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Abstract 10 

Aims: To assess how biochar addition in rainfed conservation agriculture affects short-term transformation, 11 

plant uptake, retention of nitrogen (N) in soil, and nitrous oxide (N2O) fluxes in a tropical Arenosol planted 12 

to maize. Methods: A ten-day in situ 15N pool dilution and N cycling experiment, using tracer amounts (0.1 13 

g m-2) of 15N labeled ammonium (15NH4
+), nitrate (15NO3

-) or 15N-urea, was carried out seven weeks after 14 

planting of maize (Zea mays L.) under conservation agriculture in Zambia, using planting basins without 15 

(CA) and with pigeon-pea biochar (BC) addition (4 t ha-1). Results: Pigeon-pea biochar increased soil NO3
- 16 

concentration, gross nitrification rate, 15N recovery in extractable soil NO3
-, and soil moisture. However, 17 

effects of biochar on soil N retention and plant N uptake were not significant. Likewise, biochar did not 18 

affect N2O fluxes. Conclusions: At low dosage, pigeon pea biochar has a positive effect on gross 19 

nitrification rate but does not affect short-term N retention in soil, N2O fluxes, nor does it help increasing 20 

the uptake of N by maize. 21 

Key words: 15N, N2O, pool dilution, biochar, maize, conservation agriculture  22 

Introduction 23 

Minimum tillage, mulching and crop rotation with legumes are the main pillars of conservation agriculture, 24 

which has been suggested to be more productive and sustainable than conventional practices in sub-humid 25 

regions of Sub-Saharan Africa (Thierfelder et al. 2017; Thierfelder et al. 2015). Among smallholders in 26 

Zambia, conservation agriculture using planting basins or rip lines are advocated as an alternative for 27 

conventional tillage. Basins occupy only ~10% of the land area, and appear to be effective with respect to 28 

rainwater harvesting (Obia et al. 2020; Thierfelder and Wall 2009). In planting basins, soil amendments 29 

and fertilizers can be placed in the direct vicinity of plant roots, making soil amelioration more effective. 30 

In general, soils in SSA are acidic and poor in nutrients and often smallholder farmers do not have the 31 

resources to purchase mineral fertilizer (Edmonds et al. 2009). Therefore, sustainable management practices 32 

should have a particular focus on limiting nutrient losses, especially nitrogen (N).  33 

 34 
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Biochar is a pyrolyzed organic material derived from organic feedstock. Biochar consists of a porous 35 

carbonaceous matrix and ash (Budai et al. 2014; Munera-Echeverri et al. 2018) and has the potential to 36 

ameliorate degraded soils and avoid nutrient losses (Angst et al. 2013; Clough et al. 2013; Major et al. 37 

2012). In previous studies in Sub-Saharan Africa (SSA), biochar addition to soil was shown to increase 38 

plant available water, soil organic carbon (SOC), and potassium (K+), while increasing plant biomass and 39 

crop yield (Abiven et al. 2015; Cornelissen et al. 2013; Kätterer et al. 2019; Munera-Echeverri et al. 2020; 40 

Obia et al. 2020). Biochar addition typically increases water retention in (micro) pores  (Obia et al. 2020; 41 

Obia et al. 2016) and was shown to enhance soil aggregation (Obia et al., 2016). The ash contained in 42 

biochar neutralizes soil acidity and adds important plant nutrients to the soil, particularly K (Cornelissen et 43 

al. 2018; Jeffery et al. 2017; Martinsen et al. 2015; Martinsen et al. 2014). The carbonaceous matrix of 44 

biochar contributes to the retention of cations such as ammonium (NH4
+), due to its negative charge 45 

(Munera-Echeverri et al. 2018). Retention of anions such as nitrate (NO3
-) has been reported in some cases 46 

and was attributed to base functional groups (Clough et al. 2013; Nguyen et al. 2017), but this was not 47 

confirmed by other studies (Hale et al. 2013). Also, biochar can decrease the availability of NH4
+ and NO3

- 48 

due to immobilization by soil microbes (Liu et al. 2018; Nguyen et al. 2017). Potentially this could impact 49 

losses of N from the plant-soil system as well as N2O emissions.  50 

Multiple studies have reported smaller N2O emissions from biochar amended soils, suggesting that biochar 51 

has the potential to mitigate N2O emissions (Borchard et al. 2019; Cayuela et al. 2014; Obia et al. 2015). 52 

Apart from affecting substrate availability for N2O, biochar-mediated changes in soil pH impact the two 53 

main pathways for N2O emissions, i.e. nitrification and denitrification. Increases in soil pH due to biochar 54 

addition (Martinsen et al. 2015), result in a decrease in the N2O/(N2+N2O) ratio during denitrification (Obia 55 

et al. 2015; Weldon et al. 2019), whereas the N2O yield of nitrification, N2O/(NO2
-+NO3

-) increases (Hink 56 

et al. 2017; Tzanakakis et al. 2019). In addition, biochar has been suggested to reduce N2O emissions by 57 

acting as a redox mediator  for N2O reduction to N2 in soil (Cayuela et al. 2013). Overall, it is worth noting 58 

that the above listed benefits of biochar are not universal because the effects are controlled by a multitude 59 

of factors including biochar feedstock, production method, as well as site edaphic and climatic conditions. 60 

This explains why biochar has been reported to have positive as well as negative effects on N2O emission 61 

(Biederman and Harpole 2013; Cayuela et al. 2014).  62 

Few studies have focused on effects of biochar on soil N losses, N transformations and N2O emissions in 63 

in maize under conservation agriculture in SSA.  Crops, combining high yields and significant biomass 64 

such as pigeon peas (Cajanus cajan) with its woody biomass, were found to provide abundant feedstock 65 

for biochar (Obia, 2019). Also, few studies have focused on the effects of biochar on short-term N 66 

transformations (days to weeks) in the soil-plant (maize) system in the initial phase of the growing season. 67 

This is a critical phase for N losses (either via leaching or gaseous loss) due to the high demand of N 68 
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required for crop development. In addition, the study of short-term N transformations upon biochar addition 69 

in the presence of crops can improve the understanding of the interaction between biochar and NO3
- and 70 

NH4
+ in the plant-soil system.  The effect of biochar on N transformations after the application of urea is 71 

also of interest since urea is common as a top-dressing in maize in SSA. 72 

Here, we study the effects of biochar addition in basin tillage on the rate of gross nitrification, retention of 73 

15N in soil and 15N uptake in maize, using 15N tracing. In addition, we studied the effect of biochar on N2O 74 

fluxes.  75 

The following hypotheses were tested: 1) Biochar accelerates N transformations, particularly nitrification 76 

that constitutes a “bottleneck” in N cycling by controlling the conversion of NH4
+ to more mobile NO3

-. 2)  77 

Biochar addition in basins reduces N losses from the plant-soil system either by increasing soil nutrient 78 

retention (e.g. sorption) ability or by enhancing plant N uptake. 3) Biochar decreases N2O emissions.  79 

Materials and Methods 80 

Biochar 81 

Biochar was prepared from pigeon pea stems in a Kon-Tiki kiln (Cornelissen et al. 2016). The temperature 82 

in the kiln at 3-5 cm below the flame curtain, measured using a Fluke 51 II Digital thermometer, equipped 83 

with an 0.8 m external sensor probe, (max temp 1372 °C) varied between 600-750˚C. The biochar had a 84 

cation exchange capacity (CEC) of 6.6 cmolc kg-1, pH 10.4 and total C and N of 56.1% and 0.69, 85 

respectively. Other chemical characteristics of the biochar, analyzed following Munera-Echeverri et al. 86 

(2018), can be found in Table S1. 87 

Research site and experimental design  88 

The 15N labeling experiment was conducted on a smallholder farm in Kaoma, western Zambia in January 89 

2017. The average annual precipitation and temperature for the area are 930 mm and 20.8 ˚C, respectively 90 

(Obia et al. 2016). The soil, an Arenosol (WRB 2015), is slightly acidic (pH 6.1), contains 89% sand, 3.5% 91 

clay and 7.5% silt, is low in soil organic matter (0.5% total organic C, 0.04% total N) and exchangeable 92 

cations (1.9 cmol (+) kg-1) and has a bulk density (BD) of 1.6 g cm-3. 93 

Land use prior to the experiment was four years of conservation agriculture, with planting basins, crop 94 

residue retention and crop rotation (maize-Arachis hypogaea). Land preparation for the experiment was 95 

done in October 2016. This included planting basins, constructed by hand with a Chaka hoe, and where 96 

crop residues were left at the soil surface (in the study this is referred to as CA). In selected plots, pigeon 97 

pea biochar was added to the planting basins (referred to as BC; Fig. S1). Each of the two management 98 

types (CA and BC) were assigned to one plot per block, with three blocks in total (Fig. 1). The third plot of 99 

each block was conventionally tilled, and is not included in the present study (Fig 1). The three blocks 100 

planted with maize (Zea mays, PAN 53, Pannar) on December 1, 2016, were surrounded by maize of the 101 

same variety. Each plot was about 20 m2 and accommodated seven rows. Each row had four planting basins 102 
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with three maize plants in each basin. The total plant population was the same for both management types. 103 

The basins were 0.2 m wide, 0.3 m long and 0.2 m deep in accordance with local recommendations of CA 104 

(CFU 2011). The distance between basins was 0.7 m and between rows 0.9 m (15873 basins ha-1, covering 105 

~10% of the land area). In the BC plots, biochar was applied manually to the basins, placed at a depth 106 

between 5 and 20 cm, and mixed with soil and fertilizer using a hoe. The biochar-soil mixture in the basin 107 

was covered with some soil to reduce erosion, seeds were added and covered with additional soil to fill up 108 

the basin.  All BC plots received 250 g biochar per basin, equivalent to 1.6% w w-1 or 4.0 t ha-1. The 4.0 t 109 

ha-1 biochar applied in the basins would amount to 40 t/ha if the same biochar concentration was applied to 110 

entire land surface. Therefore, basin tillage reduces the amount of biochar required for field application. 111 

The CA and BC basins received 16±1.5 g NPK (10% N, 20% P2O5, 10% K2O) at planting (this amounts to 112 

250 kg NPK fertilizer ha-1) applied on December 1, 2016. Topdressing with urea (92 kg N ha-1, as urea) was 113 

applied to all treatments inside basins on January 27, 2017, after completion of the 10-day 15N labeling 114 

experiment. 115 

 116 

15N application 117 

The 10-day 15N labeling experiment started 7 weeks after planting, on January 16, 2017. The experimental 118 

setup was a split-plot design, with each plot divided into 4 split-plots, corresponding to the three forms of 119 

applied 15N and the unlabeled control (water addition only) (Fig. 1). The three forms of applied 15N were 120 

NH4
15NO3 (referred to as 15NO3

-), 15NH4NO3 (referred to as 15NH4
+) and 15N-Urea (Fig. 1). In all six plots, 121 

each of the three 15N tracers (99.98 atom%) and the reference (H2O) were assigned to one row (Fig. 1), 122 

while one buffer row of maize plants was kept in between labeled rows to avoid cross-contamination. In all 123 

CA and BC plots, of the four basins per row only two were selected for treatment with NH4
15NO3, 124 

15NH4NO3, 
15N-Urea and water, respectively. We added 0.1g 15N m-2 (0.2 g N m-2 and 0.1 g N m-2 when 125 

added as NH4NO3 and urea, respectively), amounting to a total amount of 6.0 mg 15N added per basin (0.3 126 

mg 15N kg-1). Labeled NH4NO3 and urea were added dissolved in distilled water (24.0 mg 15N L-1) by 127 

spraying 250 ml evenly on the soil surface (Fig. S2 a). This volume was equivalent to about 4 mm. 128 

Subsequently, 15 mm of N-free groundwater was added to wash the label into the soil. The reference 129 

received an equivalent volume (19 mm, which is similar to the commonly received rainfall events in the 130 

region) of water.  131 

 132 

Sampling and analyses of soil, N2O and biomass 133 

Soil samples were taken 1.5, 24, 72 and 240 hours after 15N addition from 0-5 cm (n=96) and 5-20 cm 134 

(n=96). For each sampling, a bulked sample from each of the two labeled basins was taken. Bulked soil 135 

samples consisted of seven (0-5 cm) or three (5-20 cm) cores taken with an 8 mm diameter auger, which 136 
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we used to minimize the disturbance of the soil caused by repeated sampling. Different number of individual 137 

cores to obtain the composite samples were needed to reach the same amount of soil required for the 138 

chemical analyses. The samples were stored in a cooling box on ice and sub-samples were extracted on-139 

site, within 4 hours with 1M KCl (Yu et al. 2017). The remaining soil was dried at 40˚C for one week to 140 

determine the gravimetric moisture content. Also, we measured volumetric moisture content at 0-10 cm 141 

depth in all split-plots, using a hand-held TDR (Hydraprobe; Stevens Water Monitoring Systems, USA), 142 

from 24 hours onwards. Dried soil samples were sieved (2 mm), milled in a mechanical mortar and packed 143 

into 8 x 5mm tin capsules and shipped to the Stable Isotope Facility, of the University of California, Davis 144 

for 15N analysis. Total N and total C (all C is considered as organic carbon due to the absence of carbonates) 145 

were determined using an Elementar Vario EL Cube elemental analyzer (Elemental Analysensysteme 146 

GmbH, Hanau, Germany) interfaced to an isotope ratio mass spectrometry (IRMS) to analyze 15N. The 147 

large combustion columns of the Elementar Vario EL Cube systems allows using big bulk samples. The 148 

weight of the sample was optimized according to the N content, which was about 75±0.818 mg g-1 149 

corresponding to about 30.00±6.51 µg N. The amount of dry soil in each bulked soil sample and the volume 150 

of the auger were used to estimate an average BD of the four soil sampling events, for each split-plot at 0 151 

to 5 cm and 5 to 20 cm depth. Although a small auger was used, the seven and three samples for 0 to 5 cm 152 

and 5 to 20 cm depth, respectively, repeated four times, allowed good estimation of BD. For validation, the 153 

BD estimates were compared with the values obtained by Obia et al. (2017), who studied the effect of 154 

biochar on soil physical parameters in a nearby Arenosol in Kaoma, Zambia. The dried and sieved soil 155 

samples were analyzed for exchangeable base cations (Ca2+, Mg2+, K+ and Na+) in ammonium acetate at pH 156 

7 (Schollenberger 1945). Exchangeable acidity (H+) was determined by back titration with sodium 157 

hydroxide to pH 7. Plant available phosphorus was determined by the ammonium lactate (P-AL) method 158 

described by Krogstad et al. (2008). Soil pH was determined in 0.01 M CaCl2 using a solid to solution ratio 159 

of 1:2.5. 160 

The KCl extraction of NO3
- (KCl-NO3

-) and NH4
+ (KCl-NH4

+) were done in a make-shift laboratory on site 161 

by adding 11 g of field moist soil and 40 ml of 1 M KCl to 50 ml centrifuge tubes. The tubes were shaken 162 

horizontally at 200 strokes per minute for one hour and filtered using Whatman filters grade 589/3 (Fig. S2 163 

b). The supernatants were frozen immediately and transported to the Norwegian University of Life Sciences 164 

(NMBU), where NO3
- and NH4

+ contents were analyzed by flow injection analysis (FIA star 5020, Tecator, 165 

Sweden). 15N abundance in NO3
- was determined following the denitrifier method of Zhu et al. (2018), 166 

which converts NO3
- quantitatively to N2O before analyzing 15N by PreCon- GC-IRMS (Thermo Finnigan 167 

MAT, Germany) at NMBU.   168 

Plant samples were taken 10 days after applying the label by collecting the aboveground biomass and 169 

digging out the entire root system of the three plants of one of the labeled basins. The roots were washed 170 



6 
 

in the field (Fig. S2). Maize plants were cut at brace root height and split into roots, stems, and leaves and 171 

the fresh biomass recorded. Plant samples were taken to the University of Zambia (UNZA), where they 172 

were oven-dried at 70˚C and ground. The dry biomass was weighed, and the samples were transported to 173 

NMBU to be milled in a horizontal ball mill and weighed in tin capsules for 15N analysis at University of 174 

California, Davis using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-175 

20 IRMS. The sample weight was 4.474±0.419 mg, corresponding to 66.79±24.03 µg N. At the end of the 176 

growing season, maize yield, as well as total aboveground biomass were measured for each of the plots and 177 

corrected for plant removal during the experiment.  178 

Fluxes of N2O were measured 24 hours before and 1.5, 24, 48, 72, 120, and 240 hours after 15N addition 179 

(n=252). A closed static chamber of 143 cm2 (13.5 cm diameter) and 1.9 L headspace was gently pressed 180 

inside the planting basins. N2O fluxes were measured in the four split-plots of each plot. Gas samples were 181 

collected using a 20 ml syringe coupled to a 3-way valve; gas samples were transferred to pre-evacuated 182 

10 ml glass vials crimp-sealed with a butyl septum (Chromacol). Samples were taken 1, 15, 30 and 45 183 

minutes after chamber deployment. The temperature inside the chambers was recorded at the beginning and 184 

the end of chamber deployment. The glass vials were shipped to Norway and analyzed for N2O by 185 

automated gas chromatography (GC Model 7890A, Agilent, USA). The N2O fluxes were estimated by 186 

linear regression of N2O concentration change over time and calculated as µg N2O-N m-2 h-1. N2O fluxes 187 

during the ten-day experiment were cumulated split- plot-wise using linear interpolation (Buchen et al. 188 

2017).  189 

Calculations 190 

Analysis of 15N in KCl-extractable NO3
- and bulk soil 191 

The atom% 15N of KCl-NO3
- was calculated according to Stevens and Laughlin (1994), using the mass to 192 

charge ratios (m/z) 45 and 46 of the N2O with a non-random distribution to account for double substituted 193 

15N2O produced in the denitrifier method: 194 

Atom% 15𝑁𝑂3 = 100
𝑅45 +2 𝑅− 𝑅−2 𝑅181746

2+2 𝑅45 +2 𝑅46      (1)   195 

where 45R is the ratio of the ion currents (I) at m/z 45 and 44 (45I/44I); 46R = 46I/44I; 17R (17O/16O) = 3.8861 x 196 

10-4; 18R (18O/17O) = 2.0947 x 10-3. Oxygen isotopes were assumed to be at natural abundance. 197 

Atom% 15N excess values of NO3
- (atom% 15NNO3-)

 and bulk soil (atom% 15Nsoil)
 were calculated by 198 

subtracting the atom% 15N of the non-labeled reference treatments.  199 

15N mass balance after 240 hours 200 

The mass of 15N recovered (g m-2) in each N pool 240 hours after application was calculated as: 201 

𝑀𝑎𝑠𝑠 𝑁 =  𝑋𝑠𝑎𝑚𝑝𝑙𝑒  ∗  𝑁𝑐𝑜𝑛𝑡𝑒𝑛𝑡 ∗ 𝑀𝑎𝑠𝑠15    (2) 202 

where Xsample is the 15N fraction in the sample calculated as suggested by Providoli et al. (2005): 203 
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𝑋𝑠𝑎𝑚𝑝𝑙𝑒 =
𝐹𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐹𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝐹𝑡𝑟𝑎𝑐𝑒𝑟− 𝐹𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
  (3) 204 

Here, Fsample is the fractional abundance of 15N in the samples (15N/(15N + 14N)), while Freference is the 205 

fractional abundance of 15N in the reference treatments (~0.4 atom %) and Ftracer is the fractional abundance 206 

of applied tracer (0.9998, i.e. 99.98 atom%). The Ncontent is the concentration of N in plant material, bulk 207 

soil and KCl-extractable NO3
- (g g-1), respectively. Mass is the total plant biomass, soil mass and KCl-208 

extractable NO3
- per unit area of basin. The 15N recovery (%) is given relative to the amount of 15N applied 209 

(0.1g 15N m-2 basin). The residual 15N remaining in the soil was defined as the 15N content in bulk soil minus 210 

the amount of 15N recovered in the KCl-NO3
- pool. Note that soil residual 15N includes 15N in the NH4

+ pool.  211 

Gross nitrification  212 

Rates of gross nitrification and gross NO3
- consumption were estimated based on 15N pool dilution and the 213 

NO3
- mass balance (Kirkham and Bartholomew 1954) in the 15NO3

-treatments. The abundance of 15N in 214 

KCl-extractable NO3, sampled at 24 and 72 hours after label application, was used to estimate gross 215 

nitrification rates. These time points were chosen as they best fulfilled the assumptions of the 15N pool 216 

dilution technique (viz. homogenous 15N distribution, no or little re-mineralization of assimilated 15N and 217 

uniform distribution within the soil profile (Davidson et al., 1991). The equation for estimating gross 218 

nitrification rates assumes that gross production of NO3
- (m) equals immobilization (i), i.e. no change in 219 

concentration of NO3
- over this time lapse (Kirkham and Bartholomew 1954; Yu et al. 2017). The equation 220 

is: 221 

𝑚 = 𝑖 =  (𝑀0 𝑡)⁄ log (𝐻0 𝐻⁄ )    (4) 222 

  223 

where M0 represents the size of the 14+15NO3
- pool, t time in days,  H0 mass of 15NO3

- at the start and H mass 224 

of 15NO3
-at the end of the period.  225 

Statistical analysis 226 

Statistical analyses were performed using the packages lme4 and lmerTest of R software (R-Core-Team 227 

2020). The effects of biochar on soil properties, biomass, grain yield, the average N2O flux, soil KCl-NH4
+, 228 

soil KCl-NO3
-, and effect of biochar and N form on 15N recovery were tested by using linear mixed effect 229 

models with block as a random factor. Soil parameters at 0 to 5 cm and 5 to 20 cm were analyzed separately. 230 

The model for gross nitrification included biochar application and depth as fixed factors and block as 231 

random factor. Further linear mixed effect models were used to test differences between biochar 232 

application, forms of added 15N and the change over time of the weighted average of KCl-NO3
- and KCl-233 

NH4
+ at 0 to 20 cm soil depth, atom% 15Nsoil and atom% 15NNO3- at 0 to 5 cm and 5 to 20 cm, respectively, 234 

15N recovery in KCl-NO3
-, and N2O fluxes. N form, nested in biochar application, nested in block was used 235 

as random factor. The most parsimonious models were chosen based on the Akaike information criterion 236 
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(AIC) and R2 values. Model checking was based on plotting (histograms and QQ plots) and visual 237 

inspection of residuals, fitted values and predicted random effects to assess normality and potential outliers. 238 

Also, Shapiro-Wilk test of the residuals was performed (α=0.05). N2O fluxes, KCl-NO3
- and KCl-NH4

+ 239 

were ln transformed to fulfill model assumptions. The spatial autocorrelation between repeated 240 

measurements was assumed constant between the different treatment combinations. Differences between 241 

treatments were assessed by least-squares means using the function difflsmeans of the package lmerTest 242 

(Kuznetsova et al. 2017).  243 

Results 244 

The total precipitation during the 10 days of the experiment was 116 mm (Fig. 2.), occurring mostly as 245 

nocturnal rainfall except for January 17 (24 h after 15N addition), when it rained during sampling. 246 

Gravimetric soil moisture was consistently and significantly higher in BC (7.7% to 15.3%) than in CA 247 

(7.6% to 11.5%; p<0.01), as well as the volumetric moisture content measured independently by TDR from 248 

24 hours onwards (9.4% to 23.6% in BC and 8.5% to 21.4% in CA; Fig. S3).  249 

Biochar characteristics, soil properties and maize biomass  250 

Between 5 and 20 cm soil depth (where biochar was applied; Table 1), SOC concentrations were 251 

significantly greater in BC as compared to CA (p = 0.02; Table 1). Pigeon pea biochar is depleted in N, 252 

having a C/N ratio as high as 81 (Table S1), and its addition to the soil resulted in a no significant increase 253 

of N stock (Table 2), despite the low but significant increase in total N concentration at 5 to 20 cm (Table 254 

1). The difference in C stock between BC and CA (~ 1.0 t C ha-1; Table 2) suggest that about 42% of the 255 

added biochar (2.2 t ha-1) was recovered. BD of BC plots was significantly lower than BD of CA (p = 0.04; 256 

Table 1).  Biochar did not significantly increase soil pH, exchangeable cations, and P-AL (Table 1). 257 

At the end of the 15N experiment, i.e. 10 days after label addition and 8 weeks after planting, the maize 258 

plants were at the phenological stage of stem elongation [BBCH 35-37; Lancashire et al. (1991)]. At this 259 

growth stage, root and aboveground biomass were greater in BC (0.50 and 1.96 t ha-1, respectively) than in 260 

CA (0.38 and 1.54 t ha-1, respectively; Table 3), but the differences were not significant. Biochar did not 261 

have a significant effect on maize yield at the end of the growing season (p=0.372, Table 3).  262 

  263 

KCl-extractable soil mineral N  264 

The sum of KCl-extractable NO3
--N and NH4

+-N was up to 90 times greater than the added amount of 265 

labeled N (~0.3 mg 15N kg-1 in 20 cm; Fig. 3). In general, KCl-NH4
+ prevailed over NO3

-
, seven weeks after 266 

fertilization, irrespective of biochar addition (Fig. 3). On average during the four sampling events, the 267 

weighted average concentration of soil NO3
--N was significantly greater in BC (3.2 mg N kg-1, weighted 268 

average of 1.1 mg N kg-1 at 0 to 5 cm and 4.0 mg N kg-1 at 5 to 20 cm, Table 4) than in CA (0.8 mg N kg-1; 269 

Table 4; p<0.05). Weighted average concentrations of KCl-NH4
+ at 0 to 20 cm were not significantly 270 
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affected by biochar (9.2 mg kg-1 in CA vs 6.5 mg kg-1 in BC; p=0.11). Biochar did not significantly increase 271 

the total amount of mineral N (sum of KCl-extractable NO3
--N and NH4

+-N; Table 4). There was one 272 

conspicuous difference in NO3
- concentration between NH4NO3 labeling treatments with a peak in NO3

- 273 

concentration in the 15NH4
+ treatments of BC at 72 hours (Fig. 3). This peak was absent in the 15NO3

- 274 

treatment, suggesting considerable variability between replicates. There was a significant decrease in KCl-275 

extractable NO3
--N and NH4

+-N with time (p<0.01) in both BC and CA treatments (Fig. 3). The amounts 276 

of KCl-NO3
- decreased significantly from 0 to 24 hours but remained stable after that until the end of the 277 

experiment, whereas the amounts NH4
+-N were stable from 0 to 72 hours and decreased significantly at 240 278 

hours (Fig. 3). The latter may be due to the large precipitation event on 22 January 2017, about 144 hours 279 

after the| start of the experiment.  280 

 281 

Atom% 15N excess in KCl-extractable NO3
- and bulk soil  282 

In both BC and CA plots, atom% 15Nsoil decreased significantly over time at 0 to 5 cm soil depth (p<0.01; 283 

Fig. 4), while the atom% excess 15Nsoil of the 5 – 20 cm soil layer slightly increased with time. Eventually, 284 

the atom% 15Nsoil in the two layers converged. This convergence occurred earlier (24 hours) and at a lower 285 

level of 15Nsoil (atom% excess ~ 0.025) in the 15NO3
-
 treatment than in the 15N-Urea and 15NH4

+ treatments 286 

(240 hours; atom% excess 0.05 – 0.1; Fig. 4), suggesting a more rapid downward transport of NO3
-. Atom% 287 

excess 15Nsoil was not affected by biochar (p=0.466). As expected, atom% 15NO3
-
 in the upper 5 cm of the 288 

soil was highest in the 15NO3
- treatments 1.5 hours after 15N addition (Fig. 4). Thereafter it converged at the 289 

two depths in both BC and CA treatments within 24 hours and it reached values close to 0 atom% excess 290 

after 240 hours (Fig. 4). Notably, the NO3
- pool became enriched 1.5 hours after 15NH4

+ and 15N-Urea 291 

addition either in the presence or absence of biochar, mainly at 0 to 5 cm, and it decreased to close to 0 292 

atom% excess at 240 hours.  293 

Gross nitrification rates 294 

The distribution of the 15NO3
- label in soil and KCl-NO3

- became homogeneous after 24 hours as the atom% 295 

excess 15N in both depths converged (Fig. 4 b and e). Therefore, gross nitrification rates were calculated for 296 

the interval 24 – 72 h. In this interval, there was no significant change in KCl-NO3
- in the split-plots 297 

receiving 15NO3
- neither in BC nor in CA and consequently, the equation where m (nitrification) is equal to 298 

i (NO3
- immobilization) was chosen. BC had significantly larger gross nitrification rates than CA at 5 to 20 299 

cm (p=0.01, Table 4). Gross nitrification rates were significantly greater at 5 to 20 cm in BC (where the 300 

biochar was placed) than in 0 to 5 cm topsoil, which did not receive BC. Also, we obtained greater gross 301 

nitrification in BC at 5 to 20 cm by following the other set of equations proposed by Kirkham and 302 

Bartholomew (1954) where i is larger than m, and that could apply for the current experiment due to the 303 

decrease of KCl-NO3
- from 1.5 hours to 240 hours.  304 
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15N recovery in different pools after 240 hours 305 

The form of the added 15N significantly affected the total 15N recovery at the end of the 10-day experiment 306 

in KCl-extractable NO3
-, in residual soil from 0 to 20 cm (viz. 15N content in bulk soil minus the amount of 307 

15N recovered in the KCl-NO3
- pool) and in maize plants (Fig. 5). The recovery of 15N was significantly 308 

smaller if added as 15NO3
- than as 15NH4

+ (p<0.007), whereas 15N recovery did not differ significantly 309 

between the 15N-urea treatment and former two (p=0.11 and p=0.15, respectively). Figure 5 indicates that 310 

a major fraction of the added 15NO3
- and a lower fraction of 15N-urea was lost from the soil during the 10 311 

days of the experiment (63% and 34.7%, respectively), whereas 15N added as 15NH4
+ was largely recovered 312 

(90.8%; Fig. 5, Table S2). If added as 15NH4
+ or 15N-urea, 15N was predominantly recovered in the residual 313 

soil 15N pool (Fig. 5). By contrast, the limited amount of 15N recovered after 15NO3
- addition was found in 314 

plant biomass and residual soil in nearly equal amounts after 10 days (Fig. 5).  315 

There was no significant effect of biochar on the recovery of 15N in soil nor in maize plants (Fig. 5). 316 

Recovery of 15N in soil extractable NO3
-, if 15N was added as 15NH4

+ or 15N-Urea, was larger in BC than in 317 

CA (p < 0.001 and p=0.02, respectively; Fig. S4.). By contrast, biochar did not affect the recovery of 15N 318 

in KCl-NO3
- if 15N was added as 15NO3

- (p= 0.17). The recovery of 15N in KCl-NO3
- decreased with time in 319 

plots with all three forms of added 15N. After 240 hours, only the recovery of 15N in KCl-NO3
-, if added as 320 

15NH4
+, was positively affected by biochar, while this was not the case if 15N had been added as 15NO3

- or 321 

15N-Urea (Fig. 5 and Fig. S4). A significant amount of the added 15NH4
+ and 15N-Urea (7.4% and 10.4%, 322 

respectively) was found in KCl-NO3
- after just 1.5 hours, and the amount decreased with time (Fig. S4). 323 

The different N forms did affect 15N recovery in maize; significantly less 15N was recovered in maize in 324 

response to 15N-Urea than to 15NO3
- (p<0.01) and 15NH4

+ (p=0.02). In maize plants, most 15N was recovered 325 

in stems, whereas smaller fractions were recovered in roots and leaves (Table S2).  326 

 327 

N2O emissions  328 

The fluxes were highly variable, ranging from 1.0 to 160.6 µg N2O-N m-2 h-1 in CA and from 0.3 to 156.6 329 

µg N2O-N m-2 h-1 in BC (Fig. S5). We found no significant effect (p >0.05) of biochar on N2O fluxes (Fig. 330 

6). The average flux in CA was 26.1 µg N2O-N m-2 h-1, while in BC this was 34.1 µg N2O-N m-2 h-1 (Table 331 

4). In CA, N2O fluxes significantly dropped at 24 and 120 hours, whereas in BC, only the decrease at 120 332 

hours was significant (Fig. 6). In CA, N2O fluxes were not affected by the different 15N treatments (Fig S5). 333 

In BC, fluxes of N2O were larger in the 15NH4
+ subplots than in the 15NO3, 

15N-Urea and water subplots, 334 

while there were no significant differences between the three latter treatments (Fig. S5).  335 

 336 

Discussion 337 
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In Zambia, the core of the rainy season is from December to February, a period accounting for 60% of the 338 

annual precipitation (Libanda et al. 2019). The average rainfall in January from 1960 to 2016 was 220 mm. 339 

In wet years such as 2007, the precipitation may reach 300 mm in January (Libanda et al. 2019). Therefore, 340 

our data, with 116 mm of precipitation for 10 days, indicate that the study period in January 2017 was 341 

relatively wet. We did not observe a correlation between precipitation and soil moisture since most of the 342 

precipitation occurred at night, and at the time of sampling great part of the water had already drained. The 343 

greater soil moisture content (volumetric and gravimetric) in the biochar-amended plots is in line with a 344 

recent study by Obia et al. (2020) indicating significantly greater volumetric soil moisture contents in a 345 

light-textured Acrisol amended with pigeon pea biochar in conservation agriculture. By contrast, Jeffery et 346 

al. (2015) found that biochar did not improve soil water retention in a sandy soil, which they attributed to 347 

the hydrophobicity of biochar blocking access of water into the micropores. The increased soil moisture 348 

content of BC plots in our study was likely caused by increased porosity due to reduced BD as reported by 349 

Obia et al. (2016). BD values reported by Obia et al. (2017), a in an adjacent Arenosol amended with 350 

biochar (1.27 g cm-3 with biochar and 1.40 g cm-3  without biochar), were similar to our estimated values 351 

obtained by cores at 5 to 20 cm (Table 1).      352 

 353 

Maize biomass and soil properties  354 

In the experiment, the N fertilizer inputs were relatively high (117 kg N ha-1) compared to what is usually 355 

added by smallholder farmers in SSA, and the maize yield at the end of the season (4.7-4.9 t ha-1) was 356 

substantially greater than the average yield in the region. Abiven et al. (2015) and Martinsen et al. (2014) 357 

reported yields of 1.7-3.4 t ha-1 and 3.8-4.2 t ha-1 at CA plots without and with added biochar, respectively 358 

in the sandy soils of Kaoma. Despite a tendency for greater aboveground and root biomass under biochar 359 

we found no significant effect of biochar on maize yield nor on aboveground and root biomass (Table 3). 360 

Previously, Abiven et al. (2015) reported an average grain yield increase of ~45% upon biochar addition 361 

relative to fertilized control plots at four farms in Zambia with root biomass about twice as large for plots 362 

that received biochar. The lack of significant effects of biochar in our study was probably because the 2016-363 

2017 season was relatively wet and drought was not a limiting factor (Musonda et al. 2020). Thus, the 364 

commonly observed positive effect of biochar in combination with conservation agriculture on maize yield 365 

in these soils (Cornelissen et al. 2013; Martinsen et al. 2014), which has been attributed to increased water 366 

retention and thus increased water availability, may have been less important in this relatively wet year. We 367 

found no differences in the amount of N taken up by maize in root and aboveground biomass between CA 368 

and BC. This suggests that biochar did not immobilize added N in soil, nor did it increase N availability.  369 

The lack of effect of pigeon pea biochar on soil pH and other soil nutrients such as Ca, Mg, K and P, may 370 

also account for the lack of a clear effect on the productivity of maize (Table 1). It is worth noting, however, 371 
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that the amount of biochar retrieved was low (42%) compared to the amount added prior to the 10-day 372 

experiment (Table 2) and thus, a significant proportion of the alkalinity and nutrients derived from biochar 373 

was not sampled. Possibly, the auger (diameter 8 mm only) used missed the larger biochar chunks while 374 

sampling. In a recent paper, Munera-Echeverri et al. (2020) found back about 90% of the added pigeon 375 

biochar in an Acrisol in Zambia 2.5 years after its application, using a soil auger with a larger diameter (50 376 

mm). Previously, Obia et al. (2017) reported only limited downward migration of biochar in Arenosols 377 

(adjacent site to the current study) and Acrisols in Zambia upon biochar addition in the upper 0-5 cm surface 378 

layer, and the major loss of biochar was associated with lateral transfer through erosion. In the current study 379 

erosion of biochar was not likely since the biochar was applied at 5-20 depth and buried with a 5 cm-layer 380 

of soil reducing the risk of erosion and lateral losses.  381 

Mineral N and gross nitrification 382 

The concentration of mineral N (sum of NH4
+ and NO3

-) was not affected by biochar, suggesting that pigeon 383 

pea biochar did not increase N mineralization. Similar results have been reported by Munera-Echeverri et 384 

al. (2020) in an Acrisol in Zambia. However, biochar did improve the conditions for nitrification, as higher 385 

concentrations of NO3
- and greater rates of gross nitrification were found in BC than in CA plots (Fig. 3, 386 

Table 4), which agrees with previous research (Berglund et al. 2004; Prommer et al. 2014; Sánchez-García 387 

et al. 2014). The increase in gross nitrification and NO3
- concentration was observed at 5 to 20 cm (where 388 

most of the biochar was found, Table3). Also, the stimulation of nitrification by biochar was confirmed by 389 

the greater recovery of 15N in KCl-NO3
- in BC split-plots receiving 15NH4

+ and 15N-Urea (Fig. S4). A higher 390 

soil pH upon biochar addition may promote NH3 over NH4
+, thus increasing the availability of ammonia 391 

(NH3) substrate for nitrification  (Liu et al. 2018; Nelissen et al. 2012). However, in the current experiment 392 

biochar did not affect soil pH. The reason for greater gross nitrification is likely related to the effect of 393 

biochar on soil physical properties rather than its effect on soil pH or the availability of soil mineral N.  394 

Biochar may stimulate the populations of ammonia-oxidizing archaea (AOA) and ammonia-oxidizing 395 

bacteria (AOB) by increasing soil porosity and soil moisture in well-aerated soils (Nguyen et al. 2017; 396 

Prommer et al. 2014).  Also, biochar may increase nitrification by adsorbing nitrifier inhibitors (Berglund 397 

et al. 2004) .  398 

15N recovery in different pools after 240 hours 399 

Our results show that the form of added N had the greatest impact on the recovery of 15N in soils and plants, 400 

while biochar did not have a significant effect (Fig. 5, Table S2). Most of the added NH4
+ remained in the 401 

soil after 10 days, either adsorbed in soil or taken up by microbes, while a larger portion of the added 15NO3
- 402 

was lost likely due to leaching, considering the high rainfall during the 10-day experiment (116mm), the 403 

low water retention capacity of sandy soils (Obia et al. 2016), and that N2O emissions were small and are 404 

not likely to account for the 15N losses. In line with this, Nyamangara et al. (2003) reported high leaching 405 
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of NO3
- (about 50% of the N input) in Arenosols planted to maize in Zimbabwe. Although NO3

- has been 406 

shown to have an advantage over NH4
+ as fertilizer of cereals in semiarid climates where rainfall is low and 407 

leaching is limited (E.Engel et al. 2019), our results show no difference in N recovery in maize biomass 408 

between both forms of N.  This may be explained by the high NO3
- leaching and the quick conversion of a 409 

significant part of the added 15NH4
+ into 15NO3

-.  410 

15N-Urea was lost from the system likely due to hydrolysis instead of volatilization, considering the slightly 411 

acidic soil (pH 6) and the moderate soil pH effect that a low 15N-urea dose (0.1 g N m-2 applied to ~10% of 412 

the land) may have. Volatilization of NH3 at < pH 7 is minor (Rochette et al. 2013). However, losses of 15N 413 

due to nitrification and the subsequent NO3
- leaching cannot be discarded. For example, van der Kruijs et 414 

al. (1988) reported that 30% of the added 15N-urea fertilizer was found as 15NO3
-  in the soil leachate in 415 

maize crop in Nigeria. Our results show that about 10% of the 15N added as urea and NH4
+ can be quickly 416 

converted into NO3
- (Fig. S4) within hours after addition. In SSA, this quick N transformation (within 417 

hours) of added 15N into 15NO3
-  had been reported in forest soils in Congo (Rütting et al. 2015). To our 418 

knowledge, the current study is the first showing high initial conversion of added 15N-Urea and 15NH4
+ in 419 

agricultural soils in SSA. Hence, our results are in line with previous research showing significant NO3
- 420 

leaching and high nitrification potential in SSA soils, including Arenosols. However, not all the non-421 

recovered 15N can be considered as a loss from the system because maize roots can take up N at a depth 422 

greater than 20 cm, and we did not study beyond that.  423 

The main effect of biochar was observed in the recovery of 15N (added as 15NH4
+ and 15N-Urea,) in KCl-424 

NO3
-, which had little contribution to the total 15N mass balance (Fig. 5). Biochar did not affect 15N loss 425 

from the plant-soil system (Fig. 5). Previous studies have reported lower NH4
+ and urea loss in soil columns 426 

amended with biochar (Ding et al. 2010; Shi et al. 2020),  as well as lower NO3
- leaching in field and column 427 

studies (Angst et al. 2013; Major et al. 2012). However, our study showed that pigeon pea biochar added at 428 

a rate of 1.6% (by mass) did not avoid losses of any of the forms of added 15N in the short-term. One 429 

explanation is the low CEC of pigeon pea biochar (6.6 cmol(+)kg-1; close to the actual soil CEC) in the case 430 

of NH4
+ retention, and the absence of NO3

- retention capacity of biochar (Hale et al. 2013). In addition, 431 

biochar did not affect uptake of 15N in maize biomass, that was higher if added as NH4NO3 than as urea, in 432 

agreement with previous research (Mérigout et al. 2008).  433 

 434 

Nitrous oxide 435 

The N2O fluxes of the current field experiment were highly variable, and the mean values agree with earlier 436 

field studies in SSA (Kim et al. 2016; Raji and Dörsch 2020; Rosenstock et al. 2016). Although biochar is 437 

believed to contribute to the mitigation of N2O emissions (Case et al. 2015; Cayuela et al. 2015; Cayuela et 438 

al. 2014; Obia et al. 2015), our results show that pigeon pea biochar did not affect N2O fluxes (Tab 3, Fig. 439 
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6, Fig. S5). Biochar’s H:Corg and C/N ratios are two parameters that help predict whether a biochar can 440 

decrease N2O emissions (Cayuela et al. 2015; Cayuela et al. 2014). Pigeon pea biochar has a H:Corg ratio of 441 

0.24 and a high C/N ratio (81; Table S1). Biochars with C/N ratios > 30 have been suggested to decrease 442 

N2O emissions by temporarily immobilizing soil N (Cayuela et al. 2014). Also, biochars with H:Corg ratios 443 

< 0.3 have been suggested to have the greatest potential for N2O mitigation, due to a larger aromaticity and 444 

polymerization that facilitates electron transfer to denitrifiers in the last step of denitrification, promoting 445 

the reduction of N2O to N2 (Cayuela et al. 2015). However, a well-drained Arenosol might not be most 446 

favorable environment for denitrification. In addition, loss of denitrification substrate (nitrate) due to 447 

leaching may have affected the N2O flux. Thus, we conclude that pigeon pea biochar did not lower N2O 448 

flux and reject our third hypothesis. 449 

Our results show that despite the increased gross nitrification rate, due to biochar addition, the N2O fluxes 450 

are not affected. This is surprising and not in accordance with other studies (Sánchez-García et al. 2014). 451 

Ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB) are responsible for 452 

nitrification (Hink et al. 2017). Generally, AOA dominate over AOB in acidic conditions (Prosser and Nicol 453 

2012). The N2O production rate of AOA have been shown to be close to 0 at pH > 5.5 , and increases 454 

dramatically at pH < 4.5 (Tzanakakis et al. 2019). Thus, it is likely that AOA were dominant due to the 455 

slightly acidic soil (pH 6.1), and due to the lack of response of N2O flux upon increased gross nitrification 456 

rates in BC plots. 457 

Conclusions 458 

This study confirmed the hypothesis that biochar increases gross nitrification in Arenosols in Southern 459 

Africa. Addition of pigeon pea biochar significantly increased soil extractable NO3
- and in situ gross 460 

nitrification which appeared to be linked to physical effects of biochar on soil structure and water retention 461 

rather than pH increase or increased or availability of nitrification substrate. The added biochar did not 462 

increase N retention nor N uptake by the maize crop possibly because its CEC was too similar to that of the 463 

soil. Future studies into nutrient retention by biochar should therefore choose biochars with relatively high 464 

CEC compared to that of the soil. Overall, we did not find any biochar effect on N2O emissions and thus 465 

add to the body of evidence that biochar does not invariably reduce N2O emissions. However, neither did 466 

we find increased N2O emissions under conditions supporting nitrification and therefore conclude that that 467 

biochar can be applied in SSA crop production for other co-benefits without increasing N2O emissions.  468 
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 488 

Table 1.  Soil properties measured 7 weeks after maize planting at two depths (0 to 5 cm and 5 to 20 cm) in 489 

conservation agriculture plots with biochar (BC) and without biochar (CA). Values are mean and standard error in 490 

parentheses (n=3). 491 
  

0-5cm  5-20cm  

Soil 

properties 
Units BC CA p BC CA p 

        

Organic C % 0.6(0.05) 0.6(0.06) 0.629 1.3(0.22) 0.5(0.04) 0.02 

Total N % 0.043(0.003) 0.039(0.003) 0.096 0.046(0.002) 0.035(0.002) 0.03 

C:N  13.8(0.9) 14.1(0.5) 0.717 27.4(5.4) 13.3(0.6) 0.11 

pH  6.4(0.02) 6.3(0.19) 0.591 6.2(0.06) 5.8 (0.14) 0.11 

1P-AL mg Kg-1 15.3(1.3) 22.9(13.1) 0.597 30.3(7.2) 21.3(8.4) 0.12 

Ca cmol(+) Kg-1 1.6(0.3) 1.6(0.2) 0.741 1.6(0.2) 1.2(0.2) 0.19 

Mg cmol(+) Kg-1 0.34(0.05) 0.34(0.04) 0.089 0.35(0.04) 0.24(0.02) 0.12 

K cmol(+) Kg-1 0.15(0.04) 0.13(0.02) 0.368 0.08(0.02) 0.09(0.004) 0.59 

Na cmol(+) Kg-1 0.02(0.004) 0.04(0.03) 0.438 0.01(0.01) 0.01(0.01) 0.85 

2H+ cmol(+) Kg-1 2.47(0.59) 2.50(0.59) 0.422 3.30(0.15) 3.13(0.23) 0.58 

Sum cat. cmol(+) Kg-1 2.13(0.30) 2.15(0.25) 0.837 2.06(0.19) 1.55(0.19) 0.17 

CEC cmol(+) Kg-1 4.59(0.31) 4.65(0.38) 0.517 5.36(0.29) 4.69(0.05) 0.08 

BD g cm-3 1.45(0.02) 1.46(0.02) 0.483 1.21(0.07) 1.43(0.02) 0.04 

1 Plant available phosphorus determined by the ammonium lactate method.  492 

2 Determined by back titration to pH 7 with sodium hydroxide in ammonium acetate.  493 

  494 
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Table 2. Carbon and nitrogen stocks inside planting basins (~10% of the total area) in conservation agriculture with 495 

biochar (BC) and without biochar (CA). Values are mean and standard error in parentheses (n=3).  496 

                              

0-20cm (weighted average) 

  

  BC  CA p-value 

C stock  C ton ha-1 1.76(0.35)  0.82(0.06) 0.058 

N stock  N kg ha-1 68.27(5.13)  61.08(3.65) 0.184 

       

 497 

Table 3.  Maize root and aboveground biomass and N content at the end of the 15N labeling experiment (8 weeks after 498 

planting) and maize grain yield at the end of the growing season. Differences between conservation agriculture with 499 

biochar (BC) and without (CA) are based on least-squares means at a level of significance p < 0.05. Values are mean 500 

and standard error in parentheses (n = 3). 501 

1Eight weeks after planting  BC CA p-value 

Root biomass ton ha-1 0.50(0.05) 0.38(0.05) 0.106 

Root N % 0.98 (0.11) 1.25 (0.12) 0.042 

N  roots kg N ha-1 4.68(0.78) 4.75(1.03) 0.909 

Abovegr. biomass ton ha-1 1.96(0.15) 1.54(0.2) 0.137 

Aboveground N % 1.46 (0.09) 1.55 (0.10) 0.088 

Aboveground N kg N ha-1 29.17(6.25) 25.06(5.41) 0.272 

2End of growing season     

Grain Yield ton ha-1 4.9(0.6) 4.7(0.8) 0.372 

1 Measured on 26.01.2017 502 

2 Measured on 24.05.2017 503 

  504 
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Table 4. Average N2O flux, concentration of nitrate and ammonium in soil, and estimated gross nitrification rates in 505 

conservation agriculture with biochar (BC) and without biochar (CA) at 0 to 5 cm and 5 to 20 cm depth. Values are 506 

means with standard errors. For N2O fluxes n=21, NO3
- n=12, NH4

+ n= 12, and for gross nitrification n=3. The average 507 

temperature during the gas sampling campaign was 26˚C. There were four sampling events for mineral N and seven 508 

for N2O fluxes. Differences between CA and BC are based on least-squares means at a level of significance p < 0.05. 509 
 

Units BC CA p-values 

Mean N2O flux µg N2O-N m-2 hr-1 34.1 (4.1) 26.1 (3.8) 0.27 

Nitrate (NO3
-) concentration     

0-5 cm mg N kg-1 1.1 (0.3) 0.8 (0.2)  0.03 

5-20 cm mg N kg-1 4.0 (0.8) 0.8 (0.2) p<0.001 

Ammonium (NH4
+) 

concentration 

    

0-5 cm mg N kg-1 4.3 (1.1) 6.8 (1.7)  0.03 

5-20 cm mg N kg-1 7.4 (2.2) 10 (2.3)  0.16 

Sum Mineral N (NO3
- + 

NH4
+) 

    

 0-5 cm mg N kg-1 5.5(0.9) 7.6 (1.3) 0.08 

 5-20 cm mg N kg-1 11.2(1.9) 10.7(2.1) 0.81 

Gross nitrification rate      

 0-5 cm mg N kg-1 d-1 0.6 (0.60) 0.2 (0.17) 0.75 

 5-20 cm 

 

mg N kg-1 d-1 4.5 (1.91) 0.9 (0.78) 0.01 

 510 

  511 
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Figures 512 

 513 

Fig. 1 a) Overall experimental set-up and detailed planting schemes used for conservation 514 

agriculture with biochar (BC) or without biochar (CA) in planting basins. CA and BC had four 515 

planting basins per row and 3 maize plants per basin. Each plot had seven rows of maize plants, 516 

represented by the grey and white colors. 15N and the water control were added in the gray rows, 517 

while the white rows represent a buffer zone with maize plants present. The plots in diagonal 518 

represent the adjacent conventionally tilled plots that were not included in the present study. b) 519 

Representation of a plot with seven rows of maize plants at 90 cm distance. Each row had four 520 

planting basins at 70 cm distance. The dimensions of each basins were 0.2 m wide, 0.3 m long and 521 

0.2 m deep, each one with three maize plants. 15N addition was carried out in two basins of each 522 

labeled row   523 

  524 
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 525 

Fig. 2 Daily water input (sum precipitation and added water) and mean (with standard error bars) 526 

gravimetric (w w-1) soil moisture content during the 10-days experiment. The x axis shows the 527 

hours after addition of 15N label, and the date from 15.01.2017 (24 hours before 15N application) 528 

until 26.01.2017 (~240 hours after 15N application). On 16.1.2017 (addition of 15N, 0 hour), the 529 

precipitation was 4 mm and the water used to add the 15N was 19 mm. For the following nine days 530 

the daily water input was equal to the precipitation. The figure shows gravimetric soil moisture in 531 

planting basins with biochar (BC) and without biochar (CA). Soil depth average 0-20, n=12 for 532 

each day  533 
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 535 

Fig. 3 Weighted average (0-20 cm) of KCl-NO3
- (mg N kg-1; a, b), NH4

+ (mg N kg-1; c, d) in 536 

planting basins with (BC) and without (CA) biochar following the addition of 15NH4
+, 15NO3

-, 15N-537 

Urea or water during the 240-hour labeling experiment. The initial observation of KCl-extractable 538 

N was done 1.5 hours after 15N application. Values are means and standard errors (n=3)  539 

  540 
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 541 

Fig. 4 Atom% excess 15NO3
- (circles) and atom%15Nsoil (triangles) in planting basins with biochar 542 

(BC; a to c), and without biochar (CA; d to f) at 0 to 5 cm (black) and 5 to 20 cm (white) depth in 543 

response to the addition of 15NH4
+, 15NO3

- and 15N-Urea. Values are means and standard errors (n 544 

= 3). The initial observation of KCl-extractable N was done 1.5 hours after 15N application 545 

  546 
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 547 

Fig. 5 Total 15N recovery (%) in KCl-extractable NO3
-, in residual soil from 0 to 20 cm and in 548 

maize plants in a) basins with biochar (BC) and b) without biochar (CA), labelled with 15NH4
+, 549 

15NO3
- and 15N-Urea, respectively 240 hours after label addition. Uppercase letters indicate 550 

difference between CA and BC for each N form separately, whereas the lowercase letters indicate 551 

the difference between forms of added 15N for within either CA or BC. Letters above the bars 552 

indicate the difference in total recovery (sum of soil, plant and NO3
-). The letters inside each 553 

section of the stacked columns represent the differences between the recovery of 15N either in soil 554 

or plants (p<0.05). Note that in most cases the recovery of 15N in NO3
- is barely visible. * Denotes 555 

significantly higher 15N recovery in extractable NO3
- for BC as compared to CA with 15NH4

+ 556 

addition (based on least-squares means at p < 0.05) 557 

  558 
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 559 

Fig. 6 Mean (+/- SE) nitrous oxide fluxes in conservation agriculture with biochar (BC) and 560 

without (CA) addition of pigeon pea biochar, from 24 hours before addition of 15N to 240 hours 561 

after label addition (n=12 in each day) 562 
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