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ABSTRACT

This thesis consists of three sectitimst provide detailed knowledge of nutrient
estimation anagnanagement in wild blueberry productidrhe first section investigalehe
main and interactiveffects of long term fertilizer (NPK) enrichments on swiheral
nitrogen, organic nitrogen and carbon, microbial biomass nitrogen and carbon, net
mineralizdion andnet nitrificationin wild blueberrysoils The second section studied the
optimization of wild blueberry growth, developmefdliar nutrientsand harvestable yields
by using response surface methodology. The third seexiaminedhutrient estimaon
technologies using field spectroscopy. The remote sensing data was analysed with a
combinationpartial least squares regression and variable selection algorithms (Chemometric
analysis).

The results indicatkelevatedhitrification activity under nitrogen enrichments,
mainly performedby heterotrophg,eportunusually high levels of dissolved organic
carbon (> 150 C K3, a fungal dominated soil system amigh concentration of soluble
organic nitrogen in the crop year of productidtitrificationand high dissolved organic
carbon levelsvere observed connection with possible nitrogen saturation patential
environmental heards. The results imply need for nitrification inhibition measures.

Results from field studies examining the mand interactive effects of soil applied
N, P and K suggested that applicationsitfogen(35 kg hat), phosphorug40 kg
ha') and potassiunB@0 kg ha) were required to optimizgrowth, developmenand
harvestable yields of wild blueberynderthese fertilizer rateghe correspondingredicted
harvestable yieltvas4126 kg hd thatis as much as 13% higher than would be produced by
commonly used fertilizer rate the industry.This study presented new leaf nutrient ranges
for sprout and crogears for wild blueberry fields iAtlantic CanadaHyperspectral remote
sensing technologies were used for estimating macro and micro nuffieststudy
providescritical information orwavdengthsimportant for nutrient estimation reflectance
specta (4002500 nm)The results and inferences from this thesis b@gmployd to
improve crop productionncrease economic returaadhealth of soil andustainabity of
wild blueberry production in Nova Scotia

Xiv
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Chapter 1 Introduction

1.1  Description of the Wild Blueberry Crop

The wild or lowbush blueberrfVaccinium angustifoliumit.) is native to
northeastern North America. The wild bluebébsiongs to Ericaceae family. Itascalcifuge
(i.e. acidloving) that thrives in acidic soil pH (4-8.0) environmentThewild blueberry soil
conditions(natural habitats) are infertiledt arecharacterizeds acidi¢fungal dominated,
high in recalcitrant organic mattdow mineralization and nitrificatiorand subsequent low
mineral nitrogen (N) contenlipw availability of soilphosphorougP), low base cations, high
aluminium availaility (Korcak 1988). These conditions do not suit the production of most of
the other field crops and fruits. However, the wild blueberry plant is well adapted to these
harsh edaphic conditions. The wild blueberry cope with this soil environment byllyatura
built in characteristics such as extensive root and rhizome system that account85%6 @6
the total plant dry weight, ericoiycorrhizaeassociation, slow growth dynamics, uptake of
organic N forms (Ericaceae family) and ability to tolerate lalgtminium levels (Korcak
1988). The rhizome system serves as nutrient and carbon reservoir. The nutrients are
transferred between above and below ground parts according to need of plamnitrieme
uptakenotably N and P iassisted througtine symbioticassociation witbricoid mycorrhizae
(Korcak1988. Recently mutualistic ericoid association has been found to acquire organic N
forms.The ericoidmycorrhizd associatiorhavealso been involved in the mobilization and
release of N and P from the natusabstrates of plant and microbial origiRead and Perez
Moreno 2003). Wild blueberries aa¢so known fotheir ability to tolerateelatively high
soil aluminiumlevelsand/oraccumulate manganese tigtoxic to mosbf thecalciphile

plants (Korcak 188).



Wild blueberry grows naturally in forests anohapeting vegetatiois removedrom
native standso develop commercial fields. The wild blueberry plant slowly spregds
rhizomes and can fully cover a commercial field in about ten yearscorhmercial wild
blueberry field follovs a two year production cycle (sprout and crop year). In first year,
plants growegetative in early spring (sprout yealprél bud initiationoccursin late
summer along with leafrop during fall In the subsequenear (crop year), the plant grow
leaves, flowers, pollination occurs, fruit set, berry ripens and fruit are harvested. Commercial
fields are harvestethainly bymechanicaharvesterand small proportions of berries are hand
raked. Most of the harvestedrhes are frozen in processipéantsand sold idomestic
marketsor exporedto the United State€urope and JapaRields can be mowed after
harvest or in early spring of sprout year and that wilhigate the two year production
cycle. The alternatyear pruning practiomaximizes floral budformation fruit set, yield,

and ease of mechanical harv@grcival and Sanderson 2004

1.2  Economic Importance
Nort heastern North America is theén worl dos
total, there are38,108 acres afild blueberries in MaineAtlantic Canada and Quebec
(Agriculture and AgrFood Canada 2012; United States Department of Agriculture)2013
Maine, Nova Scotia, Quebec, New Brunswick and the remainder of eastern Canadasaccount
for 36%, 24%, 21%, 13%, and 6% respectively of the acreage in productidatal wild
blueberry production now exceeds 100 million(Rgyriculture and AgrFood Canada 2012;
United States Department of Agriculture 2DI8ova Sotia has over 1,100 producers and
800wild blueberryfarmsthat generate $60 million market valugAgriculture and AgH

Food Canada 20)2



1.3  Soil Nitrogen in Wild Blueberry Production

Wild blueberry soils contain large amountssofl organic matter (SOM) that
undergoes decomposition and pd®/nutrients to soil fauna and flomalant litter/organic
matter/humus are of low qualibavingvariablecarbon to nitrogen ratsgC:N ratio)due to
low foliage N contenin the natural habitat of wild blueberries (unfertilized stands). The
mineralizaion rates are considered relatively slow and subsequent low minarad Righ
organic Nare available for plants and microorganssithe dissolved organic nitrogen
(DON) is a patrticularity important component of plant nutrition in infertile and/or organic
soils (Chapin 1995)Wild blueberries can also potentially take organic N formsMore
recently, it is recognized that tpéantcantakeup simple, solublerganicforms ofN
directly by roots or through mycorrhizassociationsFungal organisms presein the
mycorrhizal associatioabsorb amino acids, sugars, peptides, proteins which are then used
by host plants. This short circuit or bypassing of the N mineralizaasrbeen demonstrated
in boreal forest plants, especially importanVexcciniumshrubs that absorbed 90% of the

added organic NNasholm et al. 1998).

The oxidation of ammonium, the first stage and rate limiting steptiification, is
considerecturtailedmainly due tcsensitivity of autotrophiammonia oxidizing bacteria to
low soil pH conditions The low nitrate production results in low nitrate leaching and
denitrification lossesT he nitrification capacityn wild blueberries may bfirther reduced by
release ophenolicby Ericaceous plant roots (Korcak 1988). ConsequeuilymineralN is
believed tdoe predominantly present in ammoniudorm of N (Korcak 1988). Wild
blueberry plarg have displayed preferences &nmonium over thaitrate forms of nutrition
and produced more biomass and leaf N when grown with ammoniurmh paxkicts (Cain

1952;Korcak 1989Percival and Pvé 2003. Thetwo forms of mineral N, when acquired by



plants, may have distinct genetic and metabolic consequences (Britto and Kronzucker 2013).
The natural preference of wild blueberry for ammonium moages soil N transformations
critical. Any disturbance in N cycle may adversely affect the growth and development of

wild blueberry production system.

1.4 N Fertilization of Wild Blueberry

N is a major plant nutrient that is required in large quantiNgs oftenlimited in
most native and commercia¢getation ecosystems. Likewise, N has long been recognized
potentially deficient in commercial production of wild blueberry. N deficiency may be
attributed to naturally low N mineralization ratemdgradualN depletionby reducing in
organic matter layer was attributed to intensive burning practices over the past 80 years
(Lafond2009. Approximately30-35 kg N h& loss has been estimated in-grdoroduction
cycle by burningEaton 1986)Af t er t,large ainGuBtdf bw quality plant debris
were repeatedly depositeg mowingthe fields thishas widenedhe CN ratio. This may
have caused lag in the initiation of the mineralization proces¥ release of Marlyin the
vegetative year of production veh is the period when plants grow actively. Wild blueberry
plants acquired up 64% of the labeled fertilizer N within 3 months of fertilizer applied in
earlyspring (Eaton and Paquin 1990).The nutritional demands of the wild blueberry plant
may havancreased iyenthe extensive pruning practices and the resulting growth of new
shoots in each production cycle. Thus, it is generally thoughtrtimetralization and organic
sources d not fulfill the N requirement of theommercialwild blueberry cropconsequently,
fertilization is practicedCommercial applications of N have increased from 20 to
30 kg N hd to well in excess of 60 kg Han some fields and havesulted irgenerally
better growth and yield potentials (Percival and Privé 2002). Hponse of wild blueberries

to N fertilization may indirectly imply that soil N supply is limiting but we also know that



repeated N enrichments have altered the soil N cyaterihern temperate forest systems
(Aberet al.1998; Aberet al.2003).However,there are no detailed studies that account for
the effects of repeated fertilizer enrichment on soil N and C cycles and processes in wild

blueberry fields and soils.

In addition to disturbance in soil N cycl,additionshave been found to shift the
aburdance and composition of soil organism and vegetation. Particularly fungal dominated
soil ecosystem may change to bacteria dominated systems under N enrichments (Marcel et al.
2008) Thefauna and floranaturally occurring in the low N environmenhay beeplacedy
others that are more adapted to higher N levels. For example, the species diversity (richness)
of mycorrhizal fungi changed in N limited coniferous forests, even under small external N
inputs (Boxmaret al.1998). Wildblueberry stands have dved undem-limited soil
conditions. Therefore, the wild blueberry plant naturgtigws slowly andequires low soll
N concentrationsSimilarly, the fauna and flora inhabiting wild blueberry soils are also
adapted to low N conditions. Fertilization ptiaes maydisturbthe soil organism and
vegetation communitgtructure, coupled witlisturbance of soil processes driven by soil
microbes (Allison et al. 2007However, plant species also resist changing their soil
environment through feedback mechanisgtween plant and soil communities. Plants of
fungaldominated food web may retain their soil environment by phenolic rich litter

production and root exudates (Mareéhl.2008).

Soil N retention and nitrogen saturation (N saturation) are importantisnoeder
external soil N addition. A small amount of N is removed from wild blueberry fields through
the harvest of berries. Most of plant N is returned to soil in the form of plant litter or
transferred to underground rhizome systems (Townsend1@8)). In commercial fields,

SOM is generally of low quality with wide C:N ratios and high phenolic content. N retention
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can be increased by adopting strategies that produce low mineral N (ammonium and nitrate)
or high mineral N production combined with efint N immobilization and assimilation.
Although wild blueberry soils theoretically possess huge N retention capaeitgpeated
application of Nmay gradually saturate inherited spiantmicroorganisms N retention

capacity. Such surpldd may leactout of soil and causeater and atmospheric pollution

1.5 Soil N Cycle Processes in the Wild Blueberry

Wild blueberry soilsand N processanost closely matchnorthern temperateroad
leaf and mixedorest systemg§Agriculture Canada 1991These pocesseiclude foliage
productionfoliage losssubsequent decompaosition, mineralization, nitrification,
immobilization by microbeandplant uptakeWithout external N supply, temperate forests
have been considered N limited wahlmostall N internally cycledwithin the so#microbe
plant systemWith external N supplies, N cycling in temperate forests is accelgrsibed et
al. 1989. Although the N pools may be small in an unmanaged vegetation systéhfltixe
could be large. N fluxias been reported fron® 1o 150 kg N hdyr™ through closed internal
cycling (Gundersen et al. 2006). N gains (N fixatmuatmospheric N deposiin) have
approximately equatlN losses through leaching and denitrification in closed N cycle
(Matson et al. 2002)The increasg N turnover in response to N enrichments may exceed

biological uptake potentiah temperate fores{®\ber et al. 1989

Commercial practices in wild blueberry production rhayechange the closed
internal N cycle. These practices include the use of@ell tweyear production cycle
through flail mowing, external N supply through fertilization, and weed manageghent.
management practices have been reported to disturb N cycle in forest ecosystems
(Martikainenet al.1993; Pietikainen and Fritze 1995; Paavolainen and Smolander 1998;

Smolandeet al.2005; Wang et al. 2010).



There is a long standing acknowledgment that plant, soil, and miceaitty and
processes can interact to modify soil N dynamics and avityabithin ecosystems
(Vitousek 1982Perakis and Sinkhorn 201The atmospheric Nadditionsand fertilizer N
enrichmentganinfluence both above and below ground productidre increased soil N
additions may lead to increased soil N turnover and sulesétigh plant and microbial
uptakethus increasing\ cycling rates, above ground biomass and mineralization rates. N
additions influence the activities of extracellular enzymes. It increases activity of enzymes
involved in P and C acquisition during cefall breakdown, decreases the activity of soll
organic N degrading enzymes (Allison et al. 2007) and inhibits the degradation of lignin

(Sinsabaugh et al. 2005).

Nsaturation may be defined as fiwhere soil
plantsand soi | mi crobes to assimilate al/l No (Al
in a number of different ways, but all include an increase in N availability over time that
results in the removal of N limitation on all biological processes in¢bsystem (Aber et al.
1998).Lower atmospheric N deposition fikeen reported iAtlantic Canada compared to
Central Europe depositidp-10kg N ha' yr vs. 2630 kgha' yr'; Gauger et al. 2008).

However, when fertilizer additions (20 kg N tia altenate years) are added to atmospheric
N inputs, they may exceed critical load$ie atmospheric N depositionsaylead temperate
foreststo N saturation(Aber et al. 1989)a condition when soil N exceeds the total biological
nutrition demands of microbesd plants. And ultimately N will be lost through leaching.
The N saturation poses serious threats to sustainability and environmental stewardship
through leaching and emission of greenhouse gasses, microbial and community ghifts an

loss of biological diersity.



N saturation has multiple stages; the plant responses depend on the severity of N
saturation. Added to that soil mineralization and nitrification processes depend on soil
temperature, water and microbial activiant and microbe N demand also varies with
growth stage and different times of year (temporal variations). Thersefwr@mmonium and
nitrate levels varat differenttimes ofthe year (temporal variations). This implies, thail
N supply maybein exass to biological demand at one point of time, could be deficient
either due to low Nycling rates or higher plant demaatiother tims. Wild blueberry plant
is known to quickly acquire added N withir32months of fertilizer application and store it in
its rhizome system to fulfill plant N demands. This means that wild blueberry may still be
requiringanexternal supply of N even if wild blueberry fields experience N saturation

conditions.

RepeatedN additions (anhospheric and fertilizers) may cause #igant changes in
thewild blueberry production systemcluding shifts fromN limited to N saturated. Early
signs of Nsaturationincludeelevated nitrificationsubsequent reduction in microbial
biomass and ultimately slow mineralization. Repe&tetbpsitions of 30 kg N Hayr*have
been reported to indudé saturationin temperate forest®Vild blueberry fields receive
similar N amounts;Herefore, there ia justification to study soN processsin wild

blueberryagroecosystems

Possible adversdfects ofN saturation impliea change in N cycling from closed
internal cycle to alwpen N cyclewith increased nitrificatiomndemissions of nitrous oxides
from the soil, leaching of highly soluble nitrateccompanied by the loss of positively
chargel alkaline minerals such &and Mg whichmay reducehe overall fertility of soils
(Nihlgard 1985; Gundersen and Bashkin 1994; Adteml.1998) Due to calciun{Ca)

depletion and acidification of soil, aluminum ions are mobiliaed careventually reale
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toxic concentrations (Vitousek et al. 1997). Plants and microbes may bégored in P,
Mg, or Ca and thudevelop nutrient imbalances experience aluminum toxicity (Vitousek
et al. 1997). Other harmful effects include plant physiologiabliptions, the risk of nitrate

pollution of surface and ground waters, eutrophication of aquatic sytdras1989)

Increased aluminurgAl) availability has been reported to potentially damage tree
roots under soil acidificatiofSchaedle et al. 1989ylany wild blueberry soilsn Nova
Scotiacontain highAl and magnesium (Mg) levetiue to leaching a€aunder high
precipitation conditions anare veryacidic (pH 4.0:5.0) (Agriculture Canada 1991Jhe
wild blueberry isindigenous to these conditionscthasadaptedreasonably welio these
conditions(Korcak 1988). Calcifuges avol and manganese toxicity by lovieg root
cation exchange capacity (Korcak 1988). Additionally, organic matter is known to regulate
the Al andCasupplies in acid soils (Koak 1988). However, the wild blueberry plant may
observeAl toxicity under N saturation (increased nitrate productidhhas been found more

toxic to calcifuges in the presence of nitrate than ammoniyifortak 1988).

Wild blueberry fields are highlyusceptible to N@ leaching due to factors including
sandy soils, steegppographya high proportion of bare patches anelatively short
growing seasarRecently,Saleem(2012) reported higher N leaching from uniform fertilizer
application compared teariable ratesna comparative study of Ndeaching from wild
blueberry fields. A vast number of studies in forest ecosystems have provided knowledge of
how these systems responded to increased N inputs through atmospheric deposition or
fertilization (Vitousek et al. 1997). There @need tagaininsight into how NPK fertilization

affects soil N poolsn wild blueberry production system (Chapter 2)



151 Mineralization/ Immobilization

N is the only major nutrient that is not weathered from soil mineCalaversely, N
originates from the atmosphesdere it exists as N78% of atmospheric gasses)
Conversion of Mto reactive N (N bonded to hydrogen, oxygen or carbon) is termed N
fixation. Habitats depend oN, fixation by lightning (5.4 Tg yedh), natual biological
(symbiotic and asymbiotic) fixation(110 Tg y&arindustrial fixation with the HabeBosch
process in the form of N based fertilizers (100 Tg ygaand deposition to continents of
reactive N species including NONH,", NHs, HNO; and oganic N deposition (aerosols,
organic nitrates and particulate N) from atmosphere to biosphere (64 Ty yédch are
mainly derived from NHandNO, emissions (Galloway et al. 2008)he nitrogen fixation
requires lot of energy to break the triple bahdt is provided through biological and physical
processesBiological nitrogen fixatiors catalyzed byomplex enzymaitrogenase¢o reduce
N, to 2NHsthat is naturally found only inertainspecializedree living, close association
with plantsandsymbioticmicroorganismglant use most of fixed N in exchange for a
carbon sourcéPostgate 1982Mineral N forms (NH™ and NQ’) have been known to
suppress biological N fixatiof.herefore in undisturbedregetatedystemsN is mainly
supplied througldecomposition o$oil organic matte(SOM) which is the largest pool in the
plant root zoneDecompositiorof SOMis mainly performedby soil microorganism which

release mineral nutrieniisto soil

Galloway et al. (2003) estimated total N stockfoiest (soils and plant biomass) as
high as 500 g N thand over 80% of which is present in organic forms (Schulten and
Schnitzer 1998)Wild blueberryfields contairhigh SOM content (10%) that may support
huge microbial populations and potentially pae/iN needs of crofpegradation of SOM

involves the mineralization and immobilizatiomhich are simultaneous and complementary
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processes. Mineralization is a process where microorganisms convert organic compounds
into inorganic forms (nitrates, phosphataslfates). Similarly, N mineralization involves the
conversion of organic N to inorganic N (NbBr NH,") through microbial activity.
Microorganisms acquire inorganic N and make part of microbial tissue that is called N
immobilization.Gross mineralizatiors the total N produced and gross immobilization is the

total N consumed by microorganism and net is the difference between these two processes.

The organic matter decomposition is ecosystem anaece (climate) specificThe
substrate quality and N aitidns and enzymatic activitinfluence thedegradation obrganic
matter(Hobbie 200%. N additionsincreases degradation of cellulose and glycosidase
activities enrichmentandreduce the decomposition of lignin, humus and secondary
metabolites (Gallo edl. 2004; DeForest et al. 2004 he organic matter decomposition rate
alsovaries with stage under N additions, at start it increases and declines at later stages when
lignin is degraded (Fog 1988; Berg and Matzner 199@jreiro et al. (2000pund tha N
deposition alteration of litter decomposition rates were closely linked t@gekam phenol

oxidase activity.

N mineralization involves a diverse grouphaiterotrophic soinicroorganisms
including bacteria, fungi, and actinomycetegler aerobic andnaerobic conditionsoil
fauna plays an important role in SOM degradation by preliminary breaking down of detritus
(dead biomass), thus regulating the population of fungi and ba(Raiweertson and
Groffman 2007)These microorganisms can utilipiantlitter, SOM, humus and dead
microbial tissueMineralization mainly occurs in biologically top soil surfacel@cm) that
contains most of detritudicroorganism activity and efficiency is influenced by soil
conditions such as pH, temperature, watet@urand aeratiofRobertson and Groffman

2007)
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Ammonification is the first step in mineralization. It is involves the enzymatic
conversion of organic N to ammonium (NMHand releas@to the soil solution. Ammonium
can also be produced by the dissinaitgtreduction of nitrate (N&. Ammoniummaybe
released in soil througkakageor excreton from bacterial cells (mobilization) and/or from
fine roots (Bengtson 2004). Heterotrophic microorganisms exclusively completes
ammonification step through theligtation of C substances including polysaccharides as an
energy source. Ammonium released during the ammonification process is either taken up by
microbial heterotrophs (microbial immobilization), or by plants, known as assimijlatioh
nort biological fixation in clay lattices or adsorption to clay or organic maiBerobes
immobilize N primarily from the ammonium pool (Luce et al. 20444l to lesser extent from
nitrate poal Howevermicrobe can also uptake significant fraction of fa@eino acidgFinzi
and Berthrong 2005)Jmmobilized and assimilated N is incorporated into living tissues are
rendered temporarily unavailable. However, upon mineralization it may be availablécagain
plants and microorganism®@nce ammonium is acquired by plantssiassimilated into
amino acids in the plant root. The glutamingH&N,0Os) is the first product in assimilation
which is transported to other plant parts and subsequently converted to amino acids. Recent
studies suggested that ammonium may be transloratedoots to shoots within plant

xylem system (Schjoerring et al. 2002).

N mineralization and immobilization occur simultaneously but are inversely related
processesSoil microorganisms areftenconsideredC limited (Hogberget al. 2003)
Therefore, ncrobial N immobilization is strongly controlled by the amount of available C in
the soil Booth et al. 2005Laungani and Knops 2012\ immobilization has also been
inversely related to soil inorganic N availabil{gengtsson and Bergwall 2000)he reative

availability of C and N in substrate (decomposing matter) and the metabolic needs of
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microbes determine the balance between these two competing processes (mineralization and
immobilization). Decomposition rates are often correlated positively wtién N content

(Hobbie 2005) and microbial biomass and microbial N conlimeralization

immobilization is also affected by relative populations of fungi and backariggi have a

wider CN in its tissues than bacteridus can utilize low quality substrate due to lower

needs of NGenerallynet mineralization occurat C:N of 25:1, whereas decomposing matter

with > 25:1exhibit net immobilizationlyrold and Bottomley 2008Y0ne exception to this
generalization is higly decomposed humus that has low C:N ratio due to depletion of labile

C and remaining C are complex forms. Net mineralization rate are usually measured with
some kind of soil incubation and subsequent periodic leaching while gross rates may be

measured biabeled isotopes and dilution methd@savidson et al. 1991)

The C and N compounds in SOM can be placed in two pools consisting of a labile,
and a stabilized pool. The labile pool of organic matter is composed of readily decomposable
compounds, microbidliomass, and particulate organic matter (fine plant residues). Soil
microbes prefer to use labile forms such as root exudates, root litter and leaf litter (Knops et
al. 2002). The stable pool (recalcitrant) is composed of complex organic compounds that ar
resistant to microbial decompositi@hleber 2010) The SOM carbon is often highly stable.

The stable pool mineralizes slowly and provides food to soil microorganisms and vegetation

over the long term.

Top-soil (~10 cm)suppliesmost of the inorganic Notplant roots in coniferous
forestsand hizome systemirun inthetop 10 cm of soifor wild blueberryplants(Kinsman
1993) Therefore, N supply by mineralization may be easily tapped by wild blueberry roots.
In undisturbed, temperate and boreal forastsinimum of about-80 kg and a maximum of

about 100 kg N h&aremineralized each year (Attiwill and Adams 1993).
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152 Nitrification -Denitrification in Acidic Soils

Nitriycation in acidic soil s"cemarg first
(Houzeau 182). Later studies presented increasing evidenoadgspread nitrification
occurrence in acidic soils (Fred and Grual 1946yes and Conner 19). At that time
nitrification in acid soils wabelievedto occur in calcium carbonate particle (Hall et al.
1908) For many years, it was widespread view that nitrification wsignificant in acidic
soils. However, during the second of half of th& 2entury nitrificatiorwas recorded in
acidic soilssomeimes even in significant amounts. Numerous studies reported nitrification in
a wide range low pH soils including forest soils, heath lands, natural grass lands, tea
plantation, agriculture fields, wild blueberry soils (&eber and Gainey 196®%illiams
1972; Remacle 197Walker and Wickramasinghe 19A%an MiegrotandCole 1985Eaton
and Patriquin 1988ecquer et all99Q Killham 1990;Troelstra et al. 199(lowever, there
were also many acidic soils from where nitrification was not detected (Robd:282).
During this period, the active nitrification in acidic soil environments was attributed to
heterotrophic itrifiers (Focht and Verstraet977) Chemolithotrophidacteriadominance
in acidic soil conditions was widely accepted with substaetiglence (De Boer and
Kowalchuk2001). Heterotrophic nitrification has also been reparnextidic soils (Jordan et
al. 2005). Some recent studies also suggested the potential involvement of ammonia
oxidizing archa@a (AOA) in acidic soils (Leininger et a2006;He et al. 2007; Nicol et al.
2008; Stopnisek et &010). AOA has been found predominantly responsible for nitrification

in some acidic soils (Zhang et 2D12)

Nitrification is theaerobic oxidatiorof ammonium (NH") to nitrite (NGy) and of
nitrite (NG, to nitrate (NQ). Classically these reactions are catalyagémmonia

oxidizing bacteria (AOBgand nitrite oxidizing bacteria (NOB), respectivelyne nitrifiers

14
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AOB and NOB arabligateautotropls exemplified byNitrosomonasndNitrobacter
bacteriaspeciesSome AOB are known to possess limited heterotrophic capability (can take
up and assimilate organic carbon) mostly in anoxic conditions. However, in aerobic
conditions, organic carbon uptake is not sufficient to fulfill the carbon ndexsi®thus

AOB does not use organic carbon compounds as a sole source of energy (Arp and Bottomley
2006). AOB derives the majority of its carbon from carbon dioxide,]@Dsatisfy cell

carbon needs. Autotrophic nitrifiers can also derive C from catbsnAutotrophic bacterial
oxidation of ammonia to hydroxylamine (MBH) utilizes membrane bound enzymes

namely ammonia monooxygenase (AMO), which can also oxidize organic compounds such
as phenol, methanol and methane. This first reaction (@odie) inthe oxidation is

inhibited by acetylene therefore it used to differentiate autotrophic from heterotrophic
nitrification. Second reaction (exergonic) is mediated by hydroxylamine oxidoreductase in
the periplasmic space and four electrons are producedyéwequired in the Nioxidation.

The remaining two electrons are used to synthesize NADH from ATP in a reverse electron
flow. The energy produced is utilized by autotrophs for cell growth and metabolism. Most of
the bacteria nitrifiers descend from a pisyinthetic proteobacterial ancestdrgrd 201).

Nitrifiers obtain organic carbon by carbon dioxide fixatibhe CQ assimilation takes place

by the CalviRBensorBassham (CBB) cycle and ribuled¢s-bisphosphate
carbox/lase/oxygenase (RubisCO) cataly#es carboxylation reaction. In AQBmmonia
assimilation and transport appear to via glutamate dehydrogenase. The pathway for the
synthesis of amino acids and othecbhtaining compounds with established pathways in

other organisms.

NH;+ O, +2H " +26 Y NBH+H,0O YO, +5H + 4€

NH4Jr + 1%2Y NO, + H,0O + H*

15



Autotrophic nitrifiers have long been known to be inhibited by low pH, high soil
solution CI concentrations, and certain organic chemicals either produced naturally or
synthetically (Roseberg et al. 198Baboratory batch growth of ammonia oxidizefainily
Nitrobacteracegaloes not occuat pHbelow6.5andtheir acidsensitivityis well
docunented (Watson 1974)dditionally, ionization of ammonia in acidic conditions
significantly reduces the availability of substrate for ammonia oxidizers and inhibition by
nitric and nitrous acids whose production increases due to absence of nitrite mxidizat
acidic conditionsNeverthelessautotrophic ammonia oxidatiarccurs in some adidsoils at
pH levels far below the reported acid tolerance of the chemoautotrophic nitifevever,
acid sensitive ammonia oxidizers have been frequently isdiaedacidic soils andctive
autotrophic ammonia oxidation has been demonstrated in acidic soils by use of specific
inhibitors of autotrophic ammonia oxidation and stable isotope studiieate production in
acidic soils may be explained by suggestiohsonenzymatic oxidation (Bartlett 1981),
autotrophic nitrifying bacterjactive only in micrasites at pH values higher than that of the
bulk of the surrounding soil (Hankinson and Schmidt 19&#;jyophilic ammonia oxidizers,
biofilm and aggregate foration (De Boer et al991; Allison and Prosser 1993), release of
pH limitation on acid sensitive autotrophic bacteria by localized buffering tgmdsoils
(Bazin et al1991) andacid tolerant autotrophs (De Boer and Kowalchuk20Ritjification
in acidic soil may also be attributed to the fertilization of the soil that may increase the
autotrophic nitrifiergpopulation(Martikainen 1985)diversity of autotrophic nitrifying
species (Woldendorp and Laanbroek 1989), methylotrophic bacteria capakidinihg
ammonium to nitrate (Whittenbury et al. 197&nmonia oxidizers of urease activity, uptake
by passive diffusion and growth independent of pH in the rar@anrtl using urea as sole
nitrogen source (Burton and Prosser 20@h}] heterotrophic mioorganisms may be

contributing factor or even exclusive agents of nitrification in some environments (Ishaque
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and Cornfield 1976; Johnsrud 19F8llham 1987; Killham1990; Duggiret al1991; Papen

and von Berg 1998and by ammonia oxidizing archae&éry et al. 2012).

The oxidation of nitrite to nitrate reaction is membrane associated and mediated by
nitrite oxidoreductase enzyme. This reaction is reversible and can result in nitrate reduction
to nitrite. Nitrite oxidizers fix carbon dioxide for growthubalso possess the ability to grow
on simple organic substrates (mixotrophic and heterotrophic). Under anaerobic conditions,
nitrite oxidoreductase enable heterotrophic growth and produce nitrite, and ammonia, and
nitrogen oxides. Growth efficiency of nfies are low due to respiration energy up to 80%,
produced in nitrification. This partially explains their poor ability to compete with

heterotrophs for ammonium.

2NO, + 2H,0O Y 2 N3O 4H + 2é

Nitrite (NOy) is highly reactive (both chemically abiblogically), short lived
(autotrophic oxidation of nitrite proceeds at faster rate than the oxidation of ammonium), thus
keeping its concentratidow in thesoil environment. Therefore, nitrification process
mainly leave nitrate (N©) in theenvironnent. Nitrate (N@) produced can either be
assimilated by plants, immobilized by soil microorganisms {M@mobilization),in
anaerobic environments nitrdtssto atmosphere in the form of,Mhroughredudion to
gaseous forms(NO andb,O) dominantlyby heterotrophidacterisand fungi under restricted
oxygen availabilityconventionabenitrification), nitrifier denitrification (reduce N@to
N,O and N) by autotrophic ammonia oxidizers, dissimilatory reduction tqQ Nty
fermentative bacteria (NOto N,O) under readily available carbon and low oxygen,
leached from the sodut of plant root zone and accumulate in surface or ground thater

may cause algal, weed blooms and water safety ig&reffman and RosMarshall
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2012)Unlike ammonium irplant, nitrate is not usually toxic in plants and can be transported
to other parts before assimilation. However, nitrate assimilation requires a lot more energy
than ammonium assimilation. Nitrate is stored in vacuoles and reducecd, ttoNNBi;" by

enzyme nitrate reductase and WHssimilation by glutaminéhe nitrification reduces the
ammonia based fertilizer use efficiency and up to 70% loss has been reported from
agricultural systems (Prosser 2011). The nitrification and denitrification proceeseftear

linked via oxic and anoxic conditions. These two processes mainly lead thefhbioghe

soils. Nitrification can reduce the ammonia volatilization losses from agriculture systems and
promote denitrification losses by providing primary substtatgs nitrification can

contribute to fixed N inventory.

Soil particles(organic matter, clay surfacespstly possessetnegative charge
Therefore, nitrate (N©) is repelled from soil exchange sites. Negative clsrgeke it much
more mobile than ammonium (NH which can be held on exchange sites associated with
organic matter, clay surfacesd variableeharge minerals and adsorbed or fixed on soil
particles Nitrification is important regulatory process as sonafd and microbes appear to
prefer one form of mineral N to another (Nkind NQ) thus affecting the plant, soil fauna

and flora structure.

While the classical nitrifiers aerobically oxidize ammonia to nitrite, an anaerobic
ammoniaoxidizing bacteria (AMOB) was discovered in 1995 (van de Graaf et al. 1995).
This process is called anammox and it consumes 1:1 of ammonium and nitrite. Anammox
produces and releases &hd its pathway is distinctively different than conventional
denitrification (Klotz and Sia 2011). The production of]\yas as an end product in
anammox processes makes it a form of denitrification (Ward 2011). The term used to

describe anammox is fidenitrifying ammoni a
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More recently ammoniaxidizing archae§AOA) have been discovered (Venter et
al. 2004) which can derive energy for growth from oxidation processes. AOA has also been
shown to possess the capability of mixotrophic or heterotrophic growth. Jia and Conrad
(2009) reported heterotrophic growth wititorporation of labeled carbon dioxide or archaea
populations without ammonia oxidation activity. AOA apparently outnumbers their bacterial
counterparts (AOB) by up to two orders of magnitude in most soil environments (Nicol et al.
2011). The relative canbution of AOA to AOB does not correlate to their abundance in
ammonia oxidation activity. The correlation of AOA abundance with their activity is also not

clear, and different studies have provided contrasting results (Nicoléxdl).

AOA physiologystudies propose their adaptation to low ammonia concentrations,
extreme temperature, acidity and salinity environments (Hatzenpichle2608). Nicol et
al. (2008 studied the influence of pH variations in soil on relative abundance of AOA and
AOB through quantification chmaA gene. They found AOA relatively more active in acidic
soils while AOB bacteria activity increased in neutral pH soil conditions (Nicol 20@8).
Archaea may be a major contributor to nitrification in soils that lack AOBdeate
nitrification takes place and they maythe soleagents performing this process in some

extreme environments (Nicet al.2011).

Methanotrophic bacterossess the capability to oxidize ammonia to nitriti@xic
conditions coupled with the adxic (nonconventional) denitrification ability that yields and
release NO and /D (Nyerges and Stein 200Hdditionally, recently nethane oxidizing
bacteria (MOB) has shown potential to oxidize ammameerobic conditionand coupled to
denitrification.Methanotrophic bacteria uses membrane bound methane monooxygenase,

similar to ammonia monooxygenase in ammonia oxidizers.
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Aside from obligateehemolithoautotrophgerobic andanaerobiy such as AOB,
AOA and ANAOB, more heterogeneougoups ofmicroorganism(chanoorganotrophic)
including bacteria and many eukaryotes possess the heterotrophic nitrifying @ihiity.
heterotrophic nitrification has broader defi
to more oxi di z e dhehaterotrophs ¢a8 ttikze relatizely wide)ranged of
substrates (both inorganic and organic) including ammonia, hydroxylamine, various organic,
and/or nitrite. There is evidence of two distinct pathways for heterotrophic ammonia
oxidation.First path wayheterotrophic bacteria use similar pathwayammonia oxidation
as those cautotrophidbacteriaand manystrainsare found tdhave the capability of
simultaneouserobic denitrificatiorfheterotrophic nitrifier denitrify their nitrification
products tanitrogenous gas simultaneouslyhe second pathway, termed fungal
nitrification, fungi uses a distinctive pathway, linked to lignin degradatioiuibyi that
involve reduced organic substrates in a series of oxidation reactions from amines to a nitro

compund as follows:

RNH,Y RNHOH Y RN®Y YNsG&RNO

-3 -1 +1 +3 +5

These reactions did not couple to ATP and gain enétegterotrophic oxidation is
carried out by bacteria includifigaracoccus denitrificang hiosphaera pantotropha
Pseudomonas putidandAlcaligenes faecali@uenen and Robertson1994, Moir et al.
1996,Daum et al1998; Nishio et al. 1998) and fungcluding AspergillusFlavusATCC,
substrate ammonia and peptone in acidic forest soil (Schimel et al. 2@8&)ia
cylindrospora substrate ammonia and organics in acidic fores{Stibo et al. 1986).

Fungus was isolated that formed nitrite in pure culture from an actively nitrifying acid forest
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soil (Stroo et al. 1986). This was the first fungal isolate showrtrifyrin acid media.
Heterotrophic fungal nitrification predominates in acidic coniferous forest soils (Killham
1986; Jordan et al. 2005). The arguments in favor of fungal nitrification in these
environments include fungi thate notsensitive to low pH @nditions, massive fungal
biomass, abundance of organic N to nitafyd carboro metabolize. However, acidic soils
not in coniferous forests exhibit AOB nitrification (De Boer and Kowalchuk 2001) or

Archaea (Nicol et al. 2008).

Unlike chemolithoautotroph&hich uses ammonia as sole energy source and
reductantreducerfor cellular growth, heterotrophs perform nitrification for other reasons.
Heterotrophic nitrification is linked to reoxidation of NAD(P)H, under low oxygen
conditions in lacteria, endogenous respiration in fungi, and utilcaggain oxidation
intermediates as biocider growth factos to gain competitive advantager forms of
defense mechanisnagjainst othesoil organisms (Focht and Verstraete 193#in 201}
Nevertleless, heterotrophic nitrification may be significant in some aswils where
heterotrophic biomass is high. High microbial biomass may compensate the relative low

growth rate of the heterotrophs.

Many heterotrophic nitrifiers are capable of simoétats nitrificatiori denitrification
(SND) in aerobic conditions. The SND involves the enzymatic reduction of nitrite and nitrate
produced via nitrification to Mxides or N. Chemolithotrophic ammonia oxidizers reduce

nitrite to nitric acid, nitrous oxide alinitrogen
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Figurel.1 Processes in the microbial nitrogen cycle (Adapted from/Figure redrawn from Klotz
and Stein 2011). 1, Dinitrogen gas fixation; 2, aerobic dissimilatory ammonia oxidation to nitrite
by bacteria; 3, aerobic ammonia dissimilatory oxidation to nitrite bya@egh4, aerobic

dissimilatory nitrite oxidation to nitrate by bacteria; 5, assimilatory or dissimilatory nitrate
reduction to nitrite by microbes; 6, respiratory ammonification as the second step of dissimilatory
nitrate reduction to ammonia (DNRA, 5 anxl B, assimilatory ammonification as the second step
of assimilatory nitrate reduction of ammonia (ANRA, 5 and 7); 8, denitrifying anaerobic
ammonia oxidation (anammox, typified by ANAOB); 9, classic (anaerobic) denitrification by
mixotrophs and heterotrbpg; 10, aerobic oxidation by hydroxylamine to nitrous oxide to nitrous
oxide by AOB and Aerobic ammonixidizing nonlithotrophic bacteria (ANB); 11, aerobic
denitrification by AOB and ANB
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1.6 The Need and Scope for Remote Sensing of Foliar Nutrients in Wild

Blueberry

Fertilizer practicesincluding timing, dose, type and formulation have istéed in
the recent 20 years. This has coincided witlieased plant coverage, harvestable berry
yields and greater farm profitdity (Percival and Sanderson 2004). However, excessive
fertilization has caused extensive vegetative growth, delays in visual signs of tip diedack
floral bud developmenincreased stem heights, reduced yield potential (floral bud and
flower number) ad reduced harvestable berry yieltsaddition, he floral buds on these tall
stemsareprone to winter injury under inadequate snow cover in winter. The tall steams
prone to lodging in crop year of productiand cause substantial reductions in haeres
efficiency. Unfortunately, available soil extraction techniques do not accurately estimate soil
available nutrients (Ring 2001). Therefore, present nutrient assessment techniques are reliant
on leaf tissue sampling (Trevett 1972). The procedure fotigsaie analysis consists of
collecting leaf tissue samples at tip dieback stage of development, drying and grinding the
samples. Thus, analytical techniquiegluding use of LECO CNS and ICAP are time
consuming (more than one week to compldajour ntensive éxtensive sampling is
required to capture the widespread variability in blueberry figldd)expensive

(approximately $20 sampheto conduct.

Thewild blueberry hagxtensive rhizome system which accountsafgproximately
85% of the total plat dry weight (Hall 1957Jeliazkova and Percival 2003)he rhizome
system serveascarbohydratend nutrient reservoand source for early stem and root
growth (Kaur et al. 2012N hasaccumulatedn plant root systemaftercontinuous Nbased

fertilizer additions (D. C. Percival, personal communicatibh@additions have sometimes
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resulted in lack or variable response to added fertilizers. More recently, a survey of forty
commercial wild bluberry fields in Nova Scotivas completed in 2008, indicated that the
majority of wild blueberry fields had excess leaf tissue N lefi2IsC. Percival, personal

communication and unpublished survey data collected from Nova Scotia)

Soil-plant N dynamics and 4field variability present the major challenge for nutrient
management in wild blueberriddainstock (2002) indicated that leaf tissue N levels can vary
by as much as 89% within a field, and 52% throughout the course of a growing season,
resulting in spatial and temporal vduility. Foliar nutrient status differs significantly in the
sprout and crop yedPercival and Sanderson 2004).In conjunction with this are results from
Penney and MacRae (2000), which stress the importance of monitoring leaf tissue N levels
throughout theroduction cycle of plantombined with the time (sampling at tip dieback
stage) and cost constraingspducers are unable to accurately, precisely or efficiently
determine foliar nutrient levelsnd cannot practically assess spatial variability ocagirrin
within fieldsresulting in increased interestremote sensing technologies. By assessing
precise foliar nutrient levels, both over and untherapplication of fertilizer can be avoided
ensuring optimal harvestable yields, increased economic retutriseneduced likelihood
of environmental concerns such as leaching and erosion of nutrients. To date, optical sensor
based remote seing of fresh canopies has provienbeanexcellent approach for etie-go
site specific fertilizer applications in vaus field crops due to its capability to sense crop
canopies compared &single leaf and its flexibility of use with farm machinefar
exampleRaun et al. (2001) successfully demonstrated the benefits oftne-go N sensing

system in winter wheat.

Suchfield systems are commercially availalimeluding GreenSeeké& NADIR

viewing system, uses two diodes arrays emitting light source alternatively for VIS And NIR
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bands, detected by double photodetector system, eliminates chance of signal mixing but are
under illumination differs between bands, maintain constant foot print which is independent
of distance between sensor and target, recommended sensor height isNTB&EM (

Industries, Inc. Ukiah, CACrop Circle ACS210 equipped with single LED lighburce

that simultaneously emits light for VIS and NIR, mimic natural light conditions, drawback of
single light source is signal mixing, uses auto calibration in real time sensing eliminating
need to establish reference strips in figldjand ScientificLincoln, NE), CropScan Inc.
Rochester, MN anara N-Sensor, available with both active and passive (one sensor
measure object of interest and second@eiaces skyto measure the incoming light and
corrects reflectance signal) active (own light soyrases oblique angle 664 with zenith

that reduces soil reflectance and eliminate the necessity to mount sensor exactly above

canopy in wide row cropsr@ra International ASA, Oslo, Norway

These systems are commercially used in field crops (maizatywialey, cotton,
rice, vegetable crops) for monitoring leaf N status, but their utiligviiid blueberry
production system may not be as successful considering unique plant and soil characteristics
(woody material, leathery leaves and understorgrligtyer) of wild blueberry plant. The
normalized difference vegetation index (NDVI) was inadequate in estimation leaf N levels in
wild blueberry Bourguignon 2006 The NDVI along with other vegetation indices are

commonly employed with commercial sensors

Hyperspectral remote sensipgpvidesadditional bands within the visible, NIR and
shortwave infrared (SWIR) spectriwompared to broad band sensddest hyperspectral
sensors have produced semi continuous spectra consisting of over 100 contigugqus bands
each 10 nm or less between 350 nm to 2500 nm (Goetz 2@@8)iochemicals

(chlorophylls, carotene, anthocyanin, amino acids, proteins, nitrogen, lignin, cellulose, starch,
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sugar and wategbsorb electromagnetic radiation (Curran 1988tson et al. 994) in

specific wavelength regions, which may besked by the broadband sateliiteages.
Hyperspectral systems with high numbers of narrow bands provide the ability to detect small
changesn narrow absorption features. iigh sensitivity makes it possible to try to

estimate the biochemicals from fregégetation (Goetz 2009).

In order to developnornthegoN sensing systenm wild blueberry, we require
knowledge ofwvavebands/spectral regions that enerelatedo foliar N content This goal
can be achieved collecting the field spectra at various growth and developmenftretages
pre-planned fieldexperimerd that contain a wideange of leaf tissue nutrient contenfhis
then proceeds with knowledge of the biochemozathpounds of interest, their influence on
the reflectance properties of light and the subseduégpectrum statistical techniquas
find the related wavebands that will be used in estimating nutrient coRternthe purpose,
we need a field portabladiometer that carapidly acquire dat The companiesuch as
Analytical Spectral Devices (ASD) of Boulder, CO and Geophysical Environmental

Research (GER) of Millbrook, NY develgpichfield spectrometers.

Bourguignon (2006) conducted preliminary wark the potential use of remotely
sensed reflectance spectra to estimate wild blueberry foliar nutrients. Results from this work
illustrated the need for portable field radiometer and multivariate data analysis techniques.
Field radiometers produce semi iaonous spectrum consisting of over 100 contiguous
bands, each 10 nm or less between 350 to 2500 nm. The instrument cost approximately
$53,000 needs to be continually cleaned and calibrated and can only operate under sunny
conditions which has limited itsse at the farm levelFor commercial use user friendly and
tough sensor with its own light source is required that can operate under cloudy conditions.

However the field radiometecanprovide information about specific wavebands potentially
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useful br nutrient estimatioand further sensor developmenhe hyperspectral data are
often collinearHowever, @rtial least squares regression (PLSB&yescollinear data

analysis issues typically encountered with classical multiple linear regressiorgteehni

1.6.1 Vegetation Reflectance

Vegetation reflectance is primarily a function of plaahstituentge.g.
photosynthetic pigments, proteins, lignin, cellulose, sugar, starchveigetatioroptical
propertiesplantbiophysical attributes, sqgiropertiesillumination conditions and viewing
geometry. Leaf reflectance in visible region (VIS; 400D nm) is mainly affected by
photosynthetic pigment absorptiofi$ie nearinfrared region (NIR; 75A.350 nm)
reflectancas affected primarily by leaf structur€he shortwave infrare(SWIR) region
(13532500 nm)is influencedby organic molecular bonds comprising proteins and water

content (Gates et al. 1965).

1.6.2 Visible (V IS) Range Reflectance Spectrum

The reflectance spectrum tfie VISregion (400700 nm) is dommated by the
absorption features ¢g¢af photosynthetic pigments (Curran et al. 19%9ch otosynthetic
pigment absorblight more efficiently at specific wavelengthsor examplethe dlorophyll
a(Chla) absorbs strongly at wavelengths ~430 nm ar@D~@n The chlorophyll b(Chl b)
absorbs at wavelengths ~460 nm and ~640Rigments absorkess lightin thegreen region
(~550nm)Relativelyhigh reflectancéorms apeak in green region of the vegetation

spectrunthus giving the leaves their green colour

Chlais the most common of the five photosynthetic pigments present in plants.
Typically, plants contain two to three times higleencentration o€hl a compared to CHb.

However this ratio differs betweemnifferent plantspecies. Chlorophylls (Chi€hl a andb)
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are necessary photosynthetic pigmeifiteese pigments arequiredto convet light energy

into chemical energyChls also determine the photosiysic potential and primary

production by controllingheamount of solar radiation absorbed by leaves. Under low
concentrations of Chls, plants fail to achieve full (maximize) photosynthetic potential, which
results high reflectance the VISspectrum. Leaf reflectance YAS range is influenced by

the rato of the concentration @hl a andChl b (Curran et al. 1991; Asner 1998), a0l

fluorescence (Blackburn and Milton 1995).

N is as an integral part of Chl molecskeucture Chl molecule contains four N
atoms in the centraétrapyrroleheadwhich establisiesa close link between leaf Chl and N
content.The Chl moleculairectly holds only small proportiof@pproximatelyl.7%) of total
leaf N. Other light harvesting complexé®ldsapproximatelyl9%in C3 plants (Kokaly et
al. 2009).Leaf N and Chtontent moderately correlatatlecosystem levéKokaly et al.
2009. However, several fieldcalestudies have found Chls an accurate esomaitplant N
statusandsoil N supply in various plant species (e.g. Schepers et al. 1992; Filella et al. 1995;

Denuit et al. 2002; Zebarth et al. 2002; Zhang et al. 2008).

1.6.3 Leaf Sructure and NIR Region

The nternal leaf structureainly governs vegetation spectral signaturliiR range
(702-2300 nm). The NIR spectral regiaisopossessstwo minor wder-related &sorption
bands (centered at 970 and 1200 .nxterrelated absorption bands (centered at 1400 nm)
are locatedht the transition betwedwlR and SWIRspectral regionsvVegetation reflectance
intensity in NIR region is commonly greater than most-negetaed surfacesThis property
allows discrimination ofthe vegetatiorfrom othermaterias of les®r reflectance (soil, urban

areas etg.
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The nternal cellular arrangemeint leafplays an important role in enhancing the
interception of light. The leaf is sheathed with upper and lower epidegigswhose
primary function to these tough cells are to protect the leaf tigdiwavelengths penetrate
epidermis layerThe middle lger ketween two epidermis layers, photosynthetic tissues are
located knownas mesophyll tissues. The upper layer of mesophyll aedislongated,
cylindrical, stacked tightly togethemdlong axisperpendicular tdop leaf surfaceandare
called palisad mesophyll cells. Bottom end of palisade cells is connected sptmgy
mesophylicellsthatare loosely packedrregular shape and hamemerousir spaces

betweerthecells, allowing rapid exchange of gasses

Chls absorb the light energy used in msynthesis. The absorbing pigments/Chls are
confined to the chloroplast. Palisade cells generally bdasger number of chloroplasts than
spongy mesophyll cells. Palisade cells absorb strongly across entire visible range of spectrum
but relatively lesstagreen wavelengths, reflecting approximately3086 of the total visible

incident light at the leaf surface.

Infrared wavelengths penetrate ffadisade cells into the underlying mesophyll. The
mesophyll cells scatter much of the NIR radiation (apipnately 60%) reaching the leaf
layer (Woolley 1971)Upon entering the leaf, light scatter at interfaces of cell wall and
intercellular air spaces. Scattering occurs tug large change in the refractive indieom
1.00(vacuum)to 1.33(wate (Slaton etl. 2007). The light scatteringivesstrong

reflectance in the NIR region of the spectrum
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1.6.4 Red Edge

Theleaf reflectance greatly increasgghe transition fronVIS (red) to NIR
region whichproducing a distinct spectral featuoeownas the red edg&@hered edge arises
due tocombination of strong Chl absorptionthreredwavelengthaindincreased NIR
reflectance due ttheinternallight scattering (Mutanga and Skidmore 200iH)e maximum
slope (inflection point)n red edge region igenerally termad as red edge position (REP).
The positioning of this edge contains valuable information about vegetttioler et al.
1983) TheREPhas beefiound correlated to the leaf Chl (Lamb et al. 20@23ant N
(Mutanga and Skidmore 20Q'plant phenologicaltagesandplant stres§Smith et al2004)
REP may provide informatiotihat isnot available in VS and NIR range (Mutanga and

Skidmore 2007).

Increase in Chl concentration results in broadening and deepening of Chl absorption
feature approximately locateat (670 nm). This causashift of maximum slope towards
longer wavelengths and is known as red edge shift. Conversely, low Chl concentrations cause

red edge move towards shorter wavelengthskiue shift)(Hare et al. 1984).

1.6.5 Shortw ave Infrared (SWIR)

The plant tissue consists of organic compounds which are ma&ieloN-H, O-H,
C-N and GC bonds The organic bonds absorb radiation at various peaks in the SWIR (1300
2500 nm). The absorptions arise from the energy transition of the molecuiorb
(Elvidge 1990).The amount and the type of organic molecules determine the chemical
composition of plant tissue and amount of light absorbed at various wavelengths in SWIR

(Rabkin 1987).
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Laboratory neainfrared spectroscopy (NIR®)as developed urgg light and matter
interaction knowledgeNIRS methods are commercially usedhe chemical composition of
dried plantsamplegNorris et al. 1976)Laboratory NIRS methods haestimated
biochemical accuratel\WNIRS technique haprovidedadvantages @r wet chemical methods
with its greater speed, safety, simplicity of sample preparation, and the nondestructive nature
of the sample analysls.recent last 20 yeartaboratory NIRShas been extended field
scalefoliar biochemical estimation using hgyspectral sensorslénsen and Schjoerring
2003; Stuth et al. 2003; Huang et2004Mutanga, etl. 2004 Zhao et al. 2005-erwerda
and Skidmore 200%Cho et al. 2008; Darvishzadeh etzZ008Herrmann et al. 2010; Rambo

et al. 2010)

Proteins are prima nitrogenous compounds in leavatypically hold 7080% of
totalN in plant Ribulosel,5biphosphatec carboxylasxygenaseRubisCO) is a plant
protein that holdskeout 3650% of total leaf NThe keaf N isasmall component on dry
weight basigypically ranging from 0.26 % to 3.5% in different type of vegetatidowever,
leaf N can be estimateoly remote sensingsing absorption features in NIRWIR (Kokaly et
al. 2009). Remote sensing has also been saedessfullyo estimate other foliar tiients
(Clark et al 1987; Mutanga and Skidmore 2004; Ferwerda and Skidmore 2007; Pimstein et

al. 2011).

The estimation oleafbiochemicalsatthecanopy level is a complex probleBWIR
spectrum of fresh canopies is dominated by water absorptiansay mask N related
absorption peaks particularly in the SWIR (Elvidge 1996)vever, water perturbatiomid
not interfere withthe estimation ofeafN (Mutanga et al. 2003)he leafarchitecture,
atmospheric absorptiosoil background effects and envimantal conditiongomplicate

field scaleremote sensing of biochemicals (Asd8098. Thereforefield scale remote
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sensinghas sometimes yielded inconsistent results (Gros&tnain1996). The challenge is,

thereforeto develop techniques that caccuatelypredictleaf biochemical content

1.7 Sensors and Potential Use in Fertilizer Management

RemotesensingsystemgAir borne and satellite mountegjovide bands within VIS,
NIR and SWIR range to remotely estimate foliar nutrients. Examplescbiystems include
Airborne Visible/Infraed Imaging Spectrometer (AVIRISASA), HyMap Imaging
Spectrometer (HyMdP'-Integrated Spectronics Pty Ltd, Austrli@ompact Airborne
Spectrographic Imager (CSATRES Research Limited, Alberta, Canada) and stelli
mounted systems e.gyperionNASA. Other satellite sensors include Ikon@siick Bird
and ASTER (Advanced Space borne Thermal Emission and Reflection Radioifteter).
hy per spectral s e ns anovsbamsneisibiedhertwave inftaredarig® 0 6 s
that could potentially be used in wide range vegetated system application including detection
of weeds, disease, insect, stress and foliar chemidigyabsorptiorieatures mape masked
in multispectral systems (typically 3 to 7 bandsjample muispectral system is tHeandsat
Program of satellite missions jointly managed by NASA and the U.S. The high sensitivity of
sensors makes it possible to estimate the biochecooapositionof vegetation using
spectral data (Goetz 2009). Air borne andIBedased sensors can cover large areas.
However theiruseon small farms has been limited due to the high image cost, infrequency
of satellite revisit time, atmospheric correction requiremerasrfeand Guerif 2001),
weather conditions (Grenzdorfer@D), the necessity of GP®ased fertilizer application,
ground referencing (Bennedsen and Guiot 2001 tiamel lag that may affect timgensitive
agrochemical application$he farm vehicle mounted sensors has been developed

commercially to solve the logis limitationsencountereavith satellite/air born platforms.
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These orthe-go farm velitle mounted systems have provarccessful in vegetation

management in various field crops (Samborski et al. 2009).

1.8  Empirical Techniques

Statistical approaches continue to dominate the @€hyperspectral remote sensing
These techniques are used to find a relationship between the target parameter and its spectral
reflectance or some transformation of reflectance (Dorigo et al. 2B@pwise multiple
linear regression (SMLR) was most commonly used technique in estimating foliar nutrients.
SMLR have been affected yulticollinearity among wavelengths in spectr¢@urran
1989; Dorigo et al. 2007). Recently more studies are ysingipd component regression
(PCR) partial least square regression (PLSR) and artificial neural networks (AiBge
techniquesise several spectral bands for estimatigparameter of interesty exploring the

full potential of several available bds in hyperspectral signature.

Statistical techniques fiabeen reported to lack robustness and portalafitpodels.
Othershavedevelopedieductive or physicabased approaches involving leaf and canopy
radiative transfer models (Jacquemoud et al. 2009). Howghresicalbased modelseequire
largecomputatios, manyleaf and canopy variables, which are often difficult to estimate
and/orobtainin real situationgFang et al. 2003). The focus of this study shall be on

empirical methods for estimating vegetatparameters.
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Chapter 2 Soil Mineral Nitrogen, Organic Nitrogen and Carbon,
Microbial Biomass, and Net Mineralization and Net Nitrification
in Response to Soil Applied Nitrogen, Phosphorus and

Potassium in an Acidic Wild Blueberry Soil

2.1  Abstract

This study usedespmse surface methodology to optimize in situ soil,N#Os,
total soluble nitrogen, soluble organic nitrogen, microbial biomass nitrogen, microbial
biomass carbon and dissolved organic carbon concentratiothewenole production cycle
(sprout and crop year of production) witlEwild blueberry fieldlocated neaKemptown,
Nova Scotia, Canada. Five levels each of soil applied nitrogen (0, 12, 30, 48, 60 kg N ha
phosphorous (0, 44, 110, 176, 220 k@#$ha') and potassium (0, 12, 30, 48, 60 kg
K,O ha') were combined in central composite design. The experiment was a continuing trial
and same treatments were applied for 6 production cycles from 2000 to 2012. Soil samples
were collected ontMay, 7-July, 26July and 9September in sprout year and 22y, 15
July, 3XJuly and 24 August in crop year of production. We also determined the soil net
mineralization and net nitrificatiothroughanaerobic incubation experiment conductee in
laboratory. Soil was sampletliring the sprout year from the same field experiment located
at Kemptown. Nine leachates were collected during six months and analyzed for goil NH
and NQ' concentration. Our resulitustratedsignificant main and interactive effects of soil
applied(N, P,Os and KO) on soil ammonium (NHK), nitrate (NQ), soluble organic
nitrogen (SON), microbial biomass nitrogen (MBN), microbial biomass carbon (MBC),
dissolved organic carbon (DOC), net ammonification and net nitrification. Sail NH

concentrationd soil added N was dependent on ldmgth oftime from fertilizer application
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event Soil NH;" significantly increased with soil applied nitrogen following the fertilizer
application. NH" concentratiorthen proceeded to decredsethe next two sampling (9
SepSprout and 22May-Crop) andncreased again from mictop year to early sprout
before fertilizer application (:3uly-Crop, 24Aug-Crop and 1eMay-Sprout). Soil NH*
concentration, in most cases, increased with phosphorus addition and quéféctiovere
found significant for nitrogen, phosphorus and potassium but shape of the resjpeese
differed among samplings. Soil N@oncentration response to soil applied nitrogen,
phosphorus and potassium was convex in sprout year and reverse ¢¢avesayound in
crop year. Soil N, and SON concentration was greatethiacrop year thathe sprout
year. In comparison, soil NOconcentrations were similar in both cycles. SON and MBN
significantly decreased with addition of nitrogen fertilizer. MBC increased evid®Sprout
and it decreased on®epSprout, with nitrogen addition. Reverse was found for DOC, where
it decreased ohO-May-Sprout and it increased orSEpSprout, with nitrogen addition.

In the lab mineralization experiment, the quadratic terms of soil applied nitrogen and
potassium were significant in most leachates. The net mineralization response was concave
andnet nitrification response was convex. We found elevated nitrification activity that may
suggest early sign of nitrogen saturation. Excess nitrogen of plant and microbial demand may
be at risk of leachintp water bodies, runoff to low lying areasd gaseus emissions from
wild blueberry fields. Our results indicated that wild blueberry soils are fungal dominated and
heterotrophs play an important ratenitrogen mineralization and particularly nitrification
processThe lowerconcentratiosof soil NH;" and SONn the sprout year insinuate a
preference by the wild blueberry plant for Ndver NGyand also uptake of SONfurther
hypothesize fothefuture studies thahe wild blueberry plant has special nitrogen needs and

part of the whole nitrogen demd has to be fulfilleffom the soil organic fractions of
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nitrogen. Therefore, we suggest measuring and considering soil SON insfwidies and
nutrient management programs.

Repeated fertilizer enrichments generally reduced the microbial biomassuwé f
N fertilizer have a positive effect on soil DOC concentration mainly through increase in
above groundbiomass production. DOC concentrations (> 100 kg €) tere higher than
typically reported imorthern forest ecosystems. The abundance of labileoo strengthen
our suggestion that heterotrophic microorganism (no C limitation on their metabolism), and
their contribution in N cycling may be greater than autotrophs ith mleberry productions

system.

2.2 Introduction

Wild blueberries grow well on Nova ¢ o t Podzdicssoils. These soils are typically
sandy, acidic, highly leached and poorly buffef@ddzolsare not naturally fertile. However,
these soils can become quite productive with fertilization. Commercial fields are routinely
fertilized with ntrogen, phosphorous and potassium in early May of the sprout year of
production. Fertilization generally promoti® formation ofloral nodes and harvestable
berryyields. For example, the beneficial effects of ammonium sulfate and sulfur coated urea
fertilizers has been demonstrated by increased plant yramd yields (Percival and Péiv
2002). However, repeated and/or over application may alter nitrogen (N) cycling, induce N
saturation condition that ultimately lead to ground water pollution and greenhouse gasses

emissions into atmosphere.

A sprout year application of 280 kg N h& is generallyrecommended for wild
blueberries. Phosphorous,(®) and potassium (¥O) are applied in a 1:2:0.7 ratio of N,
P,0Os and KO fertilizer. However, no detailed study in wild blueberry has examined the N
cycling, N and carbon (C) pools and microbiadrbass respnse to long term fertilization.
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Therefore, soil C and N response are largely unknown. Additionally, an understanding of the
interactions between soil applied fertilizers (NOPand KO), and optimization of soll

added fertilizers are needemldevelop sustainable fertilizer practices.

Fertilizer enrichment has been found to alter the microbdaliyen N and C cycle,
coupled with microbial biomass abundance and composition in various vegetated systems.
Generally, N mineralization and nitrifitan rates increase in-Nmited system during early
stages of N additions and, decreases when soils becesatuNited (Aber et al989). Since
soil N and C transformations are performed mainly by soil bacteria and fungi, N enrichment
could reduce micrahl biomass in many vegetated systems (Treseder 286B)nicrobial
biomass is important to plant productivity, diversity and sustainability because of its potential
role in nutrient cycling, competition and retention (Marcel et al. 2008). Soil micihawes
also been known to immobilize and buffer the soil nutrients including N, P, K and
magnesium (DiaRavifa et al. 1993). Soil microbial biomass abundance and activity is
influenced by availability of carbon substrates in soil. The microbial biomasslabcaand
C:N ratios change with season and cropping system (Wardle 1998). The relative abundance
of fungi and bacteria in soil are controlled by soil faunal component of the food web (Marcel
et al. 2008). Fungal dominated microbial communities often ancgidic soils that are rich
in organic matter, have closed and slow nutrient cycles, a low nutrient availability, low leaf
litter quality and slow growing plant species (Marcel et al. 200®) posite is true for
bacterial dominated food webs (Mareglal. 2008). The relative abundance of soll
microorganism communities may shift following soil disturbances, nutrient enrichments and

intensivefarming (De Vries et al. 2006).

Soil soluble organic nitrogen (SON) has been identified as an important Mpdol

poor ecosystems such as arctic, boreal, temperate forests and unfertilized grasslands
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(Kielland 1994; Nisholm et al.1998; Bhogal et al. 2000; Murphy et al. 2000;

Zhong and Makeschin 2003). Ericaceae plant species, with or withaatrrhiza associain

and other microorganism have been found to acquire a wide array of organic N forms ranging
from free amino acids to polymeric N forms such as proteins (Nasholn2€08. SON

may be an important pool of N in wild blueberry soils but it has not besopsly studied

in thewild blueberry production system.

Dissolved organic carbon (DOC) is a small and reactive fraction of soil organic
matter in soil. The major sources are plant canopies, fresh plant biomass (surface litter, root
litter) rhizosphere @ivity (root exudates and decomposition of dead roots) and/or decay of
soil organic matter (Kalbitz et al. 200@OC iscomprised of a mixture of organic
compounds ranging from simple (shohain) to complex humic substances. DOC influences
microbial activity, toxicity and transport of metals, and DOC fluxes can facilitate soil nutrient
availability (Kalbitz et al. 2000DOC serves as carbon source for soil microbes (Hogberg
and Hogberg 2002). DOC production and fareinfluenced byamount and quality of fresh
plant materialplderorganic matte(humus as substratepicrobial community composition
fertilizer additiors and abiotic factors such as temperature and wate(Maowell 2003).
Mycorrhizal roots have been reported to discharge large quantities of DOC in soil. N
enrichments increase (Rap@eorge et al. 2013) have no effect (Sjoberg et al. 2003;

McDowell etal. 2004), or decrease (Vestgarden e2@01) concentrations of DOC in soil.

DOC is released from microbial decomposition of the native organic matter (Malik
and Gleixner 2013), surface litter, fresh plant material, fine root turnover, root exudates,
soluble organic nitrogen and soil organic matter being the most important source (Filep and

Rékasi 2011). DOC pool is consumed through microbial respiration decay and exchanged
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with soil exchange sites, and leached out of soil system further reducing ti2Qaia

concentrations (Bengtson and Bengtsson 2007).

Response surface methodology (RSM) was employed in this study to simultaneously
consider several factors at different levels and allow the examination of interactive effects
using a smaller number of ttegents. The singlactor techniques do not account for the
combined effect of the factors involved by keeping all other factors at fixed levels. RSM
eliminates singldactor limitations by considering all the factors collectively. RSM can also
estimate th optimum conditions for the factors (soil applied fertilizers) that provide best

possible response (soil parameters).

The first objective of this study was to investigate the effects of soil applieg, P
and KO and their interactions, on concentrasiari soil ammonium (N), nitrate (NQ),
SON, microbial biomass nitrogen (MBN), microbial biomass carbon (MBC) and DOC
content during the whole production cycle (sprout and crop year of production). The second
objective was to study the effects of sqpted N, BOs and KO and their interactions on
net N ammonification and net nitrification in wild blueberry soil. The third objeeta® to
determine the rates of soil applied fertilizers that optimize soif'ldHd NQ and soil

organic fractions.

Baseal on the literature to date in natural wild blueberry habitats, temperate and boreal

forest soils we hypothesized that:

(1) Soil applied fertilizers (N, s and KO) and their interactions would influence
concentrations of solH,", NOs', SON, DOC, MBN, neammonification and net

nitrification.
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(2) Heterotrophic microorganism would have important role in driving N
transformation.

(3) The concentrations of sdiH,;" would be low in sprout year (active growth phase
and plant uptake) compared that of crop year of ptagtucThe concentrations of
soil NO3z would be similar in both years of production. Wild blueberry plant is
known to prefeNH," over NG form of N. NH;" is the dominant form of N
present under natural soil conditions of wild blueberry habitats.

(4) Considemg the high organic matter in wild blueberry soils, soluble organic
nitrogen may be important N pool in wild blueberry soils.

(5) Repeated soil N additions would reduce microbial biomass

(6) Soil applied N would increase concentrations of DOC by increasiogeground
biomass production.

(7) Solil applied fertilizers (N, s and K0O) would influence Net ammonification

and increase net nitrification in wild blueberry soil.
2.3  Materials and Methods

2.3.1 Field Experiment

The field experiment was established in spring 2001 @ynamercial field (N 45°30°
7.91", W-63° 7'27.72", elevation 223 m) in Kemptown, Nova Scotia. This site was
continuously managed under industry standards except fertilization. The soil parent material
was a mixture of igneous and metamorphic rocks. THg@klowvas 4.3 + 0.1 SD (Qo 15cm
depth). The soil organic matter was 10.2 % + 1.4 SD5@m depth). The soil contained
575 g kg' sand, 84 g kg silt, and 341 g kg clay. The land was very stony and moderately
rocky. The soil was included in the Gajuid soil association, classified either as gleyed
sombric ferrehumic or gleyed humderric podzol (Agriculture Canada 1991).
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A plot size of 6 x 8 m was used. The experimental site was fertilizébe form of
urea/ammonium sudte, triplesuperphosphate amdtassium chloriden early May of sprout
year of production with same treatment combinations provided in 2000, 2003, 2005, 2007
and 2009 (Table 2.1 and 2.2). Fertilizers were applied using a Scotts SR2000 rotary fertilizer
spreader (Marysville, Ohio). Six response variables were studied at various samplings data in

sprout and crop year of production: NHNOs, SON, DOC, MBC and MBN.

2.3.2 Soil Sampling

Soil samples were collected from each plot at four times in each sprout 2@iL0)
crop year (2009) of production (Table 2.3). Seven soil cores of 3.0 cm diameter were
randomly collected at depth of 12 cm from each plot. Soil cores from each plot were bulked
and thoroughly mixed within a plastic bag. Plastic bags were kept iner eath ice packs
before transporting to laboratory. All soil samples were brought to lab for further analysis.
The soil samples were sieved (3 mm diameter) manually which removed the stones, gravel,
and visible dead or living plant material. Soil samplese kept at 4°C in a refrigerator prior
to extractions. The extractions were performed within 24 hours of soil sampling. The
extractions were stored &0 °C in a freezer for further determination of soil N and C pools.
Soil pH was determined in a 1:Xbil:water suspension (McLean 1982). Particle size
distribution was determined by the hydrometer method (Day 1965). Soil organic matter was
measured using loss on ignition method (Davies 1974). Moisture was determined after drying
at 105 °C for 48 hours. &asurements units were converted to units of Kguising soil bulk

density which was measured by soil core method (Blake and Hartge 1986).
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2.3.3 Sample Measurements

2.3.3.1 Soil ammonium (NH"), nitrate (NO;) and Total Soluble Nitrogen
(TSN)

Twenty-five grams of mst field (notair dried) soil was extracted with 100 mL of
2.0 mol L* KCI by shaking for 1 hour on a reciprocating shaker. Extracts were filtered
through WhatmaradeNo. 42 paper into Nalgene bottl&xtracts were frozen a20 °C
until further analyis. The NH,", NO; and TSN were analyzed using Technitéiow
injectionautoanalyzer Il (Technicon Instruments, Terrytown, NY) following the Techfiicon
industrial methods 4877A and 79186T for NO; and NH;", respectively (Technicon
Industrial Systems 1977; Technicon Industrial Systems 13&HN.in extracts was measured
as NQ' after oxidation of aliquots of extracts with alkaline persulfate (Rutherford et al.
2008). NQ' in the oxidized solutions was detarmad colorimetrically after reduction to NO
using copperized cadmium (Maynard et al. 2008). SON was calculated as SONi= TSN
(NH;" + NO3). This method occasionally was resulted in small negative values because of

the errors associated with the measwshof each of component (Bhogal et al. 2000).

2.3.3.2 Dissolved Organic Carbon (DOC), Microbial Biomass Carbon (MBC)
and Microbial Biomass Nitrogen (MBN)

The MBC and MBN were determined by chloroform fumigatsxtraction method
(Voroney et al. 2008). Twentfive grams of moist soil was fumigated with ethafrele
chloroform for 36 hours. Both fumigated and ffamigated soils were extracted with 50 mL
of 0.5 mol ! K,SQOy. Soilextract mixture were shaken for 1 hour, filtered through
Whatmarf GF 934AH). Soil exracts were stored a0 °C before laboratory analysis.
Extracts were analyzed for dissolved DOC (Technicon Industrial systems 1976 )amntH

NOjs using by Technicdhflow injection Autoanalyzer Il (Technicon Instruments,
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Terrytown, NY). Extractable DOC ag defined as the total organic C of the unfumigated
extracts. DOC pool sizes have been found greater in salt extracts than water extracts (Jones
and Willett 2006). However, 0.5 M0, and 2 M KCI extracts remove very similar DOC
(Jones and Willett 2006T.he MBC and MBN values were calculated from the flushes of

extractable C and N using the recovery factors of 0.35 for C and 0.50 for N (Joergensen

1996).

The MBC was calculated as follows:

MBC = Cin fumigatedsil - Cin unfumigate soll 2.1)
kEC

where kc = 0.35, the factor used here to convert the extracted C to MBC.

The MBN was calculated as follows:

MBN = N in fumigatedsil - N in unfumigate soil (2.2)

kEN

where kn = 0.50, the factor used here to convert the extracted N to MBN.

2.3.3.3 Net NAmmonification and Nitrification

The longterm (24 weeks) aerobic incubation procedure was used to measure N
mineralized at different time intervals (Curtin and Campbell 2008). The protocol involved the
incubation of 25 g fieldnoist soil mixed with 25 gcidwashed sand in leaching tube for 24
weeks. A thin pad ajlass wool is placed on top of sasmll mixture and sandwich of glass
wool/Whatman glass microfiber filter/glass were put on the bottom of leaching tube. The
incubation temperature was variegtlveen 17 and 28. The temperatures were selected to

better represent the mean temperature of the tested soil during the growing season. The soils
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were leached periodically (every 2 week for the first 12 weeks and every 4 weeks thereafter)
with 0.01 molL™ CaC} followed by the Nfree nutriensolution. The leachate wéisst

allowed to drain at room pressure, tlEaracuum {80 k Pa)wasapplied to remove excess

water. The leaching tubes were placed in the incubator with tube in the bottom and top
covered by plastic film with holes to facilitate aeration. The leachates were filtered through
prewashed Whatman No. 42 filter paper. Leachates were stoi@i°at before laboratory
analysis. Concentrations of lyHand NQ” were measured colorimetrically ugia

Technicof? flow injection Autoanalyzer 11 (Technicon Instruments, Terrytown, NY).

2.3.3.4 Experimental Design and Statistical Analysis

A three factorcentral composite desig@CD) (Myers et al. 2009) was used to study
the response surfaces. The three factors were: N (kg")\NPgkg BOs ha') and K (kg kO
ha'), and the levels for the CCD were provided (Table 2.1 and Table 2.2). The factors were
coded according to equation (Egn

%= x

i=123...k (2.3)

Wherey; is the factor coded valu¥; the factor real valuexg is the real value of
factor at c X thestep changei Ting relaionship between the coded and the

real values of independent variables described by Eqn. (2.3).

Within each sampling, all design settings were replicated four times, and to improve
the precision of parameter estimations, the averages of the four replications were used, except
the center point, which the CCD calls for thpligations to allow lack of fit tests. The data
from various samplings in sprout and crop year production cycle were analyzed separately to

study seasonalends.Thelack of fit test measures the adequacy of the quadratic response
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surface model. We testedodels for lack of fit test to make sure there is no lack of second
order model and proceeded to response surface analysis (Myers et al. 2009). The Proc
RSREG of SAS (SAS In2010) was used to do compleesponseaurface analysis of the

data.The seconarder model used for the CCD response surface analysis was:

3 3 2 3
Y=b+a g% +ad bXP+ad A gXX e (2.4)

1=1 1=1 i=1 =i+l

whereY is the responsex; are the coded levets the factors, anf, i, h andb; are
the regression coefficients, abvasthe error term assumed to lmelépendent and have
normal distribution with constant variance (Myers et al. 2009). The regression coefficients of
the response surface model were estimated using the Least Squares method. Interpretation of
the data was based on the signs (positive ortivegeffect on the response) and statistical
significance of coefficients (P < 0.05). Interactions between two factors could appear as an
antagonistic effect (negative coefficient) or a synergistic effect (positive coefficient).’The R
value (coefficient bdetermination) expressed the variation of Y explained by the model
(three factors studied,; X The adjusted Rwere reported instead of B describe the
percentage of the total variance explained by the model because the adjustment is needed
when there are more than orariable Three dimensional (3D) surface and contour plots

weregeneratedising Minitab 16 software (Minitab Inc. Stateli@ge, PA).
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The optimum values of the factors were obtained by completing canonical analysis
(Myers et al. 2009). The estimated second order approximations can be written in a matrix
form as follows: The secorarder response surface model (fittedjriatrix notion as

Y= b, + xX'b+ x"BX (2.5)

wherebg, b and B are the estimates of the intercept, linear, and seowhet
coefficients, respectively. The location of stationary pXiny is differentiated in Eqn. 1

with respect tx and obtain

J O cBo (2.6)

Setting the derivative equal to O, solve for the stationary point of system:

I
X = ZB b (2.7)

The nature of the stationary point is defined bytheeigenl ues @& of t he

by solving the following equation:
det®- /E)=0 (2.8)
whereadis also known as canonical coefficients &g the identity matrix. The

canonical analysis was carried out using the RSREG procedure of SAS (SAS Inc. 2010).

2.4  Results and Discussion of Field Study

In order to explore for the optimum combination of the soil applied;8s &nd KO,
experiments weregsformed according to the CCD experimental plan (Table 2.1 and Table
2.2). The experimental data were fitted and explained with a second order polynomial
equation The ANOVA results of the secoraider response surface fitted model are

illustrated (Table 2). The lack of fit of the regression models was not significant indicating

thatthe quadratic model adequately fit for all responaedP-v al ues of Fteshe Fi sh
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demonstrated significance at 5% level for the regression (Table 2.4). The fittessraidel

was checked by the coefficient of determination (adjustdwhich provides a measure of

how much variability in the observed response is explained by experimental factors and their
interactions (Table 2.4). Theé’Ralue is always between Ochft. The closer the®alue to

1.00, the stronger the model is and the better it predicts the response. For exampldyon 7

for ammonium, the value of’R= 0.849 indicates that 15.1% of the total variati@snot

explained by the model (Table 2.4).€R-values for all regression models were listed (Table
2.4). The smaller the magnitude®#alue, the more significant is the corresponding
regression model. Linear and quadratic effects s Bnd KO, as well as some of the
corresponding interactivdfects, were significant, although at different levels (Table 2.4 and
Eqgn. 2.4). However, to minimize the errors, all the coefficients were included in the model.
The significant factors and interactions were provided (Table 2.4). The three dimensional
(3D) response surface plots described by regression modetemeeatedo illustrate the

effects of each independent variable, and interactive effects of each independent variable on
the response variables. The surface plots for each pair of variablesfggdéhe third

variable constant at its middle levelve beemprovided (Figure 2-Figure 2.8). The contour

plots for all significant termbave beemprovided in AppendsB. From the 3D response

surface and contour plots, the optimal values of the intkp# variables and the

corresponding response could be predicted. The stationary points/optimal levels©§ N, P

and KO application rates were calculated by canonical analysis, solving the system of partial
derivatives for the different independent ahies. The optimal values of the soil applied
fertilizers (N, BOs and KO) in actual units are provided for field measured responses (Table
2.5).Percent change in response (increase or decrease) was calculated by changing one factor

and keeping other twat mid values unless otherwise mentianed
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24.1 Soil ammonium (NH 4*)
Table2.4, Table 2.5, Figures 22.2 andAppendix B1-B.3areassociated with this

section.

In the sprout year of production, the concentration of,Nidas increased by 339%
when the N dose was increased from 0 to 60 Kgdma7-July-Sprout (Figure 2.1b). These
soil samples (“uly-Sprout) were collected 53 days after fertilization (DAF). Soil,NH
concentration also increased by 93% orl@6-Sprout 2 DAF) when the N dose was
increased from 0 to 30 kg hand NH," concentration decreased at high N doses (Figure
2.1c). The addition of N fertilizer in the spring of the sprout year of production was found to
increase soiNH," content. The external sply of N induced the decomposition of newly
added plant material with subsequent release df MHhe soil (Kristensen and McCarty
1999; Raun et al. 1998). The acceleration of soil organic not&ampositiorthrough N
fertilizers may be caused by lovigg C:N ratio, increase in microbial activity (easily
available organic substances), increase in microbial turn over, N release through lysis and
dying (salts from mineral fertilizers) (Kuzyakov et al. 2000). SoikNébncentration
decreased by 29% and%&n 9SepSprout (117 DAF) and 2RMay-Crop (372 DAF),
respectively at N dose between 0 to
30 kg ha but soil NH;* concentration increased at higher N application rates (Figure 2.1d,
Figure 2.2a and Figure 2.2c). The decrease in soif Hdded N mape attributed to
switching of microbial biomass from soil organic mattethe easily available C and N
sources (which are now available from early season microbial work), N immobilization by
microorganism, phenolic substances released by wild bluelzbregt(inhibition of
microorganism or their enzymes) (Kuzyakov et al. 2000). In middle of the crop year (July

onwards) soil NH' increased again by 24% and 40% orJu%-Crop and 24AugustCrop
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with soil applied N dose while keeping® at low and KO atmiddle rate (Figure 2.2b and
2.2d). Soil NH" concentration increased by 71% with N oaM@y-Sprout in beginning of

the sprout year which was before fertilizer application of current production cycle. These
increases may be attributed to microorganisny svaitchedoackagain to work mode as
explained earlier in the paragraphs. SoilNebncentration increased with soil applied N

within first two months of fertilizer application, then soil liltoncentration decreased for

next two samplings (late in sprout year and early crop year) and sgildshtentration

started to increase again from mid of crop year to beginning of the sprout year. Response of
soil NH;" concentration to soil applied N exabled concave shape around production cycle
assuming date of fertilizer application as center point. These differences may be attributed to
increased activity or amount of microbial biomass, pool substitution, competition of nutrients
plant roots and soihicroorganism and preferred uptake (Kuzyakov et al. 2000). Sajt NH
concentration increased by 97% and 51% -@uly-Sprout (53 DAF) and 28uly-Sprout (72
DAF), respectively when®s application was increased from 0 to 110 ki bat soil NH;*
concentation decreased (51% and 42%) from middle to high®k Fates. Similarly in crop

year, soil NH* concentration increased by 19% and 18% odw@$-Crop (442 DAF) and
24-Aug-Crop (466 DAF) respectively, when thed? application was increased from O to

110 kg ha' but soil NH," concentration decreased (7.5% and 19%) at higi@y d@plication
rates. The soil N concentrations were lower in the sprout year than the crop year of
production (Table 2.5) despite fertilizer application in gheoat year | take these

NH,4 concentration differences as iadicationof soil NH;" usageby wild blueberry planin

the sprout year. Further discussion related to this can be found in soil nitrate and soluble

organic nitrogen section.
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2.4.2 Soil nitrate (NO 3°)

Tables 2.42.5, Figure 2.3 an@ppendix B4-B.5 areassociated with this section.

In spout and crop year of production, @ al ues o f FteshdemoRstrated e r 6 s
significance at 5% level for the regression except eivia@-Crop, 32July-Crop and 24
Aug-Crop (B0, 442 and 466 DAF) (Table 2.4). Thé\Rlues of soil N@ models were

0.729, 0.811 and 0.748 forJuly-Sprout, 26July-Sproutand 15July-Crop, respectively.

In sprout year, concentration response of soikNas convex (Figure 2.3a, Figure
2.3b) on AJuly-Sprout (53 DAF) and 28uly-Sprout (72 DAF). It suggested maximum soll
NOs was produced at middle levels of soil applied pDFand KO (Table 2.5). The
depressing influence of soil applied N on nitrification may due to the combined effect of low
pH and increase in salt content with increased soil applied N (ammonium sulfate) from 30 to
60 kg ha (Malhi and McGill 1982). In crop year, soil NOesponse was opposite (Concave)
to that of the sprout year (Figure 2.3c and Figure 2.3d). For examplejum response of
soil NOs” concentration was found on-Taily-Crop (Figure 2.3d; Table 2.5). The difference
in sprout and crop year nitrification patterns may be attributed to temporal variations in
nitrification in soil related to difference availabiliof organic substrates, nitrogen inputs,
carbon availability (Wheatley et al. 2001) and soil Calo (Ross et al. 2004). The addition
of ammonium based fertilizer in the sprout year may have provided the substrate for
nitrification (Zhao et al. 2007). Ispout year of production, the fertilizers may have triggered
microbial activity and high decomposition rates were expected from newly added plant

material by mowing in fall of the previous year.

Higher nitrate production was observed than initially exgeebecause the wild

blueberry soils have naturally low pH and by release of phenolic compounds into soil by
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Ericaceous plant roots (Korcak 1988), thus nitrification activity is generally considered to be
limited in such soil environments (Ward 2011)the sprout and crop year, concentration of
soil NO; indicated nitrification activity in blueberry soil (~ 5 kg N'Haraisingconcernsof
ground and surface water contaminations, gte®rse gas emissions through denitrification,
soil acidification plantphysiological disturbance through changing the relative concentration
of soil N pools and subsequent uptake. This concentration of sgivN® calculated by

taking average of afitationary points (Table 2.5).

In thespout year of production, the additiof ammonium based fertilizer increased
the soil NH" concentration on-duly-Spourt (£ sampling after fertilizer application)
compared to sampling before fertilization. But the fertilizer application did not increase the
concentration of soil N®(stationary point) which was similar before and after fertilizer
application (Table 2.5). This indicated that the production of sof Ni@ not appear to be
limited by soil ammonium supply. If the addition of soil ammonium did not increase the soill
NOjs production, it may be assumed that soil\i® produced directly from soil organic N
which may indirectly suggest heterotrophic nitrification pathway in wild blueberry soil. In a
study at Debert (R. Magbool, unpublished data), production of sgjlpd@luction was not
significantly affected by the addition @&fchloro-6-(trichloromethyl) pyridingnitrapyrin), an
inhibitor of autotrophic nitrifiers, or ammonium. These findings suggest that the active
nitrifying microorganisms may be mainly heterotropmshese soils. The application of
inhibitors is not exact science because some soils may bind or remove Nitrapyrin (Stein
2011). Molecular and stable isotope studies may be required to find conclusive evidence for

this observation.

In the sprout year, coremtration of soil NH' (8.5 kg N hd) was lessomparedo

the crop year concentration (~15.3 kg Nbhadowever, concentration of soil N@lid not
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vary between sprout (~5.5 kg N'Haand crop year (4.2 kg N Bpof production interpret

these conadration differenceasan indication that thevild blueberry plantmaypreferably
absorb NH" compared to N@ in thesprout year of productiofthe period when blueberry
plantgrows actively. The wild blueberry has been shown to exhibit better growdletun

NH,4" supply compared to NOnitrogen (Korcak 1988).

Wild blueberry so# in northeastern North America ¥Yeabeen receiving nitrogen
applications as they were considered nitrogen limited. Fertilizer experiments gehavally
shown positive growth and yield responses mainly to the nitrogen component. Rates of
nitrogen addition to wild blueberry system range from 20 kg Ntb&0 kg N h&.

Continuous applications may alter nitrogen cycling and crop productivity. The added
nitrogenmay be sequestered in wild blueberry rhizomes and soil organic matter. Over time,
theseN additions may exceed the capacity fbuptake and retention Ipil, plants (wild

blueberry and weeds) and microbes.

In this study, we found excess mineraim\spout year andmineral Nand SON in
crop year to plant and microbiaéedsat our experimental site at Kempto@reble 2.5). The
excess N may be at a high risk of leaching and rundtiw lying areas and out to water
bodies. WId blueberry fieldsaretypically located on, sandy soils, steep slopes and regions of
significant precipitation. Elevated nitrification rates (field and lab studies) may suggest early
indicators of N saturation. The implications could be serious for osihealth and
sustainabity of the wild blueberry production system. Possible negative effects may include
further increases in concentrationd\$d;" in soil, which may be toxic to wild blueberry
plants, would decrease water quality, physiological disruptions such as de&ystian
from vegetative to reproductive phase and frost damage that would reduce the productivity of
wild blueberry. Other effects may include increased nitrous oxide emissions, increased cation
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leaching and increased acidity. This situation demandsncanits research on soil nitrogen
dynamics to monitor and cope with the possddeerseeffects of nitrogen additions. This
emphasizes thneed to tailor N applications doses that fulfill the crops needs while

maintaining the soil health ankde sustainabtly of wild blueberry poduction system

2.4.3 Soluble Organic Nitrogen (SON)

Tables 2.42.5, Figure 2.4andAppendix B6-B.8 are associated with this section.

TheP-val ues o f FteshofsoiFSON demonétrated significance at 5% level
for the regresen for all samplings (Table 2.4). The 3D surface plots of soil #@dluating
two variableswere generatedy keeping the third variable constant at its middle level
(Figure 2.4 and Appendix.B-B.8). Soil SON decreased when the N rate was increased from
0 to 60 kg hd (Figure 2.4a and Figure 2.4 b). Soil SON exhibited concave (minimum)
response to soil applied N;® and KO fertilizer in sprout year (Figure 2.4c and Figure
2.4d) and convex (maximum) response in crop year to soil appliegaRd KO (Figure

2.4e and Figure 2.4f).

Soil SON concentration in the sprout year was close to zero or even negative in
comparison to greater soil SON concentration of ~ 18 kg Nt was mean of stationary
points across four samplings in crop phase of praoiicthese lower concentrations of SON
in thesprout yeamay be a indicationof uptake ofN organic fractions byhewild blueberry
plant Wild blueberry fields are pruned thefall of the crop yeaor in theearly springof the
sprout yar that deposs substantial amounts pfantmaterial to the soih each production
cycleandgraduallybuilds soil organic nutrient reserv&3tganic Nadhering targanic

matteris slowly available to plants upon mineralization

53



There is strong case of wild bluebg(ericaceous plant) using organic N forms
considering the symbiotic association with ericoid mycorrhizal fungi and reduced
assimilatory cost associated with uptake of amino acids (organic N) relative to inorganic N
(Allen et al. 2003). Ericaceous plangsk root hairs but have epidermal cells that are
occupied by mycorrhizal fungi. The fungi proliferate within the epidermal cells of roots to
form ericoid mycorrhiza. The ericoid mycorrhiza fungi produce extracellular enzymes that
have good proteolytic arldter degrading capabilities (Read et al. 2004). These erzyme
degrade soil organic matter simple organic forms such as amino acids that are potentially
available for plant uptake either ericoid mycorrhiza fungi association or directly by plants or

microorganism (Read et al. 2004).

SON concentration during the mskason (-duly-Sprout and 2@uly-Sprout) was
close to zero in comparison to soil ltoncentration (10 kg N H from same samplings
datesBased on these results | further hypothesizewiidtblueberry SON consumption in
presence of adequate soil Nsupplymay indicate an inherited mandatory N demand that
has to be fulfilled from organic N supply. Wild blueberry dependence on orgasoarsdes
may be linked to natural wild blueberry hetswhich resemblesndisturbecdhorthern
heathlandtemperate and boreal foresthere predominantly organic forms are present with
little inorganic N Finzi and Berthrong 20090ones et al. 2005; Kielland 2007&stholm et al.
2009). In this study, soBON emerged as an important soil N pool in wild blueberry soils.
Therefore, soil SON measurements may be included in future nutrient management program

of wild blueberry production
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2.4.4 Dissolved Organic Carbon (DOC)

Tables 2.42.5, Figure 2.5 anAppendixB.9 are associated with this section.

Concentration of DOC in temperate forest ecosystems of North America and Europe
have been reported below 100 kg C (ilichalzik et al 2001; Hiberg and Hberg 2003;
Moore et al2008). In this study, concentrations@OC were greater than 100 kg'tha®
(Table 2.5; Figure2.5a and Figure 2.5b). The unusually high concentration of DOC may
reflect the unique wild blueberry soil system characterized by extensive root/rhizome system,
bulk addition of plant material thogh flail mowing, shedding of leaves in autumn
(Cellulose) and fungi dominated soil environment. Yano.¢2800) reported correlation
between root biomass and DOC concentrations in soil. Fungi have been répbedtie
most important agents in disged organic matter production because of incomplete decay of
organic matterln addition higher fluxes of DOC are reported in sandy and organic soils

(Moore and Jackson 1989; Hope etl&94).

The concentration of DOC varied between two samplings irusyear of
production. The concentration of DOC in early season was 319 kg thtonary point)
on 18May-Sprout in comparison to 183 kg C héstationary point) on SepSprout (Table
2.5).0ur finding of a seasonal pattern for DOC (higbeues inspring than late summpeis
consistent with the results Yano et al(2000)who also measured high&OC insummer
(72 mg L) than fall (66 mg L) in pineforest floor The greater concentration of DOC in
spring of the sprout year (dday-Sprout) may be explained through release of DOC through
addition of plant material in previous fall. The high concentration of DOC early in the season
may be built up in the soil dugrthe long winter by slow continued decay and release of a
dissolved organic matter fractions then production of DOC in the early spring. The DOC

concentration difference could be the balance among a wide range of production and
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consumption processes, inding biotic and abiotic (temperature, moisture and abiotic
leaching) factors (McDowell 2003). Release of DOC generally increased with temperature,
soil moisture (Michalzik et al. 2001) and frequency of leaching (G6dde¥%6).The
microbialbiomass arbonof soil has declined with N additioms 9 SepSporut(Figure

2.5b), suggesting reduced uptake of the DOC needed to fuel microbial respiration and a net
increase in DOC concentratio®n10-May-Sprout, the reverse was found with microbial C

componenbdf soil, giving less profound net increase in DOC.

TheP-v al ues o f FteshodsoiFDOE Heemonétrated significance at 5%
level for the regression on ay-Sprout (Table 2.4). The?Rf soil DOC was 0.739 for 10
May-Sprout (Table 2.4). Soil DO®odel for 9SepSpourt was marginally significan®{
value =0.06). However, soil DOC model foiSepSprout did not fit the data well and
accounted only 59% of the total variation (Table 2.4). Soil DOC increased by 25% on 10
May-Sprout, when N was increas&om 060 kg ha' and keeping s low and KO at

middle levels (Figure 2.5a).

DOC increased significantly with applied N at our experimental site. This trend has
been reported in temperate forests which are N limited under natural condtieggzeret
al. 2004; Sinsabaugh et al. 2004; Rafeorge et al. 20137 recent metal analysis in
various ecosystems provided tBE#DC concentration was increased by 18% under N
additions (Liu and Greaver 2010). Hypotheticalgveral possible reasons have been
suggested in the literature for increase in DOC pool with N additions. These include: (1)
increased above ground productivity subsequently high leaf and foliage fall, and increased C
leaching when water passes through vegetation (Kalbitz et al. 200Bj¢r@3sed DOC
mobilization through stimulated microbial activity under N enrichments (Kalbitz et al. 2000);

(3) N induced increases in degradation of cellulose through increases in the activity of
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cellulolytic enzymes; (4) Nnduced suppression of lignirgsvhich results in an incomplete
decomposition of lignin, accumulation of partially degraded and highly water soluble
products (Kalbitz et al. 2000); (5) decrease in DOC decomposition rates becakedtl
reduction in oxidative enzyme activity (Sinsagh et al. 2004) and (6) net loss from soil C
stable reserves in a form of DOC to the labile pool (Findlay 2005; Monteith et al. 2007,
Evans et al. 2008). lour study, increased DOC production with N additions is most likely
through the increased planblmass production, subsequent decomposition including
increasecaellulolytic enzyme activityand fungi mediated partial decomposition. The net
DOC concentration in soi$ the balance between the production and consumption ofinOC
soil. The microbial biomass C concentration was reduced with added NsepSprout
(Figure 2.7b)Thus, a decrease in microbial DOC consumption could paxelly

contributedin the increased DOC concentratians 9 SepSprout(Figure 2.5b)

Overall, we found the addition of N to have a positive impact on DOC concentration
by increasing organic C pool through increased above ground produdtivesytilizer
addition may alter C output by changing the dynamics of DOC leachinage elevated
levels may posa threat of increased C export to water bogeesicularly in sandy soils with
little adsorption capacityAitkenheadPeterson et al. 2007n wild blueberry production
system, study of the retention capacity and turnover of DOC magddel in quantittation

of organic carbon and C storage capacity of soils.

2.4.5 Microbial Biomass Nitrogen (MBN)

Tables 2.42.5, Figure 2.6 andppendix B10are associated with this section.

TheP-v al ues o f FteshdemoRsiraed signiicance at 5% level for the

regression for both samplings. Thé ®lues were 0.719 (good fit) and 0.557 (weak fit) for
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10-May-Sprout and S5epSprout, respectively (Table 2.4). MBN decreased (79%) en 10
May-Sprout when N is increased from 0 to 60 kgfdrad keeping KO dose low and s at
middle levels (Figure 2.6a). MBN also decreased-@epSprout with increasing N (Figure

2.6b).

We found MBN reduction on both sampling with soil applied N fertilizer. Soil
microbial biomass has consistently reported to decrease with N fertilizatiorest
ecosystems (Bowden et al. 2004; Smolamded.2005). Microbial biomass reduction has
also been found along natural soil fertility gradients. The low soil fertility conditions promote
abundance and activity of the soil microbial biomass (Yesitas 1997). Demoling et al.

(2008) reported 40% reduction of microbial biomass in fertilized plots.

2.4.6 Microbial Biomass Carbon (MBC)

Tables 2.42.5, Figure 2.7 anAppendix B11 are associated with this section.

TheP-v al ues o f FteshdemoRshtedtsignifi€asce at 5% level for the
regression (Table 2.4). Thé Rere 0.809 and 0.778 for 2May-Sprout and SepSprout,
respectively (Table 2.4). MBC increased (108% ) otMBE3-Sprout when increasing N dose
from 0-60 kg ha and keeping s and K0 dose at low (Figure 2.7a) .MBC decreased
(58%) on 9SepSprout (117 DAF) when N dose was increased fred® &g ha (Figure
2.7b). MBC also decreased onWay-Sprout and SepSprout with increasing N ang®s
(Figure 2.7a and Figure 2.7 b). These lssadicated different MBC response to soil applied

N before (long term effect) and after fertilizer (short term effect) application.

A recent netaanalysis provided that N addition decreased MBC by an average of
20% across all studies (Treseder 2008punstudy MBC significantly decreaseit

September and nonsignificant increase pattern with N fertilization was observed in May of
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thesprout year of production. The soils with low fertility had more pronounced reduction in
microbial biomass C and Nan soil with high fertilit Arnebrant et al. 1996)t has been
suggested that fertilizer N additiorepress enzyme activity amdcumulate recalcitrant and

toxic compounds thus directly inhibit microbial biomass (Arnebrant et al. 1996)

DOC mayserve as both an energy source and a potential source of N (as DON) to
heterotrophic microorganismis.appears that wild blueberpjants have retained their
fungatdominated response to external N enrichments through production of DOC (leaching
of litter, decompositiorf organic matter, release of organic compounds from roots
(exudates, mucilage and mucigéf) wild blueberry production system, heterotrophic
microorganisms maglay significantrole in N cycling, and that their metabolism is not

restrided by the availability of C in the soll

2.4.7 Microbial Biomass Carbon to Microbial Biomass Nitrogen ( MBC: MBN)
Ratio

Figure 2.8 and Appendix.B2 are associated with this section.

Microbial biomass carbon to nitrogen (MBC: MBN) ratio (~ 15:1 kg)haas found
in wild blueberry soil (Figure 2.8). Typicalfyngi havehigher C:N ratio than bacteria (18 v
4). This(MBC: MBN) value ofl15 is higher than typically found in bacterial biomass (de
Vries 2006). This observation suggested fungal dominaneddrblueberry soil system.
Wild blueberry production systems aretilband fungatdominance was expected under no
till agricultural practices instead of the bactedalminance that would prevail with crops
grown under conventional tillage practicesri@and and Rousk 20107 his outcome is
controlled by the difference in the growth pattern of fungi and bacMast fungi exhibit a

hyphal growth form but bacteria typically grow as individual cells. The fungi exdibit
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competitiveadvantage under lofertility system by translocation of nutrients and resources
using hyphal growth from microsites where they are abundant to sites where they are limiting
(Frey et al. 2003). Fungalominated soil communities may enhance C storage and slow soil
organic matker (SOM) turnover due both to fungal alteration of soil physical properties and to
fungal physiology (Strickland and Rousk 2010). Thus, ecosystems with soils dominated by
fungi may sequester more C than systems with lowsgdl abundance (Six et al. 200®his

has been demonstrated indirectly in our study through high MBC values (~ 200 Ky C ha

thantypically found in other managacagetatiorsystems.

Fungi takealead role in decomposition eécalcitrant litterusing their lignin
degrading ability whreas bacteria are less capable of decomposing that component of litter
(de Boer et al. 2005; Marcel et 2D08; Esperschutz et al. B). Fungi also dominate the
decomposition of cellulose and heoallulose, which are important constituents of wild
blueberry organic mattgfwoody stem)Mineral fertilization is reported to increase the lignin
content of foliagelnorganic fertilizer generally has been reported to reduce fungal biomass
(Bittman et al. 2005)rad decrease in the F:B biomamsainly due to rduction in fungal
biomass (deVries et al. 2006). Van Groenigen €2a07) reported a decreasdumgal
derived residue®llowing the application of N fertilizer, while organic matter with a high
C:Nratio is believed to stimulate the fungal contribution to decomposition (Thiet et a). 2006
Our results indirectly suggested tifiamhgalbiomass increasadlith increased N rates for both
samplingsTheMay samplings had considerably higihvBC: MBN ratiothan in September.
Our results seem to partially contradict the literatuhereN fertilization in low fertile soils
has been found tavor bacterial pathways of decompositibtowever, our results indicated
thatN additionspromotedfungal pathways aflecomposition (Yeates et al. 1997; Bardgett

and McAlister 1999). In September, MBC:MBN were considerably lower than the iratios
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May but still suggested fungal dominance. It appeared that fertilizers caused small shift in
favor of bacterial decompositiolmheseresults contradict most of thaerfgalbacteria

fertilizer responses found in the literature. In our study, very high MBC:MBN was observed
suggesting very high carbon in easlyring but that fertilizeadditions reducethe

MBC:MBN ratio. Additionally, fungal dominance could be dependent on both the microbial
community in question and the litter being decomposed. This agrees with Giisewell and
Gessner (2009), wheportedfungi were more important at wider N:P and whend3

limited, therefore soil N:P supply to decomposers may be important determinant of relative
abundance and activity of fungi and ba@eHowever, direct measurements of bacterial and
fungal biomass are needed to confirm the relationship betweemppbédfertilizers and F:B

ratio and its effect on sustainability of wild blueberry production system.

2.5 Results and Discussion of Lab study (Net Ammonification and

Nitrification )

We found significant main and interactive effects of soil applied {Rs BndK,0)
on net ammonification and net nitrification (Table 2.6). Here after in this section soil applied
P,Os and KO will be written as P and K, respectively. The stationary points/optimal levels of
N, P and K application rates were calculated by canoaiglysis and optimal values of the
soil applied fertilizers (N, P and K) in actual units are provided for net ammonification and
nitrification (Table 2.7). SoiNH," present in T leachate at 0 days (30 days after
fertilization-DAF) exhibiteda significan linear response to increased N applied to soil and a
marginally significant convex quadratic response to levels of K (Figure 2.9a; Table 2.6). Soil

applied P had no effect on NHontent in 1 leachate (Table 2.6).

Net ammonification (Nhf) in 2" leachate at 15 days (45 DAF) was a concave
guadratic function of the soil applied N, P and K levels (Figure 2.9b; Table 2.6). The
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significant N x K and P x K interactiomsdicatedthat response to each of these fertilizers
wasdependent on the levels ather fertilizer (Figure 2.9b; Figure 2.9c and Figure 2.9d;
Table 2.6). The net ammonification response to soil applied N and ¥ leb2hate
resembles with that ofBeachate at 30 days (60 DAF) arliléachate at 165 days (195
DAF) (Figure 2.9b; Appndix B13). The soil applied P and K effect on net ammonification
of 2n leachate is similar that of3eachate, 8 leachate at 135 day (165 DAF) ariti 9
leachate (Figure 2.9¢; Appendix1B). Net ammonification (Ni') at 6th leachate at 85 days
(105 DAF) and was a complex function of N, P and K (Table 2.6). The N x P and N x K
interactions were significant for net ammonification (Table 2.6; 2.16c)néhe
ammonificationat 7" leachate at 105 days (135 DAF) was significant concave quadratic
response fosoil applied K was significant (Table 2.6). Similar 5,29 and " leachate, the

N x K and P x K interactions were significant for net ammonification (Table 2.6; Figure 2.9d;
Appendix B13-B.14). The net ammonificatiom 8" leachate was significagoncave
guadratic response of soil applied K was significant (Table 2.6; Appenti.Bhe P x K
interaction was also significant for net ammonification"aeichate (Table 2.6;

Appendix B14).

TheNOs present in the$lleachate showed a signéiict convex quadratic response
to soil applied N, P and K (Figure 2.10a; Table 2.6). The P x K interaction was also
significant forNOs in 1% leachatgTable 2.6). Thanet nitrificationin the 2 leachate
indicateda significant quadratic response to the soil applied P levels (Figure 2.10c; Table
2.6). The significant N x K and P x K interactions for net nitrification"fH&achate
indicatedthattheresponse to each of these fertilizerssdependent on levels other
fertilizer (Table 2.6; Figure 2.10d; AppendixI5-B.16). The net nitrification irthe 3¢

leachate was a convex quadratic function of the soil applied N, and K fertilizer levels. The N
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x K and P x K interactions were significant as before"ieachate (Table 2.6; Figure 2.10b;
Appendix B15-B.16). The N x K interaction of the net nitrification was also significant for
2" 4" and 9" leachates (Table 2.6; Appendix1B). The N x K interaction plots were
presented in Appendix.B5and shape of'4 4", 5" and 9" leachate plots were similar
(Appendix B15). The net nitrificatiorin the 3° leachate was a convex quadratic function of
the soil applied N, and K fertilizer levels. The N x K and P x K interactions for net
nitrification were significat as before in"? leachate (Table 2.6). The P x K interaction for
net nitrification was also significant fof'@nd 7" leachates and shape of the net nitrification

response were similar fof23°, 6" and & leachates (Table 2.6; AppendixiB).

The Tleachate (40 DAF) contained 47 kg Ntnd 44 kg N@ ha®. The high
mineral N (combination of ammonium and nitrate), may be explained by residual effects of N
fertilizer added to soil, sieving effects (release of small amounts of previously pcbiéct
sources) and dead microbial cells. The ammonification rat® tn 8" leachate was
0.61 kg N h& day* and the last four leachates"(® 9" leachate) were 0.24 kg N hday™.
The decline in ammonification rates may be explained bditheishing organic sources
(organic substrates may be utilizedhmsterotrophs in organic pathways of nitrification)
and/or low temperatures (220 LVC) fromthe last 4 (8 to 9") samplings. However,
nitrification rates did not drop as much as ammortiiicarates. The early nitrification rates
(2" to 5" leachate) and later (8o 9" leachate) samplings averaged 1.46 and
0.62 kg N ha day”, respectively. The lack of reduction in nitrification rates may suggest
organic pathways of nitrification wheheterotrophiaitrifiers oxidize organic substrates
directly instead using NI as substratdn nitrification process, heterotrophs apparently did
not gain energy from theitrification process and utilizerganiccompoundsoth as a carbon

and arenerg source There is abundance of organic compounds and carbon (DOC) in this
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soil (Table 2.4), Therefore, heterotrophic nitrification pathway is not limited by substrate or
energy sourcelhe other explanation may be that nitrification process is lessigertsitow
temperaturethan ammonificationGiven the larger numbers of fundieterotrophspresent

in wild blueberry soils, heterotrophs might make a significant contribution to total

nitrification under Maritime conditions.

The NQ was double that dfiH4" in the lab incubation experiments. In contrast,
more NQ' (laboratory) was found than nitrate N (field). Field and laboratory results should
be compared with caution due to differensitu conditions. For example, in the field there
was potential fonitrate leaching and subsequent accumulation of Mt eventually
converted to nitrate during the course of the experiment while in the laboratory there was no
vegetation uptake and there was an absence of roots thaixodgtesllelochemicalsand/or
or phenolicthat potentially reduce the nitrification directly or by altering the soil microbial

composition

Higher nitrificationrates werdound than previouslyhought to exisin thewild
blueberry production systemBgton and Patriquin 1988t seems that heterotrophic
nitrification is important in wild blueberry soils and that the nitrifiers are adapted to acidic
conditions. The high heterotrophic microbial biomass may compensate the low nitrification
rates per unit of biomass typically asgted to heterotrophs. The proliferation of nitrifying
bacteria could be another contributing factor in the high nitrification observed in this study.
Proliferation processes have been reported earlier as a major process in some aciDie soils (
Boer etal. 199). Proliferation did not appear to depend on the acid sensitive autotrophic
nitrification that requires microsites of high pH for functi@e(Boer et al. 1991In

summary, potential contribution of heterotrophic nitrification is gre@degal dominated
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system, abundance of organic matter, dissolved orgartta@)autotrophic nitrification in

wild blueberry soil.

2.6  Conclusions

Our resultdllustratedsignificant main and interactive effect of soil applied fertilizers
(N, P,Os and K0) on concentttions of soil NH', NOs', SON, DOC, MBN, net
ammonification and net nitrification. The concentration of soil,N&hd SONdifferedand
NOs remained similabetweersprout and crop year of productidrhese lower
concentratios of soil NH;" and SONn thesprout year insinuate a preference by the wild
blueberry plant for N over NQyand also uptake of SQNhe concept SON being a
significant factor in supporting wild blueberry growth and development is andw
important concept. Based on these resiilegpears that wild blueberry plants may acquire
organic N fractions and some part of total N demarttiedvild blueberry planmay be
supplied by thdy soil organic N pooWe alsofound higher nitrification activity than
initially hypothesizedResults indicated that mainly heterotrophs were involved in
nitrification activity in wild blueberry soils. The incubation laboratory study results suggest

that N enrichments reduced net ammonification and increased net nitrification.

Results from this stly also supported our hypothesis thait applied N reduced
microbialbiomass. This was consistent with previous studie®ibmicrobial biomass in
various soils and vegetation systetdgyh nitrification activity along with reduced microbial
may indicde early signs of N saturatioHigher than anticipatedoncentratioaof DOC (up
319 kg C h&)were also observed in this study which were also higher thannbaselly
found in temperate forestd northeastern North Ameri¢&oore et al2008. The hich
concentration of DOC could be attributed to high above ground productivitiegider
inducedchanges in leaf chemistry. Tieds a hintthat fertilizeradditionschanged soil
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bacteria and fugal balance in favor of fungal communifibéss contradicd to general
response of soil microorganisms to nitrogen enrichments. | further hypothesize that wild
blueberry plants were able to retain its fungal dominated soil envirothrenghrelease of
organic compounds aritde presence of high concentratiorD@C in soil. The concentration
of NOsfrom leachatdaboratoryexperimentvasgreatethanconcentration oNO3 from

field samplings, indicatindlOszleaching and gaseous (dification) losses in wild
blueberry soilsThe N enrichmentscreased nitrification divity, concentration of DOGnd
reduced the microbial biomadsmay raise concerns of soil health and sustainabiity.
fertilizationimprovedplantbiomass productigrsubsequerdepositionof plant materialéo
soil by prunemowing potentialincrease in carbon sequestration and retention of fungal
dominated soil systenThesepositiveeffectswould keepwild blueberrysoil in a healthy

state.
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Table2.1 Description of the eigldampling dates, crop phase and fertilizer event

Sproutyear Crop-year

Sampling Dates *DAF Phase Sampling Dates *DAF Phase

10-May 730 Pruned to 22-May 372 Bud development
ground

7-July 53 Actively 15-July 426 Fruit development
growing

26-July 72 Tip dieback 31-July 442 Fruit maturation

9-September 117 Shedding 24-August 466 After harvest
leaves

* DAF: days after fertilization. Fertilizer was applied onl#ay-Sprout (sprout year of
production)

Table2.2 Experimental range and levels of the independent variables

Range and levels

Original factors -1.68 -1 0 1 1.68
“N (kg ha'): X, 0 12 30 48 60
P,0s (kg ha): X, 0 44 110 176 220
K0 (kg ha"): X3 0 12 30 48 60

“Thesource of soil applied N was ammonium sulfate, P was triple superphosphate and K was
potassium chloride
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Table2.3 Real and coded values of the central composite experimental design

Coded values Real valus
N P K N P05 K20
(kg ha)
Factorial points -1.00 -1.00 -1.00 12 44 12
1.00 -1.00 -1.00 48 44 12
-1.00 1.00 -1.00 12 176 12
1.00 1.00 -1.00 48 176 12
-1.00 -1.00 1.00 12 44 48
1.00 -1.00 1.00 48 44 48
-1.00 1.00 1.00 12 176 48
1.00 1.00 1.00 48 176 48
Star points -1.68 0.00 0.00 0 110 30
1.68 0.00 0.00 60 110 30
0.00 -1.68 0.00 30 0 30
0.00 1.68 0.00 30 220 30
0.00 0.00 -1.68 30 110 0
0.00 0.00 1.68 30 110 60
Center points 0.00 0.00 0.00 30 110 30
0.00 0.00 0.00 30 110 30
0.00 0.00 0.00 30 110 30
0.00 0.00 0.00 30 110 30
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Table2.4 P-values from Analysis of variance (ANOVA) for the response surface model for

ammonium
N form Source of Sprout year Crop year
variation
10- 7- 26- 9- 22 15 31 24
May July July Sep May July  July Aug
NH," Regression  0.02 <0.01 <0.01 0.02 <0.01 0.03 0.01 0.04
LOF 0.81 0.63 0.74 0.69 0.70 0.67 0.85 0.99
Adjusted R 0.67 0.85 0.79 0.68 0.84 0.63 0.76 0.60
Significant P, N, N, K, K, KK NN, PP
terms NP, PP, NN, NN, NN, PP
PK KK, PP, NP PP,
KK KK
NOs Regression  0.07 <0.01 <0.01 0.04 0.02 <0.01 0.08 0.07
LOF 059 0.89 0.70 0.74 055 0.74 0.86 0.94
Adjusted B 051 0.73 0.81 0.57 0.67 0.75 0.54 051
Significant NK N, N, K, K, NN, N, NN
terms NN, NN, PP, NN, PP, PP
PP, PP, NK KK, KK,
KK, KK NP, PK
PK PK
SON Regression <0.01 0.03 0.03 0.02 0.02 o0.01
LOF 0.68 0.72 0.23 0.65 059 042
Adjusted R 0.75 0.62 0.63 0.68 0.69 0.72
Significant N, N, N, K, N, P, NN, N,
terms PP, PP, NN, KK PP NN,
KK KK PP, PP,
KK PK
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Table 2.4 continued

N form Source of Sprout year Crop year
variation
10- 7- 26- 9-Se 22 15 31 24-
May July  July P May July July Aug
MBN Regression 0.02 0.05
LOF 0.24 0.60
Adjusted R 0.72 0.56
Significant N, K, N, P
terms NK
DOC Regression <0.01 0.06
LOF 0.92 0.86
Adjusted R 0.74 0.59
Significant PP PP,
terms NP
MBC Regression <0.01 <0.01
LOF 0.86 0.63
Adjusted B 0.81 0.78
Significant PP, N, P,
terms NP, K, PP
PK
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Table2.5 Canonical analysis performed for each response surface model

Soil variable

Responses

Stationary points in real
units (kg ha)

Nature of stationary

(kg ha')  point
P.0Os K,0O

NH," 10-May 30 112 42 12 Saddle
(Sprout)

7-July -10 119 21 14 Saddle

26-July 35 97 30 6 Maximum

9-Sep 38 18 21 2 Saddle
NH," 22-May 30 118 26 10 Minimum
(Crop)

15-July 17 47 27 18 Saddle

31-July 27 123 38 15 Saddle

24-Aug 40 79 41 18 Saddle
NOs 10-May 28 115 31 4 Saddle
(Sprout)

7-July 33 115 27 5 Maximum

26-July 34 110 30 5 Maximum

9-Sep 37 106 23 8 Saddle
NOs 22-May 37 145 31 6 Saddle
(Crop)

15-July 29 110 28 3  Minimum

31-July 22 122 26 4 Saddle

24-Aug 34 144 31 4 Saddle
SON (Sprout) 7-July 237 53 49 -12  Minimum

26-July 61 71 26 -2 Minimum
SON (Crop) 22-May 25 116 27 5 Maximum

15-July -48  -247 13 54 Saddle
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Table 2.5 continued

Stationary points in real
units (kg ha)

Nature of stationary

Soil variable  Responses (kg ha') point
P.Os KO

MBN 10-May 38 154 28 14 Saddle
(Sprout)

9-Sep 39 112 46 17 Saddle
DOC 10-May 24 115 37 319 Saddle
(Sprout)

9-Sep 28 115 28 183 Saddle
MBC 10-May 31 115 30 278 Saddle
(Sprout)

9-Sep 56 125 39 110 Minimum
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Table2.6 P-values from analysis of variance (ANOVA) for the respawwgace model for ammonium and nitrate

Source O.I: 15[ 2nd 3rd 4th 5th 6th 7th 8th gth
variation leachate leachate leachate leachate leachate leachate leachate leachate leachate
NH," Regression 0.04 <0.01 <0.01 0.01 <0.01 0.01 <0.01 0.03 <0.01
LOF 0.52 0.53 0.69 0.66 0.49 0.96 0.65 0.92 0.35
Adjusted R 0.60 0.84 0.80 0.70 0.77 0.72 0.77 0.61 0.79
N NN, PP, NN, NK, N, NN, N, P, N, P, NP, P, KK, P, KK, NN, KK,
KK, NK, PK KK, NP NN, PP, NK NK, PK PK NK, PK

PK KK, NP
NO5 Regression 0.02 0.02 0.01 0.03 <0.01 0.03 0.03 <0.01 0.08
LOF 0.67 0.44 0.82 0.56 0.87 0.56 0.56 0.68 0.29
Adjusted B 0.67 0.44 0.82 0.56 0.87 0.56 0.56 0.68 0.81
K, NN, PP, NK, NN, KK, N, NN, N, P, KK, PK P,PP,PK N,P,K, KK, NK
PP, KK, PK NK, PK KK, NK NN, KK PP,KK




Table2.7 Canonical analyseperformed for each response surface model

Stationary points in real

Responses  UNits (kg ha) (ngrsmal) Bl;tnLire of stationary
N P.,Os K,0

NH," 1% leachate 46 262 41 47 Saddle
2" leachate 31 110 31 8 Saddle
3“ leachate 31 111 33 9 Saddle
4" leachate 27 104 31 11 Minimum
5" leachate 29 112 30 8 Minimum
6" leachate 27 120 31 10 Saddle
7" leachate 38 162 22 9 Minimum
8" leachate 32 103 32 8 Saddle
9" leachate 31 107 32 2 Saddle

NO; 1%'|leachate 30 105 34 44 Maximum
2" leachate 34 117 33 21 Saddle
3“leachate 30 104 31 22 Saddle
4" leachate 27 106 30 26 Maximum
5" leachate 26 82 31 17 Saddle
6" leachate 25 111 29 17 Saddle
7" leachate 28 113 35 18 Saddle
8" leachate 39 113 33 21 Saddle
9" leachate 29 104 30 19 Maximum
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Chapter 3 Improved Growth and Harvestable Yields Through
Optimization of Fertilizer Rates of Soil -Applied Nitrogen,
Phosphorus and Potassium in Wild Blueberry ( Vaccinium

angustifolium Ait.)

3.1  Abstract

The study examined thmain and interactiveffects of soil applied fertilizers
(nitrogen, phosphorous, and pa@sn)andrecommends theptimum rateor the
improvement irthe growth and harvestable yield of wild bluebeigg¢cinium angustifolium
Ait.) from a 12yr (6-production cycles) field experiment conducted at Kemptown, Nova
Scotia. The experiment was laddt in central composite design. The treatment combinations
consisted of five levels of fertilizer nitrogen (0, 12, 30, 48 and 60 kgi)\ paosphorous (0,
18, 45, 78 and 90 kg P g and potassium (0, 12, 30, 48 and 60 kg K)h#@he responses
studied were namely stem length, vegetative nodes, floral nodes, fruit set and harvestable
berry yields. Response surface analysis and canonical analysis provided means to determine
optimum fertilizers rates and expected change in yield and yield contrilmatimgonents
We obtained 54%, 25% and 13% more floral buds, fruit set and berryhdklkeeping
stem length belo20cm(> 20cmconsidered too tgliwith the optimized ovethe commonly
used fertilizer rates (20N, 10P and 15K kghat ratio @:2:3). Werecommend 35N, 40P
and 30K kg h#(7:8:6) at the onset of shoot emergence from rhizomes in early sprthg of
sprout year otheproduction. Theeoptimum fertilizer (NPK) rates improved growth,
development, berry yields, and economic retudnBnding of this study contribute towards

better farm profitability and suggest that modifications to existing fertilizer rates be made for
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Central Nova Scotia wild blueberry fields and sugg#sisit be tried in other areas with

similar growing conditions

3.2 Introd uction

The wildbluebery (Vaccinium angustifolim Ait.) plant iswell adapted to orthic
humeaferric podzolsThese soils are typically sandy, aci¢iitd 3.95.5), highly leached
poorly bufferedwith well-developedrganic horizonsPodzos are not naturally fertile.
However, hese soils can become quite productive witbperfertilizer applicationsin Nova
Scotia, growers apply fertilizer in a form of diammonium phosphate or ammonium sulfate in
combination with phosphorous and potassiamate of 20 kg nitrogen (N)10 kg phosphorus
(P) and 15 kg potassium (Kji'at the onset of shoot emergence from rhizoimékesprout
year ofthe productioncycle Fertilized fields are treated with selective herbicides in order to

realize full fertilizer benefits by controlling competing vegetation.

Nutrient management is complex and dynamiwild blueberry fields. Although
fertilizer applications generally improve growth and yield potential in wild blueberry fields,
many indigenous factors and hurAaduced management practices can also affect their soil
and plant environment. These factors cause significant temporal and spatial variations in
harvestable yields. These factors include a fungal dominated soil environment, mutualistic
fungi, acidic soil,organic matter rich soil, slow nutrient cycling under natural settings, a slow
growing plant, an extensive underground rhizome system, inherent phenotypic variability, no
till system, nonirrigated (generally), deposition of organic plant material fromving every
other year, repeated fertilizer enrichments, nitrate production, potential soil N saturation, high
organic N forms Chapter 2, uptake of organic NGhapter 2 and physiological disturbances
and imbalances in soil nutrient availability underiéhrsoil environment (Nilsson and
Wiklund 1995). Hence, soil and plant nutrient status under repeated fertilizer enrichments
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warrants a revisiting of the fertilizer application rates, the examination of their main and
interactive effects on growth respoasnd the possible development of new fertilizer

recommendations.

Wild blueberry is a slow growing perenndlcifuge (i.e. acidoving), spread by
underground stems called rhizom&se extensive root and rhizome system occurs within the
top 10cm of sol andaccounts for 785% of the total plant dry weigkdeliazkova and
Percival 2003) The rhizomes serveas a reservoir for nitrogenous compounds as well as
carbohydrates and some inorganic constituents particularly N, P and magnesium (Mg)
(Townsend etla1968. The numer ous fine O6root hairsdéd are
ericoid mycorrhizae fungi. The ericoid mycorrhizae fungi assisiient uptake notabli
andP (Korcak 1988) In addition, ericoid mycorrhizae fungi also assist with the aceunsit
of nutrients from organic sources that are normally unavailable to host plant roots. The plants
of the Ericaceae family have been known to uptake organic N forms directly through roots. In
the present project, indirect evidence has been presentedlthbtueberry consumes

organic N forms as part of its nutrition demathépter 2.

Wild blueberry nutrient management varies considerably compared to typical tilled
crop systems. Berries are removed from the fields every two years (cropping cycle) while
extensive plant debris deposition to fields occurs in every production cycle in the form of leaf
drop in fall and every two years in the form of pruning when the plants are mowed after
harvest. As a result, wild blueberry soils contain as high as 10%iomatter (Kinsman
1993). The wild blueberry fields have a fungal dominated soil system that promotes a slow
cycling of nutrients and a low availability of nutrients. Nutrients tied in the organic matter are
slowly available to plants through mineralizatiand nitrification is considered curtailed

under low pH conditions, which is typical of wild blueberry soils (average pH = 4.7).
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Therefore, ammonium is the dominant form of N present in wild blueberry soils and P may
not be readily available to plants dieethe soils high acidity. Significant temporal and spatial
harvestable yield variations occur in wild blueberry that have been attributed to several
factors, including intrdield soil variability (Farooque 2@, plantrelated variability

(genetic, coverage and other vegetatidtgpler and Yarborough 1991), pollinator diversity
and intensity (Eaton and Nams 201t2mporal planand soil nutrienstatus(Chapter 2.
Additionally, the majority of the industryoes not use irrigatioso it is reliant upon rainfall

and subsequently may be occasionalk3 (flears in a decade) exposed to drought which may
significantly reduce berry yields by affecting floral bud development, berry weight,
mineralization rates and tdizer response. The dynamic nature of interactions among plant
and soil factors results in tremendous amount of uncertainty in wild blyebérrent

management (Percival and Sanderson 2004).

Past nutrient management research has provided valuablaation on nutrient
dynamics (Trevett et al. 1968 Trevett et al. 1968poptimum leaf tissue nutrient levels
(Trevett 1972), the influence of soil pH (Hall et al. 1964), nitrification potential and inorganic
nitrogen levels (Eaton and Patriquin 1988),axhiulation (Percival and Pé&2002), P
fertilizer (Eaton et al. 199 8magula and Dunham 1995), and NPK fertilization (Penney and
MacRae 2000Rercival et al. 2003). The form of N in plant nutrition is of special interest for
wild blueberry growth and delopment. Previous research demonstrated that improved
blueberrygrowth occurs withtheammoniumform of N nutrition (Townsend 1966 Plant
growth and developmefghoot number, and fruit developmeoan beaboutdoublewith
ammoniumthanwith nitrateN (Cain 1952;Townsend 1969)Studieshaveevenreported

toxic effects of nitrate N oblueberries (Cain 1952).
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Fertilizationgenerally promotes floral nodes, fruit set dedry yield (Percival and
Sanderson 2004). For exampleapblication (43 kg hd in the form ofureaproduced22%
moreflower buds stemand 25% yield oveon unfertilizedcontrol (Smagula and Hepler
1978)However, a excess oN applied in thesprout yeamay reduce yields bgromoting
vegetative growth, increasing weed growtaiisng micronutrientimbalancesincreasing
susceptibility to winter injuryexcessively tall stemgsdr stimulating an oveproduction of
flower buds relative to the nutrient budget in thep year (Benoit et al. 1984;Penney and
McRae 2000Smagulal999;Yarborough et al. 198%. Yet, in Maine, high N application
rates(19-78 kg ha) increased stem length, total berry number and yields (D. Percival,
personal communication) herefore theimpact ofN applications upoberryyield have
beeninconsistentwith studiesreporting yield gains (Ismail et al. 198ercival et al.
2003Smagula and Hepldr978, yield reductiongdSmagula and Ismail 1983enney and

McRae 2000), or no effect (Benoit et #9084 Blatt 1993).

Variable responses in soil applied P and Kehalso been reported. Phosphorus can
either significantly increase berry yields (Smagula and Dunham 1995) or have no effect on
yield potential (buds stefn Eaton et al. 1997 Potassium was found to increase yield and
berry size up to 40 kg of K Hawith no additional response occurring at higher rates (Eck
1983). Percival and Sanderson (2004) found significant effects edgalied N and K on
fruit set despite large levels of inherent phenotypic variability. They also reported that the
harvestable yies of the unfertilized treatments were as much as 36% lower than the other
soil-applied NPK treatments. One limitation from the previous studies wasthfzrdr
treatmentsvere notvaried across the entire range and mostly one or two nutrients were
studied thus ignoring the full spectrum of interactions when applying nutrients from

deficiency to over saturation levels.
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We chose to use response surface methodology (RSM) and canonical analysis as aids
in modeling and examining the relationships betwestilizer rates and plant responses. The
centralcompositedesign (CCD), the most efficient design for response surface analysis,
considers several factors simultaneously (Myers et al. 2009). CCRllalss the
determiration ofthe interactions amonfgctorsusing a smaller number of experimerithis
methodology has been used by others to describe the effects of fertilization on plant growth.
For example, Lippke et al. (2006) evaluated soil applied fertilizers (N and P) on annual
ryegrassl(olium multiflorumLam.). The fitted response surface models provided optimum N
and P levels for maximum dry matter yields. Sanchez (2000) used response surface methods
with quadratic models to examine the effect of water and nitrogen on ldiace¢a sativa
L.). In this study, it was used to determine the optimum levels of soil applied fertilizers

(NPK) that could maximize yield and potential yield factors.

The first objective of this research was to determine the main and interactive effects
of soil applied értilizers (NPK) on wild blueberry growth, development and berry yields
while the second objective was to recommend fertilizer rates that optimize these same
factors. The study provides the much needed information on fertilizer (NPK) requirement and

nutrition management of wild blueberry crop.
3.3  Materials and Methods

1.1.1 Experimental Design, Field Experiment and Data Collection

A three factor central composite design (CGRYyers et al. 2009vas usedo study
the response surfaces. The three factors were: eit(&g N ha®), phosphorugkg P ha)
andpotassiurnkg Kha?), and the levels for the CCD are provided in Table Within each

year, all design settings were replicated four times.
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The field experiment was established in spring®@® a commercial fid (N 45°30'
7.91", W-63° 7'27.72", elevation223m) in Kemptown, MvaScotia, Canadar he soll
parent material was mixture of igneous and metamorphic rocks. The soil was included in the
Cobequid soils association, classified either as gleyed somhngehiemic or gleyed humo
ferric podzol(Agriculture Canada 1991 he soil pH was 4.3 0.1 SD(0- to 15cm depth)
The soil organic matter was 20 + 1.4 SD(0 to 15cm depth) The soil containe&75g kg

! sand 84 g kg'silt, and341g kg* clay. The land was very stony and moderately rocky.

The N was applied in the form of ammonium sulfate, P in the form of triple super
phosphate and K in the form of chloride of potassium. The fertilizers were apptiesl
onset of shoot emergence fronzidmes in early spring dhe sprout year othe production
Fertilizertreatment combinations were applied using a Scott SR2000 rotary fertilizer
spreader (Marysville, OhioY-his site was continuously managed unc@nmerciaindustry

standardgor NovaScotia(D. C. Percival, personal communication

Data were collectedetweer?000and2011. Stems were collected in Julytloé crop
year of productiomising a7.5 m long rope was extended diagonally in eachgidmarked
at fifteen equally spaced point3ne stem was randomly collected at each mark. Stem
samples were stored in plastic baga aooler and transported tbe laboratory. Stem length
(cm) was measured from ground level to the apical bud. In case of brarttieiloggest
distance was recorded. Vegetative nodes, floral nadéguit set were counted both on
main sters, including those of any branches. Stem length, vegetative nodes, floral nodes
were determined for each collected stem (15 stems per plot) anded¢oegeti single
value for each plotarvests occurred in mitb-end August. Berries were harvested with a

forty-tine commercial wild blueberry hand rake from four, randomly selectetiqLiadrants
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in each plotKinsman 1993; Percival and Sanderson4g(arvested berry yields were

recorded using a digital balance (Mettler PE 6000, Burlington, ON).

3.3.1 Statistical Analysis

In order to improve the precision of parameter estimations, the averages of the four
replications were used, except the center poinighvtine CCD calls for the replications to
allow lack of fit tests (Myers et al. 2009).The data from all years were analyzed together
usingYearas a blocking factor to account for year to year variabNitipitab 16 software
(Minitab Inc. State College,A was used foresponse surfaa@nalyses of the datahe lack
of fit test measures the adequacy of the quadratic response surface model. We tested models
for lack of fit test to make sure there is no lack of second order model and proceeded to
surface pbts and canonical analysis to pin point the optimum settings (Myers et al. 2009).
Three dimensional (3D) surface plots were drawn to illustrate the interactive effdwts of
factorsontheresponse variable¥he optimumsettingsof thefactorswere obtaned by

completing canonical analysis (Myers et al. 2009).

The secongrderresponse surface model (fitted) in matrix notion as
Y= b, + x"b+ x"BX (3.1)

where, by, b and B are theestimates of thentercept, linear, andecondorder

coefficients, respectively. THecation ofstationary poiniXs ¥ is differentiated in equation 1

with respect tx and obtain

J O cBo (3.2)
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Settingthederivative equal to 0, solve for the stationary point of system:
14
X =- > B''b (3.3)

The nature of the stationary point is defined bytheeiganl ues & of t he

by solving the following equation:
det®- /E) =0 (3.4)
whereadis also known as canonical coefficients &g the identity matrix.

Matlab 7.10 (The Mathworks, Inc. Natick, MM&as used to complete canonical

analysis of the data

3.4 Results and Discussion

The analysis of variance (ANOVA)-values for all responses are provided (Table
3.2). For all responses, the lack of fit test results were not significant, suggesting that the
guadratic model adequately fit for all responsesthadlesign settings are in the
neighborhood of the optimumtsieg. The regression models for stem length, vegetative and

floral nodes, fruit set and berry yield were all significd?t 0.05) (Table3.2).

3.4.1 Stem Length
The goal was to devise a fertilizer dose that maintained a minimum stem length (< 20
cm) without ngatively affecting yield potential¥.he optimal value of 17.8cmfor stem
length was obtained with fertilizer rates of 50N, 48P and 30K Kgrespectively Figure31
and Table3.3). The stem length (17.8 cm) is not excessively high considering higtofades
(50 kg N h&), this may be the effect (regulation of N uptake and/or timely transition to

reproductive phase) of complete fertilization (NPK), or genetic potential of the clones at our
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experimental site. The P has been known to counteracting teesadffects (excessive
vegetative growth) of over applications of N. The rapid flush of growth in corn has been
attributed to excessive N that is out of balance with K. Percival and Sanderson (2004)
reported maximum of 17.1cm stem length under similar f#?P#lization from same site.

The fertilizer N rate that correlated best for stem length in this study was higher than those
typically observed in the highly productive fields of Nova Scotia under favorable conditions
(D. C. Percival, personal communiaat). The soil applied N (80 kg ha') andP (0-50 kg

ha') both significantly increased stem lengBigure31aandFigure 3.1h. However, higher

P rates (> 6%g P h&) reduced stertength Figure31laandFigure 3.1p. The P x K

interaction was signifent (Table3.2) as depicted by the saddle nature of the 3D surface plot
(Figure31b). Increased stem length by fertilization (N or NP) has been consistently reported
in earlier studies (e.g. Smagula and Dunham 1995; Percival and Sanderson 2004) but
interegingly, stems never increased above the danger zone of >20 cm in this study.
Excessively taller stems may (> 20 cm) may lodge and hinder mechanical harvesting,

therefore can result in substantial yield losses.

3.4.2 Vegetative Nodes

Vegetative nodes increabeith as function oincreased NMindP rates(Figure32).
The increase in vegetative nodes in response to fertilization is consistent with earlier studies
(e.g.Jeliazkova and Percival 2003)he K had no significant effect on vegetative nodes
(Table3.2). The increase in vegetative nodes can produce a higher number of side branching
and this has been reported to negatively affect berry yields (DeGomez 1988). The goal was to
maximize the reproductive output while limiting the excessive vegetative groteh.
maximum number of vegetative nodes per stem occurred at fertilizer rates of 49N, 48P and

65K kg ha' (Table3.3). The NPK rates for maximum vegetative nodes were higher than
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required to maximize yield components (floral nodes, fruit set) Miéven exceding the
experimental range. The higher fertilizer rates for maximum number of vegetative nodes per
stem are required than to maximize yield components serve the final goal of limiting the
vegetative nodes and simultaneously increasing the yield comglfattors.The high N

rates gave the best stem lenfifi kg N ha) and vegetative nod€49 kg N ha) butN rates
(30-40 kg N ha) at a much lower levels provided the best response in reproductive variables

(Table3.3).

Phosphorus rate had convex draic effect on vegetative nodes (TaBl2 and
Figure32). Under acidic soil conditions (average 4.7 in wild blueberry fields), optimal
phosphorus is required for leaf expansion, leaf surface area and number of leaves during
vegetative growth (Marschn&f95). Excessively higher concentration may also cause P
toxicity. Thus, optimal P supply through fertilization is critical in wild blueberry. P is not
readily available because it forms insoluble compounds and may become unavailable for
plant uptake. Eatoet al. (1997) reported that as much as 31% of applied P accumulated
within the organic horizon. Slow P turnover has been reported in short term incubation study
along with immobilization of P from soluble to insoluble forms in wild blueberry soil system

(English 2007).

3.4.3 Floral Nodes

Floral nodes had significant convex quadratic responseRéNTable3.2;
Figure33aandFigure3.3b). Themaximumnumber of floral nodes stehwasfoundwith
fertilizer rates of 34N, 45P and 3(g ha’, respectively. The 3.@odes stefhthat was
obtained at current fertilizer recommendations (215K kg ha') increased to 5.7 nodes
stem® at our optimum levels (Tab®3). Thus, 54% more floral nodessténereobtained

by switchingwith these newdrtilizer rates. The response surface plots also defsatathr
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optimal valuesfor other fertilizer associationgigure33b). A similar fertilizer response on

floral nodes has been reported in previous studies (e.g. Smagula and Dunham 1995; Percival
ard Sanderson 2004) although at lower soil P rates. Our results confirm that high levels of
soil phosphorus may retard the formation of reproductive organs (Marschner 1995) while
inadequate levels can delay flower initiation (Rossiter 1978) and decreamenther of

flowers (Bould and Parfitt 1973).

3.4.4 Fruit Set

Fruit set increased linearly with N rate as it increased from 0 to 40kg ha
(Figure34a). A significantnegative B« K interaction was found for fruit set (Tal8e2). At
low P rates (@0 kg ha') fruit set increase@henK wasincreasedinearly (Figure34b),
however ahighP levels(> 60 kg ha'), fruit set decreasedith increasingl fertilization
(Figure34b). The optimalfruit set (L1.9 berries stefl) was obtained atl, P and K ratesf
40,38 and 33 kg hj respectively. Fruit set was 25% greater with these optimal levels as
compared to the current fertilizer recommendations (20R15K kg ha'). Glass et al.
(2005) reported the most significant positive correlati®0(82) in her analys which
resulted from the relationship between floral nodes and fruit set. This relationship is evident
from floral nodes and fruit set plotBigure33a andFigure34a) where optimal fertilizer rates

were very similar for these two yield components.

3.4.5 Berry Yield

Therates ofNPK calculated for optimal berry yield were 30, 45 and 32ky ha
respectively (Tabl8.3). The berry yield at optimum fertilizer levels was 4126 kg which
is 14% higher compared to the commonly used industry standard1@BR5K kg ha').
This maximumyield of 4126 kg hd was greater thavalues reporteffom commercial fields

in Nova Scotia over the past 12 years (D. &cRal personal communitian). However,
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the increase in berry yield is not as high as those found for floral nodes (54%) and fruit set
(25%). The smaller increase in berry yield may be attributed to uncontrollable factors such as
climatic (temperature, precipitation, wind, etinpdequate bee population and pollination
(Eaton and Nams 2012), disease pressures or controllable factors such as poor harvesting

technigues (Kinsman 1993).

N was the most important fertilizer increasing berry yi€ldj(re35a andFigure
3.5 and agreg with previous reportéercival and Sanderson 200 significantnegative
N x K interaction waslepicted by8D surface plotsHigure35a) whered low N rates (€20
kg N ha') berry yield increaselinearly withK (0-60 kg ha) where ast decreased wiit
medium tohigh N rates (>30 kg N HaFigure35a). The negative N x K interaction may be
explained by soiammonium (NH") and K competition for exchange sites. Mrand K
have the same affinity for exchange sites and also can remove each other from soil colloid
surfaces when high concentrations are present, such as when fertilizers are applied (Pugh
2008). The high rate of K fertilizer (> 40 kg K Hamay have increasedicentration of K
ions in the soil solution and displaced Nlbns from exchange sites. The increased,NH
availability at high K fertilizer rates (>40 kg K Hain soil solution and subsequent increased
plant uptake, may have induced imbalance in taetputrients (N and K). This imbalance
may have delayed the transition from vegetative to reproductive phase in the plant. A
prolonged vegetative phase (late transition to reproductive phase) may cause a reduction in
the development of floral buds andiitheir resulting berry yields. However, application of
K may be necessary to avoid flush of growth when N is applied without K, stem strength to

avoid lodging and to guard plant against fungal pathogens.

Considering the significant quadratic (convexgetfof soil applied P on floral nodes

and positive P and K interaction effect on fruit Setble3.2; Figure3.5g Figure34b), the
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nonsignificant P effect on berry yield was somewhat surprigtngviousstudieshaveboth
reportedsignificantly enhanceglield of wild blueberry from increased Bitten et al. 1997;
Smagula and Dunham 199&hile others report no effect (Sanderson and Eaton 2008)
Percival and Sanders¢2004 notedareduction in stem density swil appliedP andthis

may explain the lackf linear significant yield increas@dditionally, N hasbeenreportedto
bean active diluteof P in wild blueberriesince ontinueduse ofN applicationamay
decrease led® contentand induce an imbalance and/or deficie(itsevett et al.1968a) he

P deficiency may also cause reduction in berry yidhigufe35b). Fertilizer P application
may be criticato keep foliar P levels in optimal rangequired for optimal reproductive
organ growth without direct berry yield gaifisis study reported theffect of NPK in sprout
year of production. Further potential increases in harvestable yields may be tested in future
studies by splitting fertilizer doses between sprouting and cropping years. Percival et al.
(2003) showed that multiple fertilizer applicns can improve the nutrient status, growth,
and harvestable yields of wild blueberries. Multiple fertilizer applications (initial fertilizer
dose of 28N12P-23K kg ha® in sprout year + 10 kg N Havas added prior to bloom of the
crop year) increase hg yields by 51% over single application of initial fertilizer dose of

28N-12P-23K kg hélin the sprout year.

Wild blueberry fields possess huge organic nutrient reserves in the form of organic
matter (~ 10%) in Nova Scotia. The role of organic nutrigngdant nutrition especially
when wild blueberries have been known to take up organic forms directly (short circuiting of
nutrients) by aid oéricoid mycorrhizal fungilarge mineralization potentials of organic to
inorganic forms (ammonium and nitratehich results in the total amount to nitrogen applied
(~35 kg h&) to be quite small compared to what is potentially available in the soil system,

the carryover/ residual supply of nutrients within plant system (rhizomes), the minimal
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removal of nutriers by harvesting the berries, and the small nutrient requirements of the
plant combined with narrow optimal window of synthetic fertilizers application. In this whole
blueberry nutrition picture, the tailoring of soil applied nutrients to crop demand by
simultaneouslyoptimizationthegrowth and yield of wild blueberng discussed in the next

section.

3.4.6 Simultaneous Optimization of Growth and Berry Yield

The optimum settings to optimizgem length, floral nodes, fruit set and berry yield
was obtained by oviying the plots and looking at the Sweet Spots (Myers et al. ZDB8)
primary objective of this study was to maximize reproductive output while avoiding
excessive vegetative growth. This was achieved by maximikenforal nodes, fruit set and
berry yield while maintaining a reasonable stem length (<20. diis contour plot overlaid
the response surface models for our four variables (stem length, floral nodes, fruit set and
berry yield) over all the ranges of applied fertilizéfggure36). Thesweetspot (vhite areq
was the area where all responses were optimEzigdie3.6). The optimal rangebtained
from the overlay plot was found to betweer80-40(kg N h&), 25-60 (kg P ha), and 2630
(kg K ha'). The graphically derived valuesweet spdtmatched closelyo the numerically
derivedvalue through canonical analygBable3.3).The balanced fertilization (NPK) may
havesynergisticallyenhanced uptake of nutrient and plant metabolic functions; therefore, it
would reduce gaseous losses, leagland runoff of soil nutrients and improving overall

health and sustainability of wild blueberry stands.
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3.5 Conclusions

This study confirms previous research showing significant main and interactive
effects of soil applied fertilizers (NPK) on growtfield components and final berry yields.
In wild blueberry production systems, there are significant year to year variations in soil
nutrient supplies, nutrient reserves within the rhizome system, ranges in abiotic stresses,
pollinator densities, weed anisease pressures that may affect the final yield of wild
blueberries. Data used in the RSM analysis were collected foradaiction cycles (12
years) and effectively accounted for the year to year variations typically found in wild

blueberry fields.

Ourresults demonstrated beneficial effects of soil applied fertilizers (NPK) on yield
components and berry yields. Thew ferilizer rates o85N, 40P and 30K kg H7:8:6),
when applied in spring of sprout yeargreased floral butbrmation by54%, fruitsetby
25% and berry yielthy 13% while keeping stem length beldlae danger zone{20cm) The
simultaneous growth and optimization and adjustments of soil applied fertilizer doses may
increase economic returns, reduced likelihood of environmental ¢cesnsech as leaching
and erosion of nutrients, thus improving the overall sustainability of the wild blueberry

production system.
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Table3.1 Experimental range and levels of the independent variables

Range and levels

Originalfactors -1.68 -1 0 1 1.68
N (kg ha): X 0 12 30 48 60
P (kg hd): X, 0 18 45 72 90
K (kg ha'): X3 0 12 30 48 60

“The source of soil applied N was ammonium sulfate, P was triple superphosphate and K was
potassium chloride

Table3.2 Analysis of variance (ANOVA)P-valuesof the central composite desifpr stem
length, vegetative nodes, floral nodes and berry yield

Source of Degrees of Stem Vegetative Floral Fruit set Berry
variation freedom length nodes nodes yield
Blocks 5 <0.01 <001 <001 <001 <0.01
(‘yeary
Regression 9 <0.01 0.05 <0.01 0.02 <0.01
Lack of fit 75 0.88 0.89 0.56 0.99 0.99
Adjusted R 0.78 0.88 0.89 0.94 0.89
Significant N, P, N, N, N, N,
effects PK PP NN, PP, PK NK
KK

“Years whemwild blueberrycrop was harvested alternate years following twgear
production cyclg2001, 2003, 2005, 2007, 2009 and 20XBars was used as blocking
factor to account for year to year variability
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Table 3.3 Canonical analysis performed for each response surface model

Stationary points in real

units (kg hd)

Responses

Nature of stationary
(units) N Ys point
Stem length 50 48 30 17.8 Saddle
(cm)
Vegetative nodes 49 48 65 16.9 Maximum
(nodes stefh)
Floral nodes 34 45 30 5.7 Maximum
(nodes stefh)
Fruit set 40 38 33 11.9 Saddle
(berries ster)
Berry yield 30 45 32 4126 Saddle
(kg ha’)

99



@ (b)

§ 15
p= 18 = 1
()] (@]
c
E 17 Q17
e N E
g 1 CP ST )
n 50 %& n 40@90
0 25 o@ 0 &
Nigno 40 0 & Phosy 50 15 0 &
1t 60 o 0s >
Togen (kg h al) < Phoryg (kg havt) QQ\

Figure3.1 Response surface of stem length: (a) the effesitfgen(kg N ha') andphosphorus
(kg P ha") for potassiunfixed at 30 kgk ha*, and (b) the effect gihosphorugkg P ha') and
potassiun(kg K ha?) for nitrogenfixed at 30 kg\ ha®
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Figure3.2 Response surface of vegetative nodes, the effattrofjen(kg N ha') and
phosphorugkg P ha) for potassiunfixed at 30 kgK ha*

(b)

~—~
2

5 g
o 0
3 0 5
8’ 8
[
c ~
Q 4 é 4
S N 2 60
= T S 40 &
g 2 50 & g 2 \e?o
o 25 c} o \:
o 0 20 & o &
Ni 0 60 ° 'iqo N, 40 60 0 &
1tr S 1 >
nhkghyny QS "0gen (kg .1 &

Figure3.3 Response surface fibral nodes: (a) the effect aftrogen(kg N ha') andphosphorus
(kg P ha?) for potassiunfixed at 30 kgK ha’, and (b) the effect afitrogen(kg N ha') and
potassiun(kg K ha") for phosphorousixed at45kg P ha’
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Figure3.4 Response surface fiuit set: (a) the effect afitrogen(kg N ha') andphosphorugkg
P ha') for potassiunfixed at 30 kg K hd,and (b) the effect gbhosphorugkg P ha) and
potassiunikg K ha) for nitrogenfixed at 30N kg ha’.

Figure3.5 Response surface of berry yield(a) the effeatimbgen(kg N ha®) andpotassiun(kg
K ha®) for phosphorusixed at45 kg K ha'and (b) the effect ophosphorugkg P h&) and
potassiun({kg K ha?) for nitrogenfixed at 30N kg ha®
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