and then

centrifuged, as above. The upper phase was titansferred tdie small test tubes.

The liquid in the tubes was evaporated under a stream of compressed air with the
heating block turned off. The pellets in the tubes wersuspended in 150 L of
hexane, mixed for 20 seconds, then transferred ygasg Pasteur pipettes to 150 pL
Polyspring Thermo Fisher Scientific glass inserts, placed in Chromacol glass GC
vials. The liquid in the insert was evaporated under a stream of compressed air, as
above. The pellet resuspension and liquid evaporatioreimgert were then repeated
five times in order to ensure complete sample transfer to GC inserts. Once completed,
the last evaporation the glass GC vials was store2l0aC or resuspended in 25 pL
of hexane for immediate analysis by gas chromatographly flame ionisation
detector (GGFID). The GCFID analysis was conducted using a 6890N GC analyser,

in conjunction with an HP 7683 Series injector. All samples were run dissolved in 25
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pL of hexane. The internal standards C13 and C19 were also run disgol28& pL

of hexane, alongside three blankdagane

5.2.5Statistical analysis

The normality of distributions was checked foxiCand Fhic, as well as for each
microbial community PLFA both graphically, using normal-QQ plots, and
statistically, thragh the ShapirdVilk test and assuming significant effects whpre
0.05. The independentf€st for two samples was conducted to check for statistically
significant differences between the means at day 0 and day 10 for each parameter. A
two-way, repeatedneasures analysis of variance (ANOVA) was then conducted to
check for statistically significance differences between the means at days 10, 20 and
49. It was assumed that soil sample removed from different sample containers at these
times could effectivelybe treated asepeatedsubsamples from a single container

related to a specific treatment, thereby suppgmepeated measures analysis.

Prior to conducting the ANOVA analysis, when the assumption of normality was
violated, the dataset was transformied order to ensure all data were normally
distributed. In particular, a root squasednsformation was used for the datasets for
Pmic and bacterial PLFA, a leggansformation was used for total PLFA and G +ve
PLFA, an exponentigransformation was usedrf@ i ve PLFA, G +ve / Q ve ratio
and F/B ratio, whilst the dataset for fungal PLFA was raised to the third power before
the ANOVA analysis. Further, significance effects were assumedad.O1 for all
datasets in the ANOVA analyses in order to avoideTypl er r or s . Mauchl yods
Sphericity was also conducted to check for homogeneity of variances for each

parameter. When the assumption of sphericity (was vi ol ated and t he M:
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of Sphericity was statistically significant, Greenho@sssercorrection was applied

for 0 < 0.75, whilst Huynk~eldt correction was applied for> 0.75 (Girden, 1992

Wheret hese <corrections did not address t he
statistic a twoway multivariate analysis of variance (MANOVA) was conducted.
Pairwise comparisons were conducted using Bonferronthpmstests using < 0.01

to determine significance. All statistical analyses were conducted using IBM SPSS

Statistics version 22, IBM, US.
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5.3Results

5.3.1Microbial biomass carbon

The application of carbohydrate had a significant effect @n(€(3, 24) = 7.383p
= 0.001,d? = 0.480;see Figurs 5.1 - 5.2), with significantly higher Gic under the
control treatment compared to the addition of glucdsecontrast, no significant
differences in Gic were observed comparing control and glucose treatments with G6P
and cdulose treatmentsThe application of slurry also significantly affectechicC
(F(2, 24) = 34.894p < 0.000,d? = 0.744), with significantly higher & following the
addition of both slurry types compared to the control treatment that received no slurry.
Significant changes in £ were also observed through time, regardless of
carbohydrate or slurry applicatiof(8, 22) = 581.086p < 0.000,d? = 0.988), with
Cnmic increasingover the 49 dayncubationfollowing the order day 0 < day 20, day 10
(no signficant difference between day 20 and day ¥0)day 49 A significant
interaction between carbohydrate and slurry was also observed in termg (%(6,
24) = 8.170p < 0.000,d> = 0.671). The application of both slurry types to the glucose
treatment radted in significantly higher fGic compared to the treatment with glucose
alone. Similarly, the addition of either type of slurry to the cellulose treatment resulted

in significantly higher Gic compared to the treatment with cellulose alone.

Significant nteraction effects were also observed between carbohydrate treatment
andtime for Gnic (F(9, 53) = 38.834p<0 . 0 ¢ ©Q.80%]. At day 10the application
of glucose to soil resulted in significantly higheriddcompared to the application of
cellulose, whereas no significant difference was observed between the other two
carbohydrate treatmentand between theother two carbohydrate and control

treatments At day 20, Gic decreased significantly in the order G6P > cellulose >
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control and glucose, with no significant difference between control and glucose
treatments. At day 4%Cmic decreased significantly in therder control > cellulose,
glucose > G6P. Significant interactions were also obsdressleenslurry treatments

and timewith respect to Gic (F(6, 44) =35.367p<0 . 0 G ©Q.828).At day 10, the
addition of AS slurry to soil resulted in a significantly highetic€ompared teeither

the controltreatmentvith no slurry application mthe US slurrytreatmentIn contrast,

by day 20 Gic varied significantlyin the order US > AS >ontrol At day 49, the
application of AS slurry to soil generated a significantly highgt Gompared to the
addition of US slurrywhereas no significant difference was observed between control

and each of the slurry treatments

5.3.2Microbial biomass phosphorus

No significant effect was observed omi|(Figures 5.3 5.4) associated with either
carbohydrate or slurry application alone. In contrast, time was found to be a
significant factorwith respect to R, regardless of carbotate or slurry application
(F(3, 23) = 58.683p < 0.000,0° = 0.836). Indeed, at day 49 a significantly lowei.P
was observed compared to the other three days of analysis. In contrast, significant
interaction effects were observed between carbohydradetime factors in terms of
Pmic (F(6, 46) = 28.568p < 0.000,d? = 0.788). At day 49, a significantly higherP
was observed under control treatment compared to cellulose treatment. Further,
significant interaction effects were observed between shmdytime factors in terms
of Pmic (F(4, 46) = 11.136p < 0.000,0° = 0.492). At day 49, a significantly lowemk
was observed following US slurry treatment compared to either the control treatment

without slurry or the treatment receiving A8urry.
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Figure 5.1. Microbial biomass C (mg C“gdry weight equivalent soil) using (a) control soil (soil), soil with unamersliedly (US), or slurry
amended witlthe biological additive SlayBugs(AS), (b) soilamendedvith glucose, soil with glucose and US or AS slurry. Average values of
measured data are presented as syméwots bars indicate standard error of the mean (n = 3).
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Figure 5.2. Microbial biomass C (mg Cgdry weight equivalent soil) using (a) soil with glucesphosphate (G6P), soil with G6P and
unamendedlurry (US), orslurry amended with the biological additive SlurryBu@sS), (b) soilamendedvith cellulose, soil with cellulose and
US, or AS slurry. Average values of measured data are presented as sardrdisrs indicate standard error of the mean (n = 3).
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5.3.3Phospholipid fatty acids

5.3.3.1Total phospholipid fatty acid profiles

No significant effect was observed on total PLFA (Figures-5%6) following
either carbohydrate or slurry addition alone. In contrast, time was found to be a
significant factor for total PLFA, regardless of calnlgdrate or slurry applicatioff(3,
22) = 224.457p < 0.000,d? = 0.968) Indeed, dtal PLFA changed significaly over
the 49 dayincubation, in the order day 10, day 20 (no significant difference between
days 10 and 20) > day 0 > day 49. No significant interaction effects between
carbohydrate and time were observed for total PLFA. In contrast, a significant
interaction effect was observed between slurry and time factors in terms of total PLFA
(F(6, 44) = 3.163p = 0.011,¢? = 0.301). By day 49, a significantly higher total PLFA
was observed under the control treatment without slurry compared to US slurry

treatment.

5.3.3.2Bacterial phospholipid fatty acid profiles

The application of carbohydrates significantly affectadterial PLFA E(3, 24) =
8.127,p = 0.001,0° = 0.504) (Figures 5.7 5.8). The application of cellulose resulted
in significantly lower bacterial PLFA compared to either control or G6P treatments,
whilst no significant difference between glucose treatnasmd treatments with the
other two carbohydrates and the control were observed. The application of slurry also
generated significant changes in bacterial PLF{2(24) = 7.087p = 0.004,d? =
0.371), with bacterial PLFA being significantly lower followi the addition of AS
slurry compared to the control treatment that received no slurry, whereas no

significant differences were observed following the addition of US slurry. Time
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significantly influenced bacterial PLFA, regardless of carbohydrate or slurry
application E(3, 22) = 175.202p < 0.000,d? = 0.960). Bacterial PLFA changed
significantly across the 49 daycubation, with a significant decrease at day 49
compared to all other days of analysis. Significant interaction effects between
carbohydrate and slurry factors for bacterial PLFA wese abservedH(6, 24) =
4.324,p = 0.004,d? = 0.519). The addition of both slurry types to the G6P treatment
resulted in significantly lower bacterial PLFA compared to the treatment with G6P

alone.

A significant interaction effect between carbohydrate tame was also observed
for bacterial PLFAFE(9, 53) =5.493p<0 . 0 ¢ 90Q.411. At day 20, significantly
lower bacterial PLFAvas observed undgtucoseandcellulose treatmestcompared
to the control treatment, whilst no significant difference smabserved under G6P
treatmentompared to the contrdBy day 49, the application of cellulose resulted in a
significantly lower bacterial PLFA compared to either control or G6P treatments,
whereas no significardifferencewas observedh bacterial PLFAfollowing glucose
treatmentcompared to G6P treatmeriurthermorea significant interaction effect
between slurry and time factors was observedé&aterial PLFA (6, 44) = 8.21p <
0. 0 P& 0.528). At day 20, aignificantly higher bacterial PLFAvas observed
under the AS slurry treatmentcompared to theontrol treatmentswithout slurry,
whilst no significant difference was observed under US slurry additiacontrast, by
day 49, the application of both slurry types resulted in significaltyer bacterial

PLFA compared to the control treatment.
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5.3.3.3Gram-positive phospholipid fatty acid profiles

No significant effect was observed on G +ve PLf#Agures 5.9 5.10)following
either carbhydrate or slurry application. In contrast, time was observed to
significantly affect G +ve PLFAR(3, 22) = 115.575p O 0 . o ©®940), with G
+ve PLFA at days 10 and 20 exceeding that at days O and 49. Further, G +ve PLFA
was not significantly affected by the interaction between carbohydrate and slurry
treatment. In contrast, a significant interaction effect waservbsl between
carbohydrate treatment and time in terms of\@ PLFA F(9, 53) = 11.048p O
0.000,d? = 0.573). At day 10, the application of cellulose generated a significantly
higher G +ve PLFA compared to the control treatment with no carbohydrate. &ude
contrast, no significant differences were observed between glucose or G6P and
cellulose or control treatmentat day 49, a significant change in G +ve PLFA was
observed across the carbohydrate treatments in the order control > G6P, glucose (no
significant difference between G6P and glucose) > cellulose. Finally, the interaction
between slurry and time resulted in significant effects on G +ve PE®, é4) =
10.462,p O 0 . dj  @588). By day 49, the addition of both slurry types caused
significantly lower G +ve PLFAs compared to the control treatment with no slurry

applied.

5.3.3.4Gram-negative phospholipid fatty acid profiles

No significant effect was observexh Give PLFA(Figures 5.1% 5.12)following
carbohydrate or slurry addition alone. In contrast, time was observed to be a
significant factor, regardless of carbohydrate or slurry application, in termsaé G
PLFA (F(3, 22) = 306.1980 O 0 . @ 90077), with G-ve PLFA at day 49 being
significantly lower than at all other times in the incubation. A significant interaction
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effect was observed between carbohydrate and time fereGPLFA (9, 53) =
7.163,p O 0. d¥ 6 0.473). At day 20, a signifamtly higher Give PLFA was
observed under the control treatment compared to each of the three carbohydrate
treatments. By day 49, Gve PLFA was significantly higher in G6P and control
treatments than within glucose and cellulose treatments. Furthergnéicant
interaction effect was observed between slurry and time fareG°LFA F(6, 44) =
7.120,pO0 0 . dd9M493). At day 10, the addition of both slurry types resulted in
significantly higher Gi ve PLFAs compared to the control treatment without slurry,
whereas no significant difference was observed between AS and US slurry treatments.
Similarly, at day 20 the application of AS slurry resulted in a significantly highier G

ve PLFA compared to the treatment without slurry. In contrast, by day 49 significantly
lower G ive PLFA was observed following the application of both slurry types

compared tole control treatment.
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5.3.3.5Gram-positive / Gram-negative phospholipid fatty acid ratio profiles

The addition of carbohydrate resulted in significant changes in the G +ved G
ratio (F(3, 24) = 62.366p O 0 . dd ©00886), with significantly higher ratios in the
control and glucose treatments compared to the cellulose and G6P treatments. The
application of slurry also resulted in significant effects on the G +vei Yeésratio
(F(2, 24) =60.775p O 0 . dd=0035), with the addition of AS slurry resulting in a
significantly lower ratio compared either the control treatment or the treatment with
US slurry. Time significantly influenced the G +ve F¢& ratio £(2, 24) = 98.479%
O 00, df = 0.931), with a significant increase in the ratio throughout the 49 day

incubation.

A significant interaction effect between carbohydrate and slurry factors was
observed for the G +ve / e ratio (6, 24) = 134.391p O 0 . ddH0971). The
application of both US and AS slurry to the glucose treatment resulted in significantly
lower G +ve / G-ve compared to the treatment with glucose alone. Further, the
addition of US slurry to soil produced a significantly higher ratio compared to the
treatrrents with either AS slurry or without slurry (control). A significant interaction
effect was also observed between carbohydrate and time for G +vee/ 1Gtio (9,

53) = 14.062p O 0 . B H00626). At day 20, the addition of cellulose resulted in a
significantly higher ratio compared to either glucose or control treatments. By day 49,
the application of carbohydrate resulted in a significant higher G +vieveQGatio in
contrd and glucose treatments compared to treatments with G6P or cellulose. Finally,
a significant interaction effect between slurry and time was observed for G +ve / G
ve ratio £(6, 44) = 12.778p O 0 . dj © @635). By day 49, the addition of AS
slurry o soil caused a significantly lower ratio compared to the treatments either with

US slurry or without slurry.
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5.3.3.6Fungal phospholipid fatty acid profiles

No significant effect of the carbohydrate treatment was observed for fungal PLFA
(Figures 5.13 5.14). However, the application of slurry significantly affectedgal
PLFA (F(2, 24) = 5.801p < 0.009,d? = 0.326), with the addition of AS slurry
resulting in a significantly highefungal PLFA compared to the control treatment
without slurry whilst no significant difference was observed following the application
of US slurry compared to either AS slugycontrol treatmentungal PLFA was also
significantly affected by time, regardless of carbohydrate or slurry applic&{@n (
22) = 105.769p < 0.000,d? = 0.935), with higher fungal PLFA at days 10, 20 and 49

compared to day O.

No significant interaiion effects between carbohydrate and slurry or carbohydrate
and time were observed for fungal PLFA. In contrast, significant interactions effects
between slurry and time factors were observed for fungal PEF&\ 44) = 4.233p =
0.002,d? = 0.366). At diy 10, a significantly higher fungal PLFA was observed
following AS slurry treatment compared to tkentrol treatment At day 20, the
addition of US slurry resulted in a significantly higher fungal PLFA compared to the
control treatment without slurry aligd, whereas no significant differences were
observed between US slurry and control or AS slurry treatméldssignificant

differences were observed at day 49 between each slurry or control treatment.

5.3.3.7Fungal / bacterial phospholipid fatty acid ratio profiles
No significant differences in the fungal / bacterial (F/B) ratio were observed across
carbohydrate or slurry treatments alone, or through time across the 49 day incubation.

Further, no significant interaction effects on the F/B ratio wererobsd.
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5.4 Discussion

5.4.1Effects of carbohydrate and slurry application onsoil microbial biomass
Changesn Cwic werenot uniformfor all carbohydrate or slurrireatmentsacross
every samplingday during the incubation (Figwe®.11 5.2). However, tle addition
of either US or AS slurry to soil resultedn significant increases i@Gmic, compared to
the control treatment with no slurry additidrurther, for glucose and cellulose, the
addition of either AS or US alongside the carbohydrate resultednifisantly higher
Cnmic than the corresponding carbohydratdy treatmentThesefindings are generbl
consistent withpreviousshorttermincubation experimentsvhereanincrease in Gic
appearedo be an important esponse to the applicationof cattle or pig slurry to
different arablesoils (Kandeler and Eder, 1993, Paul and Beauchamp, 1996, Saviozzi
et al., 1997, Lalande et al., 2000, Murugan et al., 20048 experimental results in
the current chapter arelsa consistent with the results of a-p8ar longterm

experiment, where the addition of cattle sluwy FYM generated higher £z

compared to inorganic fertiliser or control treatme@t$&Si mon and .Czak -

However,Plaza et al. (2007)n a 120day incubation with a pig siry-treated soil,

found an increase inW over the first 14 days compared to a control soil, followed by

a decrease compared to the control soil during the subsequent 45 days, with no
significant differences in G between the slurrreated and the otrol soils across

the remainder of the experiment.

As proposed bysakamoto and Oba (1994he observation reported in the current
chapter of asignificantincreasdn Cnic in treatments with AS or US slurry, compared
to a number of the carbohydradaly orto the control treatments where no slurry was

applied, maye attributed to the addition of a readily biodegradable organic C fraction
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to soil via slurry application. Subsequently, this likely stimulatedrategists with
adaptations that give competiivadvantage following the addition of labile C
substrates to soil. A number of studies have demonstrated that, due to a range of
readily available forms of C in slurry includingrganic and amino acids,
carbohydrates, fatty acids and peptides, the addioslurry to soil can induce
microbial biosynthesis, involving increase in the soil microbial biomass through direct
incorporation of the added substrat€saser et al., 1988, Reganold, 1988, Paul and
Beauchamp, 989, Sgrensen, 1998, Chantigny et al., 2002, Bol et al., 2008a)
Chapter 4 (see Sections 4.4.1 and 4.4.2), competition in soil between the indigenous
microbial community and the microbial community derived from slurry was proposed
to account forsupprasion of the activity of soil microorganisms, both in terms of
respiration and uptake of an added carbohydrate. However, in the current chapter, an
increase in the soil microbial biomass was observed following the application of slurry

to soil, including vihen slurry was applied alongsidenumber of carbohydrates.

The potential explanation for these differences is not immediately obwioiss.
likely that the addition of labile compounds in slutoysoil resulted in the increase in
Cmic observedn this dhapterandin previous studiesbecause of the direct uptake and
synthesis of labile C from the slurry into bioma$kerefore, bcause of the labile C
provided by slurry, itis likely that the microbial community effectively 'switches'
from the carbohydta to the labile C in slurry, in terms of uptake and synthesis in new
biomass. This explaimtheless incorporation of‘C-labelled carbohydratesbserved
in Chapter 4(see Section 4.4.2yhen slurry was also appliedecauseéhe microbial
community had sitched facus onto the labile C in slurrgndthe higher Giic in the
currentchapterin slurry-amended treatments compared to control or to carbohydrate

only treatmentsFurtherexperimental works requiredto testthe hypothesis ofhe
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microbial switchfrom the carbohydrate to the labile C in sluiwifowing addition of

slurry.

According toBittman et al. (208), one cannot exclude the possibility that the
increases in fic in slurry-treated soils reflect the direct addition of faecal bacteria
from slurry to the soil microbial community. Indeed, several studies have described
various enterococci, includingesdherichia coli and Salmonella typhimurium
surviving in soil for at least 19 weeks after the application of cattle s{@mgndler

and Craven, 1978, 1980, Perucci, 1992, Lau and Ingham, B@@dfyson et al 201§.

In general, by the end of the 4@y incubation, a significantly lowernfe was
observed in each carbohydrate treatment compared to the control soil treatment. The
higher Giic in the cellulose treatment at the end of the incubation than under more
labile carbohydrate treatments differs from findings reportedBly (2004), where
the application of glucose both to a beech forest soil and to an arable soil resulted in
higher levels ofCmic, compared to ic following cellulose treatment. Despite this, a
significant increase in & was still observed byilly (2004) in the arable soll
following cellulose applicatioruntil the end of the 2@ay incubation. Similarly,
Schutter and Dick (2001fpund significantly higher &ic following the addition of
glucose to soil compared to either cellulose or controtrireats during an 8@ay
incubation with an arable soil. However, an increase @ Was still observed by
these authors for soil treated with cellulose, from day 88l whe end of the

incubation.

A number of mechanisms may explain the highe#c @epored in the current
chapter following the addition of cellulose to soil, compared to the labile substrates

glucose and G6P. Firstly, recalcitrant substdegraders, the stalled K-strategists,
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may have been preferentially stimulated in the soils useldeitperiments reported
here, compared to-gtrategists that are adapted to degrade more readily available
carbohydrateqFontaine et al., 2003)According to Mondini et al. (2006) it is
conceivable thattsnulation of different microbial populations in soil can account for
variations inmicrobial responses to the application of carbohydratediftéring
complexity and degree of availabilitfhe results reported in this chapter suggest that
a greater stimlation of K-strategists in cellulosteated soil occurred, compared to
the stimulation of 4strategists in glucose or G6P treatments. In particular, both fungi
and G +ve bacteria that belong to the ecological group-stftegists are expected to

be inwlved in the degradation of cellulose and, despite the Ffeadt dellulose is
decompose faster lgellulolytic filamentous fungi, by far the greatest proportion of
cellulose degradation in soil is undertaken by bactgyad et al., 2002) The low
concentration of Gic observed at day 20 for the cellulose treatment without slurry
addition may be attributed to the long and recalcitstiructure of cellulose, meaning
that three types of enzymes are sequentially involved in its degradation from
polysaccharide chains to glucose monongktsat et al., 2003{for further details, see

Section 4.5.1).

Secondly, according tBontaine et al. (2004kxtracellular enzymes produced for
cellulose degradation can contribute to SOM decomposition. Therefore, this non
targeted hydrolysis of SOM components, coupled with thakepof the more labile C
compounds released from SOM degradation into microbial cells, may be another
mechanism that accounts for the higher level gf Gbserved under the cellulose
treatment, compared to the other carbohydrates treatments with no adiaed.
Finally, as proposed b$chneckenberger et al. (2008)postble explanation for the

significantly higher Gic observed in the control treatment compared to the treatments
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with carbohydrates and no slurry applied is that glucose, either derived from cellulose
degradation or from glucose and G6P application, wetaaky taken up into
microbial cells, butglucose was incorporated into microbial biomass as fon

chloroform labile compounds within the cellular sture of the microbial biomass.

In contrast to Gic, a steady decrease imiPwas observed through timettv no
significant differences between control and carbohydrate treatments @g8re
5.4). The decrease inWR regardless of the carbohydrate applied to soil contrasts with
results reported byonasson et al. (1996)here a significant increase imfwas
observed after the addition of a labile C source (s#)to a grassland soiwhilst the
application of a recalcitrant substrate (sawdust) did not cause any change. in P
According toRichardson and Simpson (2011ihere $ a direct coupling between C
mineralisation following the addition of organic amendments to soilRameleased
into soil from microbial biomass, with a turnover time between 42 to 160 days
depending on the type of organic substrate added to soil. Insfgoificant amounts
of P have been described to be released from soil microorganisms after the
decomposition phase of freshsObstrates added to soil, such as carbohydrates or

slurry, due to microbial death and predati@ehl et al., 2004)

The decrease innR observed in the current chapter may be related to the re
mineralisation and release of microbial P into ssociated with the decomposition
of microbial necromass, or with microbial grazing through biological or biochemical
processe$Oehl et al., 2004)Therefore, it is expected such decreasenip dtcurring
at the same time as a general increasenintBat was observed in the experiment in
the current chapter, beingme and Rnic the two moieties of a microbial system.
Further, the lack of any significant difference imidPbetween the individual

carbohydrate treatments, and in particular between glucose armghdkphorylated
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counterpart G6Rconfirms the hypothesisutlined at the start dhis chapterthat the
addiion of G6P would not generate significant difference i Bompared to other

carbohydrate treatments.

5.4.2Effects of carbohydrate and slurry application on PLFAs

The effects of carbohydrate and slurry application to soil were also studied in terms
of changes in thetructure of thesoil microbial communityusing PLFA analysisThe
data showed that, in contrast teithe total PLFA profiles within carbohydratend
slurry-treated soils, as well as within control soils, initially evidenced a signific
increase until day 20, followed by a significant decrease until the end of itia@y49
incubation.The behaviour of total PLFA reflects the response of all components of the
soil microbial communityto the application of organic amendments to soil. e
stage processbserved in total PLFA reported in the current chapter is consistent with
research reported Biyammesfahr et al. (2011 which, during a 32lay incubation
experiment with an agricultural soil, treatment by liquid pig manure resulted in an
initial increase in total PLFA during the first 8 dajsllowed by a decrease in total
PLFA until the end of the incubation. In both the current chapter and the study of
Hammesfahr et al2011), the microbial growth as represented by increases in total
PLFA during the early stages of an incubation was not sustained over the longer term,

due to depletion of the labile organic subss as the incubation progresses.

However, despite the general decrease in total PLFA observed acrossdag 49
incubation in the current chapter, the application of different carbohydrates to soil did
not appear to cause any significant differenceotaltPLFA at any sampling time.

These findings are consistent with those reporte®twin et al. (2006) where the
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addition of cellulos to a grasslangoil did not produce significantly higher total
PLFA compared to glucogesatmentFurthermore, the application of slurry to sil
the current chaptetid not produce any significant change in the total PLFA compared

to a controltreatrentwith no slurry added.

The apparentwo-stage process observed in total PLFA across all treatr{emts
initial increase, followed by aubsequendecrease until the end of the incuba}jos
mainly dueto a parallel response found in the total badtd?iaFA, due to the F/B
ratio showing a bacterial dominance in all treatments. Loakres were observed
total bacterial PLFAat day 49 than at day 10 and 20 across all treatnfsggsFigures
5.7 7 5.8). However, a steady increase through tindeiring te incubationwas
observedin fungal PLFA acrossall treatmentqFigures 5.13 5.14) Nevetheless
due to the predominance of bacterial PLFA in the total PLiRA,general increase
observed in fungal PLFA across all treatments could not offset the lodecatase
observed in total bacterial PLFA through tinSoils in which the fungal community
predominates within the microbial community are normally expected to produce more
Cmic for each unit of substrate C utilised, compared to bactedaliginated ngrobial

communitiegKeiblinger et al., 2010, Strickland and Rousk, 2010)

However, theincorporationof a considerable amount of labile C into microbial
cells following the application of carbohydrates and sltorygoil was reported (see
section 4.4.2) within a soil that has been shown, on the basis of PLFA analysis in the
current chapter, to be bacterialpminated. This finding corroborates research
reported bySix et al. (2006)where a number of studies were reviewed with little or
no support for the hypothesis that a greater proportidd isfstoredwvithin microbial
biomassin fungatdominated soils compared to bacteriadlyminated soilsThiet et

al. (2006)also found no difference in C storage with a predominance of fungi over
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bacteria in the microbial community of two arable soildofwing treatment with
glucose. Further studies are therefore required to understand how the relative
proportions of fungi and bacteria can change in temperate grassland soils, under
treatments with different quantities of carbohydrates as well as withdatesmd

unamendedlurry.

Existing evidence suggests that changes in the relative abundance of fungi or
bacteria in soil microbial communities can significantly influence N and P availability,
as a consequence of the specific physiology and differentigtbictions that these two
microbial groups have with OM and nutrients in ¢8iix et al., 2006)For example, a
predominance of fungi over bacteria in temperate grasslandsstidsly to be related
to low levels of mineral N availability in so&ind a lower N leachingotental,
compared to soils with lower F/B rati(Bardgett and McAlister, 1999, de Vries et al.,
2006) In addition, a&cording toBardgett (1995 the F/B ratio can be lowered in
fertilised soils because fungi aselverselyaffected by high amounts of minai N.
Similarly to N acquisition, a predominance of fungi over bacteria has been observed in
forest soils, resulting in systems with greater P acquisition efficioay organic P
compounds or systems in which P incorporation into fungal biomass is eeldan
compared to soils which exhibit bacterial predominafgéison et al., 2007)
Therefore, it is conceivable that grassland soils in which increases in fungal biomass
occur, as in the research reported in this chapter on the basis of PLFA analysis, may
ultimately be characterisethy greater efficiency of P acquisition from rmeo

recalcitrant soil P pools.

The initial increasefollowed by the decreasentil the endof the incubation,
observed interms of total bacterial PLFA can be attributed to similar changes

observed both in Gve (Figures 5.9 5.10) and Gve bacterial PLFAs (Figures 5.11
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i 5.12). Further, G +ve/Gve ratiosshowed a overalldominanceof G T ve bacteria
throughtime across all treatment$he increase observed during the first 10 days both

in G +ve and Give bateriais in partial agreement with the supposed -stage
decomposition processssociated withhe soil bacterial community. This involves G

i ve bacteria prevailing during the early stages of decomposition, followed by G +ve
bacteria and, subsequentlyngji at later stagedoore-Kucera and Dick, 2008)his

pattern is driven by the fact th@t-ve bateria that are predominanthystrategistsand

have rapid growth rates, are adapted to metabolise readily available substrates such as
glucose and G6P, as well as the most available fractions of C in @lewelnd et

al., 2007, Fierer et al., 2007, Nemergut et al., 20188 resultseported in the current
chapter suggest that, after day 10 of the incubation, labile substrates were exhausted
and G-ve bacterial PLFA decreassdbstantially, due to the inabjtibf G-ve bacteria

to gain competitive advantage from more recalcitrant substrates, including within
SOM. Significantly higher G ve bacterial PLFA was also observed following slurry
treatments compared to the control treatment without slurry duringrsh@® days of

the incubation.

These data indicate significantly enhanced growth for thestategists in
treatments with slurry application that presumably supplied more readily available
substrates to soil, compared to the control treatments, untR@ashen the available
substrate became exhausted. However, accordidg Boer et al. (2005keveral soil
bacterial species present functibp@&quivalent cellulolytic systems to those in fungi,
including G-ve Cytophagagen (Lynd et al., 2002)Therefore, the data reped for G
-ve bacterial PLFA following the addition of cellulose suggest a possible bacterial
fungal competition for cellulose in soil, representing a possible explanation for the

two-stage pattern observed in &e PLFA under all carbohydrateeatment,
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regardless of the complexity of the added substrate. However, due to the limited level
of taxonomic resolution achievable with PLFA analysis, further techniques would be
required for complete analysis of the microbial community in @dgnnipieri et al.,
2003) Indeed, a number of litations have been observed with PLFA analysis,
including the limited number of fatty acids characteristic for specific microbial
groups, potentially resulting in swdptimal identification of differences in microbial
community structure, a limited numbefr signature fatty acids for fungi that may lead

to underestimation of fungal biomass, and a lack of information about species
composition(Jandl et al., 2005, Marschner, 200Therefore,the combination of
molecdar approaches utilising PCRased methodand metagenomic analysesud

as highthroughput sequencingepresent costffective options dealing with large
datasets that could provide a higher resolution at speorestrairlevel of soll
microbial commuities, compared to a traditional approach such as RILEAOS et

al.,, 2011 Zhang et al., 201 T hies, 2014)

Differently from G-ve, G +ve bacteria and fungi are physiologically classified as
K-strategists, dueottheir adaptation to utilise the almost inexhaustible and more
recalcitrant SOM(Fontaine et al., 2003, Romani et al., 2008hus, they are
continuously active, yet grow slowly and, particularly for fungi, don@rthe latter
stages of substrate decomposit{®ontaine et al., 2003, Fierer et al., 2007, Kramer
and Gleixner, 2008)The results reported in the current chapter are partially consistent
with this theory. Asignficantly higher G +ve bacterial PLF®as observedt day 10
following cellulose treatment compared to the control treatment, consistent with the
competitive advantage towards more recalcitrant substrates such as cellulose that is
possessed by G +ve bacderHowever, in contrast to fungal PLFA, no increase was

observed in the G +ve bacterial PLE&er the first20 days when the exhaustion of

169



more labile substrates might have been expected to stimulate this group of K
strategists through the release ofopfasmic components after lysis undertaken by G
-ve bacterigPezzolla et al., 2015}t may be hypothessl that a substrate competition
between G +ve bacteria and fungi resulted in a decrease in this component of the
bacterial community and a concomitant increase in the fungal community. According
to Lynd et al. (2002)usually byfar fungi have a greater abilitpompared to bacteria

to access cellulose fibres through hyphae that bring cellulolytic enzymes into close
contact with the cellulosgolymers Therefore, the increase in the fungal fraction of
the microbial community in soil associated with a number of the treatments reported
in the current chapter, for example through AS application,in@gase the ability of

the soil microbial community to acces®mponents of th&OM pool that would
otherwise not be accessiblelowever, further analyses are needed to determine
whether shifts in the G +ve:Bve bacterial community, and in the balance between
fungi and bacteriagan be induced in temperate grassland soils over the loeger
following the addition to soil oSubstratef different complexity and degreef

microbial availability.
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6 Synthesis of thesis outcomes and discussion of the broader
environmental context for livestock slurry application to grasdand

sal

6.1 Achievements of the thesis

This thesis aimed to examine whether treatment of livestock slurry with the
commercial slurry additive SlurryBugs can enhance the total and the available nutrient
content oflivestock slurry during slurry storage. In addition, this thesis aimed to
investigate whether the availability of key crop nutrients in temperate grassland soil
can be enhanced through optimising the management of livestock slurry, as part of
attempts toclose nutrient loops within intensive agricultural production systems. A
specific focus within the thesis was placed on how the soil microbial community
responds to the input of slurry as one form of organic amendment to grassland soil,
both in terms of tl structure and the function of this community. The soil microbial
community is a fulcrum, mediating the interface between the input of allochthonous
material to agricultural soil and the availability of essential nutrients to crops growing
within soil. In order to achieve this aim, four objectives were addressed through the
thesis. Below, the major contributions of the thesis to each of these objectives are
synthesised.

Chapter 3 examined the impact of a commercial slurry additive, SlurryBugs (SB),
on the nutrient content of livestock slurry during storage, alongside the physico
chemical and nutrient properties of soil following slurry application to agricultural
land. The first objective of the chapter was to determine whether treatment of
livestock slurrywith the SB additive influenced the nutrient content of slurry during

storage. Treatment with SB resulted in a significantly higher concentration of total
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phosphorus (TP) in slurry after nine weeks of storage, by 27% compared to a control
slurry treatmentthat did not receive the SB additive. This is the first time that
significant, positive effects on slurry TP content have been reported following
treatment of slurry with a biological additive. Whilst some other research has
examined the impacts of cheraiadditives applied to livestock slurry (e@hapuis
Lardy et al., 2003)such work hagenerally found no significant effects on the TP
content of slurry at the end of shaoetm storage periods. The mechanism responsible
for the observed difference in slurry TP content was not identified within this thesis.
However, it was hypothesised thithe SB additive may have altered the emission of
phosphine (PE) from slurry during storage, because a gaseous pathway is the only
feasible route through which differences in slurry TP content could have been
generated during the storage experiment. Wlile extent of data describing PH
emissions from sources such as livestock slurry remains limited, those data that have
been reported indicate that these emissions may be subdfaugtiablindemann et al.,
1996) No significant differences were observed in slurry pH or in the total content of
other nutrient elements following treatment with SB compared to control slurry. This
suggests that the dpmation of the microbial community in the biological additive to
the indigenous microbial community in slurry did not stimulate sufficient changes in
microbial processes to alter the physateemical properties and nutrient content of
livestock slurry dung storage.

The second objective within Chapter 3 was to determine the impacts of applying
SB-amended slurry, control slurry and inorganic fertiliser on the pmahemical
and nutrient properties of grassland soils. Application of both the control Bnhd S
amended slurry to soil resulted in significantly higher soil pH after ala§5

incubation than in soil treated with inorganic fertiliser or left as an unamended control
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treatment. This pH effect was observed across clay loam, sandy loam and-aajanic
soil types, but was particularly pronounced within the clay loam soil where a
maximum pH difference of > 0.5 pH units was observed between the slurry and
inorganic fertiliser treatments. Whereas no change in soil pH through time in the
incubation followedhe addition of slurry to soil, it is likely that the decrease in soll
pH under the inorganic fertiliser treatment resulted from hydrolysis of urea fertiliser to
NH4-N through soil urease activity, followed by nitrification of ammonium tosMO
(Omar and Ismail, 1999, Zhang et al., 2008)

The treatment applied to soil in Chapter 3 also had significant effects on fractions
of the P, N and C pools within grassland soils. With respect to P, significantly higher
concerrations of Olsen P, representative of immediately pdaailable P, were
observed in clay loam and sandy loam soils at the end of thiay8%ncubation
following the addition of SBreated slurry, compared to the addition of either control
slurry or inoganic fertiliser. These differences in Olsen P concentration are likely due
to changes in microbial turnover of P within the soils following the different
treatments. Specifically, the microbial community in soils receivingré&ted slurry,
with Bacillusas the presumptive genus, is believed to be associated with microbially
driven increases in the availability of soil P, compared to conditions within soils

receiving control slurry or inorganic fertiliser treatments.

In terms of mineral N within soil, sty treatment (both SBand controislurry)
resulted in higher concentrations of NN in soils during early stages of the
incubation compared to the inorganic fertiliser treatment, likely as a result of the direct
input of NHi-N from slurry into the soilpool. During later stages of the soll
incubation, there were no differences in NW concentration between different soil

treatments, suggesting that additional M¥Hwithin soil following the application of
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slurry was either converted to other forms ofoN assimilated within microbial
biomass. However, the addition of slurry (both- ®@Bd controislurry) to soil resulted

in significantly higher concentrations of N® in soils during later stages of the
incubation, compared to either inorganic fertiliser control treatments. It is
hypothesised that this represents either a legacy of nitrification from the greater NH
N pools supplied to soil via slurry, or that mineralisation of organic N within soil
organic matter and within slurry itself liberated dezaNGs-N in soils that received

SB- or controtslurry, compared to other treatments. In contrast, the application of
slurry, both amended and unamended with SB, did not generate any significant change
in TN content across the soil treatments. Finally,igmiicant increase in SOM
content in the organidch soil type was observed after applying-&Bended slurry,
compared to the inorganic fertiliser treatment. However, no parallel increase in SOM
content after SBlurry application was observed in eith@ay loam or sandy loam

soil types. It was hypothesised that a different composition within the soil microflora,
and specifically a composition that supported a higher SOM decomposition rate, in
these soil types compared to that in the organtt soil, was responsible for this

observation.

The objective of Chapter 4 was to establish how the quality of organic substrates
applied to grassland soil, specifically glucose, G6P, cellulose, and livestock slurry,
influenced the fate of these externadlgrived sarces of C, as mediated by microbial
activity within soil. Firstly, it was observed that the quality of C substrates was a
major factor that influenced both the extent of mineralisation and of incorporation of
externallyderived C into microbial biomass.ufher, as the complexity of the C
substrates applied to soil increased in the order glucose > G6P > cellulose, total

respiration (of the added substrates in combination with SOM) decreased. Such a
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decrease was also evident from the priming index calculexeChapter 4, which
indicated that the degradation of SOM decreased significantly (defined by a
significantly more negative priming index) as increasingly complex C substrates were
added to the soil. Preferential substrate utilisation, involving a mairaietabolic

switch from decomposition of the added C substrate to SOM decomposition as the
complexity of the added substrate increased, was proposed as the mechanism to
explain the observed reduction in total respiration as more complex substrates were

added to soill.

Chapter 4 also examined the partitioning of C and changes in the concentration of
Olsen P in soils that received glucose and G6P, testing whether microbial demand for
C in these grassland soils may drive increases in P availability in sotbdtleaving
and release of the P moiety in added C substrates. Significantly higher Olsen P
concentrations in soil were observed following the application of G6P compared to
glucose, suggesting that microbial demand for C drove P release in the grasgdland
with only a fraction of the P made available following addition of a C substrate to soil
subsequently being incorporated within microbial biomass. These observations
suggest that the addition of substrates containing C and P moieties to grasddand so
may result in an increase in the P status of soils, as a result of greater microbial
demand for C compared to P. Further, if not utilised by the soil microbial community
or by crops, the accumulation of available P within soil may ultimately increase t
risk of P export to water from agricultural soils and the potential for adverse

environmental impacts in receiving wat€gharpley et al., 2001)

Chapter 4 also examined the impact on the partitioning of C within grassland soil
of applying slurry, either amended with the-8&ditive or noramended, alongside C

substrates. Compared to treatments in which only the relevant C substrate was applied
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to sol, the addition of slurry alongside a C substrate resulted in lower total respiration
and lower uptake of added C into microbial biomass, whilst a greater proportion of the
added C substrate remained within the soil pool and was not involved in microbial
activity. Therefore, following slurry addition, there is potential for stabilisation of C
within SOM, rather than accumulation of C within microbial biomass or stimulation
of microbial respiration. These data suggest that either a chemical (e.g. theg#senc
recalcitrant C compounds in the two slurries), or a microbiological (e.g. competition
between soil and slurry microorganisms) mechanism may have reduced microbial
respiration and the incorporation into microbial biomass of C substrates that were
addedto soil alongside slurry. Finally, the addition of slurry that has received an
additive, such as SB, has the potential to alter the partitioning of added C to grassland
soil, in comparison to slurry that has not been treated with an additive. Spegifically
the effect of the slurry amended with SB was to stimulate microbial cycling of the
added C substrate through respiration, but not through incorporation into biomass,
although respiration was not stimulated to the same extent as observed in the C

substrag-only treatments.

Chapter 5 sought to understand the effects of applying C substrates of varying
complexity, in combination with livestock slurry, on the biomass and structure of the
microbial community in a temperate grassland soil. In contrast to ifiearesearch
hypothesis, a greater increase in microbial biomass C in soil was observed following
the application of cellulose compared to either glucose or G6P. This response was
attributed to biomass accumulation following cellulose addition, whéheaaddition
of glucose or G6P stimulated respiration, rather than accumulation of microbial
biomass. Further, a twstage behaviour was observed with respect to the total

microbial community due to the response of soil microorganisms to the added C
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substates, with an initial increase in total PLFA until day 20 followed by a
subsequent decrease until the end of the incubation at day 49. The addition of C
substrates also altered the structure of the microbial community in soil. Specifically, G
-ve (rstratgist) bacteria were initially stimulated by the addition of C substrates
during the early stages of the incubations. However, in later stages of the incubation,
G -ve bacteria declined, likely as a result of exhaustion of labile C that was added to
soil, whilst G +ve bacteria and fungi began to increase. Apparent changes in the
balance of G +ve bacteria and fungi were also observed, with increasing dominance of

fungi toward the end of the incubation.

In contrast to microbial biomass C, microbial biomasspPeared to decrease
steadily throughout the incubations reported in Chapter 5, with no significant
differences observed through time between control treatments and soils that had
received carbohydrate treatments. This decrease in microbial biomass Rivaiedt
to release and mmineralisation of synthesised organic P in soil microbial biomass,
due to microbial death and predation. The data reported in this chapter indicate that
the addition of G6P did not cause any significant increase in microbialabfom
compared to the addition of other C substrates, confirming the hypothesis from
Chapter 4 that the soil microbial community was not constrained by the availability of

P within the grassland soil used in these experiments.

Finally, the addition of sluy to soil in combination with a carbohydrate resulted in
a significant increase in microbial biomass C compared to the corresponding treatment
with carbohydrate alone. The addition of the readily biodegradable organic C fraction
of slurry, in combinationwith the microbial community that existed within slurry
itself, likely resulted in the observed increases iit.(d’he application of slurry to soil

in combination with a carbohydrate also altered the soil microbial community under a
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number of treatmentspmpared to the addition of a carbohydrate alone. For example,
the application of both slurry types alongside glucose or G6P to soil caused significant
decreases in G +ve bacterial PLFAs compared to the corresponding treatments with
carbohydrates alone. Rhbermore, the addition of SBeated slurry alongside
cellulose resulted in a significant increase in fungal PLFA compared to the treatment
with cellulose alone. These data confirm partially the hypothesis that an increase both
in G +ve bacteria and fungvas expected following slurry application, due to the
stimulation of both microbial groups that are adapted to the recalcitrant C compounds

that are present in SOM and that are added to soil following slurry application.

The findings reported within thithesis suggest that the effectiveness of biological
additives applied to slurry to enhance nutrient content during storage remains
uncertain. The addition of SB to slurry resulted in a significantly higher concentration
of TP compared to the control sluatyring a Sweek storage period. However, further
analyses across a wider range of slurries are required to fully evaluate the
effectiveness of additives such as SB on the total and bioavailable content of nutrients
within slurry during storage. Howeverpglication of slurry, both amended with SB
and unamended, to soil represents an important way in which to potentially enhance
the availability of nutrients within soil, thereby reducing reliance on inorganic
fertilisers whilst maintaining and increasinglsguality and crop yields. Significant
positive effects on soil pH and on fractions of the C, N and P pool within grassland
soil were generated following the addition of both slurry types, compared to inorganic
fertiliser and control treatments. In padiar, the application of SBmended slurry to
soil resulted in positive effects on SOM content and Olsen P concentrations, compared

to the other treatments, including unamended slurry. Such findings illustrate the
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potential value of applying SBmended shuy to soil, compared to either control

slurry or inorganic fertiliser treatments.

With respect to the soil microbial community composition and activity, the results
from this research show that the addition of slurry, alongside the application of
carbohydates, to soil has the potential to stabilise C within SOM and to increase C
The data suggest that either a competition between soil and slurry microorganisms, or
the presence of organic C fractions of slurry, such as the readily biodegradable and/or
the recalcitrant organic C fraction of slurry, resulted in lower cumulative respiration
and greater kic after the application of slurry and carbohydrate to soil, compared to
the addition of a carbohydrate alone. Furthermore, the addition-ait&Bded sluy
stimulated microbial cycling of the added C substrate through respiration and an

apparent suppression of biomaggake of the added substrate.

The bacterial dominance in the soil microbial community that was observed in all
treatments following the afpipation of slurry and carbohydrates, with Gre
prevailing during the initial stages of decomposition due to the utilisation of more
readily available substrates until they became exhausted, was hypothesised to be the
reason for the increase innf An increasing dominance of fungi over G +ve bacteria
towards more recalcitrant substrates was observed toward the end of the incubation
through AS application, thus suggesting low levels of mineral N availability in soil
and a lower N leaching potential, comga to soils with bacterial dominance. This
study also revealed that the quality of C substrates represented a major factor affecting
both the extent of mineralisation and of incorporation of externughrved C into
microbial biomass, with a greater irasse in Gic following cellulose application than
either glucose or G6P. In addition, as the complexity of the applied C substrates

increased, total respiration and the priming effect were observed to decrease, with
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preferential substrate utilisation astmicrobial mechanism proposed to explain the
observed reduction in total respiration, due to the microbial metabolic switch from the
respiration of SOM to the more labile carbohydrates added to soil, alongside
incorporation of a substantial fraction ofetHabile carbohydrate into microbial

biomass.

Finally, an increase in the P status of soil as a result of greater microbial demand
for C compared to P, as well as a decreaseani) Were observed over the course of
the incubations, following the additiosf substrates containing C and P moieties to
grassland soils. These findings suggest that soil microbial community were not
constrained by the availability of P within the grassland soil using in the incubations
reported here. However, this increase in Ehestatus of soil due to the microbial
demand for C over P could ultimately increase the risk of diffuse P export from soil to
water and the potential for adverse environmental impacts in receiving Watgne
6.1 displays aanceptual model of the majeffects that SBlurry additive cause on
slurry nutrient content, and the major effects that botra®®nded and control slurry,
carbohydrates, and NPK inorganic fertiliser cause on soil nutrient content, as well as

on soil microbial composition and agtiy.
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Y
. . i i i i i
T SOM —Pl Decrease in microbial total respiration |
Y

4" Bacterial dominance (G —ve during the initial stages) |

I

| Fungal dominance toward the end of the incubation |

| Increase in SOM (only with SB-slurry)

Inarganic P in
—’I Increase in Olsen P (only with SB-slurry)

slurry

| Decrease in P, i’-
—'l Increase in MH,-N & NO-N I‘i Soil organic N [¢—
Increase in Olsen P (with G6P) |1—

=H Soil acidification |

Y

| Export |

Figure 6.1.Conceptual model of the major effects that SlurryB8asryBooster (SB¥lurry additive cause on slurry nutrient content, and the major effects
that both SBamended and control slurry, carbohydrates (glucose, ghéepBesphate (G6R)and cellulose), and NPK inorganic fertiliser cause on soil

nutrient content, as well as on soil microbial composition and activity. Rounded rectangles indicate pools, grey bdeespudscaorange boxes indicate
outputs, light blue boxes indicateopesses.
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6.2 Recommendations for future research

Although the application of the commercial slurry additive SB to slurry resulted in
significantly higher concentration of TP compared to the control slurry, no analysis
was performed on likely changes iretimicrobial communities present within the
slurry following the treatment of slurry with SB, in order to account for the lack of
significant difference in other nutrient elements. The mechanism responsible for the
difference in TP content for SBmended wesus control slurry was not identified.
However, it was hypothesised that the SB additive resulted in significantly reduced
emissions of PElfrom slurry during storage. Further experimental work is required to
understand whether changes in the magnitudePldf emissions are generated
following the use of additives, such as SB, during losigan storage (more than the
9-week storage undertaken in Chapter 3), alongside the specific mechanism
responsible for any change in Pémissions from slurry followinghe application of
an additive. Similarly, further research is needed to determine whether changes in the
microbial community within slurry during storage are also transferred to changes in
soil microbial communities following slurry application, in order tise slurry
additives such as SB to ultimately influence sPémissions from soils to the

atmosphere.

No significant changes in the M# or TN content of livestock slurry were
observed between control and -8Biended slurries. However, additional work is
required using different slurry types and different additives to more broadly assess the
impact of slurry additives on the N content of slurry, alongside the microbial and/or
physicochemical mechanisms that are responsible for any impact. A higher TS conten
was observed in SBmended slurry compared to the control slurry, potentially

reflecting greater microbial biomass accumulation following application of the SB
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additive to slurry. In order to test this hypothesis, microbial biomass within slurry
should B determined, alongside further experimental work to understand the
mechanism responsible for higher TS content in slurry as governed by the use of

additives such as SB.

With respect to changes in soil nutrient concentrations following application of
slurry and inorganic fertiliser, in this thesassignificant increase in SOM content was
observed only in O soil as a result of-@Bended slurry application, compared to the
inorganic fertiliser treatment. In addition, this shietm study was designed with
only one application of an individual treatment. Therefore, lotgen studies (more
than 85 days) with repetead additions of organic amendments, such as slurry or FYM,
would be useful to establish the SOM dynamics across different soil types in response
to the application of organic substrates. In Chapter Jyakential for accumulation of
organic N in soils was also observed following the application of organic
amendments, alongsidestow remineralisation of the immobilised NN pool, in
turn contriluting to an increase in soil NN in both slurry treatments during the later
stages of the incubation. Thus, longerm studies are needed with different types of
organic amendments, such as slurry or FYM, in order to advise farmers on the
importance othe application of these amendments to soil for accumulation of organic

N and longer term changes in available N from these soil pools.

With regard to the quality of C substrates affecting the function of the soil
microbial community, suppression of soilamobial respiration and assimilation of the
added carbohydrate was observed in Chapter 4. It was hypothesised that this
suppression is linked with the specific chemical characteristics of the slurry used in
the experiments, for example due to particulddw VFA concentrations, or the

release of suppressing factors from slurry microorganisms in response to the
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competition with native soil microorganisms. However, further research is needed to
establish whether variations in the composition of organic comgs in slurry, such
as carbohydrates and lignocellulosic materials, or microbial suppression following
slurry application to soils is the potential mechanism through which to reduce the
microbial respiration of the carbohydrate by native soil microosgasiand to allow

accumulation of substraté into the cells of the slurry microorganisms.

In Chapter 4 it was observed that, in contrast to previous studies in which PSU
normally occurs when the amount of substrate C added to soil is greater tha the C
existing within the soil, the microbial metabolic switch occurred when the added
substrate C to soil was lower thami& Therefore, further investigation is required to
verify whether PSU continues to be evident with relatively low substrate C added to
sal as a proportion of Gic across different temperate grassland soils, with and without
slurry application. Further research is also needed to test whether -ternger
incubation experiments with the same amount of substrate C added to soil ultimately
stimulate greater SOM decomposition compared to aday8incubation experiment
and, therefore, promote a positive PE. Furthermore, a microbial demand for C was
suggested to drive a parallel release of P into the bioavailable soil pool, following the
applicaton of a phosphorylated C compound to soil. However, further experimental
work is needed to confirm the mechanistic basis to a possible coupling between C and

P mineralisation in grassland soils.

In Chapter 5 it was hypothesised that the increasenin tBat was observed
following the addition of slurry to soil, including when slurry was applied to soll
alongside a carbohydrate, was due to the microbial community that switched from the
carbohydrates to the labile C in slurry. However, further researchuged to test the

hypothesis of this switch from the carbohydrate to the labile C in slurry following
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slurry application. In addition, although a dominance of bacteria over fungi, and of G
Tve over G +ve bacteria, was observed in all treatments, furthérsas are needed to
determine whether shifts in the balance between fungi and bacteria, and in the G
+ve:G ive bacterial community, can be induced in temperate grassland soils over
longerterm incubation experiments (>49 days) under treatments withretiffe
guantities of carbohydrates, as well as with amended and unamended slurry. Finally, a
limited taxonomic resolution has been observed with PLFA analysis. Therefore,
molecular approaches using PORsed methods and metagenomics analysis are
expected toachieve higher resolutions at speeies strainlevel for a complete
analysis of the microbial community in grassland soil before and after slurry

treatments.

6.3 Accumulation of soil organic matter following the application of

slurry and other organic amendment to grasslandsoil

Compared with the application of inorganic fertilisers, the addition of slurry to
grassland soil in Chapter 3 resulted in a significant increase in SOM and TOC
concentrations during the &y incubation. In temporal terms, thige of input to
soil is considered to be a pulse or occasional input, differing considerably from
continuous or permaneimputsthat are typically associated with inputs of leaf and
shoot residues, dead roots, as well as some rhizodegésgitgakoy, 2010) Indeed,
whilst in the latter cases the organic substrates are often less immediately labile and,
therefore, tend to be utilised by the soil microbial community over longer periods of
time, pulse inpwt can be associated with spatmatspotsof soil microbial activity

over the timescale of a few days, in whitle turnover rate of these substrates are
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much higher than outside of the hotspot area, due to the ready availability of the added
substrateshiemselvegKuzyakov, 2010) Further,the extracellular enzymes produced

to decompose continuous inputs of organic substrates to soil are likely to be more
efficient at degrading SOM compared to the intracellular enzytimais hydrolyse

easily available substratassociated with pulsedputs (Fontaine et al., 2003)

A previous study has demonstrated that application of inorganidiliggrs to
agricultural soil, in the absence of any organic amendment, can result in significant
degradation of soil quality, in particular due to the loss of S@B&h et al., 2005)
Alongside inorganic fertiliser application, additional agricultural practicesheeve
detrimental effects on soil quality, including through promoting rapid mineralisation
of SOM that decreases soil C stocks and increasese@@sions to the atmosphere
(Quinton et al., 2010, Bhattacharya et 2016) Specifically, tillage represents one of
the main causes of SOM depletion, due to the imbalance between the mass of organic
C from soil plus photosyntheticalfjxed C that isremovedfrom soil through
harvesting of crops, compared to the mas€ o&turned to soil through the input of
organic matte(Janzen, 2006)Additional land use practices, including overgrazing
and excessivénarvesting are also considered important agricultural activities that
severely degrade terrestrial ecosystems through depletion of (E@Mndilek et al.,
2004) In the absence akgularinputs of organic matter to agricultural sotlise soil
microbial communitywill continue to degrad&OM, resulting in depletion of SOM in
grassland soils over time. This was emphasised through the significantly higher
cumulative CQ released by soil microorganisms in the control treatment with no
substrate aded, compared to all other treatmerdas,repored in Chapter 4 of this

thesis.
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A number of studies have established that, compared to inorganic fertiliser
addition, significant accumulation of fixed C as SOM may follow the application to
soil of a range Pborganic amendments, including slurry/FYM, compost, sewage
sludge, crop residue, anaerobic digestate, biochar and food (@asggorich et al.,
2001, Benjamin et al., 2010, Roig et al., 2012, Kéatterer et al., 2@1Mar Montiet
Rozas et al., 2016, Parmar et al., 2016 )particular, work has sought to enhance the
density of organic C in soil, improve its depth distribution and stabilise organic C
within micro-aggregates in order to protect C from microbial ddgtion, or to
decrease SOM turnover time through increasing the proportion of recalcitrant C in soll
(Lal, 2004) In addition, it has been argued that the proportion of C from organic
amendments that is retained in soil over longer timescales (decades or more), is
dependent on the propes of the organic substrates themsel(@srzabek et al.,

1997, Peltre et al., 2012)

Bronick and Lal (2005)suggested that agricultural practices, such as the
application of organic amendments to sthlat reducedecomposition rates both of
SOM and added substratesiso help to enhanceSOM storagein soil. This was
observed irChapter 4 with the addition of slurry alongsidecarbohydrate tending to
reduce respiration and incorporation into biomasf added C, rmsulting in
accumulation of added C within more recalcitrant soil pools. Interestingly, aftera 174
day incubation with different organic amendments, including chicken manure, wheat,
peat and sawdusElark et al. (2007pbserved two distinct phases of decomposition of
organic residas added to soil. Specifically, these authors suggested a model of initial
rapid decomposition, followed by subsequent protection of the residual C. Slower
respiratory activity and, therefore, reduced loss of C from soil was also associated

with application of less mature residues. This was likely dughgsical protection
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mechanismssuch as the formation of bacterial extedlular polysaccharides during
bacterial dominance of the early stage of decomposition, because of the significantly
higher concentition of readily degradable material within younger, more labile
residues, compared to more mature residues, that promotes bacterial(¢towttal.,

1999, Eiland et al., 2001Lonsequently, these polysacchasiddowed the formation

of soil aggregate¢Chapman and Lynch, 1985, Amellal et al., 1999, Alami et al.,
2000) and the accumulation of more stable SOM, due to reduced accessibility for
larger soil microorganismsush as fungi or nematodes, to these residues compared to

more mature amendments to g@lark et al., 2007)

Composting is a traditional practice to stabilise and sanitise mixtures of organic
substrates through biodegradation processes carried out by microbial communities
(Insam and De Bertoldi, 2007A significant increase in SOM content has been
observed under repeated applications of farm compost compared to inorganic N
fertiliser( D6 Ho s e  e.tFurthek, the inc&sé ih SOM and related soil quality
properties, including water holding capacity and cation exchangacitapwere
hypothesised to be the main factors responsible for an observed increase in crop
production( D6 Ho s e e t Sawerbeck (1922pbsetvied that when different
organic amendments were applied to soil, accumulafi®@OM increased in the order
green manure < straw < fresh FYM < composted FYM. Similakdnston (1975)
found that the increase in SOC per ton of orgamendments applieb soil was
significantly greater for composted compared to fresh ingie to the increased
hydrolysis of the organic substrates during composting, when composted materials are
applied to soil they are relatively more resistanfuxher breakdowrcompared to
fresh substrates, resulting in greater increases in $dnes and Naidu, 1998)

However, the findings reported b$auerbeck (1982pand Johnston (1975)are
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apparently in conadiction with those o€lark et al. (2007)wherethe addition of less
mature (i.e. not composted) materials to soil resit greater accumulation of SOM
compared to the addition of more mature materibtge results within Chapter 4 of
this thesis (see Sections 4i#414.2) arein agreement with those reported by
Sauerbeck (1982and Johnston (1975)suggesting that, as the recalcitrance of an
organic amendment increasesthbthe extent of mineralisation and of incorporation
into microbial biomass oéxternallyderived Cdecreasedthus resulting in a SOM

pool that was more stable and resistant to microbial degradation.

The application of crop residue to soil represents h@motommon agricultural
practice that has the potential to enhance SOM content. Within intensive farming
systems, increases in crop yield may significantly raise SOM content, due to higher
guantities of crop residues that are returned to soil comparetem@rs in which
inorganic fertiliser application occurs without the return of any residue to land
(Mandal et al., 2007Mandal et al (2007)also found that the quality of crop residues
returned to soil can have significant impacts on the amount of C sequesterediin soll
fact, rice and wheat residu@gere observed tbave a low N contenthusrepresenting
more effective ways of oreasing SOM compared to residues, such as jute or
berseem, that contain kigher N contentand are, therefore, more likely to be
decomposed by soil microorganisniaurther,Triberti et al. (2008yeported that after
a 29year soil incubation, the application of FYM to soil promoted more rapid SOM
accumulation compared to cattkdurry or to crop residues, due to the greater
proportion ofless readily degradable SOM in FYM compared to in the other two
substratesHowever, this suggestion is somewhat in contrast to the data reported in

Chapter 4, where reducegbtake of added C iatmicrobial biomassvas observed
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following the application of slurry alongside a C substrate, compared to treatments

with C substrates alone.

More recently, biochar (biomaskerived black C) has been studied as a further
organic amendment that may be ap@lio soil and that may lead to the accumulation
of SOM, because of the relatively inert forms of C present within biochar that
represent a low risk of CCemissions(Atkinson et al., 20Q). Further, due to its
porous nature and high affinity f&@0OM (Kasozi et al., 201Q)biochar may sequester
nontbiochar OM in soil, protecting it from both microbial and abiotic degradation
(Zimmerman et al., 2011However, sora studies have reported both rapid and slow
decomposition of biochaiShindo, 1991, Bird et al., 1999Despite the uncertainty
regarding the potential for turnover of biochar within soil, when this material leas be
applied to soil, black C has been observed to be one of the oldest and most stable
forms of C in soil, due to aggregation and physical protection of black C particles
(Pessenda et al., 200Iherefore, biochar represents one of the lowisktstrategies
for longterm SOM accumulation, compared to the other options that have been
previously described, including B8k and composted FYM, in which the risk of

release of C@from the materials added to soil may be gre@tehmann, 207).

In Chapter 3 it was observed that the additionskirry to soil resulted in a
significant increase i5OM in the organicich soil type. Organic C taken up by soil
microbial biomass following the addition of organic substrates to soil is partitioned
among microbial biomass production, respiration and metabolite exc(8ioet al.,

2006) The proportion of substrate incorporated as microbial biomass versus
respired as C®depends on the effiency with which organic amendments are
incorporated into bacterial and fungal biomass. In turn, this relies on substrate quality

(C/N ratio) and the capacity of soil to protect microbial bion{&ssetal., 2006)
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6.4 Potential reductions in il organic matter following the

application of slurry and other organic amendments to soil

Although the application of organic amendments may result in SOM accumulation,
as discussed in Section 6.2, the applaanf fresh substrate to soil can also trigger
microbial activity that results in net SOM reduction, a phenomenon known as a
positive priming effect (PEjL6hnis, 1926, Jenkinson et al., 1985, Kuzyakov et al.,
2000) However, a negative PE may also be measured under certain circumstances,
representin@ temporary decrease in thee of decomposition of SOMithin a soll
that receives a substrateompared to a control soil with no substrate addition
because micrahl utilisation of an added substrate C may be two to five times higher
than Cmic (Blagodatskaya and Kuzyakov, 200&urther,the quantity of a substrate
addedto soil relativeto Cwic canswitch the direction othe PE (Blagodatskaya and
Kuzyakov, 2008) In Section4.5.2, a negative PE was determined in all treatments
following the application of carbohydrates and slurry to grasstaid Therefore, it
appears possible that tihgut of substratesncluding slurry to soil can effectively
‘protect’ SOM from degratlan, due to a negative PRccording toKuzyakov and
Bol (2006) this preferential substrate utilisation expressed by soil microorganisms
towards the added substrate can last for a few days to a few weeks, before the

microbial conmunity returns to the initial pathways of SOM decomposition.

A number of studies have investigated the effects on PE of applying organic
amendments of different quality to soil, including slurry, compost, biochar, sewage
sludge, crop residues, anaerobigeditate and food wasfBernal et al., 1998, Johnson

et al., 2006, Fangueiro et al., 2007, Cross and Sohi, 2011, Luo et al.,, 2011,
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Zimmerman et al., 2011)in a 56day incubation with dairy slurry that had been
previously passed through sieves before application to a UK grassland soil, producing
six different size fractions (> 2000, 4222000, 250" 425, 150i 250, 45 150 and <
45um), Fangueiro et al. (200bserved both positive and negative PE at different
stages of the incubation, depending on the slurry fraction added to soil. In particular,
the autlors observed that a positive PE occurred later in the incubation in the
treatmeninvolving coarser slurry fractiongompared to the treatment with the finest
size slurry fractions. Further, an earlier negative PE was observed in the treatment
with the finest sizeslurry fraction (Fangueiro et al., 2007 contrast to the study of
Fangueiro et al. (2007yvhere both positive and negative PE was obseBeldet al.
(2003b)only observed a positive PE dhy a nineday incubation with cattle slurry

that was added to a UK grassland soil. Although the studploét al. (2003bylid not
analyse different slurry fractions, it may be assumed that differences in the sampling
times of both slurry and soil (summeergus winter) can account for different
observation in terms of PE for these two studies. These different sampling times may
have affected the slurry and/or soil quality, resulting in a decrease in the readily
mineralisable C that, in turn, produced onlpasitive PE in the study dBol et al.

(2003b)

The chain of mechanisms involveadthe PE as suggested guzyakov and Bol
(2006) can provide the explanation for both positive and negative PEs at different
times during an incubamn. In fact, the earlier negative PE observed in the finest
slurry fractions during the first days of incubation Bgngueiro et al. (2007nay
correspond to the preferential substrate utilisation, as reported in Section 4.5.2. This
involves soil microorganisms switching from the decomposition of more recalcitrant

SOM to the more labile compoundstiin slurry and specifically to those within the
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finest fractions of slurryln contrastthe delayed positive PE observed in the coarser
particle fractions may be attributed &am increase in microbial activity towasdhe

more recalcitrantcoarser sluyr fraction after exhaustion of themore labile,smalle

sized slurry fractiors. Finally, by the end of the incubation, the initial state of the soil
was reestablished in all treatments as a result of the decline in microbial biomass and
activity (Fangueiro et al., 2007Lonsequently, due to both an increase and a decrease
in SOM losses induced by applying siuof different size classes, thesedings have
important implications for better optimisation of future slurry application td soi
(Fangueiro et al., 2007The application of slurry, in particular of the finest fraction (<
45um), due to a possible decrease in C:N ratio of the remaining residue after the
initial labile decomposable C losses from slurry, ssim a negative PE that, in turn,
drives SOM accumulation. Similarly to the results Fdngu@o et al. (2007) a
negative PE was observed in Chaptempresumably because soil microorganisms
preferentially degraded thearbohydratesadded to the soil rather than the more
recalcitrant SOMHowever, such SOM accumulation as a result of the negBtvis

not expected to persist, because the preferential degradation of an added substrate by

soil microorganisms is only a temporary effect until that substrate is consumed.

As described in Section 6.2, the application of biochar to soil is a potentially
important route for the sequestration of C. Howe@mmerman et al. (2011)
observed seemingly contradictory results with both positive and negative PE
following the addition of different types of biochar to different soils during ad#48
incubation. Specifically, positive PE was found during the first 90 days of incubation
in soils receiving biochar produced from grasses at low temperatures, whereas
negative PE occurred in soils treated with biochars from hard woods at high

temperatures durinigter stage¢day 250500) of a soil incubatiofZimmerman et al.,
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2011) The mechanism proposed Bgntaine et al. (2003)nvolving the growth of+
strategist soil microorganisms that are adapted to respond quickly hostibstrates
applied to soil, is consistent with thepid increase in biochar decomposition and, thus

with the positive PEeported byZimmerman et al(2011)

Although PE concernshe effect of an amendment on SOM degradatiather
thanwhether the substratelded is gelf labile or recalcitranthe type and quantity of
biochar applied to soil caused the activation of part of the microbial community that
resultedin a significantly higher SOM decomposition, compared to the treatment
without biochar. Further, a negative PE was hypothesised to be largely the result of
SOM sorption to biochar, either by encapsulation within the porous structure of
biochar with no biat response or by sorptive protection onto external biochar
surfaceqKaiser and Guggenberger, 2000herefore, the sorption of SOM to biochar
protected the SOM from microbial degradatioreduéng the rate of SOM
mineralisationcompared to a control saindresulting in a negative PRAs a result,
since the negative PE occurred during the later stage of the incubation, this is the
direction of PE thamight beexpected to endure into the future, thus making biochar
one of the bst organic amendments in agriculturedtiver longterm increass in
total soil organic QLuo et al., 2011)Differently from biochar, slurry applicatiors
not expectedo producdong-term SOM accumulatigrdue to the temporary microbial
utilisation of the added substrate. Therefamegontrast to biochain order to ensure
long-term maintenance of SOM content, the frequency at which slurry is applied to

soil will be critical in order to promote a negative PE for prolonged periods of time.
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6.5 Effects of slurry versus inorganic fertiliser application to soil on

nutrient managementwithin grasslandsystems

The continued use of inorganic fertilisers as the dominant source of nutrients
within production systembas generated a number of enmireental and economic
challenges that scientists, farmers and stakeholders have to face nowatkststhe
production of inorganic N fertilisers through N fixation (the HaBesch process)
represents the most enerigyensive input to modern agriculyrwith over 90% of
the worldwide energy required for fertiliser production and approximately 1.1% of
energy use globally associated with synthesising inorganic N fertjserson and
Hilton, 2011) In contrast to inorganic N fertilisers, the production of inorganic P
fertilisers is reliant on P extracted from phosphate rock deposits that are finite and
geopolitically constrained in &ir global distribution(Cordell et al., 2009)In fact,
although the mass of P present globally is never reduced, as phosphate rock mining
continues, higlgrade P reserves will become increasingly exhausted. In turn, this will
increase reliance on remaining phosphate rock reserves with lower P concentration
and higher contaminant concentration that are also physically harder to access,
meaning the generationf more waste materials and increased extraction costs
(Cordell and White, 2014)In addition, phosphate rock reserves are distributed
unevenly across the globexposing the majority of countries which rely on inorganic
phosphate fertiliser suppliebut which lack their own phosphate rock deposits, to
geopolitical risks surrounding future access to inorg&hiertiliser. For example,

90% of the rock P reserves in the world are controlled by only six countries: Morocco,
China, Algeria, Syria, South Ata and JordariCordell and White, 2015)In turn,

Morocco alone, because most of the reserves are situated in Western Sahara that is
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