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Abstract

Soil-applied biochar has been reported to possess the potential to mitigate nitrate leaching and thus, exert
beneficial effects beyond carbon sequestration. The main objective of the present study is to confirm if a pine
gasification biochar that has proven able to decrease soil-soluble nitrate in previous research can indeed exert

such an effect and to determine by which mechanism. For this purpose, lysimeters containing soil-biochar
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mixtures at 0, 12 and 50 t biochar ha! were investigated in two different scenarios: a fresh biochar scenario
consisting of fresh biochar and a fallow-managed soil, and an aged biochar scenario with a 6-yr naturally aged
biochar in a crop-managed soil. Soil columns were assessed under a mimicked Mediterranean ambient within
a greenhouse setting during an 8-mo period which included a barley crop cycle. A set of parameters related to
nitrogen cycling, and particularly to mechanisms that could directly or indirectly explain nitrate content
reduction (i.e., sorption, leaching, microbially-mediated processes, volatilisation, plant uptake, and
ecotoxicological effects), were assessed. Specific measurements included soil solution and leachate ionic
composition, microbial biomass and activity, greenhouse gas (GHG) emissions, N and O isotopic composition
of nitrate, crop yield and quality, and ecotoxicological endpoints, among others. Nitrate content reduction in
soil solution was verified for the fresh biochar scenario in both 12 and 50 t ha™! treatments and was coupled to
a significant reduction of chloride, sodium, calcium and magnesium. This effect was noticed only after eight
months of biochar application thus suggesting a time-dependent process. All other mechanisms tested being
discarded, the formation of an organo-mineral coating emerges as a plausible explanation for the ionic content

decrease.

Keywords: gasification biochar; nitrate mitigation; aging; lysimeters

1. Introduction

Anthropic activity has doubled the pool of reactive nitrogen (N) since pre-industrial times (Vitousek et al.,
1997). Intensification of agriculture, and specifically the Haber-Bosch process (synthetic N fixation), and
legume cultivation (biological N fixation) greatly contributed to enhanced N fluxes (Galloway et al., 2003).
Although N is the main limiting nutrient in non-legume crops, it is estimated that approximately half of all
nitrogen applied to boost agricultural production is not taken up by plants but lost to other environmental
compartments (Davidson et al., 2011). The main N loss pathways from agroecosystems are: i) nitrate (NO3")
leaching, given that NOs™is highly soluble in water and thus susceptible to leakage; ii) denitrification, mostly
occurring under anaerobic conditions, where NOjs" is transitorily reduced to nitrite (NO>"), then to nitric oxide
(NO) and finally to nitrous oxide (N2O) or dinitrogen (N»); and iii) ammonia (NH3) volatilisation, mainly in
alkaline soils after organic or NH4'-containing fertiliser application. These N losses might not only imply

reduced yields but also pose a threat to environmental and human health e.g., high levels of NOs™ in water
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resources have been linked to sanitary problems such as cancer and methemoglobinemia (Powlson et al., 2008;
Ward et al., 2018) and environmental adverse effects as eutrophication; N»O is a potent greenhouse gas (GHG)
with 265 times the warming potential of carbon dioxide (IPCC, 2014); and NH; volatilisation can cause
damage to sensitive crops (Pearson & Stewart, 1993), led to acidification (Cameron et al., 2013), and act as a
secondary source of nitric and nitrous oxides (Bowman, 1990).

Therefore, there is an urge to develop mitigation strategies to cope with elevated N fluxes, and biochar
amendment to soil has arisen as a valuable option. Biochar is the solid by-product of biomass pyrolysis or
gasification i.e., thermal decomposition in zero or very low oxygen conditions (Sohi et al., 2010). Biochar is
characterised by its polycondensed aromatic carbon backbone, a high surface area provided by its porous
structure, and the abundance of reactive functional groups on its surface. Those properties have been reported
to translate into a high C stability (and therefore C sequestration potential), and an increased nutrient and water
retention capacity (Glaser et al., 2016). Physicochemical properties of biochar are highly dependent on the
biomass feedstock and the pyrolysis procedure used (especially temperature), and its practical effects in the
field can further vary as a result of application rates, climate conditions, soil properties, crop type, and
residence time in soil (Joseph et al., 2010; Nguyen et al., 2017). Furthermore, the inner complexity of the soil
nitrogen cycle leads to a variety of mechanisms in which biochar addition can alter N transformations. This is
why many inconsistencies on the biochar effect on N fluxes are found in the literature, either increasing or
diminishing them, as well as having no effects at all (Clough et al., 2013). Despite the aforementioned
disparity, numerous studies have pointed out biochar’s ability to reduce NOs leaching (Dempster et al., 2012;
Kammann et al., 2015; Ventura et al., 2013; Yao et al., 2012). The principal suggested mechanisms comprehend
sorption, microbial N-cycling shifts (including immobilisation, mineralisation, nitrification and
denitrification), and NHj3 volatilisation among others, described hereafter.

Sorption of NH4" through biochar’s cation exchange capacity (CEC) is a classic proposed mechanism to
explain nitrogen retention (Lehmann et al., 2003; Liang et al., 2006; Nelissen et al., 2012), which is expected
to intensify over time leading to a larger nutrient retention in aged as opposed to fresh biochar (Kookana et al.,
2011). Conversely, NOs sorption by anion exchange capacity (AEC) is restricted to few examples (Lawrinenko
& Laird, 2015), but other mechanisms such as bridge bonding (Mukherjee et al., 2011), non-conventional ion-
water bonding and non-conventional hydrogen bonding (Conte et al., 2014; Kammann et al., 2015) have been

suggested to explain direct NO;™ retention.
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Regarding microbial N-cycling, biochar could alter it in multifarious pathways. It has been reported that the
labile C pool present in fresh biochars can cause a transitory increase in soil microbial biomass shortly after
being applied, leading to a simultaneous C and N retention in microbial biomass (Ippolito et al., 2012). N
mineralisation and nitrification can decrease with biochar addition as a result of toxic effects (Clough et al.,
2010), or as inorganic N is retained and excluded from metabolic routes (Pal, 2016). Biochar can also affect
whether denitrification is favoured, as this process is stimulated in anaerobic conditions, and biochar can
influence water-filled pore space, and, in turn, oxygen supply (Hagemann et al., 2016).

Finally, NHj3 volatilisation, associated to the liming effect of some biochars, is a proposed N loss path
(Schomberg et al., 2012) whereas NH3 adsorption onto biochar is also possible (Asada et al., 2006; Doydora
et al., 2011), which can indeed lead to enhanced plant N uptake (Mandal et al., 2016; Taghizadeh-Toosi et al.,
2012).

Previous studies of our research group have pointed out a reduction of the soluble NOs™ topsoil content in
outdoor biochar-amended mesocosms under Mediterranean conditions fifteen months following the
application (Marks et al., 2016) but the mechanism responsible for that reduction was not ascertained.
Therefore, the aims of this study were to: i) prove that biochar is effective in reducing nitrate concentrations
at short- and long-term, and ii) determine which one of the above explained mechanisms is mainly operating.
For this purpose, N-pools were monitored for 8 months in greenhouse lysimeters mimicking a plant-soil system
using two biochar supplementation scenarios (freshly added biochar and biochar naturally aged in soil for 6

years), applied at three addition rates (0, 12 and 50 t ha™").

2. Materials and methods

2.1. Lysimeter setup

A lysimeter system was set up in a greenhouse setting at the IRTA Torre Marimén experimental station (Caldes
de Montbui, NE Spain) to simulate the effects of biochar agricultural amendment at increasing application
rates (0, 12 and 50 t ha!, which corresponded to 0, 37.7, and 157.1 g of biochar per lysimeter), and at two
contrasted ageing scenarios: just after the biochar application (fresh), and 6 years after natural ageing of biochar

in outdoor soil mesocosms (aged). The biochar used in this experiment was produced from Pinus pinaster and
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P. radiata wood chips within a gasification reactor (600-900°C) with a residence time of 10 s (see biochar
physicochemical characterisation summarised in Table 1). For a more detailed description on the biochar

preparation refer to Marks et al. (2014a).

Each lysimeter consisted of a polyvinyl chloride (PVC) tube (48 cm height x 20 cm diameter) with a perforated
lid in the bottom, which was covered with a 2mm-mesh gauze and a 2 cm quartz sand layer to ensure proper
drainage without substantial soil loss. Then, two 20 cm layers of soil (6.7 kg each) were added to mimic B and
Ap horizons, the former consisting of only soil, and the latter of soil-biochar mixtures. The soil used for the
lysimeters construction corresponded to a Fluventic Haploxerept (Soil Survey Staff, 2010) described in detail
in Marks et al. (2016), but two differentially managed soils within the same field were used according to the
different biochar ageing scenarios. A soil portion that has been under fallow since 2011 was either used as B-
horizon for all the lysimeters and also to prepare soil-biochar mixtures used as Ap-horizon in the lysimeters of
the fresh biochar scenario. Instead, for the aged biochar scenario, the Ap horizon corresponded to the topsoil
(20 cm) of outdoor mesocosms of the experiment described in Marks et al. (2016). The mesocosms were set
up in March 2011 and therefore contained biochar aged for six years. Also, the mesocosms had been fertilised
with pig slurry at a 50 kg N ha! year! rate and cropped to barley all over this period. In summary, two different
biochar scenarios, fresh (F) and aged (A), and three addition rates (0, 12 and 50 t ha'') were tested, yielding a
total of six treatments hereafter designated as Ao, A2, Aso, Fo, Fi2, and Fso, assigned in a fully replicated (n =

5) randomised design.

The lysimeters were set up on 23 March 2017 and left to stabilise for 11 days after an initial watering. On 3™
April fifteen barley seeds (Hordeum vulgare) were sown (later thinned to only 1 plant per lysimeter), and each
lysimeter was fertilised with 7.3 g of a thermally dried pig slurry which corresponded to a 100 kg N ha'!
addition rate based on the available N (see pig slurry characterisation in Supplementary Table S1). A drip
irrigation system was installed on each lysimeter to keep moisture around 50% of the maximum water holding
capacity (i.e., 16.5% moisture w/w) during barley growth. After harvest (on 3™ July) a drought period was
simulated in order to mimic the Mediterranean climate. Only three spaced irrigation events were performed
during summer and early fall, which coupled to the high temperatures in the greenhouse, led to dry soil

conditions during most of the period. Drought conditions were suppressed to some extent shortly before the
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final sampling, with a fourth irrigation event coupled to lower temperatures (records of greenhouse temperature

and lysimeters moisture are shown in the Supplementary Figure S1).

Soil physicochemical, microbial, and isotopic parameters were assessed at five samplings along 2017, each
corresponding to relevant stages in terms of fertilisation and plant development: pre-fertilisation (3™ April);
post-fertilisation (5" April); developed plant (7" June); harvest (5% July) and bare soil (4" December)
(Supplementary Figure S1). GHG soil emissions were assessed at the same dates except for the pre-
fertilisation sampling, carried out at 30" March instead of 3™ April, and that of the developed plant stage,
which was substituted by an earlier one (12% April) taken as additional post-fertilisation sampling in order to

cover the possible gas emission peaks after fertilisation.

2.2. Soil physicochemical analyses

2.2.1. Soil extract analyses: water-soluble and exchangeable ions, pH, moisture and electrical

conductivity

A 5.5x7 cm core was used to collect soil samples in each lysimeter, then soil was manually homogenised in a
plastic bag. KCI extracts were immediately prepared in the greenhouse on a 1:5 w/v ratio by mixing 20 g of
fresh soil with 100 ml of 2 M KCI. Once in the laboratory, 1:5 ratio (w/v) water extracts were prepared by
mixing 40 g of soil with 200 ml of distilled water and by shaking for 1 h in a vertical agitator (120 rpm) whereas
KCl extracts were shaken for 30 min (ISO/TS 14256-1: 2003). In parallel, 10 g of soil were used for moisture
determination. Both KCl and water extracts were centrifuged for 5 min at 8000 rpm, filtered in Whatman #42
filter paper, and frozen at -20 °C for later determination of ion content. Before freezing, a portion of the water
extracts was used for pH and electrical conductivity (EC) measurement. Water-soluble ionic concentrations
were determined by liquid chromatography on a Dionex ICS-1100 ion chromatograph (Dionex, Sunnyvale,
USA) using a AS4A-SC Dionex anion column for CI;, NOy", NO;s, HPO4* and SOs* determination and a
CS12A Dionex cation column for Na*, K*, Mg?, and Ca®" determination. All the ion concentrations were
estimated using linear calibration except for SO4*, Mg?*, and Ca*" in which quadratic regression substantially
increased fitting (R?). Detection limit (LOD) estimation was stipulated as three times the standard deviation of
five blank values. Exchangeable N-NH4" was assessed by subtracting water extractable concentrations to KCI

extractable concentrations. For comparability purposes, both KCl and water extractable N-NH4" were
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measured using the salicylate method (Willis et al., 1996), in a Spectronic 20 Genesys 4001/4
spectrophotometer. To validate the possibility of nitrate bridge bonding mechanisms later discussed, KCl-
extractable NOs was determined following Matsumura et al. (1999), but only for the bare soil sampling. It was
found that increasing the volume sample up to 1 ml (instead of the recommended 0.1 ml in Willis et al. (1996))
for N-NH4" determination in KCl and water extracts increased sensitivity without interferences, and for N-
NH,4" determination after Kjeldahl digestions of soil and K>SO4 extracts (see below) sample volumes were set

at 0.3 and 0.5 ml, respectively.

2.2.2. Soil total Kjeldahl nitrogen and organic carbon

A portion of the collected soil was air-dried and finely grounded (o < 0.2 mm) in order to assess Kjeldahl
nitrogen and organic carbon. Total Kjeldahl nitrogen (TKN) was assessed using the micro-Kjeldahl method by
Bremner (1965) with the following modifications: after digestion was finished, digestates were diluted with
distilled water to make up a volume of 100 ml and N-NH4" was measured by the salicylate method. Organic

carbon was determined by the Walkley—Black K>Cr,O7-H>SO4 oxidation method (Nelson & Sommers, 1983).

2.2.3. Leachates

After soil sampling, an irrigation-induced leaching was carried out by placing each lysimeter on a glass tray
but suspended 1.3 cm above its surface to allow drainage. The water addition needed to produce a leachate
volume of c.a. 200 ml was estimated by measuring lysimeters water content gravimetrically, and taking into
account trials before the lysimeters setup that enabled us to estimate the water holding capacity around 24%.
This procedure allowed the calculation of the total volume of water in the system (soil water content + water
added to provoke leaching) required to express leachate analysis on a dry basis. In the laboratory, the obtained
leachates were filtered and analysed by liquid chromatography as described for water extracts (except for

ammonium measurement, which was also undergone by chromatography instead of the salicylate method).

2.3. Soil microbial analyses

A subsample of the fresh soil batch previously described was used to determine microbiological endpoints.

Soil basal respiration (BAS) was assessed with CO; traps according to Pell et al. (2006). Microbial biomass-
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carbon (Cmic) and nitrogen (Nmic) were obtained using the chloroform fumigation-extraction method (Vance et
al., 1987). In detail, 10 g of soil fresh weight (FW) corresponding to the fumigated samples were exposed to a
chloroform-saturated atmosphere (fumigated) by placing the samples in a hermetically closed desiccator and
by boiling 50 ml of chloroform placed in a 100 ml beaker under vacuum for 2 minutes and then closing the
desiccator seal for 24 h. Both the unfumigated and fumigated samples were then mixed with 0.5 M K>SO at
a 1:4 soil:solution ratio, vertically shaken for 120 minutes, and the extracts filtered through Whatman #42 filter
paper. Cmic was determined by wet oxidation of an extract aliquot with potassium dichromate followed by
titration with Mohr's salt, and estimated as the difference in C concentration between fumigated and non-
fumigated soil divided by Kgc = 0.38 (Vance et al., 1987). Nuic was assessed by a Kjeldahl digestion of an
extract aliquot coupled to salicylate N-NH4" determination explained in Cabrera and Beare (1993). The
difference in the Kjeldhal N concentration in between fumigated and non-fumigated soil, divided by Ken = 0.5
(Voroney et al., 2008), was used to calculate Npic. Although Ny, is generally estimated using the total nitrogen
in K>SOy extracts (therefore including N-NH4" but also N-NO, and N-NOj™ concentration), we used Kjeldahl
nitrogen instead (organic nitrogen plus inorganic N-NH4") since nearly all the nitrogen in microorganisms is
organic. Nmic of the post-fertilisation sampling was not considered due to the negative values found in many
lysimeters which are plausibly an artefact related to the elevated and heterogeneous concentrations of inorganic
NH." in both fumigated and unfumigated samples, sampled two days after the pig slurry application. The
calculation of Nmic for the Fy treatment at the bare soil sampling was also elusive as the high nitrate levels in
the Fy treatment interfered with Kjeldahl measurement, since NOs™ can undergo reaction with NH4" to form
N>O during digestion. Even when assessed with the pre-treatment proposed by Wyland et al. (1994) such
interference persisted, as shown by values below the analytical blanks. For this reason, Npic of the mentioned

treatment was also measured with the ninhydrin method (Brookes & Joergensen, 2006).

The organic carbon and Kjeldahl nitrogen in K»SO4 extracts of the unfumigated samples were taken as

dissolved organic C and N (DOC and DON).

2.4. Gas sampling: N,O, CO;, NH;3

Trace gas emissions of N,O and CO; were evaluated employing non-flow-through, non-steady-state chambers.

The gases were collected according to the methodology of Collier et al. (2014) and using static chambers (21.5
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cm high, 21 cm diameter) with a vent to prevent pressure gradients influencing gas exchange. For emission
rates estimation, gases were accumulated in the chamber and air samples were collected at three time points:
one taken immediately after chamber closure (t=0), and after 10 and 20 min or after 15 and 30 min, as chamber
deployment duration was prolonged in samplings when air temperature was cooler. It is recommended (De
Klein and Harvey, 2015) that chamber height (cm) to deployment time (h) ratio should be >40 cm h™!, in our
case it was 64.5 cm h! for 20 min deployment duration and 43 cm h!' for 30 min deployment duration. Gas
samples were extracted from the static chambers using a plastic syringe (20 ml) and injected into a 12 ml vial
(Exetainers®, Labco Ltd., Ceredigion, UK), and then analysed by gas chromatography (Agilent 7890A)
coupled to ECD and TCD. The detection limits of the GC are 10 ppmV and 20 ppbV for CO, and N,O,
respectively. Quality of analysis was checked using standards of known gas concentrations (250 and 1003
ppmV for CO; and 175 and 600 ppbV for N»O). Fluxes were calculated from the slope of the linear regression
between the concentration of each GHG and the accumulation time inside the chamber, subsequently corrected
by the air temperature, the atmospheric pressure, and the surface-volume ratio of the chamber, as described in
detail by Barton et al. (2008). The Pearson R? coefficient corresponding to the concentration of CO,
accumulated in a linear and increasing manner was used as an indicator that the system was functioning

properly. This is why the N>O fluxes were only considered when the CO; fluxes had an R? > 0.80.

NHj; emissions were measured by chemical traps, which consisted of 10 ml of a 0.5% (w / v) boric acid solution,
placed in 50 ml plastic cups, containing 3 drops of indicator (0.099 g of bromocresol green and 0.066 g of
methyl red dissolved in 100 ml of 96% ethanol). A trap was placed at each lysimeter soil surface and then the
lysimeter sealed with a polyethylene sheet to allow NH3 accumulation and its capture in the traps. Cups were
only collected when the indicator colour changed from pink to green and the time registered. At collection,
each trap was closed with a lid and transported to the lab for its titration with 1 mM HCI for the NH4"
concentration estimation. These measurements were only carried out around the fertilisation event, with non-
detectable NH; concentrations in a pre-fertilisation accumulation period of 91 h, and detectable levels only in
the 9 days following fertilisation as represented by four samplings with accumulation times ranging between

19 and 46 h.

2.5. Isotopic composition analyses
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Isotopic composition analyses were performed in lysimeters’ soil KCI extracts (for treatments Ao, Aso, Fo, and
Fso) and leachates (for treatments Fo and Fso). Ancillary measurements included the determination of the 6'°N
and ¢'%0 of dissolved NOs™ from irrigation water at two different dates (3" April 2017 and 4" December 2017),
and of the bulk 6"°N of soil (Fo, Fso, and Asg), harvested barley stem and leaves (Fo, Fso), biochar, and pig
slurry. The 6"°N and 630 of dissolved NO;™ were determined using a modified cadmium and azide reduction
method (Mcllvin and Altabet, 2005; Ryabenko et al., 2009) followed by a simultaneous ¢'°N and J'%0 analysis
of resultant N>O using a Pre-Con (Thermo Scientific) coupled to a Finnigan MAT-253 Isotope Ratio Mass
Spectrometer (Thermo Scientific). The bulk §'°N of soil, plant, biochar, and pig slurry samples was determined
in a Carbo Erba EA-Finnigan Delta C IRMS. Following Coplen (2011), several international and laboratory
(UB) standards were interspersed among samples for the normalisation of the isotope results i.e., USGS-32,
USGS-34, USGS-35, UB-IWSno3 (6"°N = +16.9 %o, "0 = +28.5 %o) for the §'°N and 6'*0 of dissolved NOs’;
and USGS-40, IAEA-N1, IAEA-N2 and UCGEMA-P, for the 6""Npux of solid materials. The standard
deviation reproducibility of the samples was 1.0 %o for 6'°N of dissolved NOs7; £1.5 %o for 5'*0 of dissolved
NOs7; and 0.2 %o for 6" Npuk of solid materials. Values of §'°N are reported relative to Atmospheric (AIR),
and 6'30 values are reported relative to Vienna Standard Mean Ocean Water (V-SMOW) in per mill (%o) as

defined by equations a and b:

615NN03 = (a)

2.6. Plant yield and nutrient uptake

10



269
270
271
272
273

274

275

276
277

278

279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294

295

Above-ground barley biomass was harvested at the end of its life cycle in early summer (3™ July, 2017) and
dried at 60°C for 48 h. Growth parameters assessed were straw and grain weight, ear count, and mean number
of grains per ear. After straw and grain grinding in a ball-mill, nutrient content (N, P, K, Ca, Mg, S, Mn, and
Zn) was obtained by near infrared spectrometry (NIRS) by scanning the grounded samples in duplicate from
1100 to 2500 nm using a NIRSystems 5000 scanning monochromator (FOSS, Hilleréd, Denmark) employing

the calibrations developed in a previous study (Martos et al., 2020).

2.7. Ecotoxicological characterisation

Subsamples from each soil and soil-biochar mixtures were taken before lysimeters setup to be used for the
ecotoxicity assessment. On the one hand, the collembolan Folsomia candida was used as a proxy of toxicity

to soil organisms using the survival and reproduction test of the ISO Guideline 11267 (ISO 1999).

On the other hand, elutriates from the soil and soil-biochar mixtures were prepared to assess aquatic toxicity,
mimicking the potential exposure of aquatic organisms to runoff. For this purpose, growth inhibition of the
algae Raphidocelis subcapitata (SAG 61.81, Inst. Plant Physiology U. Gottingen) was tested following OECD
201 (2011). Specifically, yield inhibition rate (72 h) was assessed at four elutriate dilutions (81.6, 51, 30.6, and
10.2 % v/v) of an initial elutriate prepared as follows: a 1:10 (w/v) soil-water mixture suspension (25 g of air-
dried soil: 250 ml of water) was prepared, stirred for 12 h in a vertical agitator (120 rpm), and centrifuged 20
minutes at 10000 rpm. Then, centrifuge tubes were decanted to collect the supernatants, kept refrigerated until
testing before 24 h. The used method is a modification of the DIN 38414 S4 (1984), since a higher
centrifugation speed was used to reduce the turbidity caused by biochar particles in the suspension (from 4500
to 10000 rpm).

Finally, potential impacts on nitrogen-related microbial functional groups were assessed at the 12" April 2017
sampling (9 days after fertilisation), when a microbial activity peak was expected, so as to detect any
ecotoxicological effects. The target functional genes assessed were: amoA for the ammonia-oxidizing bacteria
(AOB) and archaea (AOA); nxrB for the beta subunit of nitrite oxidase of Nitrobacter sp.; nirK and nirS for
NO; reducers to gaseous nitric oxide carrying a nitrite reductase enzyme; nosZ for denitrifiers carrying the
nitrous oxide reductase enzyme; and nifH for N»-fixing microbes to reduce it to NH4". Fresh soil samples

stored at -80 °C were used for simultaneous extraction of DNA and RNA following the protocol described in

11



296
297
298
299
300
301
302
303
304

305

306

307

308

309

310

311

312

313
314
315
316
317
318
319
320

321

Griffiths et al. (2000) with the modifications provided by Towe et al. (2011). Nucleic acids were quantified
with the Qubit 3.0 Fluorimeter (Life Technologies) as instructed by manufacturer. Retro RNA transcription
was performed using All-in-One cDNA Synthesis SuperMix (Bimake) following the manufacturer’s protocol.
The real-time PCR (quantitative PCR indicated as qPCR) was carried out in the UAB Campus Agrogenomic
Service, with a LightCycler® 480 System (Roche). Supplementary Table S2 shows more details of the gPCRs
of the quantified functional genes. All the samples and standards were analysed in duplicate and each plate
contained 6 negative control replicates. The amplification efficiency was calculated as: E=[10 (-1 / slope) -1]
* 100, was and the results were: nifH: 87-93%; bacterial amoA: 88-93%; archaeal amoA: 87-93%; nxrB: 97-
99%; nirK: 97-99%; nosZ: 86-90% and nirS: 82-84%. These efficiency values are consistent with those

reported in the literature by similar studies (Towe et al., 2010; Harter et al., 2014).

2.8. Statistical tests

The statistical treatment of the experimental data was carried out using R software v. 3.6.1 (R Core Team,
2019), and its visualisation using the packages ggplot2 (Wickham, 2016) and ggpubr v 0.2.3 (Kassambara,
2019a). Fresh and aged-biochar treatments were always tested separately since their corresponding controls
were found to differ significantly in key properties such as organic carbon and Kjeldahl nitrogen as expected
by the different starting points of each scenario (six years of fallow in the fresh biochar scenario and continuous

cropping in the aged biochar scenario).

Longitudinal data (i.e., variables for which exist a between-subjects factor = biochar addition rate, and a within-
subjects factor = different sampling dates) were analysed using two-way mixed ANOVAs, which were
computed with the rstatix package v0.2.0 (Kassambara, 2019b). Shapiro-Wilk and Levene tests were used to
ensure normal distribution and homogeneous variances, respectively. When these assumptions were not met,
the test was run on the logjo-transformed variable. The assumption of sphericity was checked using the
Mauchly’s test and when violated the Greenhouse-Geisser correction was applied. Finally, homogeneity of
covariances was tested by Box’s M. Statistical results of the mixed ANOVA are shown in Supplementary
Table S3 (S3.1.-S3.36.). Pairwise comparisons were tested with t test with Bonferroni adjustment, and the

significance level was set at p < 0.05.
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By contrast, parameters analysed at a single sampling date were assessed by means of the Kruskal—Wallis test
followed by pairwise comparisons with the Wilcoxon’s test with Bonferroni adjustment (rstatix package v
0.2.0 (Kassambara, 2019b)) since the low n values resulted insufficient to ensure that requirements for
parametric tests were being met. For tests that only involved two independent groups, the Mann-Whitney-
Wilcoxon test with Bonferroni adjustment was used. In the provided graphs, significant differences between
biochar-amended and control lysimeters are indicated by lower case letters. Hereafter within the text, all values

are reported as mean =+ standard error (SE).

3. Results

3.1. Soil physicochemical parameters

Results for moisture, EC, pH, Total Kjeldahl Nitrogen (TKN), and C, are presented in Figure 1. Biochar
application significantly increased Cor in both fresh and aged biochar scenarios throughout the entire
experiment. While in the fresh biochar scenario the increase of Co; Was proportional to biochar application
rate, in the aged biochar scenario the difference between 12 and 50 t ha™! was less marked. Regarding the
remainder parameters, significant biochar effects were only found in the fresh biochar scenario: i) moisture
levels were significantly enhanced at two sampling dates (5™ April and 5™ July), with a non-significant increase
at 4™ December, the effect being more pronounced in the Fsy treatment than in Fy,; ii) EC was higher in the Fso
treatment compared to Fy at the pre-fertilisation sampling (3™ April), whereas this trend reverted at the bare
soil sampling (4™ December), being Fy the treatment with highest values; iii) Fso treatment lead to significant
higher TKN at one sampling date (7" June) with respect to control. It has to be pointed out that TKN measured
at 4™ December (a date with high levels of N-NO5") is misleading since we observed important inconsistencies
between total nitrogen (measured by combustion) and the sum of TKN plus (NOs +NO;)-N in Fo and Fsg
treatments (data not shown). As Bremner & Mulvaney (1983) reported, soils with significant amounts of NO3
and NO, present unexpected problematics in total N analysis, since the usually employed Kjeldahl methods
do not quantitatively recover N-NOs3™ and N-NO-", but they usually include some of this N. Finally, regarding
soil pH, it was unaffected by any of the treatments.

Concerning N species, concentrations of N-NO,  and N-NH4" were below detection limits in all the leachates,

as also found for N-NO;™ in all the water extracts except in the post-fertilisation sampling. N-NO;” was the
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dominant inorganic N form in soil extracts and leachates along the different sampling dates with exception of
the post-fertilisation sampling (5™ April), where total (soluble + exchangeable) N-NH," outnumbered N-NO5"
in soil extracts (Supplementary Figure S2). N-NOs™ concentration in soil extracts only differed significantly
as affected by biochar addition at the bare soil sampling in fresh biochar treatments. Namely, a significant
decrease in N-NOs™ content in Fi, (-69 %) and Fso (-64 %) with respect to control was observed (Figure 2). In
order to confirm this result, a Kruskal-Wallis H test was performed excluding one extreme outlier present in
the Fy treatment. Statistical significance remained (%* o, n = 14y = 6.53, p = 0.04), but results of the Bonferroni
post hoc test were not sufficient to make statements about pair-wise differences. Since N-NOs™ availability
reduction still showed an important magnitude effect for both Fi2 and Fso, -57 % and -51 % respectively, it was
concluded that the effect is consistent. Furthermore, this trend was also shown for another anion (Cl°), several
cations (Ca**, Mg**, Na*), and DOC (Figure 3), with significant differences among treatments shown in
Supplementary Figure S3 for ionic species, and in the Supplementary Figure S4 for DOC. We found that
those concentration reductions are more robust in the Fi» treatment for some ionic species and that the
differences in DOC, although following the same tendency, are not significant. Other ions such as K*, SO4*,
N-NO, and N-NH," didn’t show this trend. HPO4* is not shown as its signal-to-noise ratio in the chromatogram
didn’t exceed the set value of 3.

It is also worth noting that although N-NOj" increased its concentration at the bare soil sampling, the proportion
of losses as leaching decreased at this sampling, especially for the Fy treatment. Specifically, N-NOj;™ leachate
content for Fy treatment represented a 10% of the N-NOj3 soil solution content while for Fi2 a 20% and for Fso
a 25% (Supplementary Figure S2). N-forms in leachates did not show significant differences between
treatments (Figure 2, Supplementary Figure S3) although a trend to increased ionic content can be observed
for the Fso treatment.

In relation to exchangeable N forms, N-NH4" only exhibited an important peak at the post-fertilisation
sampling (5" April) (Supplementary Figure S5). At this date there were no significant differences due to
treatment although an inverse trend was observed between ageing scenarios: while in the fresh biochar scenario
biochar treatments surpass control in exchangeable N-NH4" concentrations, the opposite is true in the aged
biochar scenario. At the 5™ July sampling Fso had significantly larger concentrations (2.53 +0.31 mg kg™!) than
Fi. (1 £ 0.2 mg kg'). KCl-extractable N-NOs;~ didn’t significantly exceed water-soluble N-NOj

(Supplementary Figure S6) and showed a significant reduction in F, treatment (278 + 27.6 mg kg™') and a
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non-significant reduction in Fso treatment (315 + 60.5 mg kg') compared to Fo (752 +217.4 mg kg™!) after a
Kruskal Wallis H test (* ,n=15) = 7.98, p = 0.02).

Finally, DON (Supplementary Figure S4) is not discussed due to the methodological issues previously
explained in section 3.2 that hindered its estimation for the Fy treatment at the bare soil sampling.

3.2. Soil microbial analyses

None of the microbial parameters was significantly affected by any biochar treatment (Table 2) with the
exception of an increased BAS value in the Aso treatment in comparison with Ag at the harvest sampling date
(7™ June). Unfortunately, we could not properly measure Npic for Fy treatment at the bare soil sampling (4"
December) by Kjeldahl means due to the methodological issues explained in section 2.3. Although ninhydrin
method has been proved useful to determine the presence of N in this treatment, the obtained value (24.1 +
2.35 mg kg!) is not shown in the table as this method underestimates Nmic compared to Kjeldahl method
(Hedqvist & Udén, 2006).

3.3. Gas emission rates: N,O, NH3, and CO:

Gas emission rates results are summarised in Figure 4. Regarding the mixed ANOVA results of N-N>O
emissions, there were no significant main effects of treatment although a significant interaction of treatment
with time occurred in both fresh and aged biochar scenarios (Supplementary Table S3.30). Nevertheless, t-
tests between treatments within the different dates were not sufficient to make statements about pair-wise
differences. However, some inverse non-significant trends can be observed. Namely, at the 12" April
sampling, when emissions peaked, there was a trend to increased emissions for 12 t ha! and less markedly for
50 t ha! compared to 0 t ha™! in both fresh and aged biochar scenarios, whereas at 5™ April, only 7 days before,
the control surpassed biochar treatments in both scenarios.

NH; was only detectable during a 9-day period after the fertilisation event. Despite the lack of statistical
significance on N-NH3 emissions between treatments, it can be observed a sustained tendency for higher
emissions in Fi, than Fo and Fso while in the aged biochar scenario this trend is less marked.

Finally, soil C-CO; emissions were significantly reduced by the Fso treatment with respect to control at the
post-fertilisation 12" April sampling date, while in the previous sampling date (5™ April), which is also
described as post-fertilisation, Fo also shows a non-significant trend to highest C-CO, emission rates.

3.4. N and O isotopic composition of NOs™ in KCl extracts and leachates in the fresh biochar scenario
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Concerning N and O isotopic composition of NOs™ in KCI extracts, there was a lack of significant variations
due to biochar treatment. Nevertheless, some temporal trends can be observed. In the pre-fertilisation sampling
(3" April), 6'"N-NO; values of control and biochar lysimeters fell between the observed range of soil N (+5 to
+6.8 %o) (Figure 5). After fertilisation (5™ April), the value of 6'*’N-NO; slightly decreased. Later, in summer
(7" June and 5™ July), values of 6'’N-NOs increased in all treatments, and in the Fy treatment this was coupled
to an increase in 6'%0-NOs (in the Fsy treatment, the 6'*0-NOj; also increased on 7™ June but not on 5 July).
Finally, on 4" December, 6"*°N-NO; values evolved towards to the pre-fertilisation values. Supplementary
Figure S7 shows the isotopic composition of aged KCl extracts, which presented a similar temporal pattern to

that of the fresh ones.

Regarding leachates, they presented lower variability in 6'’N-NOs than KCI extracts but a similar temporal
trend. 6'%0-NO; showed inverse tendencies with respect to KCl extracts between treatments: whereas in KCI
extracts the '%0-NO; was lower in the Fo compared to the Fso treatment on 3™ April, 5 April , 7" June and
4™ December, for the leachates the opposite is true. There was a remarkable effect of biochar treatment in 5'30-
NO; of leachates, namely Fy treatment showed significant higher 6'*0-NOs values than Fs throughout all the
sampling dates. Maybe the influence of 6'*O-NOs of the irrigation water, which was quite high (+6.6 to +7.2
%o), was higher in Fo, raising its values. Conversely, since Fso possessed an enhanced water content, the effect

of irrigation water could be diluted.

3.5. Plant nitrogen export and growth parameters

Neither growth parameters nor N plant export showed any significant difference due to biochar treatments.
Table 3 shows these endpoints including three lysimeters that presented underdeveloped plants: two replicates
of the Asy treatment and one of the A, treatment, although we were unable to identify if this was due to
treatment effects or other factors. At the 5™ July sampling, those lysimeters showed a three-fold increase in
NOs™ concentrations in water extracts and leachates compared to the ones with well-developed plants, which
were attributed to a decreased plant uptake. Since nitrate content differences between underdeveloped and
well-developed plants did not represent statistically significant differences, the underdeveloped plant NO3 data
were not excluded from the soil extracts and leachate analyses. In addition, the uptake of other nutrients besides
N was also studied (Supplementary Table S4) again without any remarkable biochar effect.

3.6. Ecotoxicological endpoints
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Regarding the ecotoxicity of soil and soil elutriates of the soil-biochar mixtures collected before lysimeters
setup, and despite a slight trend indicating toxicity for Fso treatment, no significant effect on adult survival and
reproduction were found neither for Folsomia candida (Supplementary Table S5), nor in the growth

inhibition test with Raphidocelis subcapitata (Supplementary Table S6).

Concerning the impacts on microbial functional groups related to N-cycle shortly after fertilisation (12 April),
not a single significant difference was obtained, although the number of gene transcripts involved in the
nitrification process, i.e., bacterial amoA (AOB), archeal amoA gene (AOA) and nxrB, showed a trend to

decrease in Fi, treatment (Supplementary Figure S8).

4. Discussion

4.1. Fresh biochar treatments mitigated nitrate and other ion concentrations at the bare soil sampling

Considering both controls (Fo, Ag) and biochar treatments (F12, Fso, Ai2, Aso), two different dynamics in soluble
ion concentrations could be distinguished. Namely, K, SO4*, N-NO, and N-NH4" showed highest
concentrations following fertilisation, with N-NO,  and N-NH." having negligible concentrations throughout
the rest of the samplings, while N-NOs", CI,, Ca?", Mg?", and Na", reached their highest concentrations at the
bare soil sampling, 8 months after fertilisation (especially for the Fy treatment). The ion peak found in the bare
soil sampling might be attributed to two main factors: i) the interruption of both nutrient uptake by plants, as
they were not present since harvest (3-VII), and ion leaching (ceased during a 5-mo period, from the harvest
sampling to the bare soil sampling); ii) the release of nutrients from barley belowground biomass
decomposition, which in turn, could have induced native soil organic matter mineralisation. Other studies
support these assumptions as it is well established that in croplands a maximum of mineral N accumulation
and potential leaching occurs after harvest (Harmsen & Schreven, 1955; Macdonald et al., 1989). Furthermore,
the intermittent drought simulation conducted in our experiment, which coincided with the post-harvest period,

could also have boosted mineralisation (Appel, 1998; Sparling et al., 1995).

Remarkably, and as a main research interest of this study, the addition of both rates of fresh biochar

significantly reduced NOj;™ concentrations in soil solution at the bare soil sampling compared to its controls
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(Fo). Conversely, in the aged biochar scenario none of the ions studied were affected by the biochar treatments.
This is partly in agreement with a previous study of our research group using the same biochar, the same
biochar application rates, and monitoring the same outdoor mesocosms used for the collection of soil with
aged biochar for lysimeters construction. Specifically, a reduced nitrate content in water extracts after 15
months was found for the 50 t ha'! treatment (Marks et al., 2016). But while in the mentioned study the
reduction was only found for nitrate, in the present study fresh biochar also provoked a concurrent reduction
in soluble CI', Ca?*, Mg**and Na* contents, which was more consistent for the F;, than for the Fs, treatment. In
contrast, other ions were not significantly affected by any of the biochar treatments at the bare soil sampling
(i.e., K¥, SO4, N-NO, and N-NH,"). Previous studies with the same gasification biochar used in this
experiment repeatedly reported an increase of K+ and SO4> availability, which was mainly attributed to direct
release from biochar over time (Marks et al., 2016; Martos et al., 2020; Ribas et al., 2019). Thus, the increased
provision of K* and SO4* by biochar could have counteracted or diluted the reduction effect seen for these
ions. Regarding N-NO, and N-NH4", the lack of significant changes could be ascribed to its minimal

concentrations at the bare soil sampling.

4.2. Nitrate mitigation as affected by fresh biochar addition: appraisal of mechanisms

Several mechanisms behind the nitrate mitigation induced by biochar have been proposed by previous
literature and thereafter discussed in this section. The different mechanisms are examined by one or several
measurements carried out for this purpose, and grouped as sorption, leaching, microbially-mediated processes,
volatilisation, plant uptake, and ecotoxicological effects on key biological groups. Finally, the role of biochar

ageing is also explored.

4.2.1. Sorption related mechanisms

One long-accepted mechanism to explain nitrogen retention onto biochar is its capacity to improve soil CEC.
Precisely, negatively-charged acid functional groups present in biochar’s surface (such as carboxyl or hydroxyl
groups similar to those of soil humic acids) are able to electrostatically attract cations such as NHy4*, preventing
them to enter the nitrification pathway (Pal, 2016) or to be easily leached. However, the same biochar used in
this experiment was demonstrated to be unable to enhance soil CEC 15 months after its application in outdoor

mesocosms in a previous study (Marks et al., 2016). This result was attributed to the high degree of aromaticity
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of this gasification biochar, and its concomitant low abundance of surface functional groups as measured by
Fourier transform infrared spectroscopy analysis (Marks et al., 2014a). The absence of significant differences
in exchangeable ammonium in the biochar treatments at the post-fertilisation sampling in our study further
supports this idea, as it was the only sampling with relatively important NH4" concentrations. Another
mechanism related to negatively charged biochar surfaces is bridge bonding. NOj;™ retention might occur in
biochar by means of polivalent cations, such as Ca?" or Mg?*, acting as bridge bonds between nitrate and the
functional groups responsible for CEC (Mukherjee et al., 2011). However, given the lack of differences in KCI
and water-extractable N-NOs’, and taking into account that NH4" was at minimal concentrations at the bare soil
sampling, neither NH4" retention through enhanced CEC nor NOs™ bridge bonding are regarded as important

mechanisms to explain NO3 retention at that sampling.

On the other hand, even though biochar is reported to mainly possess a net negative surface charge (Harvey et
al., 2012, Novak et al., 2009a), mechanisms for direct NO;™ retention involving positive charges have also been
suggested. Nevertheless, reports of mechanisms of direct NO3™ sorption, such as biochar’s anion exchange
capacity (Lawrinenko & Laird, 2015), non-conventional hydrogen bonding (Conte et al., 2014; Fang et al.,
2014) or counter-ion displacement (i.e., NOs occupying Cl exchange sites) (Fidel et al., 2018) are mainly pH-
dependent and favoured in acidic conditions, and therefore not expected in our alkaline soil-biochar system.
It has also been suggested that NO;3 retention on biochar can be due to base functional groups present on
biochar’s surface pyrolysed at high temperatures (Kameyama al., 2012). However, although the gasification
biochar of this study was produced at high temperatures (600-900 °C), as stated earlier, lack of surface
functionality casts doubt on any NO; retention in such functional groups.

Biochar properties able to cause nutrient physical adsorption (physisorption as defined in Rouquerol et al.,
2014), such as surface area and porosity, are highly interrelated with surface functionality-mediated retention.
Namely, as biochar surface increases, the potential number of functional groups able to adsorb nutrients can
also increase, hindering the evaluation of these two mechanisms separately. The biochar in our study presented
a relatively low Brunauer—-Emmett-Teller (BET) surface area (19.77 m? g'). Instead, total porosity was high
(80.6 %), and the pore size distribution showed the following volumes (in cm® g!): macropores = 2.82;
mesopores = 0.02; micropores = 0.003 (Table 1). The pore volumes values were measured by N sorption and

mercury porosimetry, but we lack information about CO; adsorption. This latter method enables the
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characterisation of sub-micropores, covering the smaller range of pores that N, sorption doesn’t encompass
(Brewer et al., 2014). Thus, although we cannot exhaustively describe biochar’s porosity, it seems clear that
macropores, probably derived from pine-wood cell structures, are the dominant pore size class. Since
micropores are the main contributor to the biochar physisorption capacity (Downie et al., 2009), the low
volume of micropores and BET surface area lead us to disregard physisorption as an important process in our
biochar. On the other hand, macroporosity is relevant to soil hydrology and it is expected that biochars with a
high volume of macropores with diameters of greater than 50 nm can have a high degree of water-holding
capacity (Joseph et al., 2009). Therefore, the high degree of macroporosity of this biochar is probably behind
the higher moisture contents in soil-biochar mixtures at some sampling dates, especially for the Fs treatment.
It is important to note that at the biochar pore-level not only adsorption can take place but also absorption
(Lopez-Capel et al., 2016). In relation to this, Major et al., (2009) stated that biochar porosity can contribute
to nutrient sorption through the entrapment of nutrient-containing water within its pores through capillary
forces. However, pore-related sorption was discarded to explain the mitigation of NOs™ in soil solution at the
bare soil sampling, since if this mechanism is to be acting, we would expect to have found differences between
control and biochar treatments in previous sampling dates.

To sum up, both adsorption (via surface functionality bonding and physical means) and nutrient entrapment in
biochar pores can be mostly rejected to explain the ionic content decrease at the bare soil sampling.

4.2.2. Leaching

Some authors have reported a decrease in NO3™ leaching after biochar addition, although explaining this effect
through a variety of mechanisms (Ippolito et al., 2012; Jassal et al., 2015; Knowles et al., 2011; Yao et al.,
2012). It has been suggested that at biochar application rates >10 t ha™!, which are able to increase available
water (Blanco-Canqui, 2017), leaching might be reduced. However, biochar supplementation could also
enhance hydraulic conductivity or preferential flow around larger particles resulting in greater leaching and
nutrient losses (Clough et al., 2013). For instance, Kameyama et al. (2012) reported that saturated hydraulic
conductivity increased when higher rates (> 5% w/w) of biochar were applied. In our study, biochar treatments
did not cause a significant change in leachate concentrations in any of the studied sampling dates, thus, leaching
was not considered as an important escape route in our system that could explain differences in soil solution
at the bare soil sampling.

4.2.3. Microbially mediated mechanisms
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4.2.3.1. Organic matter mineralisation vs immobilisation

If mineralisation of residual plant debris and/or soil organic matter was effectively reduced in the fresh biochar
treatments in the period from harvest to the bare soil sampling, the observed multiple reduction in ionic content
at the bare soil sampling could be explained. Supporting this idea, Marks et al. (2016), in a study using the
same biochar and soil as ours, showed that in some of the incubation periods studied, N mineralisation as NO3
was reduced for both the 12 and 50 t ha! biochar treatments after 6 and 12 months of biochar supplementation
in soil, with the effect being more pronounced for the 50 t ha treatment.

However, in our study we lack direct nitrogen mineralisation rates measurements, thus, the mineralisation
process is approached as carbon mineralisation rates (Hart et al., 1994; Kétterer & Andrén, 2001), which were
measured as CO, emission rates using the static chamber methodology and soil basal respiration (BAS). There
were no biochar induced differences in BAS or CO, chamber-measured emission rates at the bare soil sampling
and, indeed, CO, chamber-measured emissions were very low in all treatments. By contrast, the CO, emission
suppression found at the 12 April post-fertilisation sampling for the Fs, treatment suggests that mineralisation
might be reduced (negative priming) at high biochar doses. The cause of CO> reduction is out of the scope of
this study but possible explanations comprehend not only negative priming (thoroughly reviewed in Whitman
et al., 2015) but also mechanisms not related to changes in mineralisation, as direct CO, adsorption onto
biochar (Madzaki et al., 2016; Sethupathi et al., 2017) or biochar acting as an alkaline trap of CO, by promoting
its precipitation in the form of carbonates (Fornes et al., 2015). Importantly, even if the negative priming was
effectively acting at the post-fertilisation sampling, it could also only have been transitory and did not exert
effects at the bare soil sampling. As an example, Naisse et al. (2015), in a study also testing a gasification
biochar, reported a negative priming effect that only lasted a few weeks after its application. Furthermore, N
and O isotopic composition of nitrate in KCl extracts reinforce this notion as they reveal that both F and Fso
presented a very similar (not significantly different) §'N-NOjs value at the bare soil sampling, which was
comprised between the values of soil organic matter and plant debris, hence, indicating a similar extent of
mineralisation. Therefore, a possible lowered mineralisation in fresh biochar treatments at the bare soil
sampling is not regarded as an important mechanism to explain the differential ion content in soil solution.
Regarding a potential role of microbial immobilisation in the last sampling (bare soil) to explain the multiple
ion reduction, despite the lack of Npic measurement at that sampling, immobilisation seems an unlikely

explanation given that a variety of other ions apart from nitrate were also reduced and not following the known
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microbial stoichiometry. As an example, Ca** was reduced ca. 2000 mg kg™! in biochar treatments compared
to Fo, while for N-NO;" the difference was of only ca. 300 mg kg despite being a macronutrient. Moreover,
Chic didn’t show differences as a function of biochar treatment at this sampling. As a result, the reduction of
ionic content in the fresh biochar treatments as explained by microbial immobilisation is discarded.

4.2.3.2. Nitrification vs denitrification

N-NO; was the dominant N form in soil solution throughout the entire experiment except for a short period
after fertilisation, when N-NH4" gained importance. This pattern is found in most agricultural soils, as
nitrification normally converts NH4" into NOs™ within 2-3 weeks after fertiliser application resulting in NOs~
accumulation in the soil (Norton, 2008). The rapid onset of nitrification is also supported by isotopic
composition analyses of KCI extracts since at the post-fertilisation sampling (5™ April) 6"°N-NO; slightly
decreased with respect to the pre-fertilisation sampling. This is indicative of the nitrification onset given that
the generated NOs through nitrification is depleted in J'°N with respect to the substrate, especially at the
beginning of the reaction (Kendall & Aravena, 2000).

Although nitrification seems to be a major process in this experimental system, denitrification could also be
operating. Therefore, in order to gain insight into whether denitrification was an important process, we
examined the N and O isotopic composition of dissolved nitrate, as denitrification has a distinct and predictable
effect on 6'>N-NO; and §'30-NO; (Kendall et al., 2008). Namely, denitrification causes a coupled enrichment
in 6'>N-NOj; and 6'"*0-NOs of the residual nitrate, leading a ratio of isotopic fractionation £!°N /&'*0 between
2:1 and 1:1 depending on the tested conditions (Bottcher et al., 1990; Fukada et al., 2003; Granger et al., 2008;
Waunderlich et al., 2013).

None of the investigated lysimeters showed a clear denitrification trend except for the Fo treatment at 7™ June
and 5" July samplings (both in KCl extracts and leachates) and also for the Fso KCl extract at 7" June. However,
isotopic composition analyses interpretation is not straightforward since other processes could also have risen
0""N-NO; and §'30-NOs separately resulting in the same output as denitrification. On the one hand, 6'*°N-NO;
could have risen due to the input of N-NOs™ derived from nitrification of the highly N enriched pig slurry,
microbial immobilisation (Kendall et al., 2008) or plant uptake (Craine et al., 2015). On the other hand, 5'*O-
NO:s values could have increased due to a major vapour evaporation in summer months, a process which
depletes soil water in the lighter oxygen isotope (Briand et al., 2017) since two atoms of oxygen in NO3™ are

assumed to come from water during nitrification (Hollocher, 1984). Such an effect would be more pronounced
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in Fo due to its lower water content (more evaporation expected to have taken place). Despite the uncertainty
about the processes that caused 6'’N-NOj and 6'*0-NOs enrichment in summer, its punctual occurrence points
to denitrification not being an important process. Furthermore, the observed narrow range of §'*0-NO;
underpins this notion (Nikolenko et al., 2018).

All things considered, nitrification appears to be the key process in our system, while denitrification would not
represent a major force for the nitrate losses observed. In addition, denitrification could not explain the
concurrent reduction of the other ionic species besides nitrate.

4.2.4. Ammonia volatilisation

The ammonia volatilisation, assessed shortly after fertilisation, when maximum emissions rates were expected,
was not significantly affected by biochar amendment though we found a tendency to higher emission rates in
Fi, treatment. Volatilisation of soil nitrogen as ammonia is promoted in alkaline soils (Rao & Batra 1983), and
therefore, biochars with liming capacity might potentially displace the equilibrium between NH4"and NH3 and
promote NHs production and volatilisation (Nelissen et al., 2012; Novak et al., 2009b; Taghizadeh-Toosi et al.,
2011). However, this is not likely in our soil, since although the biochar was highly alkaline (pHi.20 11.14), it
was unable to cause further increases of pH in the already alkaline tested soil (pHi.258.2) (Marks et al., 2016).
We cannot totally discard this mechanism, since we lack ammonia measurements in the samplings after 9 days
of the fertilisation event, and mineralisation of barley roots could also have promoted ammonification and
hence ammonia volatilisation leading later to lower nitrate levels. However, the lack of significant differences
shortly after fertilisation and the fact that volatilisation is unable to explain the concurrent reduction of the
other ions seem to discard this mechanism.

4.2.5. Plant nitrogen export

The biochar used in this study has been shown to exert contrasting effects on crop performance. While Marks
et al. (2014a) showed an inhibitory effect on barley growth attributed to low P availability (as biochar plausibly
promoted its precipitation) in laboratory plant tests, Martos et al. (2020) reported a higher N efficiency uptake
but no effects on crop yield in field mesocosms when the same biochar was applied at lower and similar rates
in an alkaline soil. Similarly, Marks et al. (2016) revealed no biochar-mediated effects on barley responses the
first three years after the application in the same mesocosms where soil with aged biochar was obtained for

lysimeters construction, and therefore the same application rate. In agreement with the findings of Martos et
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al. (2020) and Marks et al. (2016), in our study nitrogen export was unaffected by biochar treatments, therefore
preventing this mechanism as an explanation of the reduced ionic availability at the bare soil sampling.

4.2.6. Ecotoxicological effects on key soil biological groups

Biochar has been proven to contain toxic compounds for microbial communities and other biological groups
such as volatile organic compounds, acetaldehyde, aldehydes, and ethylene (Nguyen et al., 2017), conversely,
biochar can in turn reduce the bioavailability of toxic chemicals present in soil (Ahmad et al., 2014), so the
impact of biochar in soils is hard to predict. The gasification pine-biochar of this study had large quantities of
PAH (438 mg kg') ten times higher than the maximum values reported for another gasification biochar by
Hale et al. (2012), and had a high pH (11.14). Therefore, it has the potential to provoke toxic impacts to soil
organisms. However, we failed to find any effect on collembolans or algae performance, nor in N-cycle
functional microbial groups. This is in agreement with previous laboratory studies using the same fresh
gasification biochar, that failed to find negative effects on collembolans at a higher concentration than the ones
on this experiment (considering that the 50 t ha™ application approximately corresponds to a 0.38% w/w), but
with effects on enchytraeids at relatively close concentrations (Marks et al., 2014b), and mainly attributed to
the increasing pH with increasing dose, something that was not found in our study. However, this biochar was
shown to decrease faunal feeding activities the three years after biochar addition in the soil mesocosms where
the soil with aged biochar was collected (Marks et al. 2016) without any detectable increase in soil pH, but we
did not found this effect after six years in the same plots (unpublished results).

Regarding N-cycle microbial groups, biochar has been linked to nitrification inhibition of the nitrifier
Nitrosomonas by the release of a-pinene in a pine-derived biochar similar to ours (Clough et al., 2010). In
addition, since PAH can exert toxic effects on nitrifiers and denitrifiers (Guo et al., 2011; Sverdrup et al., 2002)
some inhibiting effects could be expected in this biochar with high values of this compound. However,
microbial functional diversity of N-cycle microorganisms at 12" April sampling did not show significant
effects of biochar either when measured as gene copies or transcripts. Although a slight non-significant
reduction in nitrifiers was noted for the F;, treatment, any ecotoxicological effect seems unlikely because a
similar or higher reduction could be expected in Fso. In summary, and despite the high PAH load and pH value
of this biochar, ecotoxicological effects on N cycling via soil organisms seem to be limited.

4.2.77 On the potential role of ageing: is biochar pore occlusion by organo-mineral layers behind the

reduction of soil nitrate?
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As biochar ages in soil, fragmentation and changes on the surface of biochar particles including redox
reactions, solubilisation and interactions with microbes and organic matter, can alter its properties, which can,
in turn, influence biochar effects on soil properties (Blanco-Canqui, 2017; Joseph et al., 2010). Namely, it has
been recurrently claimed that CEC increases with biochar ageing through oxidative reactions on biochar
surfaces as well as through sorption of organic matter, both processes leading to an increase in surface
functionality (Kookana et al., 2011; Liang et al., 2006). By contrast, Hagemann et al. (2017) proposed that the
main mechanism involved in biochar ageing is not surface oxidation but the formation of an organo-mineral
coating which has been proved in co-composted biochar (Kammann et al., 2015) but also in soil-aged biochar.
This could have a collateral consequence, which is the occlusion of nutrient-loaded water within pores, first
retained by capillarity forces, and then trapped due to the organo-mineral plaque obstructing the pore (Joseph
etal., 2018). Importantly, other studies of soil aged biochar particles have also reported the formation of porous
agglomerates on the surfaces of the biochar, which in some cases implied the formation of organo-mineral
associations (Archanjo et al., 2017).

This mechanism could be the one behind the concurrent reduction of nitrates along with other cations and
anions in fresh biochar lysimeters in the last sampling of this study, only observed after 8 months of biochar
application. Notably, this mechanism could explain why in other studies some biochar effects upon nutrient
availability are only found long after its application. As an example, Ventura et al. (2013) only noted a reduction
in NOs leaching after 13-mo of biochar addition. Nevertheless, the formation of organo-mineral coatings in
soil-aged biochar particles cited in the study of Hagemann et al. (2017) had been described after 2.5 years of
ageing in soil. By contrast, in our study, the reduced ionic content was observed in a shorter timeframe, so it
is difficult to ascertain whether this time period is sufficient for this occlusion to occur. Some examples
concerning the timing of the process in field aged biochar include Lin et al. (2012), that revealed that soil
mineral phases attachment onto the biochar surfaces occurred within the first year (c.a. 4 months) of incubation,
while Mukherjee et al. (2014) observed the formation of organic matter coatings within 15 months of biochar
ageing, and de la Rosa et al. (2018) reported coatings of soil organic matter and microbial mats onto biochar
after 24 months.

In the study of Joseph et al. (2018), it is also hypothesised that the concentration gradient emerging from drying
in the composting process could boost ion movement into biochar pores (which are subsequently trapped in

the pores), therefore it is plausible that our drought simulation exerted a similar effect. By contrast, a possible
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drawback for the organo-mineral coating mechanism explanation in our system might be the lack of a linear
effect of biochar addition in ionic reduction since the effect is more apparent in Fj, than in Fso. However, this
might be explained by the findings of Teixido et al. (2013), who found a larger loss of biochar surface area in
the 1% than in the 2% biochar-soil mixtures after an artificial ageing process. This effect was attributed to a
better foulant coverage of organic matter when biochar is more diluted in soil. In this regard, differential
organic matter fouling and/or microbial colonisation could explain the lack of linearity in this study.

The organo-mineral coating hypothesis might also explain the general lack of significant results in the biochar
aged scenario, since once biochar pores are occluded, its capacity to interact with water, nutrients and
microorganisms might be limited (Mukherjee et al., 2011). For instance, the lack of moisture content
enhancement in the aged biochar scenario is consistent with pore clogging, as observed by Sorrenti et al.
(2016).

Our results highlight the importance of long-term studies to validate the observed biochar effects in the short-
term, which is mandatory considering biochar long residence time in soil, in order to prevent contrary or
unintended effects than the ones motivating their use in soil as a result of ageing processes. The ageing
mechanism indicated in this study, suggested as plausible by default of other mechanisms, has been only
recently reported in the literature and require further research for its validation. Nanoscale analysis of biochar
surfaces by means of microscopy and spectroscopic techniques is therefore needed to gain further insight onto

biochar evolution over time and specifically on organo-mineral coating formation.

5. Conclusions

As expected by previous research with the same pine gasification biochar, a significant decrease of nitrate in
soil solution was confirmed. However, this result was only true for the fresh biochar scenario and not for the
aged one. In the present study, both biochar application rates (12 and 50 t ha™') in the fresh biochar scenario
reduced nitrate levels as well as other ions (chloride, sodium, magnesium and calcium) at the bare soil
sampling, the effect being more apparent for the 12 t ha! treatment. However, the ionic content reduction was
only found for soil solution and not in leachates, therefore, bringing into question biochar’s ability to mitigate

nitrate aquifer pollution.
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Sorption, leaching, microbial mineralisation and immobilisation, ammonia volatilisation, plant export, and
ecotoxicological effects on biological groups regulating N-cycle were discarded as explanatory mechanisms
for the observed ionic content reduction. Notably, this reduction was only detected after 8 months of biochar
application, presumably indicating the need for biochar to be in contact with soil in order to provoke effects.
By contrast, in the aged biochar scenario, after 6 years of contact with soil, no effects were found. In this sense,
the formation of an organo-mineral coating trapping nutrient-rich water could explain the punctual and
concurrent reduction of the different ionic species in the fresh biochar scenario but may also be the cause of
the lack of effects in the aged biochar scenario, since once the pores are clogged by this coating its retentive
properties could be lost. Nevertheless, our data does not allow us to demonstrate this mechanism and thus more

studies are needed to support this hypothesis.
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Parameter Unit Value Method

C g kg! 782 elemental analysis

N g kg 2.10 elemental analysis

H g kg 8.81 elemental analysis

S g kg'! 0.34 elemental analysis

@) g kg 70.68 difference of sum of elemental analysis
and ash

O/Corg 0.10

H/Corg 0.14

Ash % 13.61 difference of fixed carbon and volatile
matter

Volatile matter % 2.8 gravimetrically (mass loss between
150°C-600°C)

P g kg 1.34

Na g kg'! 0.48

K g kg 9.36

Ca g kg'! 20.52

Mg g kg'! 2.10

CaCOs g kg 33.4+0.62 calcimetry

C-COs g kg 4+0.62 calcimetry

PAH (16 congeners) mg kg’ 438 1:1 acetone:hexane extraction, gas
chromatography-mass spectrometry

pH (H,0, 1:20) - 11.14 £ 0.13

EC (25°C, 1:20) dSm™ 0.3+0.01

CEC mmol. kg’ 3.62+0.11 ISO 23470, 2007

SN %o -0.9 elemental analysis-isotope ratio mass
spectrometry

Surface area (BET) m’ g’ 19.77 N; adsorption isotherm, 77K

Porosity % 80.56 Hg porosimetry

Mean porus size nm 1220.10 Hg porosimetry

Micropore (¢ < 2 nm) volume cm® gt 0.0034

Mesopore (2 nm < g < 50 nm) volume cm® g 0.0196

Macropore (g > 50 nm) volume cm® g 2.82

Table 1. Characteristics of the biochar used in the experiment.
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Figure 1. Moisture (%), EC (uS cm™), pH 1:5 (w/v), Total Kjeldahl Nitrogen (TKN) (mg kg™' DW soil) and Corg (mg kg™' DW soil)
along five samplings (3-IV = 3™ April; 5-IV = 5" April; 7-VI = 7% June; 5-VII = 5" July and 4-XII = 4" December). Abbreviations
for the biochar treatments correspond to: Fo = fresh 0 t ha''; Fi2 = fresh 12 t ha'!; Fso = fresh 50 t ha'!; Ao = aged 0 t ha'!; A1» = aged
12 t ha'l; Aso = aged 50 t ha'l. Symbols represent the mean values, and bars represent the corresponding standard error (n = 5).
Different letters indicate statistically significant differences between treatments within a particular sampling.



< Fg - F12 € Fgo ~-0- A1 -8 Asp

Fresh

800+

1oea)Xa 1a3jem

mg N-NO; kg™

T T T T T T T T T T
3V 51V 7.Vl 5VII 4XII 3.1V 51V 7Vl 5VII 4:XII

ajeyoea|

Figure 2. N-NOz" (mg kg' DW soil) evolution in water extracts (1% row) and leachates (2" row) along five samplings (3-IV = 3%
April; 51V = 5% April; 7-VI = 7 June; 5-VII = 5% July and 4-XII = 4% December). Abbreviations for the biochar treatments
correspond to: Fo = fresh 0 t ha'l; F12 = fresh 12 t ha!; Fso = fresh 50 t ha'’; Ao = aged 0 t ha''; A12 = aged 12 t ha'; Aso = aged 50 t
hal. Symbols represent the mean values, and bars represent the corresponding standard error (n = 5). Different letters indicate

statistically significant differences between treatments within a particular sampling.
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Figure 3. Heatmap of ionic and DOC concentrations in soil solution (mg kg™* DW soil) at the bare soil sampling (4" December) for
the fresh biochar scenario. Abbreviations for the biochar treatments correspond to: Fo = fresh 0 t ha'!; Fi» = fresh 12 t ha'!; Fs =
fresh 50 t ha''; Ao = aged O t ha’; A1z = aged 12 t ha'; Aso = aged 50 t ha™'. The range of values [-0.5 - 1.5] which is used for
heatmap colouring refers to standardised variables (mean subtracted and divided by standard deviation) (n = 5).



Parameter Sampling Treatment

date Fo Fi Fso Ay A Asg

3 IV 357+£76.4 398+324 358+33.6 243+£31.0 261+32.6 202+355
5 IV 337+61.1 355+39.1 423 +51.8 207 +229 268+299 182+11.7

(mgll‘j;'l) 7-VI 275+20.8 271+19.0 278+22.7 150+ 27.1 205+27.7 216+33.8
5-VII 277 £10.0 263 +£16.1 240+ 12.0 191+21.7 183+7.7 173+22.7
4-XII 291+33.6 273+£19.7 255+18.7 199+14.6 225+12.7 238+8.4
31V 75.1+49 89.3+103 775+35 443+42 53.7+3.6 51.6+3.0
51V n/a n/a n/a n/a n/a n/a

(mlgllii;'l) 7-VI 55.4+6.1 66.7+£34 653+6.0 446+53 46.0+39 47.5+£5.0

5-VII 79.5+£2.0 803+22 73.0x+38 403x31 474+14 418+23
4-XII n/a 61.6+34 535+11.8 374+3.7 34733 41.1t44

3 IV 0.9+0.0 1.1+00 11+01 08+01 08£00 08zx0.1
5 IV 09+01 09+£01 09+£00 08£01 0.7+£00 09+0.1
7-VI 08+00 0701 09+01 07+00a 09+0.1ab 1.0+0.1b
5-VII 0.7+01 08+01 10£00 0501 06+£00 05+0.1
4-XII 06+01 09+01 08+£01 0501 0.7+£01 06+x0.1

BAS (mg C-CO,
kg' h™)

Table 2. Average values of Crmic, Nmic (mg kg™ DW soil) and BAS (mg C-CO2 kg h™) per treatment + standard errors (n = 5) along
five sampling dates (3-1V = 3 April; 5-IV = 5% April; 7-VI = 7% June; 5-VII = 5" July and 4-XII = 4 December). Abbreviations for
the biochar treatments correspond to: Fo = fresh 0 t ha'!; F12 = fresh 12 t ha'!; Fso = fresh 50 t hal; Ao = aged 0 t ha'!; A2 = aged 12 t
ha''; Aso = aged 50 t ha''. Letters in bold indicate significant differences between treatments for a specific sampling date and n/a =
not available.
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Figure 4. Emission rates of N-N2O, C-CO2, and N-NH3 (mg m h'). Abbreviations for the biochar treatments correspond to: Fo =
fresh 0 t ha'!; F12 = fresh 12 t ha'!; Fso = fresh 50 t ha'!; Ao = aged 0 t ha'; A1 = aged 12 t ha'!; Aso = aged 50 t ha’. Different letters
indicate statistically significant differences between treatments within a particular sampling. N-N20O and C-CO: were measured
along five different samplings (30-111 = 30" March; 5-1V = 5 April; 12-1V = 12% April; 5-VII = 5" July and 4-XII = 4% December),
symbols represent the mean values, and bars represent the corresponding standard error, n is < 5 as values were filtered (see 2.4
section in methodology). N-NH3 was measured along 4 sampling periods after the fertilisation with pig slurry (t1 = 3/4/17-5/4/17; t2
= 5/4/17-6/4/17; t3 = 6/4/17-7/4/17; t4 = 10/4/17-12/4/17), symbols represent the mean values, and bars represent the corresponding

standard error (n = 5).
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Figure 5. §'®0 and §'°N of nitrate measured in KCI extracts (left graph) and leachates (right) for the fresh biochar scenario along
five different samplings (3-IV = 3" April; 5-IV = 5% April; 7-VI = 7" June; 5-VII = 5% July and 4-XII = 4" December). Symbols
with error bars represent the mean values and standard error (n = 5) respectively. The two arrows indicate typical expected slopes for
values resulting from denitrification. Abbreviations for the biochar treatments correspond to: Fo = fresh 0 t ha'!; Fso = fresh 50 t ha™'.
8N of soil, harvested plants and pig slurry, and also 6'°N vs §'®0 of dissolved NO3" from irrigation water are shown.

Treatment
Parameter
Fo F1i2 Fso Ao A Asp
Straw weight (g) 140+08 148+05 150+0.8 12.7+03 101+1.7 7.4+28
Grain weight (g) 62+09 65+06 74+08 75+02 66+12 45+1.8
Ear count 13.0+15 17.0+17 164+15 124+14 84+20 7.0+28
Grains per ear 129+05 11.0+0.8 120+15 152409 202+3.1 11.1+3.7

(mean)

Straw N exported (g) 0.17 +0.02 0.14 +£0.02 0.09 +0.03 0.10£0.01 0.09 +0.01 0.05 £ 0.02
Grain N exported (g) 0.17 £0.02 0.19+0.01 0.20 £0.02 0.20 +0.01 0.17 £0.03 0.11 £ 0.05

Table 3. Average values of different growth parameters and N plant uptake per treatment + standard errors (n = 5) at harvest (3"
July). Export of N in straw and grain was calculated as total N concentration in straw/grain per straw/grain biomass). Abbreviations
for the biochar treatments correspond to: Fo = fresh 0 t ha''; F12 = fresh 12 t ha''; Fso = fresh 50 t ha'; Ao = aged 0 t ha''; A12 = aged
12 tha''; Aso = aged 50 t ha™'. The absence of letters indicates that the observed differences were not significant.



Supplementary Material

Table S1. Pig slurry characterisation. * Kjeldahl N = (organic N) + (N-NHy); **Available N = (Kjeldahl N) -

(non-hidrolisable N). w.w. stands for wet weight and d.w. for dry weight.

Parameter Units Value
Dry matter % (w.w.) 86.3
pH water, 1:5 (v/v) 6.35

Electrical conductivity dS/m, 25°C 51.7

Organic matter % (w.w.) 58.3
Kjeldahl N* % (w.w.) 5.92
Organic N % (w.w.) 2.44
N-NH4 % (w.w.) 3.48
Non-hidrolisable N % (wW.w.) 0.99
Available N** % (wW.w.) 4.9
C/N ratio

11.9

(based on organic N)

C/N ratio

4.9
(based on Kjeldahl N)
P g kg1 (dw) 29
K gkgl(dw) 385
Ca gkgl(dw) 275
Mg gkgl(dw) 106

Fe g kgl (dw.) 4




Table S2. Primers and thermal profiles used for real-time PCR quantification of the different target genes.

Target Number of
Primers Thermal profile Reference
gene cycles
nifHF
nifH 98 °C —455s/55°C—-45s/72°C—-45s 40 Harter et al., 2014
nifHR
amoA amo19F
94°C, 45s/55°C, 45s/72°C, 45 s 40 Towe et al., 2014
AOA CrenamoA16r48x
amoA amoA1F
94°C—-30s/58.5°C—-30s/72°C—-30s 40 Harter et al., 2014
AOB  amoA2R
nirk876C 95°C - 155/63 °C —30/72°C—30's 6a
nirK Harter et al., 2014
nirk 1040 95°C -155s/58°C -305s/72°C-30s 40
nosZ2F 95 °C — 15 5/63-58 °C — 30 5/72 °C — 30 s
nosZ 6a Harter et al., 2014
nosZ2R 95°C —155s/60°C -585/72°C—-30s
nirScd3aF
nirS 95°C -15s/57°C-30s/60°C—-15s 40
nirSR3cd Towe et al., 2014
Al89 Vanparys et al.,
nxrB 94 °C -30s/58.5°C-30s/72°C—-30s 40
A682 2006

? touchdown -1°C for cycle



Table S3. Summary of the results of two-way mixed ANOVAs on different variables, with treatment
(biochar application rate) as between-subjects factor, and time (sampling dates) as within-subjects factor.
Mixed ANOVA was conducted separately for the fresh and the aged biochar scenarios. Degrees of freedom
(df) are shown as: (degrees of freedom numerator, degrees of freedom denominator); the effect size is

reported as generalised eta squared (12), and significant p-values (p < .05) are marked in bold.

Table S3.1. Moisture

Fresh Aged

Source df F P 72 df F p nz

treatment (2,12) 1190 0.001 0.38| (2,11) 1.48 0.27 0.07

time (4,48) 114.93 <.001 0.87|(1.9,20.3) 38.50 <.001 0.72

treat. x time | (8,48)  2.40 0.029 0.22(3.7,20.3) 0.53 0.70 0.07

Table S3.2. Electrical conductivity (EC)

Fresh Aged

Source df F p 72 df F p nZ

treatment | (2,12) 175 022 0.06| (2,12) 094 042 0.3

time (4,48) 66.13 <.001 0.81|(2.0,23.5) 23.49 <.001 0.61

treat. x time | (8, 48) 237 0.03 0.24((3.9,23.5) 0.31 0.86 0.04



https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002

Table S3.3. pH

Fresh Aged
Source df F p ni df F p nZ
treatment | (2,12) 030 074 0.02| (2,12) 005 096 0.002
time (4,48) 23.26 <.001 0.53|(2.6,31.4) 20.67 <.001 0.58
treat. x time | (8, 48) 0.67 0.72 0.06|(5.2,31.4) 144 0.24 0.16

Table S3.4. Soil total Kjeldahl nitrogen (TKN)

Fresh Aged
Source df F p 7 df F p nZ
treatment (2,12) 250 0.12 0.11| (2,12) 154 0.26 0.11
time (2.3,27.9) 1837 <.001 0.52| (4,48) 16.34 <.001 0.40
treat. X time | (4.7,27.9) 2.87 0.035 0.25| (8,48) 1.07 0.40 0.08
Table S3.5. Soil organic carbon (Corg)

Fresh Aged
Source df F P ni df F p nz
treatment (2,12) 248.76 <.001 0.94| (2,12) 54.25 <.001 0.87
time (2.7,31.8) 2.04 0.14 0.09| (4,48) 14.21 <.001 0.24
treat. x time |(5.3,31.8) 3.59 0.01 0.25| (8,48) 149 0.18 0.06



https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002

Table S3.6. N-NOj™ in water extracts

Fresh Aged
Source df F p ni df F p nZ
treatment (2,12) 197 0.18 0.08| (2,12) 0.097 0.91 0.004
time (1.9,23.1) 116.14 <.001 0.88|(1.6,13.8) 43.93 <.001 0.73

treat. X time | (3.8, 23.1) 2.96 <.001 0.27|(2.3,13.8) 0.10 0.93 0.01
Table S3.7. N-NH," in water extracts

Fresh Aged
Source df F P 72 df F p nZ
treatment | (2, 12) 072 051 0.02[(2,12) 0.5 0.86 0.005
time (1,12.04) 31.50 <.001 0.68|(1.5,17.9) 92.09 <.001 0.86
treat. x time | (2, 12.04) 0.63 0.55 0.08((2.9,17.9) 0.19 0.90 0.02

Table S3.8. Exchangeable N-NH," (N-NH," in KCl extracts — N-NH," in water extracts)

Fresh Aged
Source df F p 72 df F p nZ
treatment  |(2, 12) 093 042 003[(2,12) 038 069 001
time (1,12.02) 24.08 <.001 0.62|(1,12.1) 34.58 <.001 0.70
treat. x time (2, 12.02) 1.05 0.38 0.12|(2,12.1) 045 0.65 0.06



https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002

Table S3.9. N-NO; in water extracts

Fresh Aged
Source df F p ni df F p nZ
treatment | (2, 12) 113 031 0.05/(2,12) 012 0.89 0.002
time (4, 48) 30.97 <.001 0.67|(4, 48) 45.33 <.001 0.77
treat. x time | (8, 48) 157 016 0.17/(8,48) 029 097 0.04
Table S3.10. Na" in water extracts

Fresh Aged
Source df F P 72 df F p nZ
treatment | (2,12) 276 0.0 012| (2,12) 064 054 0.03
time (4, 48) 109.9 <.001 0.87((1.3,15.9) 39.25 <.001 0.71
treat. x time | (8, 48) 2,51  0.02 0.23|(2.7,159) 0.68 0.56 0.08
Table S3.11. CI' in water extracts

Fresh Aged
Source df F p 72 df F p nZ
treatment | (2,12) 1.83 020 0.06| (2,12) 022 081 0.006
time (2.6,31.5) 130.99 <.001 0.90|(1.3,15.1) 40.86 <.001 0.74

treat. X time

(5.2,315) 3.91

0.007 0.34

(2.5,15.1) 0.47

0.68 0.06



https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002

Table S3.12. K" in water extracts

Fresh Aged
Source df F p ni df F p nZ
treatment | (2,12) 138 029 007| (2,12) 258 012 0.8
time (1.6,18.7) 54.53 <.001 0.76|(1.2,14.8) 49.81 <.001 0.77

treat. X time | (3.1, 18.7) 0.52 0.68 0.06((2.5,14.8) 1.76 0.20 0.19
Table S3.13. Ca®" in water extracts

Fresh Aged
Source df F P 72 df F p nZ
treatment | (2,12) 070 052 003| (2,12) 097 041 0.04
time (2.4,28.6) 7040 <.001 0.81|(1.6,19.7) 23.10 <.001 0.58

treat. x time | (4.8, 28.6) 2.24 0.08 0.21((3.3,19.7) 041 0.76 0.05
Table S3.14. Mg** in water extracts

Fresh Aged
Source df F p 72 df F p nZ
treatment | (2,12) 0.69 052 003| (2,12) 158 025 0.04
time (2.4,28.3) 92.89 <.001 0.85|(1.3,15.7) 39.26 <.001 0.74

treat. X time

(4.7,28.3) 2.10 0.098 0.20

(2.6,15.7) 034 0.78 0.04



https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
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Table S3.15. SO4* in water extracts

Fresh Aged
Source df F p ni df F p nZ
treatment | (2,12) 0.04 096 000 (2,12) 178 021 0.07
time (2.2,26.0) 63.48 <.001 0.79|(2.3,27.1) 25.74 <.001 0.62

treat. X time

(4.3,26.0) 0.47 0.77 0.05

(4.5,27.1) 1.09 039 0.12

Table S3.16. N-NOj; in leachates

Fresh Aged
Source df F P 72 df F p nZ
treatment 2,99 021 081 001| (2,11) 3.08 0.09 0.11
time (1.7,15.4) 5096 <.001 0.83| (4,44) 2293 <.001 0.62
treat. x time | (3.4, 15.4) 0.92 047 0.15| (8,44) 171 0.12 0.19
Table S3.17. N-NH4" in leachates

Fresh Aged
Source df F p 72 df F p nZ
treatment 2,9 082 047 012 (2,11) 3.12 009 0.12
time (1.6,14.6) 28.63 <.001 0.66| (4,44) 29.24 <.001 0.67
treat. x time | (3.3, 14.6) 1.35 0.30 0.22| (8,44) 0.59 0.78 0.07



https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
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Table S3.18. N-NO; in leachates

Fresh Aged
Source df F p ni df F p nZ
treatment 2,9) 020 083 001 (2,11) 018 084 001
time (1.7, 15.5) 9.08 0.003 0.46|(1.4,15.2) 9.93 0.004 0.41
treat. X time | (3.5, 15.5) 0.64 0.62 0.11|(2.8,15.2) 0.30 0.81 0.04
Table S3.19. Na® in leachates

Fresh Aged
Source df F P 72 df F p nZ
treatment 2,9) 052 061 0.03] (2,11) 098 041 0.04
time (2.0,18.3) 43.86 <.001 0.78](2.1,23.0) 18.68 <.001 0.56
treat. x time | (4.1, 18.3) 1.08 0.40 0.15((4.2,23.0) 1.82 0.16 0.20
Table S3.20. CI in leachates

Fresh Aged
Source df F p 72 df F p nZ
treatment 2,90 061 056 004| (2,11) 131 031 0.08
time (4,36) 61.03 <.001 0.83| (4,44) 1574 <.001 0.48
treat. x time | (8, 36) 2.00 0.07 0.24| (8,44 1.77 0.11 0.17



https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
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Table S3.21. K" in leachates

Fresh Aged
Source df F p ni df F p nZ
treatment 2,9 279 011 012| (2,11) 206 017 0.10
time (4,36) 2240 <.001 0.66| (4,44) 19.21 <.001 0.56
treat. x time | (8,36) 1.60 0.16 022| (8,44) 192 0.08 020
Table S3.22. Ca** in leachates

Fresh Aged
Source df F P 72 df F p nZ
treatment 2,9) 038 070 001| (2,11) 061 056 0.03
time (4,36) 11.45 <.001 0.51| (4,44) 6.07 <.001 0.28
treat. x time | (8, 36) 1.85 0.099 0.26| (8,44) 0.77 0.63 0.09
Table S3.23. Mg”* in leachates

Fresh Aged
Source df F p 72 df F p nZ
treatment 2,9) 278 011 012| (2,11) 459 0.035 0.12
time (4,36) 22.40 <.001 0.66| (4,44) 16.38 <.001 0.56
treat. x time | (8,36) 1.60 0.16 0.22| (8,44) 289 0.01 031



https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
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Table S3.24. SO4* in leachates

Fresh Aged
Source df F p ni df F p nZ
treatment 2,9) 023 080 0.01| (2,11) 329 007 0.11
time (1.8,15.8) 6.12 0.01 0.35((1.5,16.0) 14.27 <.001 0.51
treat. x time | (3.5, 15.8) 1.00 0.43 0.15|(2.9,16.0) 1.88 0.17 0.21

Table S3.25. Dissolved organic carbon in K>SO, extracts (DOC)

Fresh Aged
Source df F P 72 df F p nZ
treatment (2,12) 0,58 057 0.01| (2,12) 0.22 0.80 0.01
time (1.7,20.1) 7.41 0.006 0.35| (4,48) 5.34 0.001 0.27
treat. x time | (3.4,20.1) 124 032 0.15| (8,48) 1.15 035 0.14
Table S3.26. Dissolved organic nitrogen in K,SO; extracts (DON)

Fresh Aged
Source df F p 72 df F p nZ
treatment (2,12) 0.15 086 0.01| (2,12) 036 0.70 0.01
time (2,24) 27.92 <.001 0.57|(1.4,17.3) 39.10 <.001 0.72

treat. X time

4, 24)

1.32 029 0.11

(29,173) 039 0.76 0.05



https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
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Table S3.27. Microbial biomass carbon (Cic)

Fresh Aged
Source df F p ni df F p nZ
treatment (2,12) 0.02 098 0.00f (2,12) 256 0.12 0.07
time (1.9,225) 7.21 0.004 0.33|(2.5,30.4) 2.44 0.09 0.14
treat. x time |(3.7,22.5) 0.62 0.64 0.08|(5.1,30.4) 1.31 0.28 0.15
Table S3.28. Microbial biomass nitrogen (Nmic)

Fresh Aged
Source df F P 72 df F p nZ
treatment (2,12) 219 016 0.11| (2,12) 1.15 0.35 0.06
time (2,24) 10.35 <.001 0.36| (3,36) 6.00 0.002 0.26
treat. x time | (4, 24) 0.87 050 0.09| (6,36) 0.81 0.57 0.09
Table S3.29. Soil basal respiration (BAS)

Fresh Aged
Source df F p 72 df F p nZ
treatment (2,12) 3.75 0.054 0.14] (2,12) 123 0.33 0.04
time (4, 48) 7.97 <.001 0.33| (4,48) 13.68 <.001 0.47
treat. x time | (8, 48) 1.69 0.13 0.17| (8,48) 1.66 0.13 0.18



https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
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Table S3.30.

N-N;O emission rate

Fresh Aged
Source df F p ni df F p nZ
treatment (2,2) 447 018 062 (2,2) 1346 0.06 0.66
time (4,8) 257.01 <.001 0.99| (4,8) 43.09 <.001 0.95
treat. x time | (8, 8) 9.72 0.002 0.86| (8,8) 547 0.01 0.82
Table S3.31. C-CO; emission rate

Fresh Aged
Source df F P 72 df F p nZ
treatment (2,2) 6.39 0.14 056 (2,2 0.39 0.72 0.05
time (4,8) 13196 <.001 0.98| (4,8) 12.83 0.001 0.85
treat. x time | (8, 8) 446 0.025 0.78| (8,8) 0.09 1.00 0.07
Table S3.32. N-NHj; emission rate

Fresh Aged
Source df F p 72 df F p nZ
treatment (2,12) 287 0.096 0.14| (2,12) 2.70 0.10 0.17
time (1.5,17.5) 28.40 <.001 0.61| (3,36) 28.93 <.001 0.57
treat. x time | (2.9, 17.5) 099 042 0.10| (6,36) 1.73 0.14 0.14



https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
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Table S3.33. 61°N-NOjs in soil KCI extracts

Fresh Aged
Source df F p ni df F p nZ
treatment (1,8) 003 086 000 (1,8 1.00 035 0.02
time (4,32) 30.72 <.001 0.69| (4,32) 29.97 <.001 0.77
treat. x time | (4,32) 0.16 096 0.01| (4,32) 141 025 0.13
Table S3.34. §'*0-NOs in soil KCI extracts

Fresh Aged
Source df F P 72 df F p nZ
treatment (1,8) 044 053 002 (1,8 1.99 020 0.06
time 4, 32) 0.88 049 0.06| (4,32) 194 0.13 0.15
treat. x time | (4, 32) 1.56 021 01| (4,32 035 0.84 0.03

Table S3.35. §'°N-NOjs  in leachates

Fresh
Source df F p 72
treatment (1, 6) 1.21  0.31 0.10
time (4,24) 13.82 <.001 0.52

treat. X time

4, 24)

215 011 0.15



https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002
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Table S3.36

. 8'®*0-NOj5 in leachates

Fresh
Source df F p ni
treatment (1, 6) 7.53 0.034 0.22
time (4, 24) 1.30 0.29 0.15

treat. X time

(4, 24)

0.66 0.63 0.08



https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158511#pone-0158511-t002

Table S4. Nutrient content in grain and straw of harvested barley. Reported values are mean + standard
errors (n = 5). Abbreviations for the biochar treatments correspond to: Fo = fresh 0 t ha'; F1, = fresh 12 t ha™;
Fso = fresh 50 t ha™'; Ap = aged 0 t ha™'; Aj» = aged 12 t ha™'; A5y = aged 50 t ha™'. The absence of letters

indicates that there were no significant differences.

Treatment
Nutrient
Fo Fi2 Fso Ay A Asg
P (%) 0.83+0.0 086+0.0 0.83+0.0 0.83 £0.0 0.81+£0.0 0.84+0.0
K (%) 1.07+£0.1 1.13+0.1 1.05+0.0 1.06 £ 0.1 1.10+£0.1 1.05+0.1
Ca (%) 0.12+0.0 0.10+£0.0 0.10£0.0 0.09 £ 0.0 0.06£0.0 0.09+0.0
Grain Mg (%) 0.13+0.0 0.14+0.0 0.13+£0.0 0.14+0.0 0.14+0.0 0.14+£0.0
S (%) 0.06 +£ 0.0 0.07+£0.0 0.07+£0.0 0.05+0.0 0.04+0.0 0.05+0.0

Mn (mg kg™) 20000 187x0.1 1.82x0.1 190+0.1 184+£01 187zx0.1

Zn (mg kg™) 6.11+0.1 6.54+£04 6.10£0.1 6.05+£0.2 6.02+£0.2 5.88+0.1

P (%) 0.05x00 0.07£00 0.05+00 0.07+£0.0 0.17+0.1 0.30z£0.1
K (%) 1.18+0.2 135+£03 1.36zx0.1 161+03 163+04 1.88x0.5
Ca (%) 0.28+0.1 03100 029+00 029+0.1 031+0.1 0.19+£0.0
Straw Mg (%) 0.0+£0.0 0.0+£0.0 0.0+ 0.0 0.0+£0.0 0.0+£0.1 0.0+£0.1
S (%) 03000 02900 0.28+00 029+0.0 031+0.0 032£0.0

Mn(mgkg') 422+05 422+02 398+04 345+0.1 3.76+02 3.87+0.4

Zn (mg kg™") 33401 3.60+00 3.53+0.1 3.50+ 0.2 3.63+£0.2 4.19+0.5




Table S5. Mean values of Folsomia candida adult survival (%) and juvenile number per treatment +
standard errors (n = 5) at the onset of the experiment. Abbreviations for the biochar treatments correspond
to: Fo = fresh 0 t ha™'; Fy» = fresh 12 t ha™'; Fso = fresh 50 t ha™; A = aged 0 t ha™’; Aj, = aged 12 t ha’; Asp =

aged 50 t ha'. The absence of letters indicates that the observed differences were not significant.

Treatment
Parameter

Fo Fp2 Fso Ay A Asg

Adult survival (%) 86 +£5.1 86+£10.3 76+10.3 88 £4.9 94 +£4.0 90 £4.5

Juvenile number 5746 +97.5 517+£22.0 438+£45.0 552.8+£59.9 512.4+52.0 540.2+29.2

Table S6. Raphidocelis subcapitata yield inhibition (%) at four elutriate concentrations (C): 81.6, 51, 30.6,
and 10.2%. Abbreviations for the biochar treatments correspond to: Fy = fresh 0 t ha™'; F1, = fresh 12 t ha™;
Fso = fresh 50 t ha™'; Ap = aged O t ha™; Aj» = aged 12 t ha™'; Asp = aged 50 t ha™. Values are averages per
treatment + standard errors (n = 5) at the onset of the experiment. The absence of letters indicates that the

observed differences were not significant.

C% Treatment
Parameter
elutriate Fo Fo Fso Ay Ap As
10.2 -1.3+1 0.4+0.6 8.1+9 116+76 -16+05 7.2+6.1
Yield inhibition 30.6 -48+3.3 4+1 4+1.3 19+63 -44+21 -49+1.1
(%) 51 -58+04 -36+x14 -54+0.2 1.8+6.1 -24+1.7 24+1

81.6 -22+05 -29+£13 57+94 -34+£11 -26+19 -2£0.7
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Figure S1. Record of greenhouse’s mean daily temperature (filled dots), maximum and minimum daily
temperature (empty dots), and soil lysimeters moisture (%) measured gravimetrically (blue bars). The brown
arrows indicate the sampling dates and dash-dotted lines indicate the period ranging from fertilisation and
sowing events (first line) and harvest (second line), thus covering the period of barley crop development.

Temperature data has been provided by IRTA-Torre Marimon.
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Figure S2. N-NO; and N-NH," (mg kg™ DW soil) evolution in soil extracts (SE) and leachates (LCH) along
five different samplings (3-IV = 3" April; 5-IV = 5" April; 7-VI = 7" June; 5-VII = 5" July and 4-XII = 4"
December) in a) fresh biochar scenario and b) aged biochar scenario. Abbreviations for the biochar
treatments correspond to: Fo = fresh 0 t ha™'; F1» = fresh 12 t ha™'; Fso = fresh 50 t ha™; Ao = aged 0 t ha™; Aj»

=aged 12 tha'; A5 = aged 50 t ha™". Bars correspond to mean values and error bars represent standard error



(n = 5). Asterisks indicate statistically significant differences between N-NO3 and N-NH," within each soil
extract or leachate ( * = p < 0.05, ** = p < 0.01). For soil extracts comparisons were made between N-NOz
(water soluble) and total N-NH," (exchangeable + water soluble) while in leachates water soluble

concentrations of N-NO;™ and N-NH," were compared.
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Figure S3. Ionic concentrations (mg kg DW soil) evolution in water extracts (a) and leachates (b) along
five different samplings (3-TV = 3" April; 5-IV = 5" April; 7-VI = 7" June; 5-VII = 5" July and 4-XII = 4"
December). Abbreviations for the biochar treatments correspond to: Fy = fresh 0 t ha™'; F, = fresh 12 t ha™;
Fso = fresh 50 t ha™; Ao = aged 0 t ha™'; A1 = aged 12 t ha™'; Asp = aged 50 t ha™. Symbols represent the
mean values, and bars represent the corresponding standard error (n = 5). Different letters indicate

statistically significant differences between treatments within a particular sampling.
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Figure S4. DOC and DON concentrations (mg kg™ DW soil) evolution in water extracts along five different
samplings (3-IV = 3 April; 5-1V = 5" April; 7-VI = 7 June; 5-VII = 5" July and 4-XII = 4™ December).
Note that DON for the 5-1V sampling (both fresh and aged scenarios) and for Fy at 4-XII is not shown as its
calculation was not possible. Abbreviations for the biochar treatments correspond to: Fo = fresh 0 t ha™; F1»
= fresh 12 t ha™'; Fso = fresh 50 t ha™; Ag = aged 0 t ha™'; Aj; = aged 12 t ha™; A5 = aged 50 t ha™. Symbols
represent the mean values, and bars represent the corresponding standard error (n = 5). The absence of

letters indicates that the observed differences were not significant.
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Figure S5. Exchangeable N-NH," (mg kg™ DW soil), measured as KCl extractable N-NH," concentrations
minus soluble N-NH," concentrations, along five different samplings (3-1V = 3™ April; 5-1V = 5" April; 7-VI
= 7" June; 5-VII = 5" July and 4-XII = 4™ December). Abbreviations for the biochar treatments correspond
to: Fo = fresh 0 t ha™; Fy, = fresh 12 t ha™; Fso = fresh 50 t ha™; A = aged 0 t ha™'; A;» = aged 12 t ha™; Asp =
aged 50 t ha™. Symbols represent the mean values, and bars represent the corresponding standard error (n =
5). Different letters indicate statistically significant differences among treatments for a specific sampling.
Means + SE at 5-VII for the fresh biochar scenario were: Fo= 1.63 + 0.29 mg kg™, F1» = 1.00 + 0.20 mg kg™,

and Fsp = 2.53 + 0.31 mg kg™
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Figure S6. KCl-extractable and soluble (water extract) N-NO; content (mg kg' DW soil) at the 4"
December, 2017 sampling date (bare soil sampling). Abbreviations for the biochar treatments correspond to:
Fo = fresh 0 t ha™; F1» = fresh 12 t ha'; Fso = fresh 50 t ha™. Different uppercase letters indicate statistical
significance between treatments (Fo, F1» and Fso) within the KCI extracts, while lowercase letters indicate
differences within the water extracts (p<0.05). There were no statistical differences between KCl and water

extracts on each treatment.
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Figure S7. 60 and 8N of nitrate measured in KCl extracts for the aged scenario along five different
samplings (3-IV = 3" April; 5-IV = 5" April; 7-VI = 7" June; 5-VII = 5" July and 4-XII = 4™ December).
Symbols with error bars represent the mean values and standard error (n = 5) respectively. The two arrows
indicate typical expected slopes for values resulting from denitrification. Abbreviations for the biochar
treatments correspond to: Ao = aged 0 t ha™; Aso = aged 50 t ha™. §"°N of soil, harvested plants (from fresh

scenario) and pig slurry, and also §"°N vs §'°0 of dissolved NOs™ from irrigation water are shown.
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Figure S8. Gene copies and transcripts for enzymes that catalyse processes of the nitrogen cycle
(nitrification, denitrification, and fixation) on 12" April, 2017 (9 days after fertilisation). nirS transcripts
were not detectable and thus are not shown. Abbreviations for the biochar treatments correspond to: Fo =
fresh 0 t ha™; F1» = fresh 12 t ha'; Fso = fresh 50 t ha™'; Ao = aged 0 t ha™; Aj» = aged 12 t ha™; Aso = aged 50
t ha™. Symbols represent the mean values, and bars represent the corresponding standard error (n = 5). The

absence of letters indicates that the observed differences were not significant.



