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ABSTRACT

More sustainable production of higjuality, nutritiousfood is of worldwide interest. Increasing nutrient
recycling into food systems &step in this direction. The objective of the present study was to
determine nitrogen (N) fertiliser effects of four wadtgxived and organic materials in a cropping
sequene of broccoli, potato and lettugeownat two latitudes (58° and 67° N) in Norway during three
years. Effects of anaerobically digested food waste (AD), shrimp shell (SS), algae meal (AM) and sheep
manure (SM) atlifferentN application rate¢80 and 17&kg N ha? for broccoli,and80 and 60kg N ha

! for potato andettuce respectivelyandresidualeffectswere tested on crop yield, N uptake, N

recovery efficiency (NRE), N balance, N content in produce, mineral N in soil, product quality
parameters ancbntent of nitrate in lettuce. Mineral fertiliser (MF) served as control. Effects on yield, N
uptake, NRE, N balance and product quality parameters tmalgreat exteriie explained by

estimated potentially plasgvailable N, which ranked in the ord#rAD>SS>SM>AM Results for

crops fertilised with AD and SS wenet significantly different from MF at the same N application rate,
while AM, in agreement with its negative effect on N mineralisation, gave negative erengeal

effects compared to tlentrol. No residual effect was detected after the year of application. The results
showed that knowledge altdd dynamics ofelevant organic wasterived fertiliserds necessarto

decide on the timingndrateof application.

Keyword: organidertiliser, broccoli, potato, lettuce, nitrogen use efficiency, vegetable quality
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INTRODUCTION

In agriculture and horticulture, a major aint@stefficient produdion of sufficient highquality,
nutritious food without health hazards and contaminantisvith minimum detrimental impact on the
environment. In organic production systehss is pursuedhrough the design and management of
locally adaptedigreecosystems in accordance with ecological princifg®AM 2014) The cycling

and supply of nutrigs to support crop growth is essential and often a main focus of farm management

practice(Gliessman 2007) t he organic farming standards requi

organic matter and other resources removed from the soil througlstiragusy the recycling,
regeneration and additi on(lFOAM201l4)Jlkeseiagproaches aaaals@ | s
among the solutions suggested to mitigate potassium deficiency in some soils and agricultural systems
(Oborn et al. 2005and to neet the global challenge of increasing phosphorus demand and decreasing
rock phosphate availability within a few deca@€srdell et al. 2009)Currently, however, nitrogen (N)

is most often the growtlimiting nutrient(Mosier et al. 2004; Zebarth et 4B95) particularly in

organically grown cash crogBerry et al. 2002)In such systems, which are often on stockless farms,

the limitation is partly due to scarcity of traditional resources, such as animal manure, and costs related
to setting aside fieldrea for green manure production in combination with too short growing season for
both cash crop and manuring crops. Poor N use efficiency (NUE) due to microbial immobilisation and
humification and to poor synchrony of fertiliser N mineralisation andenituptake of the crop, can

lead to reduced crop yield and also result in N loss to the environment by gas emission or leaching
(Huggins and Pan 2003Jhe applied N taken up by the produce is commonly expressed as N recovery
efficiency (NRE Cassmar2002; Crasswell and Godwin 1984; Fixen 2005; Mosier et al. 2004; Raun

and Johnson 1999s NUEtends to béigh when N inputateis low, an important objective is to

improve the NUE without reducing the productivity and quality of the profiRoberts 208).

Additionally, if mineralisation occurs too late in the growing period, undesirably high concentrations of
nitrate (NQ') in leafy vegetables may occur. Overall N scarcity and poor synchrony are likely to occur
when growing vegetables, e.Brassicaspp., that have high N demanf¢koa et al. 2003)especially
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within the arctic circle, where the growing season is short and N mineralisation from soil organic matter

may be severely limited by low soil temperatures. This definitely represents a bottieidtiaining

acceptable yields of sufficient qualifylachado et al. 2010)

Consequently, to increase the current production of organic crops and to meet the anticipated challenges

of global food production in a sustainabled economievay, there is aeed to investigatiefertiliser
value of potential organic nutrient resources. Ide#dlyal resources should be used, considering the
environmental costs of transportation. In Norwéwgre ardrom agriculture, aguaculture ahdusehold
organic wastes or bgroductthatare relevant as fertilisers. The organic food waste sorted out from
household wastemmoured to 180000Mg in 2015 (personal communicatidBtatistics Norway's
Information CentreOslo, Norway)This material can poteiatly be utilised as fertiliser either from
compost or from byroduct of biogas productigiRVF-Utveckling 2005) Fromfish industry,
registered amounts of organic waste in 2012 was 81&/0@hcluding wastes from cod and herring
offshore fishing, fisfarming, shrimp and crab industfifUBIN 2012) Accordingto RUBIN (2012)
77% of byproducts from fish industrgrebeing utilsed. Waste from shrimp industigmountgo 4 500
Mg, which gives a utitation rate of 50%As the aquaculture industgurrentlyis growing the
potentialamount of organic wasfeom fishis increasingIn addition to the given numberggre are
large unrecorded amoura§nutriens flowing as feed waste and excremeints the areasurrounding
aguaculture cageSeaweds are relevantor captuing nutrients in fish farms (bioremediation and
integratednulti-trophicaguaculture Reid et al. 2013)Seaweed can be harvested and utilisted feed,
bioethanol fermentation aridr energyproductionby biogas digestiofRoesijadi et al. 2010Residues
from biogas productionas well as the seaweeds itself, can be utifieedgricultural purposes as
fertiliser or soil conditioner.To utilise such materials in agricultyrenowledge is needed to design

sustainablgintegrated bioenergy and nutrient recycling systéBasrington et al. 2009)

The aim of the present study was to determine the fertiliser value of four lsoaliged organic

materials in a cropping sequence of broccoli, potato and lettuce. The fertiliser materials tested were

solid sheep manure (SM) from a local farmer, extruded shrimp shell (SS), anaerobically digested food

4
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waste from biogas production (ADnéa commercially available algae meal product (AM) originating
from Ascophyllum nodosunthe effects on crop yield, N uptake, NBEapplied N N balance and
selected crop quality parameters were determined. Relationships between estimated potemtially pla
available N and, respectively, yield, N uptake, N content in produce, NRE and selected quality
parameters were investigated. Control plots of none fertiliser (NF) and mineral fertiliser (MF) were

included.

MATERIALS AND METHODS

Site description, soil poperties and weather data.The experimental fields were located at the

Nor wegian Institute of Bioeconomy Research, Divi
and Division Landvi k, Grimstad (SouthernmofNor way,
2008, 2009 and 2010. Detailed information about soil properties, cropping history and tillage prior to

the experiment, and meteorological data are described by @vsthug@6i a). In brief, tke field in

Bodg was a sandy orthic hurferric podzol(Haraldsen 1989while the field in Grimstad was a gleyed

sombric bruniso{Hole and Solbakken 198@)ith a southwestacing slope of 4% and 26%,

respectivelyDetails about nutritional status of saile summarised in Table Rrior to cropping

experiment, the fields were, respectively, managed as organic cattle pasture and organic degss seed

From June to Septembigr 2009in Bodg and Grimstad, respectivetyerage temperatusgas12.2and

15.2°C sum rainfald82and474 mm, andsum smshinehours762and894 h The corresponding

figures n 2010 werel1.0and15.0°G 299and351 mm and634and 909 hrespectively

Design and management of the field experiments

A factorial field experiment with fertiliser materials (AD, SS, SM, AM, MF and Mi)pgen (N)
application rates, and additive fertiliser and crop rotation eféectsdependent variables, was

established in an experiment with a crop rotatibhroccoli(first-year crop) potato §econdyear crop)
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and lettucethird-year crop), as presented in Tabl®2tails about nutritional statwus fertiliser

materials are presented @ysthus et al. (201%nd are summarised in TableEach of three blocks

was spit in three large plot§30 m3 5.6 m and 30 & 6.4 m in Bodg and Grimstad, respectivebf),

which one each year served as the starting point of the crop sequence; i.e., broccoli was present on one
of the three large plots in each of the three yearat@at two and lettuce in one yed@he three large

plots were divided into ten stfiots (62 2.8 m and 6 3.2 m in Bodg and Grimstad, respectively) for

the combinations of fertiliser type, rate argdidualeffect. The treatments on stiots were

randamised within eaclblock.

Fertiliser materials were broadcast by hand. Incorporation of fertiliser materials on broccoli plots were
done as described @vsthus et al. (2015)n 2009 all organic fertiliser vasincorporated before
plantingbroccoli and potatd~or MF,50%and 75%of thetotal amountwassupplied prior to planting,

and the remaining 50%nd 25%wassupplied twiceand onceduringthe growing seasonf broccoli

and potato, rgpectively In 2010, all fertilisers were appliexgplit in the same way ddF, except AM,

all of which wasincorporated before plantin@n broccoli plos, thesecond and third application took
placethree and five weeks after plantir@n potato plotsthe secondertiliser application took place

when the haulm reach&dl m height. On lettuce plots, all fertilisers were applied before planting. For
all crops, fertiliser applied before planting was worked into the soil by rotary harrowing. Fertilisers to
dressed during the growing season were not incorpoiatddy periods, aotary broadcaster was used

for irrigation.

The production of the seedlings of brocd®rassica oleraced. var.italica cv. Marathor) are

described byvsthus et al. (2015peedlings ofettucet act uce sati va ahd. cul ti va
Lactuce sativa L) werepwtucetytizersamé methgpeasedlings absoacoliby

using organic pediased compostrganic chicken manumnd plugtraysThe mother tubers of potato

(Sol anum t ub er owerershitied at 16C for Goweekbleford plantBigccoli and

potato were planted with 18 plants in each row and 4 rows orseagthot. The planting distance was



132 330 mm, the row space wa$J mm, and the tramline spacing wa307and 0 mmin Bodg and

133 Grimstad, respectively. The |l ettuce cultivars O0A
134  film (Orlemans plastic B. V., Genderefhe Netherland) in beds of four and five rows @rimstad and

135 Bodg, respectively. Each lettupkot consistd of two beds, and in total there were eight and ten rows

136  per plotin Grimstad and Bodg, respectively. The plant distances within rows vlarerd@iving in

137  total 120 lettuce plantson each ploti Gr i mst ad and 150 in BodR. &éAmet
138  planted in every other row. Two different cultivars were chosen due to expectations of possible unequal

139 devel opment conditions in different ctandwag es. I n
140 selected as the earliest vari emosesladyantas s | ocati o
141 out per f or me dwhibhyassdlatiedtay thetbést variety for this location. The results

142  presented are for the cultivar first reaching m&guwin each location.

143 In the first year of the field experiment, broccoli was planted on biodegrdiablmsed orcornstarch
144  (BioAgri, BioBag Norge AS, Askim, Norwaywvith the aim tareduce leaching ararevent weed

145  growth. Due to problems with disstion and mineralisation of fertilisers in the upper soil layers close
146  to the biofilm, this practice waabandoneth the following yearsMoreover, the results for broccoli in
147 2008 were considered atypical as compared to tha@0ié and 2010Thereforeresults obtained in

148  2008werenotincluded inthe averagealues presented

149  Monitorin g sampling and analysis

150 To avoid edge effect, the first planteachrow wasnot sampled and soil vassampledata distance

151  larger thar0.33 mfrom the pot boundary Soil samples were collected from two soil depti9@® and
152 0.3710.6 m). In the spring prior to producing broccoli the first year, the avesaijmineral N content in
153  Bodg and Grimstad, respectivelyas22.8 and 20.1 kg N kain the0i 0.3 m soil layer ad 8.5 and 6.1
154 kg N halin the0.3i 0.6 m layer. Further samjihg wasdonein spring, between tillage and planting, and
155 once after harvest. On eastbplot, 6 10 soil cores were randomly collected, mixed by hand, and a
156  composite sample from each depth and eatiplot was stored 4t18°C until analysis of inorganic N.

7



157  NHs" and NQ' were determinedt Norwegian Institute of Bioeconomy Resea(BhBIO, location
158  Apelsvoll, Kapp, Norway) by extraction of 40 g soil in 200 ml 1 M KCI and analysis by a Flow

159  Injection Analyser (FlAstar 5000, Foss Analytical AB, Sweden).

160  For broccoli, harvesting criteria and determination of yield, quality and N content aribeedxy

161  @vsthus et al. (2015)

162  For potato, height of the haulm wamnitoredin the beginning of September. Potato haulm and tober
163  ten plants on eackubplot were harvested separately in the end of September and used for analyses.
164  The remainingubplots were harvested for determination of total yield. Haulm and tubers were

165  weighed, and tubers were counted and theirrsizerdedbefore they were milled ia meat grinder and
166  dried at 60°C for determination of dry weight (DW) and Kjeldahl N, as described for broccoli by

167  @vsthus et al. (2015Reduced gality (green tuber, hollow heart and crack growth) and percentage

168  tubers smaller thafirst-class size (<@ mm) wererecorded

169  For lettuce, a random selection ofi 20 head$rom eachsubplot were harvested when 80% of the

170  plants had reached maturity stage, resulting in three different harvest dates depending on fertiliser

171  treatment. Average weight per lattuhead was determined and the results computed as total yield per
172 hectare without consideration of the number of letplaats that died or did not reach maturity, and

173  that some treatments resulted in bigger bétaah what is usually considered as hativey stage. For

174  determination of DW and KjeldaiN, 6/ 10 randomly chosen planft®m eachsubplot were

175  homogeneously milled and mixed in a meat grinder, samples of about 20 g were fid#&fCaand a

176  subsample of about 500 g was dried at 60°C artjhed. NG was determined by extraction of 20 g

177  frozen sample in 100 ml boiling water, and analysis by spectrophotometry using a FlAstar 5000

178  Analyzer (Foss Analytical AB, Sweden). Quality parameters and size class were recorded according to

179 NS 2830.

180  Apparent N recovery efficiency and N balance



181  Apparent nitrogen recovery efficiency (NRE) of the fertilisers was calculated as ginasswell and

182  Godwin (1984)

183 NRE = (U Uo)/Na (Equation 1)

184  where U and bare uptake of N (kg hg in aboveground gt biomassgincludingcontent of N in

185  potato tubersyvith and without fertiliser, respectively, and i the amount of N applied (kg 'Ra

186 N balance (NB) is the difference between accumulated input and output after one, two and three years,

187  respectively

188 NB = NaT Ny (Equation 2)

189  where N is the amount of N igield (kg hal) removed from fieldThe calculations of NRE and NB

190 assume equal mineralisation of soil N on all plots.

191  Statistical analysis

192  Analysis of variance (ANOVA) by general linear model (GLM) in Minitab 17 (Minitab Inc, State
193  College, PA, USA) was performed for yield, N and qualiyiables For each location separatelye
194  used a model with fertiliser treatment as a fixed fasthile year, interaction between fertiliser

195 treatment and year, and replication nested within waaruseds random factord.o enable the use of
196 T u k emullipte comparisonest on treatment differences (P = 0.bbMinitab, all factors were

197 considered fixd.

198 Regression analysis was performed in Minitalmflyield, N and qualityvariableson potentially plant
199  available N from fertiliser materials during the growing seasastihatedy Dvsthus et al. (2015)
200 fromresults obtainetly @vsthus et al(manuscript in preparatidmuring incubation of the fertilisers in

201  soil at controlled temperature and moisture

202
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RESULTS

Yield responses

All crops yielded well vith shrimp shell (SS), anaerohbity digested food waste (AD) and mineral
fertiliser (MF) (Tables 4 A and B). With algae meal (AM), however, the yields and N uptake tended to
be smaller than with no fertiliséNF), but the difference was not statistically significant. The yields

with sheepmanure (SM) were intermediate.

Broccoli yield has previously been presentedwgthus et al. (2015)n brief, on the average across
two years and two locations, application of 170 kg N ha MF, AD, SS and SM resulted in,
respectively, 106, 68, 55 aB@% larger yield than with NF, whereas AM fertilisation gave 53%
smalleryield. Yields after AD and MF fertilisation (170 kg N Hxwere not significary different
acrossyear and location (data not shown). A similar yield patieais observetbr brocli fertilised

with 80 kg N h&, but the differences between treatments were smaller.

Potato and lettuce fertilised with 80 and 60 kg N, h@spectively, showed a similar yield pattern as for
broccoli (Tables 4 A and B). Fertilisation with MF, AD a8, respectively, resulted on the average
across two years and two locations in 55, 31, and 42% larger potato yield than NF. The corresponding
figures for lettuce were 76, 34 and 43%. Yields obtained with SS and MF fertilisation for potato (80 kg
N hd?) and lettuce (60 kg N K3 were not significamy different across year and location (data not

shown).

Yields of broccoli, potato and lettuce were linearly correlated to our estimated amount of potentially
plantavailable N from the fertilisers during tigeowing season of the test cropssults not shown in
figures or tables Regressioranalysisconducted over year and locati@sultedn R? values 0f50.5,

14.2 and 48.6 (p<0.001yespectivelyfor broccoli, potato and lettuc¥ear and locatioeffects

occurred for yields of broccoli and potato in 2009 and 2010.

Size, quality and marketable yield
10
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Generally, the broccoli quality was marketable, with first class quality as described in NS2823:1999,
except some occurrence of uneven maturity of buds within heads, heads with bditkrtbamature

and some small heads (belo@r®m diameter). Broccolertilised with AM had a high percentageat

did not meet first-class size requirement and a high percentage of heads not harvested. Broccoli
fertilised with MF, AD and SS at high N level (170 kg N*h@ended to have a larger proportion of

broccoli >1® mm (Figurel).

Potato size distribution tended to be the same with all fertilisers except for AM, whichiudcka

proportion of largesized tubers (Figur). This result was found both in the year when AM was

applied at a rate of 80 kg N'hand wren theresidualeffectof previous AM application was

determined. In the growing season, the tallest potato haulm was observed with MF, AD and SS (Tables
4 A and B). The percentage tubers with physical damage was highest with AM fertilisation, however,
thedifference was only significant when GLM analysis was conducted for results across both years and

locations.

Lettuce treated with MF, SS and AD had clearly larger heads than lettuce fertilised with AM and NF
(Figurel), resulting in a large proportion of heads meeting thedlests size limit of 350 giVith AM,

more than 90 % of the total yield did not meet the-fitass quality standards. Lettuce fertiliseith

MF obtained higher N@cortentthanwith theother grtilisersat 60 kg N h&, but it wasnot

significanty different fromthat of AD-fertilised lettuceThe content oNO5' in lettucerangedon the
averayeacross locations in year 20ffom 6.1 to 157.3 mg kg freshweight(AD1 Grimstad and MF

Bodg respectivelydata not shown).

N uptake, N content and N balance

For all crops, total N uptake wamallesion NF and AM plotsand largesin MF-fertilisedbroccoli and

lettuce(Tables 5 A and B)¥-or potato, the N uptake was similar for MF, AD and B% average N

11
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uptake valuescrossyear and location were in the range of 626b.1, 40.896.3 and 20.665.7 kg N
halin broccoli, potato and lettuceespectively For all cropsn both years and on both locatigtise N
uptake was positively correlatavith estimated potentially plas@vailable N from the organic fertiliser

materials(Figure2).

The treatment effects on plant N content were small (Tables 5 A and B). The averagacralssysar
and location were in the range ofiB3, 11 12 andl13i 32 g kg in broccoli, potato and lettuce
respectivelyIn broccoli and lettuce, the N contents were highest with MF and AD. The results for

potato, however, did not show a similar pattern.

The N balance of the-gear cropping sequence was positivedth treatments except for NF (Tables 5
A and B). Theranking ofN balance of the treatments in increasing ordes w

NF<MF<AD<SS<SM<AM.

Apparent N recovery efficiency

NRE was affected by fertiliséreatmen{Figure 3) and on the averagerossyear andocation the
values ranged from9 to 57,i 13 to 56 and 20 to 65% for broccoli, potato and lettuce, respectively.
AM resulted in negative NRE, which was positively correlated with potentially-phaaitable N
(R?=35.5,55.6and 40.7or broccoli, potatand lettuce, respectivel{?=0,000). In all cropshighest
NRE was found with MF fertilisatiorut it wasnot significantly higher than NRE obtained by SS2
(shrimp shelat 170 kg N h&) and AD1 (anaerobadly digested food wastat 80 kg N ha) in broccoli
and S3 (shrimp shelat 80 kg N h&!) and ADL in potato. NRE obtainedith SM (sheep manure) was

intermediate.

Mineral N in soil and residual effects

After the harvest obroccoliin autumn there were differences in content of inorganiin lglotsatthe
upperN level of AD (AD2)compared to plots fertilisedith other organic material§.he difference

wasfoundbothin the upper and lower soil layerEhe difference was not significaydifferentform
12



275  MF-fertilised plots Contents of inaganic N in soil after growing potato or lettuce were not affected by
276  fertiliser treatments. The residual effect of fertilisation in previous years on yield of unfertilised potato
277  and lettuce wasmallor undetectable. The content of inorganic N in sadpring was not significantly

278 influenced by the fertilisation treatments in previous years (data not shown).

279

280 DISCUSSION

281  There were positive linear relationships between yield, N uptaR&,ddtested quality parameters, and
282  theestimated potentiallplantavailable N from the fertiliser materialwhich was inversely correlated
283  with C:N ratio of the different materials (@vsthus et. al, manuscript in prepardfius)is in agreement
284  with a normally strong yielimiting effect of suboptimal N availdility (Cassman 2002; Zebarth et al.
285  1995) as typically found in organic agricultufBerry et al. 2002)and with the relatively high negative
286  correlation usually found between N mineralisation and the C:N ratio of organic maegals

287  Nicolardot efal. 2001) Yield, N uptake and NRE depend artomplex range of factorsdludingthose
288  affecting N mineralisationN losses andropN demandMaosier et al. 2004)Therefore, dviations

289  from linear relationships and for deviant single observationtdreexpected.

290 The results for AM, i.e., the lowest yield, N uptake and NRE and the highest N balance values, were
291 remarkable to the extent that this dried and milled seaweed product is being marketed as fertiliser and
292  soil conditioner (http://www.algeeom/index.php/algeaferheal). However, the resuligereexpected

293  considering its relatively high C:N ratio (C:N=37) and net immobilisation detectbé imcubation

294  experimenby @vsthus et. al(manuscript in preparatipmnd are in accordance with results of other

295  studies on materials with similar decomposability and C:N r@8osland 1996; Jensen et al. 1999;

296  Vigil and Kissel 1991)Breland (1996jound that ryegrass with a C:N ratio ofi®® (depending on

297  plant partand N fertilisation)jn incubation tended to cause a small temporary net N immaobilisation and
298 atendency of only a very limited-raineralisation during a time period comparable to the present

299  experiment. In the present experiment with AM, theasneither higher concentration of NOin soil
13
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324

in autumn oisubsequergpring nor larger yield recorded as residual effect of AM fertilisation. This is
consistent with the finding @dreland (1996bjhat a ryegrass crop ploughed into soil in late autumn had

a clese to neutral residual effect on subsequent spring grain. Nevertheless, a positive effect on soil N
mineralisation may be expected after several years of AM application due to accumulated
immobilisation of N, the size of which eventuahyll become largenough to contribute significantly

to crop N supply by its renineralisation, in spite of small contributions from each siyglar cohort.

For example, in a crop rotation experimaBreland and Eltun (199%bserved increased C and N
mineralisation ratefor an extended period of incubation (449 days at 157&il that for only five

years had received more organic matter as perennial root growth, plant residues and animal manure, as
compared to an alirable cropping sequence without animal manure. Their results could be modelled as
mainly an increase in two noeptual pools of soil organic matter with carbon-ia#fs at 15°C of 0.76

and 12.7 years, respectively. Consequently, the present results, in agreement with previdisslahes

and Breland 2003; Breland 1996; Breland 1996b; Jensen et al. 1999; Mi¢flssel 1991)suggest

that when there is a need for a relatively rapid and predictable N supplyd@minding crops such as
broccoli, materials with a high concentration of inorganisugh as ADor a rapidy net Nmineralising
materialsuch as SShauld be usedThe shorterm effects of SM in the present experiment were
intermediate, most likely due to relatively stable C compogAddal and Breland 2003} low C:N

ratio and a high concentration of inorganic N at the time of application for nssrzh as AD and SS

could be combined with materials of higher C:N ratio, such as AM, in order to build up a more stable
long-term soil N mineralisation capacity and to reduce the likelihood of ammonia volatilisation, nitrous

oxide emission and nitratedehing shortly after application.

Little is still known about decompositiandN mineralisation from algae. However, it seems likely that
species with lower C:N ratio than the current AM will give a more positive -s&ort net N
mineralisationJensenteal. 2005; Nicolardot et al. 200and, consequently, fertiliser effect on N

demanding crops.

14



325 In addition to neutral or negative net N mineralisation from AM, other factors might have contributed to
326  its poor effects on crop yield8M has a total S conteéfive times higher thathat ofMF. However,

327  plants are generally not sensitive to high S level in gbitngel and Kirkby 2001)Salt concentration

328 in the fertilisers was not measured, but NaCl in seaweagihavenfluence yield. Typical Nd and

329  CI' toxicity symptoms were not seen, although yellowish leaves were observed. However, these

330 symptoms could equally well have been caused by deficiency of N, as suggested by the negative net N
331  mineralisation from AM (data not shown). As both lettuce and patat sensitive to Ctoxicity,

332 further research is needed to determine whether NaCl concentrations in seaweed products are

333  sufficiently low to avoid toxic effects on plant growth.

334  SS and AD had fertiliser effects that did not differ significantly froose of ME TheNRE for all MF-

335 treakd cropswvere more thaB0%, whichis similar to results for broccaleported byZebarth et al.

336 (1995) butlower than found byagen (2005 Quality of fertiliser material,iming and amount of

337  plantavailableN, thetype of mineral NHs* or NO3'), N immobilisation anmonia volatilisation,

338 nitrous oxide emission and nitrate leaching may potentially explain some of the gap between applied N
339  and apparent N recovery in crof@&ameron et al. 2013; Galloway et al. 200auR and Johnson 1999)

340 In addition to the yield and N data, the crop quality indices measured in the field experimentsgdiscard
341  product damagegphysical or diseasgpercent harvested, N content, height of potato haulm, size

342  distribution)alsosuggested that treffectsof AD and SS were similar tihose ofMF. The high

343  proportion of damage and discarding by AM fertilisation is in accordance with other fertiliser

344  experiments that have included treatments that gave similar N avail@Duitya et al. 2011)

345  The higher NG concentration in lettuce fertilisadith MF compared to other treatments could be

346  explained by the amount, availability of N and form of mineral N at application, which is found in other
347  experiments as welAnjana et al. 200; Chena et al. 2004; Santamaria et al. 20@yg to reduced N

348 availability, vegetables fertilised with organic materials often are lower i didcentration than

349  vegetables having received inorganic fertiliser at similar N (&aapp 1996)If N is present as NH,

350 as in AD and SM, the level of NOin vegetables has been found to be lower than when N is in the form
15
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352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

of NOs' (Santamaria et al. 20QWyvhich can accumulaia cropsandbestored in the vacuole. In the
current experiment, the fertilisengere supplied prior to planting and the total N supply was small, and

all NOs' concentrations were low compared to studies performé@hhyamaria (2006)

CONCLUSIONS

1) Fertiliser effects on yield, N uptake, NRE, N balance and quality parameiergeaifible crops
wereto a large extergxplained by the potential amount of inorganic N becoming available
during the growing season, as estimated on the basis of results obtai@esthus et. al
(manuscript in preparatipuluring incubation of the falisers in soil at controlled temperature
and moisture. Consequently, such a test seems essential for selecting alternative fertilisers,

deciding on application rates and predicting effects on crop yield and quality.

2) The materials with the most inorgamicat application or large net N mineralisation had
fertiliser effects similar tthose ofmineral fertiliser, showing a potential for turning waste or

unutilised materials into resources with the potential for replacing mineral N fertilisers.

3) No residuakffect was detected in the year after application, but the materials with weaker or
no fertiliser effect and less or no net N mineralisation may, if used repeatedly, be expected to

contribute to the more loAgrm capacity of soil to provide plaatailabk N.

4) To supply adequate fertiliser foremanding crops in the short term while also increasing the
more longterm N-supplying capacity of the soil, it seems desirable to combine the use of waste
or alternative fertiliser materials that release phardilableN rapidly with materials retaining
or causing immobilisation of NLo judge vhether such materials should be mixed or kept

separate in time or spaseguiresfurther investigation.
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Table 1 Chemical properties and texture of the upper 0.3 m soil layer of the experimental fields in Bodg and
Grimstad (samples taken in spring 2008).

487
Chemical properties Texture

_ 488
Location pH*  TC** TN** > NOs'-N NH4™-N Tpre * Sand Silt Clay
(kg (gkg!) (mgkd?) (mgkd') (mgkd? 489

Bodg 6.1 21 1.7 7.0 3.9 840 91 7 4%
Grimstad 5.9 30 1.6 111 1.2 790 87 10 3
491

* pH in water

**TC =total carbon
***TN = total nitrogen

*** *TP = totalphosphorus
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500

Table 2. Cropping system, type of fertiliser and application amounts (kg'N fox the ten different treatment
combinations irfield trials. Abbreviation used for fertiliseodesare AD = anaerobically digested food waste; SS
= extruded shrimp shell; SM = sheep manure; AM = algae meal; NF = no fertiliser applied; MF= mineral fertiliser.

1styear crop:

2" year crop:

3dyear crop:

Treatment broccoli potato lettuce
combination codes Fertiliser cales N, kg ha! N, kg ha' N, kg hat
AD1 AD 80 80 0

AD2 AD 170 0 60
SS1 SS 80 80 0

SS2 SS 170 0 60
SM1 SM 80 80 0

SM2 SM 170 0 60
AM1 AM 80 80 0
AM?2 AM 170 0 60

MF MF 170 80 60

NF NF 0 0 0
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503

504

505

Table 3. Chemical and physical properties of anaerobically digested food waste (AD), extruded shrimp shell (SS), sheep mamdral{fainzeal (AM).

Chemical properties

Physicalproperties

. TOC TKN NH4*-N NO3® -N P K S
Fertiliser DM ; ; ; i C:N  PPAN ; i .
codes  PH* o (gkd? (9 kg* (9 kg* kg™ ho ey @kIT (@kgt  (gkd®
DM) DM) DM) DM) DM) DM) DM)
AD 86 1.3 307 254 153 0 1.2 86.3 18 106 8 liquid part
SS 9.2 90.2 301 72 0 0 4.2 54.1 27 1 4 dried and pelleted
SM 8.8 194 396 37 13 0 17.4 53.9 9 22 5 solid part,
containing traces of straw
AM 6.0 89.1 406 11 0 0 36.9 -245 1 16 26 dried and crushed seaweed,
mainly Ascophyllum nodolus
* pH in water

** PP AN= Potentially plantavailable Nduring the growing season as estimated by @vsthus et al. (2015) from results obtained by @vsthus et. al. (manuscrgitan)prepa
during incubation of the fertilisers in soil at controlled temperature and moisture
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506  Table 4A. Yield andselectedjuality parametersonthe Grimstadsite for broccoli, potato and lettude a 3yearcropping sequenogith anaerobically digested food waste

507 (AD), shrimp shell (SS), sheep manure (SM) and algae meal (AM) as fertilisers atapmidation rates (1 and,2pineral fertiliser (MF)and no fertiliser (NF)For detailed

508 explanation of treatmentd measured parametesee the text and Tak¥. For broccoli and potatoesults are mearof data from2009 and 201,0andfor lettuce results

509 arefrom20100nly. Different letters within a columdenote statisticallgignificant differemeat P<0. 05 ac c or di ,ragd the pralu€supkreaiy td sffectsafn ge t e
510 treatmen(T), year(Y) andreplication nested within ye@Replication(Y] as determined in ANOVA

Broccoli Potato Lettuce
Treatment Total Mean Size Head Total Mean Physical Size Mean Total Mean Discarded
Code* yield head wt. discarded harvested yield (kg tuberwt. damage discarded haulm yield (kg head wt. (%)
(kg hdl) (gplH (%<8 (% of hd?) (kg pI'h) (%) (% <40 ht. hal) (g plh
mm) planted) mm) (mm)
AD2 11338> 341.6® 0O° 86.7 16116 0.4255% 10.6° 24.3 576.1° 34966°d  559.80cd  Q
SS2 9612°¢ 315.2° 0.5 83.2° 16869 0.4453 7.6 18.7 5830° 35946%¢  575.F°¢ 0
SM2 951%¢ 285.3¢ (° 86.8 20047¢  0.5292¢ 3.1 17.0 6231°° 37648 602.4° 0
AM2 3267 159.5 7.20 50.5 20728 0.5472%¢ 11.7° 14.0 644.0°° 20512 328.2 334
AD1 9471c 267.0¢  O° 92.¢ 20802  0.5492°¢  3.0° 25.6 707.6%° 25817¢ 413.7¢ 22.2
SS1 8899° 253.r 0.2 92.2 22956 0.606F° 8.1 15.8 690.2° 27792 444 7P 21.1
SM1 9458° 286.4c 3.2 91.3 20583 0.5435¢ 4.9 20.3 689.1° 33104%cd  529,7bcd 25
AM1 46410 165.9¢ 13.¢° 67.3° 17075 0.4508 21.3 17.0 627.0c 35458%cd 567,30 5.8
MF 13915  379.CG Qv 924.¢ 25843 0.6823 3.6 16.2 807.12 40878 654.2 0
NF 7267 208.x% 0.3 91.3 15774 0.4164 10.4° 20.2 559.0° 274369  439.0%° 27.4
Mean values acrossreatments within year
2009 10188  281.9 3.6 91.8 1877% 0.4957 4.62 17.7 660.2
2010 7288 250.2 1.3 75.3 205853 0.5435 12.2@¢ 20.2 6411 31956 511.3 11.2
P-values from ANOVA
T 0.000 0.000 0.008 0.000 0.000 0.000 0.008 NS 0.000 0.000 0.000 NS
Y 0.000 0.012 NS 0.000 0.018 0.18 0.001 NS NS
T™*Y NS NS NS 0.006 0.032 0.032 NS NS NS
Replication(Y) NS NS 0.049 NS 0.009 0.009 0.011 0.000 0.004 0.026 0.026 0.042

511  * Total freshweight yield, mean fresWeight (wt.) per plant (heaar tuber), % discarded due to incorrect size (includungity disorder for lettucehroccdi head harvested
512 (% of planted, tubers with physical damago of total yield with errors due to green tuber, hollow heart and crack gramthaverage potataulm height (ht.)
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513  ** Treatment codes accordingTable2.

514  Table 4B. Yield andselectedjuality parametersbnthe Bodg sitefor broccoli, potato and lettuda a 3yearcropping sequenogith anaerobically digested food waste (AD),

515 shrimp shell (SS)heep manure (SM) and algae meal (AM) as fertilisers at two N application rates (1 and 2), mineral fertiliser (MF) tilisbndNE). For detailed

516  explanation of treatments and measured parameters, see the text and Fablrdcoli and potatoesults are meaof data from2009 and 2010and for lettuceresults

517 arefrom 2010o0nly. Different letters within a columdenote statisticallgignificant differeceat P<0. 05 ac c or di ,ramd the pialu€spkreig té sffectsafn ge t e
518 treatment (T), year(Y) andreplication nested within ye@Replication(Y] as determined in ANOVA.

Broccoli Potato Lettuce

Treatment Total Mean Size Head Total Mean Physica Size Mean Total Mean Size Discard
Code* yield head wt. discarde harveste yield (kg tuberwt. | discarded haulm yield (kg head wt. discarded ed(%)

(kghd (gpfh) d (% d(%of hd?) (kg pli't) damage (% <40  ht. hd?) (kg pfY) (% <350

h 60 mm)  planted) (%)** mm) (mm) g)
AD2 8337 243.9° 1.0 78.2b 31974cde  0.7386°% 6.41*  18.8F 546.6° 47820° 0.5356°¢  12.92¢ 5.4
SS2 8585°  223.8° 6.2 86.5 3018F%  0.6972% 9.84°> 19.52 5208 52363 0.5865° 4.79 2.6
SM2 6013° 182.3< 5% 77.20 2655F 0.6133 8.94>  15.0F° 491.0°%d 36438  0.408P°¢ 4241 26.9%°
AM2 2192 90.2 12.2 54.F 27940°  0.64544 474 12.88° 4524 28242 0.3163d 68.3F 100.0
AD1 7889° 215.8°¢ 10.% 84.F 36224  0.8368°  2.2¢° 19.16 640.0%° 38392°d  0.4300°¢ 31.35°¢  31.3c
SS1 6548° 192.4¢ 4.3 78.8° 39049  0.902@° 6.87°  17.60" 65502 394224 0.441%°¢  36.7FC  36.70°
SM1 47974 152,24 8.3 73.0%c 3453%cd  0.797P« 8.7F°  14.02° 556.5°¢ 32589 0.36509 47.6F° 47.8°
AM1 3018 102.2 12,7 64.8°¢ 27040 0.6246 17.76 7.63 4212¢ 44614°¢  0.499P¢ 30.42°%¢  30.4%°
MF 10223 284.8 0.8 83.2b 41646 0.9620 573>  16.22° 66012 6782F 0.7596  0.0C 0?
NF 44819 132.1° 11.3 78.3° 27918 0.6449 15.07° 18.4C 4939°de 34467  0.3860°" 50.05° 50.C¢

Mean values acrossreatments within year
2009 7075.8 186.1 10.¢2 85.3 40042 0.925@ 10.84 8.6 627.8%
2010 5342.00 177.9 4.7 66.5° 24570 0.5676 6.43b  23.28 4597° 42217 0.4728  32.46 33.1

P-values from ANOVA

T 0.000 0.000 0.035 0.000 0.000 0.000 0.018 0.017  0.000 0.000 0.000 0.000  0.000
Y 0.000 NS 0.006 0.000 0.000 0.000 0.021 0.000  0.000
T*Y NS NS NS NS 0.001 0.001 NS NS 0.003
Replication(Y) 0.001 0.018 0.006 0.010 NS NS 0.000 NS NS 0.000 0.000 0.001  0.004
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520
521
522

523
524
525
526
527

* Total fresh weight yield, mean fresteight (wt.) per plant (head or tuber), % discarded due to incorrect size (includility disorder for lettucelroccdi head harvested
(% of planted)tubers with physical damag#b of total yield with errors du® green tuber, hollow heart and crack grovethd average potato haulm height (ht.)

** Treatment codes accordingTable 2.

Table 5A. Nitrogen content, total N uptake, harvested N and N balance (accumulated N input and output in the croppingnsiysteBm)mstad site for broccoli, potato and
lettucein a 3yearcropping sequenosith anaerobically digested food waste (AD), shrimp shell (SS), sheep manure (SM) and algae meal (AM) as fertilisers at two N
application rates (1 and 2), mineral fertilig®F) and no fertiliser (NF)For detailed explanation of treatments and measured parameters, see the text and-dable 2
broccoli and potatogsults are mearof data from2009 and 2010and for lettuceresults ardrom 20100nly. Different letters vithin a columndenote statisticallgignificant
differeceat P<0. 05 accor di,agthe praluEspkriaiyg to sffects aeaignen(Tl), gear(Y) andreplication nested within yegReplication(Y] as
determined in ANOVA.

Broccoli Potato Lettuce
Treatment N Total N N in N N Total N  Nin N N N in N
code content uptake (kg harvested balance content uptake harvested balance content harvested balance

(gkdgh) Nhd?} part (kg N (kg N ha (g kg (kg N part (kg N (kg N ha (g kgh part (kg N (kg N

hal) l) 1)** hdl)** hal) l) hal) hal)

AD2 26.4 139.9° 72.6° 97.4 11.5° 50.1°¢ 29.9 67.5 19.7° 31.8"° 95.7
SS2 23.gd 145.2° 64.8%¢ 105.2 11.3° 48.8¢ 32.0¢ 73.2 18.20cd 32.2b 101.0
SM2 21.4¢ 115.9¢ 56.2cd 113.8 11.3® 62.7¢ 37.1°¢ 76.7 18.8%c 3210 104.6
AM2 15.8 70.58 28.8 141.2 10.7° 46.6¢ 37.5¢ 103.7 13.4 13.3 150.4
AD1 22.0¢ 109.2¢ 52.0¢ 28.0 11.6® 64.4¢ 45.0° 63.0 13.6% 20.4¢ 42.6
SS1 20.9 113.3¢ 50.6¢ 29.4 11.5° 73.20 46.3° 63.1 14.3d% 23.1°¢ 40.0
SM1 22.1°¢ 112.%¢ 547 25.3 12.4 69.6° 41.9 63.4 14.10¢ 24.9¢ 38.5
AM1 16.1¢ 69.0¢ 28.5 51.5 12.9¢ 40.# 313 100.2 14.3d% 26.4 73.8
MF 25.40 174.4 79.9 91.1 12.6® 92.6¢ 54.2 117.1 23.2 42.0¢ 135.1
NF 19.8¢ 82.0¢ 40.6%® 140.6 10.9° 50.5¢ 30.3 -70.9 14.59% 22.9¢ 7193.8

Mean values across treatments within year

2009 25.8 133.3 65.5% ND ND 41.12 ND ND

2010 17.0 93.0¢ 40.2 11.6 59.9 35.9 16.4 26.9
P-values from ANOVA

T 0.000 0.000 0.000 0.043 0.000 0.000 0.000 0.000
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530

531
532
533
534
535

Y 0.000 0.000 0.000 0.000
T*Y NS NS NS 0.004
Replication(Y) NS NS NS 0.034 0.000 0.000 NS NS

* Treatment codes according to Table 2.

** Results from yeaP010 only

Table 5B. Nitrogen content, total N uptake, harvested N and N balance (accumulated N input and output in the croppingnsysBoggsite for broccoli, potato and
lettucein a 3yearcropping sequenosith anaerobically digested food wagfD), shrimp shell (SS), sheep manure (SM) and algae meal (AM) as fertilisers at two N
application rates (1 and 2), mineral fertiliser (MF) and no fertiliser (R&i) detailed explanation of treatments and measured parametethe text and Table Ror
broccoli and potatogsults are mearof data from2009 and 2010and for lettuceresults ardrom 20100nly. Different letters within a columdenote statisticallgignificant
differeceat P<0. 05 accor di,agthe praluEspektantdeffects dfeaignen(T), gear(Y) andreplication nested within yegReplication(Y] as
determined in ANOVA.

Broccoli Potato Lettuce
Treatment N Total N N in N N Total N N in N N N in N
code content  uptake harvested balance content  uptake harvested balance content harvested balance

(gkdyd) (kgNha part(kgN (kgN (gkdd) (kgNha part(kgN (kgN (g kgh) part (kg N (kg N

h hat) hd?) h hd?) ha?) hd?) ha?)

AD2 32.8 133.9% 51.7° 118.3 10.7 89.1%¢ 64.0°° 54,3 29.0% 57.0% 57.3
SS2 29.5% 131.G%c 44 b 125.3 10.¢ 83.16 60.1° 65.2 26.7°¢ 59.8® 65.4
SM2 26.1°¢ 97.1cde 36.7cd 133.3 10.5 71.8F 50.# 82.9 23.8 42 ¢ 100.5
AM2 18.2 56.5 18.8 151.2 11.% 78.2F 57.C 94.2 25.0°¢ 24.F 1295
AD1 28.4" 111.&cd 42 pbed 37.8 12.3 119.19° 85.7b 32.1 26.90c 51.78bc 119.6
SS1 27.8% 110.&cd 39, 3bcd 40.7 11.4 117.12 84.3" 545 26.2¢ 51.9%c 2.6
SM1 24.9° 84.0ef 30.51e 49,5 10.¢ 91.99¢ 66.2¢ 63.3 26.0°¢ 44 .%¢ 19.1
AM1 22.24d 70.3f 20.# 59.6 12.18 66.2Z 48.1° 91.5 26.0°¢ 54,120 37.4
MF 32.8 155.72 547 115.3 12.2 127.78 94.4 100.9 31.3 78.% 82.0
NF 24.9° 73.4f 27.0¢ 127.0 10.7 79.5F 57.C 184 26.3¢ 45 .5¢ 1129.5

Mean values acrosgreatments within year

2009 24.8 130.G 44.¢ 11.¢ 116.44 79.8
2010 28.F 74.9 29.2 10.9 68.38 53.6° 26.7 51.0
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P-values from ANOVA

T 0.000 0.000 0.000
Y 0.000 0.000 0.000
T*Y NS NS NS

Replication(Y) 0.044 NS 0.001

0.003 0.000 0.000
0.005 0.000 0.000
0.019 NS NS
0.044 NS NS

0.001

NS

0.001

0.004

* Treatment codes according to Table 2

26



Il >130mm

100 B 110-130 mm
X 60-100 mm
x :
L < 60 mm
T
538 3 s
539 >
j:
g
6
§ “
o 20
a
o B . m om B oo B
ADl AD2 SS1 SS2 SM1 SM2 AMI AM2 MF NF
100 W >700g
. . - o | 350-700 g
r\a % <350g
o
- 80
K]
=
)
% 60
©
S 40
o 20
a
0o X X o ;
AD1 AD2 SS1 SS2 SM1 SM2 AM1 AM2 MF NF
100 - Il >70 mm
[ 55-70 mm
@ 40-55 mm
g <40 mm
- 80 K
g
S
8
g 60
G
S 40
1
2 20 %%
) % § g § %%

AD1 AD2 551 §82 SM1 SM2 AM1 AM2 MF

Treatments



540
541
542
543
544

545
546

Figure 1. Size distributiorfor broccoli, potato and lettude a 3yearcropping sequenogith anaerobically
digested food waste (AD), shrimp shell (SS), sheep manure (SM) and algae meal (AM) as fertilisers at two N
application rates (1 and 2), mineral fertiliser (MF) and no fertiliser (N&) detailed explanation oe@tments

and measured parameters, see the text and TaREksQlts are means of two locatiqB®dg and Grimstacgnd

of two years for broccoli and potato avalues forone yeaiand one locationBodg for lettuce
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o Bodz 2009: 103.8 + 0.4N, R2=55.0%
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a ¢ Grimstad 2009: 103.5 + 0.5N, R2=79.6%
® 200 = Grimstad 2010: 67.0 + 0.4N, R2=63.0% o
547
548 = . °
L J
L 150 s .
© .
o o
=] *« ° -
= 100
S
g . 4
o 50
[2a]
i
0 , ,
-50 0 50 100 150 200
Potentially plant-available N (kg ha®)
200 . Bode 2009: 103.6 + 0.6N, R2=57.5%
A Bode 2010: 53.7 + 0.6N, R2=79.2% .
- m  Grimstad 2010: 50.1 + 0.4N, R2=48.6%
© ° *
< 150
o
=
Q
-
g
S 100
4
o)
-
s
o
a 50
| |
-20 0 20 40 60 80
Potentially plant-available N (kg ha™)
90 .
A Bodg 2010: 33.8 + 0.6N, R2=60.9%
go ™ Grimstad 2010: 20.7 + 0.3N, R2=77.3% A
ol A -
@ 70-
e
g‘ 60
2 5o
]
a 40
3
z
@ 30
v
2 20
g
4
10
0 A

-20 -10 0 10 20 30 40 50 60
Potentially plant-available N (kg ha™)

29



549
550
551
552

553

Figure 2. Measured N uptake in broccoli, potato and lettuce (dots) as a linear fughictasiof potentially
plantavailable N during the growing seasasestimated bg@vsthus et al. (2015jom results obtained by
@vsthus et. al. (manuscript in preparation) during incubation of the fertilisers in soil at controlled temperature
and moistureResults are means for each location and year.

30



S ® ©w ¥ N °o N %
10000000_

(-6 B) no2201q ur Aousdiyye Aisrodas N

554
555

SS1 SS2  SMI SM2 AMI AM2  MF

AD2

AD1

:
3 ; . { 2 o =
- o =] <] <] o S S

(;-B3 B3]) oyeyod ur fouadiye Aisaodal N

MF

AM1

SM1

S51

AD1

e @ 9w ¥ N 9o N
- o ©o ©o o o o

-0.4

(t-B3] B3)) @>nna) u Aouadiyye Aianodal N

MF

SM2 AM2
Treatments

SS2

AD2

31



556
557
558
559
560
561

Figure 3. Recovery efficiency of applied N (NRE = {Ug)/N,) for broccoli, potato and lettude a 3year

cropping sequencsith anaerobically digested food waste (AD), shrimp shell (SS), sheep manure (SM) and
algae meal (AM) afertilisers at two N application rates (1 and 2), mineral fertiliser (MF) and no fertiliser (NF)
For detailed explanation of treatments and measured parameters, see the text andRetlé2are means of
two locationgBodg and Grimstadind of twoyears for broccoli and potato amdlues forone year for lettuce

The bars shoWw5% confidence intervals ¢iie mean

32



