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The anaerobic digestion of food waste converts waste produts into “green” energy.

Additionally, the secondary product from this process is a atrient-rich digestate, which
could provide a viable alternative to synthetically-prodied fertilizers. However, like
fertilizers, digestate applied to agricultural land can bsusceptible to both ammonia (NH)

and nitrous oxide (N O) losses, having negative environmental impacts, and reding the

amount of N available for crop uptake. Our main aim was to asses potential methods for
mitigating N losses from digestate applied to a winter wheatrop and subsequent impact

on yield. Plot experiments were conducted at two UK sites, Egland (North Wyke-NW)
and Wales (Henfaes-HF), to assess Ntland N, O losses, yield and N offtake following
a single band-spread digestate application. Treatments eamined were digestate (D),
acidi ed-digestate (AD), digestate with the nitri cationinhibitor DMPP (BCNI), AD with
DMPP (ADCNI), and a zero-N control (C). Ammonium nitrate (NHNO3) fertilizer N
response plots (from 75 to 300kg N ha 1) were included to compare yields with the
organic N source. Across both sites, cumulative NH-N losses were 27.6% from D and
DCNI plots and 1.5% for AD and ACCNI of the total N applied, a signi cant reduction
of 95% with acidi cation. Cumulative N,O losses varied between 0.13 and 0.35% of
the total N applied and were reduced by 50% with the use of DMPPalthough the

differences were not signi cant. Grain yields for the digemte treatments were 7.52-9.21
and 7.23-9.23t DM ha ! at HF and NW, respectively. Yields were greater from the plst
receiving acidi ed-digestate relative to the non-acidi &l treatments but the differences
were not signi cant. The yields obtained for the digestate reatments ranged between
84.2% (DCNI) and 103.6% (D) of the yields produced by the same N rate fro an

inorganic source at HF. Advanced processing of digestate @uced N losses providing
an environmentally sound option for N management.
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INTRODUCTION Tiwary et al., 201% soil injection Riva et al., 2006 band-
spreading {licholson et al., 2077 and acidi cation of slurries
During the last few decades, the interest in anaerobic dges;  (Fangueiro et al., 201ha
the European Union (EU) has increased due to the development Nitrous oxide emissions following digestate application to
of regulations and guidelines that encourage the productibn land are thought to be lower than those emitted from the
renewable energy to bene t the environmeiti¢bert et al., 2008; undigested material because most of the available C has been
EU, 2009; BSI, 20).0Anaerobic digestion plants generate biogasonverted to biogas prior to land application. However, there
(rich in methane), a source of “green” energy, and a liquid byare contradictory reports from the literatureMpller, 2019
product known as digestate, with a high potential as fertilize suggesting that emissions are related to the feedstockseihd
or soil conditioner depending on its nutrient conteniNkoa, properties to which they are applied, e.g., soil organic matter
2019. The EU has promoted nutrient recovery as part of thecontent, soil texture, water content, and aeraticbhéntigny
circular economy [EU, 2014 encouraging digestate to be valuedet al., 2009; Eickenscheidt et al., 20Reported N losses as®
as an alternative to inorganic and non-renewable fertiSz&  emissions following the application of food-based digestatg va
agriculture, as a potential source of income rather than atevasfrom 0.45% [licholson et al., 20)7to 4-10% Tiwary et al.,
or by-product @Alburquerque et al., 2012a,b; Nkoa, 2014; Katak2019 of the total N applied. A method to reduce)® emissions
etal., 201). from manure applications, which may be equally applicable to
The main feedstocks for biogas plants are energy cropdjgestates is the use of nitri cation inhibitors (NI), sucas
animal manures, and other organic wastesi{ehurst et al., 3,4-Dimethylpyrazole phosphate (DMPR)\(usu-Twum et al.,
2010 depending on what is locally available. In some countrie2017), that delay the process in which I\ﬁﬂtransforms into
of the EU, including the UK, anaerobic digestion is theNO,. Nitrate is a readily mobile form of N, which can be lost
recommended technology for sanitizing food waste fromby leaching, therefore, keeping N in the form of @I—(Iess-
supermarkets, catering, and kitchen wasteiehurst et al., mobile) could prevent NQ leaching while minimizing MO
2010, and their treatment through anaerobic digestion islosses$ubbarao et al., 2006; MarkFoged et al., 011
increasing Gtyles et al., 20).6Nevertheless, there is a lack The main objective of this study was to compare the e ciency
of evidence for the agronomic and environmental e ects ofof di erent N loss mitigation strategies (acidi cation, usd a
the application of food waste derived digestate to agricaltur nitri cation inhibitor, and the combination of both) to redce
land. N losses (NH volatilization and NO emissions) and enhance
Anaerobic digestion modi es the former properties of the the value of food waste based digestate as a source of N for a
feedstocks, aecting N cycling and bioavailability once thewinter wheat crop. Our hypothesis was that the acidi cation of
digestate is applied to the soil as a source of nutrients fathe digestate and the use of a nitri cation inhibitor (i. @MPP)
crops. The enhanced microbial degradation of organic mattewould decrease N losses in relation to untreated digestate,
and emission of carbon (C), particularly as methane, resuolts improving the N use e ciency for crop yield and thereby the
an increase in the proportion of total N that is more readily potential of digestate as an alternative to an inorganidlizer
plant available (i.e., in increase in the ratio of ammonium-N source.
N (NHE-N) to total N, typically to >70%), a decrease in
the C:N ratio and a lower organic matter and dry matter (JATERIALS AND METHODS
(DM) content (Webb and Hawkes, 1985; Mdller et al., 2008;
Tampio et al., 2016 Anaerobic digestion can signi cantly reduce Site Description and Experimental Design
greenhouse gas and odor emissions (if fugitive emissioas afwo eld experiments were conducted on a winter wheat crop
minimized) in comparison with the feedstocki@ssé et al., 2011; over the 2016-2017 UK growing season. The rst site was at
Battini et al., 201} and produces a more sanitized productthe Henfaes Research Station (HF), in Abergwyngregyn, North
when the feedstock is manure(zi et al., 2015 However, Wales (531421.9%N, 4 050.9%; 10m above sea level). The
the increase in pH and NEl-N content through anaerobic second site was at Rothamsted Research North Wyke (NW),
digestion enhance the polluting potential of the digestatén Devon, South West England (50939.8N, 3 9525 P&:
during storage $ommer and Husted, 199%and following 180m above sea level). The former crop was barley at HF
land spreading I(I6ller, 2019. The main concerns regarding and grassland at NW. Both sites have a temperate climate with
application of digestate and other organic wastes to agricallt average annual rainfall of 1,060 and 1,107 mm, respectiViegy.
land are emissions of N to the environment through ammoniasoil at HF is a free-draining Eutric Cambisol with a sandy clay
(NH3) volatilization, nitrate (NQ ) leaching and greenhouse gasloam texture and at NW is a free-draining Dystric Cambisoltwit
emissions as nitrous oxide ), with associated impacts on a clay loam texturel(USS, 201 Five representative soil samples
air and water quality, ecosystem functioning and human theal were collected from each eld site to a depth of 15cm. Each
(Galloway et al., 2003 soil sample was then crumbled by hand, vegetation, roots, and
Tiwary et al. (2015yeported that 35-65% of the total N stones manually removed and the soil thoroughly mixed préor t
applied in digestate can be lost through BlKolatilization if  analysis. The main soil characteristics are showfeible 1
the digestate is surface broadcast. Potential methodsdoces Triticum aestivum(var. KWS Siskin) was drilled on the 10th
NH3 volatilization include the rapid incorporation of manures October 2016 at both sites with a row spacing of 0.1 m. Prior to
and digestates into the soil after applicatiovidler et al., 2008; this, the elds were plowed to 15 cm depth and limed to increase
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TABLE 1 | Background soil properties at the Henfaes (HF) and North Wgk(NW) emissions (manual or automatic chambeérable 2. At HF, NH3

sites. emission measurements were made on the main plots, whereas at
Soil property (0-15 cm depth) HE NW NW separate “mini-plots” (2 0.5m) were established for these
measurements at the prevailing wind (south westerly) edgieeof
pH1: 25 (in HO) 6.40 0.03 580 007 ftrial site.
EC;.05 (MScm 1) 281 16 172 04 Additionally, to be able to calculate the fertilizer replamant
Bulk density (g cm 3) 0.87 0.09 075 0.08 rate of the N mitigation digestate treatments, N response plots
Total soil C (g C kg 1) 262 15 169 04 were included at both sites. Ammonium nitrate (MNO3) was
Total soil N (g N kg 1) 239 0.08 1.95 004 applied at four di erent rates: 75, 150, 225, and 300kg N’ha
Soil C:N ratio 109 03 87 0.1 split into three applications between March and April 2017
DOC (mg C kg 1) 920 37 854 350  according to the suggestions ByEFRA (2010for winter wheat.
DON (mg N kg 1) 221 09 116 1.7 The N response plots were 6.51.2m at HF, where they were
NO, (mg N kg 1) 266 013 285 145 Included in the randomized block design, and 4.52m at
NHC (mg N kg 1) 105 014 119 o015 NW, where they were established in a separate part of the eld.
Mineralisable N (mg N kg 1) 476 3.0 174 22 Nitrogen response plots were for yield measurement only with
Acetic acid extractable P (mg P kg 1) 580 0.71 887 o075 o soil or gaseous emission sampling.

Table 3 gives the main properties of the anaerobic digestate
Valuesrepresentmea_ns standar(jt_error(nD 5)andare'expressedo.n_adrymatterbasis used in the eld experiments from six (HF) and 12 (NW)
sfgzgfcigrzgs i;ﬁ;ﬁigg:g:cxgni(CErizr'OESI;'Elecmcal conduetvitpo, dissolved digestate samples. The digestate, based on food waste aodivith
separating solid and liquid fractions, was provided from local
anaerobic digestion plants. Half of the digestate used at giteh
the soil pH. Phosphorus (P, as Cafff0s) and potassium (K, was acidi ed, to a target pH of 5.5, with concentrated 30y
as KCI) were applied during the same week of sowing. Kieseritgefore application. Approximately 1 | of concentrategd®, was
(MgSQ; H»0) was applied in March at both sites. Application added in total per 1001 of digestate. The pH of the digestate at
rates were based on routine soil analyses and nationaliZerti application was determined in a 1:6 (v/v) fresh digestatttigid
guidelines DEFRA, 201)) so that these elements were non-water suspension and was lower for the acidied digestate
limiting. Herbicides at both sites, and insecticides anuigficides  than in the non-acidi ed digestate at both sites, as expected
only at NW were also applied according to manufacturers{Table 3, although the reduction in pH to<3 for the NW
recommendations. See Table S1 for additional information. site was greater than anticipated based on previous labgrator
A randomized complete block design was established at eatdsts.
site with one replication in each block equalling ve replicats
per treatment ( D 5), with plot size 14 1.2matHFand9  Soil Sampling
2m at NW. There were four “digestate treatments” and a cdntro During the experiment, soil was sampled from the sampling
area of each plot three times per week for the rst 2 weeks
after digestate application, two times per week for the next 2
weeks, followed by weekly sampling thereafter. Subsequently
soil samples were taken once per month until the end of the
experiment. On each occasion, eight soil samples were taken per
plot to 15cm depth and pooled to provide one representative
sample per plot. At NW, soil was sampled proportionally from
within and between the digestate bands. At HF, soil was sainple
randomly, as there were no distinct digestate bands. Soibkem
were stored at £ and in the dark prior to analyses. Soil
moisture, pH, EC, NHC and NO; were determined as
The target application rate was 190kg N Haas digestate, detailed previously.
although actual application rate achieved in the eld varied
(Table 9. The digestate was band-spread parallel with crop rowAnalytical Methods
(30cm between bands) at a rate equivalent to 49 lm 1 Chemical Properties
using 201 capacity watering cans on April 19th 2017 at HF an®oil pH and electrical conductivity (EC) were determined
March 20th 2017 at NW, at the start of stem elongation andn a 1:2.5 (w/v) soil:distilled water suspension with standard
never after early May, according il=FRA (2010)The digestate electrodes using a Model 209 pH meter (Hanna Instruments
remained in bands in the “digestate treatments” at NW butLtd., Leighton Buzzard, UK) and a Jenway 4520 conductivity
not at HF because of the lower DM content. The plots weraneter (Cole-Palmer Ltd., Stone, UK). Total soil C and N were
divided into two di erent areas: (1) the harvest area, whichsw determined using a TruSpét analyser (Leco Corp., St Joseph,
used to determine grain yields and plant production; and (2MI) and ground oven-dried soil (10%, 24 h). A soil sub-
the sampling area, which was used for periodic soil samplinggample was taken to determine soil moisture and another for
NH3 volatilization measurements (wind tunnels) and dailyl  mineral N extractions: a 0.5 M48Q, solution was used in a 1:5

1. control (C): zero-N, no digestate or fertilizer N applied

2. digestate (D);

3. digestateC the nitri cation inhibitor 3,4-dimethylpyrazole
phosphate (ITNI): DMPP (21 hal) was added to the
digestate and gently stirred before application;

4. acidi ed digestate (AD): digestate previously acidi edlim?
tanks;

5. acidi ed digestate with nitri cation inhibitor (ADCNI):
DMPP (21 ha 1) was added to acidi ed digestate and gently
stirred before application.
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TABLE 2 | Plots dimensions, N application rates, and measurements aeducted at the Henfaes (HF) and North Wyke (NW) eld experimén

Plot Size N applied @ Measurements Size N applied 2 Measurements
(m?) (kgNha 1) (m?) (kgNha 1)
HF NwW
Control plots 14 1.2 9 2
Harvest area 65 1.2 0 Yield, plant production, N 45 2 0 Yield, plant production, N
content, N offtake, NUE content, N offtake, NUE®
Sampling area 75 1.2 0 Soil NH{, NO, , soil pH, 45 2 0 Soil NH;', NOy , soil pH,
and EC®, N,O and EC°, N,O
Digestate plots 14 12 9 2
Harvest area 6.5 1.2 132 (D, DCNI), Yield, plant production, N 45 2 177 (D, DCNI), Yield, plant production, N
176 (AD, ADCNI) content and offtake, NUE? 217 (AD, ADCNI) content and offtake, NUE?
Sampling area 75 1.2 132 (D, DCNI), Soil NHE, NO3 , soil pH and 45 2 177 (D, DCNI), Saoil NHE, NO3 , soil pH and
176 (AD, ADCNI) ECC, NH3, N,O 217 (AD, ADCNI) EC®, N,O
N response plots 75 12 45 2
Harvest area 75 1.2 75/150/225/300 Yield, plant production, N 45 2 75/150/225/300 Yield, plant production, N
content and offtake, NUE? content and offtake, NUE?
Sampling area
Mini-plots 2 05
Harvest area
Sampling area 2 05 177 (D, DCNI), NH3

217 (AD, ADCNI)

aN applied, Control; D, digestate; BCNI, digestate plus nitri cation inhibitors; AD, acidi ed digestate; ARCNI, acidi ed digestate plus nitri cation inhibitors.
PNUE, nitrogen use ef ciency.
CEC, electrical conductivity.

TABLE 3 | Properties of the digestate (D) and acidi ed digestate (AD)sed at Henfaes (HFn D 3, mean standard error) and North Wyke (NWnh D 6; mean  standard
error) expressed on a fresh weight basis.
pH Dry matter Total N NHE-N NO5 -N Total P Total K

(L:6 viv) (%) @kg b (% of N) (mgkg 1) @kg Y @kg b
HF
D 8.24 0.01 3.08 0.19 3.30 0.12 90.3 2.7 <10 0.56 0.02 155 0.01
AD 540 0.01 5.08 0.04 440 0.06 780 1.8 <10 0.69 0.01 159 0.01
P < 0.001 < 0.001 0.001 0.021 na 0.005 0.077
NW
D 8.05 0.03 7.52 0.08 4.43 0.06 81.7 1.1 <10 0.76 0.01 1.05 0.01
AD 2.88 0.06 9.66 0.03 543 0.04 79.0 11 <10 0.75 0.00 1.07 0.01
P < 0.001 < 0.001 < 0.001 < 0.001 na 0.315 0.958

P is the P-value of the ANOVA for all the properties except for pH and dry rttar for NW that is the P-value of the Kruskal-Wallis non-parametric AN@A. na, not-applicable.

soil:extractant ratio (w:v) shaking at 150 rev minfor 30min  according toKeeney (1982using 5g of soil and calculating
and then centrifuging at 10,000 g for 10 min. The supernatanthe di erences in NI—E between the initial concentrations and
was stored at 20 C until analyses. Total dissolved organicthe concentrations after 7 days of anaerobic incubatioretiéc
C (DOC) and total dissolved N (TDN) in the extracts wereacid extractable P was used as a proxy for plant-available P,
measured using a Multi N/C 2100/2100 analyser (AnalytikJendetermined after extracting the soil with 0.5M acetic actds(
AG, Jena, Germany). Dissolved organic N (DON) was calculates/v, 200 rev min' for 1h) by the molybdate blue method
by subtracting Nljf and NQ; from the TDN value. Ammonium  (Murphy and Riley, 196@following centrifugation (10,000 g,
in the extract was determined colorimetrically using thikcgdate 10 min).

method of Mulvaney (1996jand NGO, following the salicylate Total N, and NG, -N in the digestates were determined as
method of Miranda et al. (2001)in an Epoch? microplate previously described, and l\ﬁ-{N was signi cantly higher in the
spectrophotometer (Bio Tek Instruments Inc., Winooski, VT).anaerobic digestate for both sites. A digestate sub-samate w
Mineralisable N was determined after anaerobic incubatioroven-dried at 105C for 24h and ground to pass 1 mm sieve
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to determine the dry matter (DM) content. Dry matter content ~ Sampling from the manual chambers was done at the same
was greater in the digestate than in the acidi ed digestate] frequency as the soil sampling described above, betweefi 10:0
greater at NW than at HF (mean valueBable 3. A sample and 12:00h. Lids were placed on the chambers and gas samples
of each digestate was digested with concentrated hydrdchlo were taken at 20, 40, and 60 min, and 10 ambient air samples
and nitric acid (aqua-regia) to analyse mineral elements byaken (5 before and 5 after the sampling period) away from
ICP-OES/ICP-MS as detailed iEPA (1996) the acidied the plot areas as a measure of concentration at time Omin
digestate had a signi cantly higher content in Mg at HF and infor each chamber. All gas samples were collected and stored

S at both sites but a lower content in Zn at NW (Table S2). in pre-evacuated vials prior to /0 analysis. All gas samples
) o collected from the manual static chambers were analyzedyusin
Ammonia Volatilization a Perkin Elmer 580 Gas Chromatograph tted with an electron-

Ammonia volatilization measurements were made using @8yst capture detector and an automated sample injection system and
of small wind tunnels as described bjisselbrook et al. (2005)  cajibrated using certi ed MO standards. The installation of the
One wind tunnel was placed on each of the “digestate plots” of tomatic chambers at HF was the same but metal chamber
the four rst blocks at HF and on each of the mini-plots at NW pases were inserted in the soil to a depth of at least 5cm and
directly after the application of the “digestate treatmer(ttD  {he chambers attached to these. Chambers were programmed
4 for each treatment). Ammonia concentrations of the inletlan 4 ¢jose sequentially using pneumatic actuators, for 30 ram f
outlet air of each wind tunnel were determined using 0.02 Mgas sampling, resulting in four measurements per chamber per
H3PO; acid traps (100ml) changed every day, except for thgay Gas was sampled from the chambers via a sampling port
rstday when higher volatilization rates were expected theye 4t 3 rate of 11 min?, and to avoid a negative pressure, the
changed twice at HF and three times at NW. After each samplinghambers allowed ambient air entry via an air inlet hole af th
the acid trap samples were made up to 100 ml with distilled watesgme diameter as the sampling one, i.e. these were through-
in the laboratory and a subsample was frozen before analysis @), chambers. Gas samples were delivered to an Isotopi® N
NHZ-N as described previously. Ammonia uxeé&iz, MM ®  Analyser via 0.17 mm internal diameter PFA tubing, with the
s 1) were calculated according to equation 1: same length for all chambers. Nitrous oxide concentratioase
_ recorded at 0.1Hz during the 30 min chamber closureON

Furs DV(Go - G)AL 1) concentration data for the rst 0.5min was discarded from

where C, and G are the outlet and inlet concentrations, calculations to account for the dead volume in the samplesline

respectivelyy is the air volume (m) drawn through the wind ~ Every four chambers, a standard (1.5 pprdy was introduced
tunnel over the sampling period,(s), andA the area covered by into the analyser for calibration.
the wind tunnel (n?). Hourly N2O uxes (mg N,O-N m 2 h 1) were calculated

Cumulative NH; emissions over the 7 day measurementiSing linear regression, with the assumption of linearity fo
period were derived by summing the ux from each samplingManual and automatic chambers. Calculations for the autitna
time. Total N lost through NH volatilization was expressed as achamber determinations were made using the Im() function in R
percentage of the total N applied for each treatment to normaliz&version 3.3.2., R Core Team 2016). The manual chamber N
for the di erent N application rates at the two sites. emissions fnoo) were calculated as described dxy Klein and

Harvey (2012)(Excel, O ce 2016) using Equation (2):
Nitrous Oxide Emissions
Nitrous oxide emissions were measured with a combination of FNooDH (G Go)t (2
static manual and automated chambers at HF and only manual
chambers at NW. Speci cally, three replicate plots with onevhereH is the ratio of chamber volume to soil surface area
automated chamber (0.50.5 0.2 m) per plotwere used forthe (I°to | 2), C is the concentration of MO within the chamber
“digestate” treatment plots at HF, with one manual staticobar ~ at the time ) of sampling andCio is the NbO concentration
(0.5 0.5 0.3m) per plot for three control plots (i.en, D 3  measured at 0 min, measured after the chamber had been sealed
per treatment at HF). At NW, one manual static chamber (0.5 Cumulative NO emissions were calculated for each plot using
0.5 0.3m)was used on each replicate plot for all treatmemts (the area under a curve function “cumtrapz()” from the “pracma’
D 5 per treatment). The automatic chambers at HF were linkeghackage (Hans Werner Borchefs;Core Team, 20)6Finally,
to an Isotopic NO Analyser (Los Gatos Research Inc., San Jos®tal N lost as NO was expressed as the percentage of total N
CA, USA) for measurement of XD concentration. All chambers applied in each treatment after subtracting the cumulativ®©N
were installed at least 1 week before digestate applicatitim, wemissions from the control plots.
edges pushed at least 5cm into the soil and packing soil around | . .
the external edge of the chamber to ensure a proper seal. G&J@in, Plant Production, and Nitrogen Use
tight extensions (0.3 m height) were tted to the chambersidg ~ Ef ciency
the growing season to accommodate the height of the growinGrain and plant production were determined from the “harvest
wheat. Readings from 10 (HF) and 5 (NW) SDI 12 soil moisturearea’ of each plot at the end of the experiment (8 and 15th August
sensors (Acclima Inc., USA) at 2.5 cm depth and soil bulk dgnsit2017 at NW and HF, respectively). At HF, wheat plants from three
(Table 1) were used to calculate water lled pore space (WFPS).4 0.4 m quadrats were harvested 2 cm above the ground and
Figure S1) to explain daily #0 uxes. grain and straw were separated by hand and weighed. At NW,
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a Sampo small-plot combine harvester was used to harvest theHS, and NGO, during the experiment are presented in
wheat, separating the grain and straw, which were weighed. Rigure 1 for both sites. Soil pH decreased following addition
sub-sample from each plot was used to determine grain and stragf the acidi ed digestate treatments (AD and AINI were
moisture. Total N was analyzed using a TruSpemalyser (Leco between 5.2-6.3 at HF and AINI between 4.6-5.4 at NW)
Corp., St Joseph, MI) from ground oven-dried plant tissue 80 relative to the non-acidied treatments (C, D, and GNI;
24.h); N o take by the total crop was calculated by multiplying6.0-6.8 at HF, and C and D between 5.0-6.0 at NW,
the N content of the grain and the straw by the grain andFigures 1A,B. This e ect was observed a few days after digestate
straw yield, respectively. Thousand-grain weight (TGW) alas  application and pH remained lower until harvest at both
determined by weighing 1,000 oven-dried grains. Graindyiel sites, reaching maximum dierence 1 month before harvest
straw yield and TGW are reported at 85% dry matter. (around 1.0 pH unit). The application of the digestate also
Nitrogen Use E ciency of the crop (total for grain and straw, led to changes in soil EC, with the greatest values for AD
NUE) and grain (NUEy) were calculated according to Equationsand ADCNI, followed by D and OCNI and, nally, by C

(3, 4), respectively: (Figure S2).
Peaks in soil NI -N content were observed inthe rstmonth
NUE:D (Nt Nc)=Napplies 100 (3)  after digestate applicatiofrigures 1C,0). Ammonium contents

between 150 and 200mg N ky were found at NW, which
were double that measured at HF (80 mg N Ayin this period.
Following the initial peaks, a general decrease in soiﬁN‘H-l
- 1 content was observed with time, with a faster rate of deer@as
areinkgNha*. HF. Soil NH -N contents were greatest for ALNI and AD. A
_ similar trend occurred for soil NQ-N content (Figures 1E,F,
NUEg D (Ngt Ne)=Nappiiea 100 “) however, the greatest NON co%centrations were observed

whereNy; is the grain N o take from N (digestate or NfNO3) for treatments without the nitri cation inhibitor (D and AD,

treatment plotsNgcis the mean grain N o take from the C plots within the rst month following digestate appilication. Peak koi
andNappiiedis the N fertilizer applied to the plots. All units are kg NOs -N contents were 90 and 60mg N kg™ for D and AD

whereN is the crop N o take from N (digestate or NfNO3)
treatment plotsN¢ is the mean crop N o take from the control
plots andNgppiiedis the N fertilizer applied to the plots. All units

Nha ! respectively at NW, and 13 and 10mg N Kgfor D and AD,
’ and C respectively, just 1 day after digestate application at
Statistical Ana|yses HF. Soil NG, -N contents for DCNI and ADCNI were more

A factorial analysis of variance (ANOVA) with two factors constant through the whole experiment and their values were
(site: HF and NW; and treatment: C, D,@NI, AD, ADCNI) comparable with other treatments in the last 2 months at both
and a blocking factor was performed for cumulative BiH Sites. Soil Nif-N and NO;-N contents were below 20mg N
and N,O losses (expressed as % of the total N appliedkd 1 for the controls at both sites throughout the experiment
grain and straw yield, N otake (grain, straw and total), (Figures 1C—.

TGW, NUE; and NUE,. Tukey's post-hocwas used to .

detect dierences between sites and treatments. Thest Nitrogen Losses

was performed to examine variation between the dierentThe percentage of total N applied lost as N&hd N,O averaged
properties of the digestate and acidied digestate used across all “digestate treatments” were signi cantly higlae
both sites, except for pH and DM at NW where a Kruskal-HF (17.4 and 0.45% of the total N applied, respectively) than
Wallis non-parametric ANOVA was used. One-way ANOVA at NW (11.6 and 0.13% of the total N applied, respectively;
was used to compare NYENUE,, grain yields, and plant Table 4. The majority of the NH loss occurred during the
production for the di erent “digestate treatments” and fdizer ~ rst and second days following digestate applicatiéiiglire 2).

N rates at HF. Cumulative Nkilosses, N o take by straw, Cumulative NH; volatilization losses were signi cantly reduced
and plant production were log transformed to ensure theby the acidi cation of the digestateP(< 0.001), being 1.5% of
requirements for ANOVA. Statistical signi cance is de ned the total N applied for the mean of AD and ADNI treatments

as p < 0.05. In addition, linear (without including the and 27.6% of the total N applied for the mean of D an@BI
highest dose) and quadratic regressions were derived féieatments across both sites. MeanO\ loss from digestate
yield and total crop production for the fertilizer N response treatments with the nitri cation inhibitor (DCNI and ADCNI)
plots (0 to 300kg N hal) to calculate the fertilizer N Wwas 0.17kg N ha' and 0.35kg N ha! for those without the
replacement value of the dierent digestate treatments. AlNitri cationinhibitor, a >50% reduction although the di erences
statistical analyses were performed using SPSS v22.0 (IBd4 CoWwere not signi cant P D 0.097 Table 4. The peaks in daily hO

Armonk, NY). emissions (Figure S3) were related to higher WFPS (Figure S1
especially for the “digestate” treatments at HF. The airlioe
RESULTS one of the automatic chambers used to determingONuxes
at HF appeared to be blocked (Figure S4, chamber 2 for AD
Soil Analyses treatment), so its values were replaced by the mean value of

Soil pH, total C, total N, C:N ratio and mineralizable N the other two chambers from the same treatment for statitica
were higher in HF than NW Table 7). Changes in soil pH, analysis because only three chambers per treatment were used
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FIGURE 1 | Time course of soil pH, soil NI% and NO; contents (means  standard error) at Henfaes (HFA,C,E) and North Wyke (NWB,D, F) following digestate
application. C, control; D, digestate; OCNI, digestate plus nitri cation inhibitors; AD, acidi ed digetate; ADCNI, acidi ed digestate plus nitri cation inhibitors;n D 5 for
each treatment.

at HF. A similar ranking was obtained for cumulative,®  (Table 4. Higher mean grain yieldsR D 0.004) were measured
emissions at both sites (AD D > ADCNI > DCNI > C, at NW (8.93 0.37t hal) than at HF (7.55 0.44t ha?l).

Figure S4). The same e ect was observed for plant productiéh<{ 0.001),
15.36 0.45t ha' at NW and 11.37 0.50t ha'! at HF.
Yield, Nitrogen Offtake, Nitrogen Use The application of the di erent digestate treatments resulied

Ef ciency (NUE), and Inorganic Nitrogen a signi cant increase in grain yield?(< 0.001) and total crop
' production (P < 0.001) in relation to the control treatment

Replacement (grain yield, 5.47 0.64t hal, and plant production, 11.09

Grain yield and total crop production were in uenced by the 1.36t ha') without N application but no signi cant di erences
site in a di erent way for the control and digestate treatmgnt were observed between the “digestate” treatments (graiil,yi
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6a
2.8b

5
6.1

3

NUE-crop

(% of

applied N)
4.0

44.2

50.3

48

54.5
38.0
0.003
na
46.5

2.1a
2.7

NUE-grain
(% of
applied N)
41.8
29.4  2.4b
0.003
36.8 3.1
30.1
415 4.7
339 39
0.229
0.801

8.8b
188.3 9.4a
<0.001
85.4
12.8b
12.9b
11.3a

Crop N
offtake
(kgNha 1)
126.9

13.4c
153.3
154.2
185.3
182.1.4 14.9a
<0.001
0.636

Grain N
offtake
(kgNha 1)
96.1 6.9b
140.1 7.2a
0.001

67.8 10.3c
117.3 11.6b
119.3 8.3b
146.8 9.9a
139.6 9.5ab

0.9b
46.7 0.6ab

44.2

1l.1c

TGW
Number
47.8 0.4a
43.9 0.5b
<0.001
48.5 0.5a
46.1
435 0.8c
<0.001
0.564

1.36

Plant
production
(tha 1)
13.49 0.71
17.71 0.56
<0.001
11.09
16.49 0.78
16.21 0.66
16.67 0.71
16.95 1.06
<0.001
0.024

Grain yield
(tha 1)
7.55 0.44b
8.93 0.37a
0.004

5.47 0.64b
8.62 0.59a
8.31 0.47a
9.52 0.49a
9.04 0.43a
<0.001

N, O losses
0.45 0.07a
0.03b

0.06

0.10

17 0.09

(% of
0.34 0.09

applied N)
0.13
<0.001
0.17

0.35

na
0.

NH3 losses
0.2b
1.9 0.6b
<0.001
0.381

(% of
11.6 3.0b

applied N)
17.4 4.2a
0.002
Na
275 4.1la
27.7 21a

(n]

NW
P-value
DCNI
AD
ADCNI
P-value

HF

TABLE 4 | Factorial ANOVA for cumulative nitrogen losses (NHand N, O, as % of the total N applied for the different treatments andgites), grain and plant production, thousand-grain weighTGW), N offtake (grain
and crop, including grain and straw), and nitrogen use ef ciacy (NUE) for the winter wheat crop at the Henfaes (HF) and NbrWyke (NW) sites for the different treatments (C, controlithout N application; D

digestate; DCNI, digestate plus nitri cation inhibitors; AD, acidi ed digestate; ADCNI, acidi ed digestate plus nitri cation inhibitors).

Site
Treatment

0.626

<0.001
0.967

0.097

0.809

0.309

0.594

P-value

Interaction Site Treatment

Values represent means standard error (nD 45 per site and nD 10 per treatment ). na, not-applicable because NH volatilization was not determined for the control plots and their values forXD and N offtake were used to calculate

N2 O losses (% of applied N) and NUE for the “digestate treatments.”

between 8.31 0.47t ha' for DCNI and 9.52 0.49t ha!

for AD, and plant production, between 16.21 0.66t hal
for DCNI and 16.95 1.06t ha® for ADCNI; Table 4. The
interaction site treatment was not signi cant for grain yield
because an analogous trend for the “digestate” treatmengs wa
observed at both sitesigure 3), however, it was signi cant
for plant production @ D 0.024), because the highest mean
values were observed for AB ADCNI > D > DCNI > C

at HF, and for ADCNI > DCNI > D > AD > C at NW
(Figure 4). Thousand grain weight was loweP (< 0.001) at
NW (43.9 0.59) than at HF (47.8 0.4g) and was reduced
(P < 0.001) in the following order in relation to the di erent
“digestate treatments,” G, DCNI >, D >, AD > ADCNI
(Table 4.

The mean grain N otake and crop N o take the means
across the ‘digestate' treatments were signi cantly highte
NW than at HF, butNUE; and NUE; were lower than that
at HF (Table 4. Digestate application signi cantly increased
grain N otake and crop N otake in comparison to the
control, as expectedTéable 4. Highest N o take values were
from AD followed by ADCNI for both grain and crop, and
NUEy and NUE; were also highest for these treatments although
di erences were not signicant Table 4. There were no
signi cant site  treatment interactions for N o takeNUEg or
NUE..

Fertilizer replacement value was signi cantly greatest for AD
and signi cantly least for NI for both grain and total crop
yield at HF (Table S3) and followed the same order whether
tting a linear (or quadratic function;P < 0.100 for data
calculated with both ttings): AD (168 20kg N hal) >
ADCNI (154 18kg N hal) > D (137 9kg N hal)
> DCNI (111.1 7.7kg N hal), for the linear approach
and grain N fertilizer replacement. The di erences between the
linear and the quadratic approaches for the calculation of the
inorganic N replacement by digestate were 4.5% for grain yield
and 8.1% for total crop production. However, when fertilizer
replacement was calculated as a function of the total N applied
per treatment, the di erences were not signi cant between the
“digestate treatments” (Table S3) and ranged between 84.2
5.9% for DCNI treatment and 103.6 6.9% for D treatment.
At NW, the fertilizer N response plots were severely a ected by
lodging and data were subsequently not used.

DISCUSSION

Digestate and Soil Characteristics

The properties of the digestate used in our eld experiments
were comparable to these reported elsewhgl@ler and Miller,
2012; Nkoa, 2094 high pH (>7.0), low DM content, high
proportion of total N as NI-f-N, negligible NG -N content, and
similar total N, P and K contents. In general, the application
of digestate does not alter soil properties in the short-term b
can increase microbial activity and biomas&s(ero et al., 2016

N mineralization and NH oxidation (Odlare et al., 2003 soll
mineral N content (dller et al., 2008 hydraulic conductivity,
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and decrease soil bulk densitg4rg et al., 2005in relation to ~ Nitrogen Losses: Acidi cation and

undigested feedstocks. Nitri cation Inhibitors

Unfortunately, the N loading rates for the di erent treatment  acidi cation to a pH of <6.0 reduced NH volatilization to
in our study were not the same, and not exactly the 190 kg N'ha < 2.0% of the total N applied (AD and ADNI plots), a similar
(equivalent) that we targeted. This is something that haanbe reduction to that reported by other authors when non-acidi e
reported in other studies{ezzolla et al., 2012; Riva et al., 2016 digestate or slurries were injected into the séih(gueiro et al.,
To address this, the N losses were presented as a percentage®fsh: Riva et al., 2016; Baral et al., J0These values were
the total N applied. The variability of the feedstocks, digest signi cantly lower than when the digestate was not acidi €@l
handling, transport, and storage in the local biogas plants anand DCNI), resulting in NHz losses of more than 27% of the total
in tanks in the elds before the application could have causedpplied N (Table 4. High NHff content and pH of the digestate
changes in the digestate N content between the initial sargplinfacilitate N losses via Niivolatilization (Fangueiro et al., 2015a;
time and the time of land application. It is well known that Mdller, 2019 that can account up to more than a 40% of the
open stores\(Vang et al., 2014 and the lack of semi-permeable total applied N if not managed carefully (e.&iva et al., 2016;
materials to cover the tank&(rjesson and Berglund, 200&nd  Nicholson et al., 2007 Our results for the digestate treatments
protective gas-tight layer$éttini et al., 201)ican lead to large when the digestate was not acidi ed (D andI) are consistent
N losses, predominantly via Nfvolatilization (Petersen and with these studies. Ammonia is quickly emitted, normallyidg
Sgrensen, 2008; Fangueiro et al., 2)1liecomparison with the rst few hours after slurry [{li et al., 201} or digestate
the undigested feedstocks. Moreover, the pH of our digestaigigure 2 of this experimentNicholson et al., 20)7are applied.
was 8.24 0.01 at HF and 8.05 0.01 at NW, and according Consequently, measures to reduce its emission should beédc
to Muck and Steenhuis (1982yery high losses of Ngfrom  inthe rst few hours after application (e.g., rapid incorporatio
digestate occurs above pH 8.0, and small losses below pH &0. Tdnd on production or storage phases of the digestate, to reduce
lower pH of the acidi ed digestate applied to our elds (5.40 N losses at the di erent phases. The large, signi cant deeeas
0.01 at HF and 2.88 0.06) and the time between acidi cation in N losses from NH volatilization we measured following
and eld application of the digestate (1 week at HF and 2 dayscidi cation of digestate (ca. 95% reduction compared with
at NW) would also contribute in part to explain the higher non-acidi ed digestate) demonstrates the e ectiveness a$ th
N content in relation to the non-acidi ed digestate becausemethod to control and reduce these emissions, addressing
the equilibrium NHE / NH 3 favors volatilization at higher pH a key knowledge gap identi ed bylicholson et al. (2017)
(Méaller, 2019. The tanks used for the storage of the digestatélthough more experiments under di erent weather conditions
in our elds before application had a simple thread lid and werephysico-chemical soil properties and crops are necessary, our
only loosely xed to prevent pressurization of the tanks, seeve study supports the use of acidi cation of food based digestate
not gas-tight, which may have contributed to greater N loss v consistent with this technique being called the Best Abigla
NH3 volatilization, especially from the non-acidi ed treatmten Technology (BAT) for reducing Nkllosses from slurries in some
(Méller, 2015. countries Kai et al., 2008 Rapid soil incorporation has also been

The di erent dry matter (DM) content (%) of the digestate shown to reduce NH losses by up to a 85% when following
applied at HF (3.08 0.19 for D and 5.08 0.04 for AD) application of food waste based digestatev@ry et al., 2016
and at NW (7.52 0.08 for D and 9.66 0.03 for AD) but it could increase N losses in the form ob® as observed
explains the variable distribution of the applied digestate afor slurries (Tfhorman, 201).
both sites following simulated bandspreading. The higher DM When the pH of the digestate is 6.00 the high soll
content at NW resulted in discrete bands of digestate, wdere NHS contents after the application of the digestate stimulate
the lower DM content at HF meant that the digestate didnitri cation (Muck and Steenhuis, 19%2and, consequently,
not remain within bands resulting in a more homogeneousN,O emissions. The intensive frequency ofsampling and
distribution covering almost the whole surface of the plotsanalysis at HF (Figure S3), and the higher mineralizable N
that received digestate. The higher surface area of digestaneasured at HFTable 1) might explain the greater cumulative
in contact with the air at HF helps to explain the higher N N,O losses compared to NW, as someNpeaks may have
losses at HF (mainly as NHbut also as MO despite the been missed because of the lower frequency of sampling at NW.
lower WFPS at HF, Figure S1 arnkhble 4, and dierences Nitri cation could have been responsible for most of the®
in soil NH$-N and NO,-N contents between NW and HF emissions because the WFPS was alwa§8% at both sites
(Figure 1), especially during the rst months after digestate (between 10 and 25% at HF and between 15 and 50% at NW,
application. In this study, the higher DM content for NW Figures S1A,B) and theJ® peaks were related to higher WFPS
digestate compared with that at HF did not result in higher NH in soil (Figures S1, SZhu et al., 2013
emissions as would be expected for slurries (é/gsselbrook Nitrous oxide emissions as a result of denitri cation are
et al., 200% suggesting that other factors (such as the increasestimulated after the application of organic amendments with
emitting surface area) were important in controling NH a large content of C Kochette et al., 2000 Therefore, we
volatilization. The greater post-harvest soil N@N content do not discard that denitri cation was, in part, responsible
at NW could indicate more risk of leaching than at HF of some NO emissions observed after digestate application
(Figures 1E,F. (Figure S3), although the initial NO-N contents in soil were
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FIGURE 2 | Time course of ammonia volatilization (means standard error) during the week after digestate applicatioat Henfaes (HFA) and North Wyke (NWB).
D, digestate; DCNI, digestate plus nitri cation inhibitors; AD, acidi ed digstate; ADCNI, acidi ed digestate plus nitri cation inhibitors;n D 4 for each treatment.

FIGURE 3 | Grain yields (means standard error) at Henfaes (HFA) and North Wyke (NWB) at the end of the experiment as a function of the treatment. Ccontrol;
D, digestate; DCNI, digestate plus nitri cation inhibitors; AD, acidi ed digetate; ADCNI, acidi ed digestate plus nitri cation inhibitors; and seveal rates of N applied
as NH;NOg3, including the control treatment (C, Okg N ha1); n D 5 for each treatment. Different letters indicate differeres according to Tukey's HSD test at a
probability level of 0.05.
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FIGURE 4 | Plant production (straw and grain, means standard error) at Henfaes (HFA) and North Wyke (NWB) at the end of the experiment as a function of the
treatment. D, digestate; DCNI, digestate plus nitri cation inhibitors; AD, acidi ed digetate; ADCNI, acidi ed digestate plus nitri cation inhibitors; and seveal rates of

N applied as NH;NOs, including the control treatment (C, 0kg N hal);n D 5 for each treatment. Different letters indicate differeres according to Tukey's HSD test
at a probability level of 0.05.

lower (Figures 1E,lf than in a previous study by-angueiro have been proved to be an e ective strategy to reduce N losses
et al. (2015bwhere high soil NQ-N content (c. 80 mg kgl)  from soils where mineral fertilizerd_{u et al., 201Bor slurries
resulted in signi cant NO emissions. In addition, hot spots (Vallejo et al., 2005; Fangueiro et al., 20&6e applied. The
where both nitri cation and denitri cation processes occare acidi cation of slurries has also been shown to delay nitation
created in soil after the addition of organic manures, inthg  in some soils fangueiro et al., 20)3ut not in others, e.g.,
even when bulk WFPS is below 50%, resulting gONemissions  soils with a high bu ering capacity where the soil pH was not
(MarkFoged et al., 2011; Zhu et al., 2R1Baral et al. (2017) altered after the application of the acidi ed digestatefgueiro
found that the highest DO emissions were produced at WFPSet al., 201 Owusu-Twum et al. (201 7ecently demonstrated
between 53 and 56% in a eld experiment in which springin a short-term experiment under controlled conditions that
barley was fertilized with manure and digestate and thajpded:  acidi cation of slurries could signi cantly reduce O emissions,
nitri cation-denitri cation was the source of these emisss. butto a lesser extent than when DMPP was used. We found some
A decrease in the nitri cation process was observed for thevidence of a delay in the nitri cation process for the acidl e
treatments in which DMPP was added; i.e. higherf\ml and digestate, where peak soil NEN content was observed a few
lower NGO; -N contents were measured at both experimentalweeks later than for unacidi ed digestate at HFigure 1B,
sites for OCNI and ADCNI treatments during the experiment and soil NI—E-N contents were higher for AD than for D on
(Figures 1C-B. The addition of DMPP resulted in a reduction the majority of measurement occasiofiégures 1C,D, although
of N2O emission of up to a 50% in comparison to the digestatéhis could also be attributed to the initial higher l\ﬁiN contents
without the nitri cation inhibitor (D and AD), although the of the acidi ed digestateTable 3). This inhibition of nitri cation
di erences were not signi cantP D 0.097,Table 4. The use of could have been caused by the decrease in soil pH after spgeadin
nitri cation inhibitors such as DMPP and dicyandiamide (DQD the acidi ed digestate, an e ect that was persistent until the
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end of the experiment, because the population and activity cdcidi ed digestate was applied at HF (176 kg N Apwere similar
denitrifying bacteria is a ected by soil pHJandhapudi et al., to these produced by an inorganic N form (NNO3) applied
2006. However, acidi cation did not alter MO emissions (these at a rate of 154-168kg N h& Acidi cation of the digestate
were only aected by the addition of DMPP). The presenceseems to be an e ective technique after digestate spreading,
of a substantial amount of C and inorganic N could haveproducing higher mean yields and inorganic N replacements
promoted completed denitri cation to M for AD and ADCNI  than when the digestate is not acidi ed. Without the acidation
treatments (where the nitrifying bacteria activity coulave been of the digestate, NElvolatilization accounted for almost a 30%
inhibited by acidi cation) as indicated byezzolla et al. (2012) of the total N applied resulting in a serious economic cost
with comparable WFPS values for soils amended with digestatand environmental damage. This study encourages the use of
The percentage of applied N lost vigo® in our experiment digestate from the anaerobic digestion of food waste aidegs
ranged between 0.13 and 0.45%alfle 4, in accordance with acidi cation and with the addition of a nitri cation inhibtor, as
0.10-0.41% calculated tBaral et al. (2017and with 0.45 an environmentally sound option for N management. However,
0.15% reported byicholson et al. (2017under comparable the reduction in soil pH that was measured in the acidi ed
conditions, all lower than the 1% default IPCC emissiondact treatments at both sites, suggest that the e ect of slurry and
(IPCC, 200%. digestate acidi cation on soil quality and function needslie

. . . assessed in the long-term.
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