
Vol.: (0123456789)

Nutr Cycl Agroecosyst (2026) 132:41 
https://doi.org/10.1007/s10705-026-10491-3

ORIGINAL ARTICLE

Application of liquid fraction of digestates and biochar 
in winter wheat: nitrous oxide emissions and yield response

Christian Dold · Sander Bruun · 
Andreas Brændholt · Peter Sørensen

Received: 4 November 2025 / Accepted: 5 April 2026 / Published online: 11 April 2026 
© The Author(s) 2026

Abstract  Digestate from anaerobic digestion is 
used for fertilizer application, but the efficiency is not 
always very high, and it may lead to significant emis-
sions of nitrous oxide. In this two-year field study, we 
tested differently treated liquid fraction of digestate 
(LF) to investigate N2O emissions and crop yield. The 
treatments included biochar amendment, acidification 
and sedicanter separation followed by post-digestion 
(SLF). The response of the treatments was tested as 
second fertilizer application in winter wheat (Triticum 
aestivum L.) and compared with mineral fertilizer. 
The N2O emissions were measured using static cham-
bers from April to June in 2023 and 2024. The bulk 
of N2O emissions occurred within two weeks after 
application in both years. Biochar-amended and acid-
ified LF and SLF did not have a significant effect on 
cumulative N2O emissions in either of the two years. 
Biochar resulted in significantly lower cumulative 
and yield-scaled emissions in 2023 (but not in 2024) 
in the treatment with mineral N likely due to dry soil 
conditions in the first year. Yield was not significantly 
different among treatments receiving 150 kg N ha−1. 

The fertilizer value of treated and untreated liquid 
fractions of digestates ranged between 56–77% of 
total N in both years. In conclusion, N2O emissions 
could not be reduced with acidification, biochar 
amendment, or SLF and were all similar to mineral 
N application. In addition, biochar N2O mitigation in 
treatments with mineral N fertilizer in dry years may 
be outweighed by increased emissions in years with 
high rainfall.

Keywords  Nitrogen fertilizer replacement value · 
Nitrogen use efficiency · Acidification · Anaerobic 
digestion · Solid–liquid separation

Introduction

Digestates, which are biproducts from biogas pro-
duction by anaerobic digestion, can function as an 
important source of organic fertilizer for agricul-
tural production. In Denmark more than 30% of all 
livestock manures are digested in biogas plants (Bli-
cher-Mathiesen 2023). The mechanical separation of 
digestates into a liquid and solid fraction at the biogas 
plants improves the usability (Guilayn et  al. 2019). 
The solid fraction contains large amounts of phospho-
rus, while the liquid fraction of digestates (LF) retains 
the larger share of nitrogen (N), mostly as ammonium 
(NH4

+). The LFs can then be used as organic N ferti-
lizer with a lower risk of surpassing nutrient applica-
tion limits for susceptible soils (Chuda et al. 2021)
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However, application of LF can also emit substan-
tial amounts of nitrous oxide (N2O), which can be as 
high as with cattle slurry or untreated digestate appli-
cation (Meng et  al. 2023). N2O is a harmful green-
house gas, with a global warming potential approx. 
273  times higher than CO2, and the bulk of anthro-
pogenic emissions originate from agricultural produc-
tion (Canadell et  al. 2023; IPCC 2023). Therefore, 
mitigation options that can reduce N2O emissions 
are urgently needed. These mitigation options should 
not compromise yields or lead to any other environ-
mentally problematic emissions of digestates, such as 
nitrate leaching, NH3 emissions, and gaseous nitrogen 
losses as N2 (Nkoa 2014; Buchen-Tschiskale et  al. 
2020).

For example, in Denmark, acidification of slurry 
can be used as an alternative to mandatory injection 
in connection with application of slurry to grass-
land to mitigate NH3 volatilization (Pedersen et  al. 
2022), and acidification has been shown to reduce 
NH3 emissions from digestates as well (Pedersen 
et al. 2023). However, acidification may also increase 
N2O emissions (Dietrich et  al. 2020). Another way 
to reduce NH3 emissions is to further reduce the 
solids in digestates. This results in better infiltra-
tion after surface application in a growing crop like 
winter wheat (Nyang’au et al. 2023). Further, reduc-
tion of the solids in LF can be achieved with addi-
tional post-processing steps such as centrifugation 
with combined separation in a sedicanter (Scholey 
et  al. 2019). The further removal of solids through 
post-processing may reduce the oxygen consump-
tion around the manure application site and this may 
reduce emissions. However, the impact of different 
separation techniques on N2O emissions needs fur-
ther quantification.

While the LFs can be used directly as N fertilizer, 
the solid fraction can be converted to biochar. Biochar 
is char produced from biomass via pyrolysis, i.e., the 
thermal decomposition at high temperature at low 
or no oxygen content (Sohi et al. 2010). Pyrolysis of 
digestates is an economic technique of biochar pro-
duction and can serve to recover nutrients for crop 
production (Maroušek et  al. 2023; Pedersen et  al. 
2025). Biochar has reportedly increased N uptake 
in plants and yields, however, the latter depending 
on climate and soil fertility, among others (Jeffery 
et al. 2017; Zhang et al. 2021a, b). In addition, bio-
char has reportedly the potential to increase carbon 

sequestration and reduce N2O emissions (Woolf et al. 
2010; Zhang et  al. 2021a, b). However, the mitiga-
tion potential depends on climate and soil conditions, 
crop management and systems, and biochar proper-
ties, among others (He et  al. 2017; Verhoeven et  al. 
2017; Liu et al. 2019). The biochar could potentially 
be applied either separately or mixed with the manure 
before application; these options thus require further 
investigation.

While it is important to reduce N2O emissions 
from agriculture, mitigation measures cannot compro-
mise yields; otherwise, farmers may decline to adopt 
the new measures. Organic N fertilizers and amend-
ments are an important N source in agricultural pro-
duction and contribute to the recycling of nutrients 
but can vary substantially in efficiency as compared 
to mineral N fertilizers. The efficiency of organic 
fertilizers as compared to mineral fertilizers can be 
evaluated with the Nitrogen Fertilizer Replacement 
Value (NFRV) based on measurement of nitrogen use 
efficiency (NUE) of the organic fertilizer related to 
NUE of a mineral N fertilizer (Westerik et al. 2024). 
It is therefore relevant to observe both, N2O mitiga-
tion and yield performance of LFs as compared to 
mineral N fertilizer. In this study, different N2O miti-
gation options for LFs were tested under field condi-
tion, and winter wheat yields quantified. The objec-
tive is to assess the efficacy of LFs as a N fertilizer 
and several mitigations measures that potentially can 
reduce N2O emissions including biochar application, 
acidification and post-processing. The null hypothesis 
of this study was that the application of treated LFs 
has no significant effect on N2O emissions and yield 
in winter wheat.

Material and methods

The LF was obtained from the same batch each year 
from a commercial biogas plant, Nature Energy at 
Videbæk, Denmark. The biogas plant mostly uses 
cattle slurry and deep litter, and a minor input of pig 
slurry. The digestate was separated into a liquid and 
a solid fraction by screw-pressing and subsequent 
centrifugation in a decanter centrifuge, and only 
the liquid fraction was used in the experiments. The 
screw press and decanter centrifuge used for sepa-
ration was a Bioselect RC75 (Börger GmbH, Ger-
many) and a HAUS DDE 4742 (HAUS Centrifuge 
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Technologies, Turkey) and a Flottweg decanter cen-
trifuge (Flottweg SE, Germany) in 2023 and 2024, 
respectively. The mean total N content of the LF in 
2023 and 2024 was 0.42% in both years, of which 
59% and 65% was NH4

+, respectively, while the 
remainder was organic N. In 2024, an additional 
treatment included LF from a second separation 
step with a Sedicanter© centrifuge (Sedicanter, 
Flottweg SE, Germany) followed by a second diges-
tion step to further reduce the dry matter concentra-
tion in the liquid fraction. A sedicanter is a com-
bination of a separator and decanter and has been 
used for the separation of suspensions in different 
industries (Manganaro et  al. 2015; Scholey et  al. 
2019). This post-processed LF had a total N con-
tent of 0.35% of which 76% was NH4

+, and a lower 
amount of dry matter (DM) of 3.4% compared with 
the LF containing 3.7% DM (Table 1).

ULF: untreated liquid fraction of digestates, 
LFpH5-6–7 = liquid fraction of digestate acidified to 
pH5, 6, and 7, respectively; SLF = post-digested 
Sedicanter LF; NA: data not available; DM = dry 
matter; N = Nitrogen; NH4

+-N = Ammonium N; 
C = Carbon; P = Phosphorous; K = Potassium.

Pelleted biochar produced by pyrolysis of diges-
tate fibres was obtained from the Stiesdal SkyClean 
facility at GreenLab in Skive, Denmark, using a 
pyrolysis temperature of 600 °C. Note that the bio-
char was produced from a different solid fraction 
of digestates. The same batch of biochar was used 
in both years, but with slightly varying water con-
tent of 43.4% in 2023 and 35.7% in 2024. After 
pyrolysis, water was added to the biochar to avoid 
self-ignition. The P content in the dry matter of the 

biochar was 22.3 g P  kg−1. The Total C content in 
dry matter was 63% and the H to organic C ratio 
was 0.29 (see also Table 4).

Experimental setup

Winter wheat (Triticum aestivum L.) was seeded at a 
rate of 300 plants m−2 on September 10, 2022, and 
September 20, 2023, for the 2023 and 2024 season, 
respectively, in different fields each year at the Exper-
imental farm Foulumgaard, Aarhus University, Den-
mark (56° 30’ N, 9° 35′ E, 54 masl). The annual rain-
fall is 678 mm and mean annual temperature is 8.2 °C 
for 1991–2020 (Jørgensen et  al. 2024). Both experi-
mental fields were grown with either spring barley 
(Hordeum vulgare L.) or winter wheat for the two 
years before the experiment. The winter wheat variety 
in 2023 was Wheat Mix 221 with ‘Heerup’, ‘Kvium’ 
and ‘Rembrandt’, and in 2024 it was ‘Champion’. 
The soil is a sandy loam Orthic Acrisol with the top-
soil (0–25  cm) containing 78% sand, 13% silt, and 
9% clay at 0–25 cm soil depth (Nielsen et  al. 1984; 
Petersen et al. 2023a, b). The planting row width was 
12 cm. There was an initial fertilizer application for 
the whole experimental area of 50 kg N, 16 kg P, and 
84 kg K ha−1 on April 1, 2023, and March 21, 2024, 
respectively. The experiment tested mineral N ferti-
lizer, the abovementioned LF and biochar in different 
treatments for the second N fertilization. The refer-
ence mineral N fertilizer was Nutramon (N-S 27-14) 
with an equal share of NO3

− and NH4
+.

The experimental setup consisted of nine treat-
ments for N2O emission measurements and winter 

Table 1   Chemical 
composition of the liquid 
fraction of digestates used 
in the field experiments in 
2023 and 2024

Digestate DM Total N NH4
+-N Total C Total P K NH4

+-N/total N C/N
% Kg Mg−1 Kg Mg−1 % of DM Kg Mg−1 Kg Mg−1

Application 2023
ULF 4.8 4.16 2.44 NA 0.82 4.9 0.59 NA
LFpH5 NA 4.15 2.49 NA NA NA 0.60 NA
LFpH6 NA 4.15 2.49 NA NA NA 0.60 NA
LFpH7 NA 4.16 2.46 NA NA NA 0.59 NA
Application 2024
ULF 4.0 4.21 2.81 36 0.44 3.8 0.67 3.42
LFpH5 5.7 4.26 2.89 26 0.45 4.1 0.68 3.48
LFpH7 4.3 4.09 2.69 32 0.45 3.8 0.66 3.36
SLF 2.8 3.41 2.58 33 0.36 3.4 0.76 2.67
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wheat grain dry matter and N yield, and two addi-
tional treatments for yield only. The experimen-
tal design was a randomized block design with four 
blocks (n = 4). In total there were 44 plots for yield 
measurements, 36 of which were for additional N2O 
measurements. Each plot had a size of 2.5 × 1.44  m 
(12 rows of winter wheat), with an additional 5 and 
7 rows of winter wheat on each side as buffer area. 
The experiment began on April 20, 2023, and April 
22, 2024, respectively, with the application of LF, 
mineral fertilizer and biochar. The treatments for N2O 
and yield measurements were: LF, either untreated 
LF (ULF, pH 7.9), manually acidified to pH 5.0, 
6.2 and pH 6.8 using concentrated sulphuric acid 
(referred to as LFpH5, LFpH6, and LFpH7, respectively), 
untreated LF applied with biochar, either mixed into 
the LF (BLFM) or applied separately (BLF), mineral 
N fertilizer combined with biochar (BN1), all at a rate 
of 150  kg  N  ha−1, and mineral N fertilizer at a rate 
0 and 150 kg N  ha−1 as control and reference treat-
ment (referred to as N0 and N1), respectively. Thus, 
total N fertilizer application (starter mineral N ferti-
lizer and LF) corresponds to 50 and 200  kg  N  ha−1 
for N0 and N1, respectively. This N fertilizer rate is 
the recommended amount of N for winter wheat pro-
duction in Denmark, also for LF application (SEGES 
2023). The biochar application rate corresponded to 
30  kg  P  ha−1. As mentioned above, one treatment 
was with the application of post-digested Sedicanter 
LF (SLF) in 2024; this replaced the LFpH6 treatment 
from 2023. For details see Table 2. In addition, two 
treatments with 50 and 100 kg mineral N ha−1 were 

included for measurement of grain dry matter and N 
yield only. The LF was hand-applied on the surface 
between the winter wheat rows to mimic trail hose 
applications. Biochar, if not mixed into the digestate, 
and mineral N application was hand-applied, and 
evenly spread inside the plot.

Prior to application, 35 × 25  cm stainless steel 
frames were hammered into the soil for N2O flux 
measurement with the longer side along the winter 
wheat row, approximately 40 cm into the plot. All fer-
tilizers and organic amendments were hand-applied 
separately inside the frames to reduce the spatial vari-
ability of fertilizer application and the impact on the 
N2O flux.

N2O flux measurements

An initial measurement campaign started one and 
three days after the starter mineral N fertilizer appli-
cation of 50  kg  N  6ha−1 on all plots in 2023 and 
2024, respectively, to determine the variation of 
the N2O flux across all 36 plots without any treat-
ment effect. The N2O concentration in the air of the 
chamber headspace of static (non-flow through, non-
steady state) opaque chambers (L: 35 cm; W: 25 cm 
H: 22 cm) was determined. Each chamber had a fan 
to ensure proper air mixing, a vent to avoid pressure 
differences between inside and outside the chamber, 
and a septum to take air samples. When the crop 
grew higher than the chamber, an additional intersec-
tion placed between the soil surface and the chamber 

Table 2   Treatment 
name and ID used for 
N2O emission and yield 
measurements: pH of LF 
(mean of 2023 and 2024) 
and N application rate. Note 
that N2O was not measure 
in the treatments N0.3 and 
N0.6

Year Treatment name Treatment ID pH N rate (kg ha−1)

2023, 2024 Control N0 – 0
2023, 2024 Mineral N N0.3 – 50
2023, 2024 Mineral N N0.6 – 100
2023, 2024 Mineral N N1 – 150
2023, 2024 Mineral N and biochar BN1 – 150
2023, 2024 LF and biochar, BLF 7.9 150

separately applied
2023, 2024 LF and biochar, mixed BLFM 7.9 150
2023, 2024 LF, untreated ULF 7.9 150
2023, 2024 LF, LFpH5 5.0 150
2023 acidified to pH 5, 6 and 7 LFpH6 6.2 150
2023, 2024 LFpH7 6.8 150
2024 Post-digested Sedicanter LF SLF 8.5 150
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increased the total chamber height to 55  cm. Each 
measurement campaign started at approx. 10 AM 
CEST and lasted for approx. 2 h; there was a total of 
12 campaigns in each season.

The air in the chamber headspace was sampled 
through the septum with a 10 mL syringe and needle, 
and the plunger moved three times to ensure adequate 
mixing of the air sample. 5 mL of air was discarded 
and the remainder injected into a 3 mL pre-evacuated 
exetainer for further analysis. The first sampling was 
directly after deploying the chamber, and three more 
samples followed in approx. 30  min periods (n = 4). 
All samples were analyzed for N2O, CO2, and CH4 
(not used in this study) on a gas chromatograph 
(either a Bruker 450, Bruker Corporation, Massa-
chusetts, United States or a SCION 456-GC, Scion 
Instruments, The Netherlands; %RSD = 1.88).

Soil analysis

Four TMS-4 sensors (TOMST s.r.o., Czech Repub-
lic), one in each block in the mineral N treatment 
(N1) measured the volumetric soil water content 
(VWC) and soil temperature at 0–15 and 8  cm soil 
depth, respectively. The TMS-4 requires a calibra-
tion curve to calculate VWC, and we used a factory 
calibration curve with similar soil bulk density and 
soil texture (BD: 1.32  g  cm−3, 61% sand, 34% silt, 
5% clay). Based on this we calculated the water filled 
pore space as:

where WFPS = percent water-filled pore space, 
VWC = volumetric soil water content (cm3 cm−3), 
BD = bulk density (g cm−3), and PD = particle density 
(here: 2.65 g cm−3).

In 2023, undisturbed samples from each block in 
the 0–5  cm soil depth were sampled in steel rings 
(100 cm3) dried at 105 °C for 24 h to calculate the BD 
as dry soil mass divided by volume and excluding any 
coarse material > 2 mm. We assumed that BD in 2024 
was the same as in 2023, since the cropping system 
and soil type were the same.

Three randomly chosen soil samples were sampled 
within each plot with a 2-cm soil auger in 0–15 cm 
soil depth at weekly to fortnightly intervals at the 
same time as the N2O flux measurements. There was 

(1)WFPS = VWC ∕(1 − BD∕PD) ∗ 100

a total of six soil sampling campaigns in each year for 
2023 and 2024, respectively, and soil samples stayed 
frozen at −20  °C until further processing. Mineral 
N analysis required to sieve the bulked soil sam-
ple to < 6 mm and to take subsamples of 10 g fresh 
weight for extraction with 40 ml 1 M KCl. This sus-
pension was shaken for 30 min, centrifuged for 5 min, 
and was then filtrated (Filter 691, VWR Europe). The 
Autoanalyser AA500 (Seal Analytic, Germany) ana-
lyzed the filtrate for NH4

+ and NO3
−. The soil min-

eral N content (kg  ha−1) in 0–15  cm soil depth was 
then calculated as the soil mineral N concentration 
(NO3

−–N and NH4
+–N; mg  kg−1 soil) multiplied by 

BD and soil depth. In addition, a soil subsample from 
the same soil samples was analyzed for soil pH in 
2024.

Plant analysis and N fertilizer replacement value

In each plot a separate area of approx. 1 m2 was left 
untouched until hand-harvest on August 11, 2023, 
and August 12, 2024, respectively. The stubble height 
after harvest was approx. 10 cm. Total dry mass from 
the above ground biomass was derived from oven-
drying the samples for 48  h at 60  °C and weighing 
thereafter. Then the harvested material was threshed 
to separate wheat grains from the straw, and the grain 
dry mass was re-weighed. The total N concentration 
in grain was measured in a ball-milled subsample 
by elemental analysis (Vario MAX Cube, Elementar 
Analysensysteme GmbH). The dry matter multiplied 
with the N concentration gave the grain N uptake.

Data preparation and statistical analysis

The HMR package in R was used to calculate the 
N2O flux from the measured N2O concentration over 
time, soil surface area covered by the static chamber 
(m2), total chamber volume (m3), and hourly atmos-
pheric pressure (mbar) and air temperature (K) from 
the weather station nearby the experimental site 
(Station No. 6069, Foulum; 56.4951 N, 9.57295 E, 
54 masl) (Pedersen 2022). The concentration satura-
tion settings of the HMR function were 90% cham-
ber saturation earliest after 2 h, and the variance for 
prefiltering was set to 0.0001 (parameters SatPct, 
SatTimeMin, and pfvar, respectively). The HMR 
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function selects the regression model automatically, 
that is the HMR function, linear function, or no-flux 
due to no convergence. Approximately, 5%, 95%, 
and 0% of the samplings fell in the three above-
mentioned categories, respectively. Four single con-
centrations were excluded due to poor quality (e.g. 
negative concentration, CO2 concentration over 
time indicate faulty measurements) or were missing 
prior to flux calculation. R version 4.4.2 was used 
for any further statistical analysis and visualization 
(R Core Team 2019). This included the calculation 
of the cumulative N2O flux for each treatment using 
the trapezoidal rule with the trapz function in the 
R pracma package (Borchers 2022). We calculated 
the yield-scaled N2O emissions (YSNE), which is 
a measure for how N2O mitigation measures relate 
to yield, and it is the quotient of the cumulative 
N2O–N emissions and grain dry matter yield.

A linear relationship between the mineral N 
application rate (i.e., treatments with 0, 50, 100, and 
150 kg N ha−1, i.e., treatments N0, N0.3, N0.6, and 
N1, respectively) and total N uptake in grain was 
used to calculate the N use efficiency (NUE).

Where: NUE = the slope of the regression; N 
uptake = Grain N for each treatment (kg N uptake 
ha−1); N uptakeN0 = Grain N of the N0 treatment (kg 
N uptake ha−1); mineral N applied = application rate 
(here: 150 kg N ha−1).

The lm function in R calculated the slope and 
intercept in Eq.  2 for each year separately. The 
nitrogen fertilizer replacement value (NFRV) of the 
different treatments including LF is a measure of 
efficiency as compared to mineral N fertilizer and is 
defined as (Jensen 2013):

where: NFRV is in %, and NUEtreatment is the NUE 
of the treatments including LF  and biochar while 
NUEmineral N is the NUE of the mineral fertilizer 
treatments.

Please note, that the calculated NFRV in this 
study was the efficiency of a second N application 
with LF compared to a second application of min-
eral N fertilizer, as all treatments received a starter 
fertilization with mineral N at 50  kg  N  ha−1, thus 

(2)
NUE =

(

N uptake - N uptakeN0
)

/ mineral N applied

(3)NFRV = NUEtreatment∕NUEmineral N ∗ 100

following a typical fertilizer application scheme in 
Denmark (Eller et al. 2026).

The statistical analyses included linear mixed effect 
models to test for differences in yield, cumulative 
N2O–N emissions, the YSNE, and N uptake of winter 
wheat among treatments (p < 0.05). The fixed effects 
were year of the experiment, treatments, and the 
interaction between both, while the random effect was 
the block and year interaction. The initial N2O flux 
prior to starting the experiment (see Section  "N2O 
flux measurements") was an additional fixed effect 
for the cumulative N2O–N emissions to account for 
the variation of background N2O emissions across 
treatments. The lmer function can run such models, 
including with log-transformed response variables, 
when normality or heterogeneity of variance was not 
met. A Tukey Post Hoc test was used to test for dif-
ferences among means using the emmeans function. 
Information from rainfall from the abovementioned 
weather station was used to qualitatively assess the 
impact of weather conditions on N2O fluxes. In addi-
tion, the relationship between WFPS, soil tempera-
ture (each n = 24), soil NO3

−N and NH4
+-N concen-

trations (each n = 11) as independent variables and 
the mean daily N2O flux calculated for the LF and 
mineral N treatments, respectively, as dependent vari-
able was determined with cross-correlation (p < 0.05). 
The cross-correlation was performed with the ccf-
function in the tseries R package with a maximum lag 
period of 10 days. Negative lags were not considered 
for WFPS and soil temperature, because this was not 
biological meaningful.

Results

Weather and soil conditions

Rainfall and temperature were distinct at the onset 
of season 2023 and 2024. Prior to the application in 
April 2024 the weather was cold and wet with 67 mm 
rainfall and daily air temperatures decreasing from 
12.7 on April 7 to 3.2 °C on April 22 (days after appli-
cation: 0). In contrast, the air temperature in 2023 
increased from April 1 to 20 from 2.6 to 9.9 °C, and 
with only 25  mm rainfall. This resulted in a higher 
mean soil temperature of 11.3  °C, and lower mean 
VWC with 0.21  cm3  cm−3, and 43% mean WFPS at 
the onset of the study in 2023, as compared to 2024 



Nutr Cycl Agroecosyst (2026) 132:41	 Page 7 of 18  41

Vol.: (0123456789)

with 7.1  °C mean soil temperature, 0.27  cm3  cm−3 
mean VWC and 55% WFPS in 2024, respectively. In 
2023, the soil dried out thereafter with a mean WFPS 
of 30% throughout, and intermittently as low as 12% 
WFPS, while in 2024 the lowest measured WFPS was 
25% with a mean WFPS of 43%. This was due to sub-
stantial rainfall in 2024 with 165 mm as compared to 
2023 with 64 mm (Fig. 1a,b,d,e).

The soil NH4
+ content was much higher than the 

NO3
− content for all digestate treatments at the onset 

of the study with 78.5 and 59.7  kg NH4
+ −N ha−1 

soil as compared to 13.0 and 1.8 kg NO3
− −N  ha−1 

in 2023 and 2024, respectively. In contrast, the min-
eral N treatments (N1 and BN1) had similar NH4

+ 
and NO3

− content with 68.8 and 51.6  kg NH4
+ −N 

ha−1 as compared to 68.4 and 47.9  kg  NO3
− −N 

ha−1 in 2023 and 2024, respectively. The control N0 
treatment had low and similar mineral N contents 
throughout the study with 16.8 and 4.6 kg NH4

+ ha−1 
and 12.5 and 1.7 kg NO3

− −N ha−1 soil in 2023 and 
2024, respectively. In 2023, the mean NH4

+ content 
was reduced by more than half in the LF treatments 
to 36 kg NH4

+ −N ha−1 until 13 days after applica-
tion (May 3), while the NO3

− content doubled to 
24.8  kg NO3

− −N ha−1. Thereafter, both soil NH4
+ 

and NO3
− content decreased. This was different in 

2024, where the NO3
− content remained low in the 

LF treatments (0.9 – 3.1 kg NO3
− −N ha−1). For the 

mineral N treatments, the soil NH4
+ and NO3

− con-
tent remained at higher levels than the LF treatments 
in 2023, while in 2024 soil mineral N decreased to 
levels comparable to the N0 treatment (Fig. 2).

N2O flux, cumulative N2O emissions, 
and yield‑scaled emissions

Highest N2O fluxes occurred in all treatments until 
20 days after application with a mean flux of 6.6 and 
18.5 g N2O–N ha−1 d−1 across all treatments in 2023 
and 2024, respectively. Another peak period occurred 
at 37 days after application in 2024 with 7.2 g N2O–N 
ha−1 d−1 across all treatments. Otherwise, fluxes were 
low in all treatments (Fig. 1c, f).

The WFPS and the N2O flux were significantly 
positively correlated for LF and Mineral N treatments 
with a cross-correlation coefficient r = 0.53 and 0.45, 
both at concurrent time, respectively. Soil NH4

+−N 
and the N2O flux were significantly positively 

correlated with r = 0.62 and a lag period of one day 
after N2O flux increase and at concurrent time for LF, 
and with r = 0.78 at a lag period of one day after N2O 
flux increase for mineral N treatments, respectively. 
The soil NO3

−−N and the N2O flux were significantly 
positively correlated with r = 0.71 with a lag period 
of one day before N2O flux increase in LF treatments, 
and with r = 0.69 one day after N2O flux increase for 
mineral N treatments, respectively. N2O flux and soil 
temperature was not correlated.

In general, N2O fluxes were lower in 2023 than in 
2024, which was also reflected in the difference in 
initial N2O flux measurements (prior to starting the 
experiment) and the cumulative emissions. The mean 
(± SE) initial N2O flux was 0.4 ± 0.3 and 5.1 ± 4.1 g 
N2O-N ha−1 d−1, in 2023 and 2024, respectively. The 
higher N2O fluxes resulted in significantly higher 
cumulative N2O emissions in 2024 than in 2023 with 
0.31 ± 0.17 and 0.11 ± 0.05  kg N2O–N ha−1, respec-
tively. Also, the variation in N2O emissions was 
higher in 2024 (Fig.  3a, b). In addition, the linear 
mixed model on cumulative N2O emissions showed 
that there was a significant effect of the initial flux, a 
treatment-year interaction and treatment effect.

In 2023, the cumulative N2O emission in the bio-
char and mineral N treatment (BN1) was significantly 
lower with (mean ± standard error) 0.04 ± 0.01  kg 
N2O–N ha−1 than mineral N (N1) with 0.10 ± 0.02 kg 
N2O-N ha−1, or any acidified and biochar-amended 
LF (LFpH5 = 0.12 ± 0.03, LFpH6 = 0.14 ± 0.03, 
LFpH7 = 0.15 ± 0.03, BLF = 0.11 ± 0.03, and 
BLFM = 0.14 ± 0.03 kg N2O–N ha−1). However, this 
was not the case in 2024, where neither of the miti-
gation measures had a significant impact on N2O 
emissions, which were similar to the mineral N appli-
cation (N1 = 0.21 ± 0.05  kg N2O–N ha−1). Neither 
acidified, sedicanter-treated, nor biochar-amended 
LF significantly reduced the cumulative N2O emis-
sions in either year as compared to the untreated 
LF (LFpH5 = 0.32 ± 0.07, LFpH7 = 0.28 ± 0.06, 
SLF = 0.40 ± 0.09, BLF = 0.33 ± 0.07, and 
BLFM = 0.27 ± 0.06  kg N2O–N ha−1). The N2O 
emissions of ULF (2023: 0.07 ± 0.02, 2024: 
ULF = 0.30 ± 0.07 kg N2O–N ha−1) were not signifi-
cantly different to N1 in both years (Fig. 3a, b).

The yield-scaled emissions (YSNE) were signifi-
cantly higher in 2024, with a significant treatment 
and interaction effect. The YSNE of BN1 in 2023 
was significantly lower with (mean ± standard error) 
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7.0 ± 1.7  g N2O-N Mg−1 yield than N0 or acidi-
fied or biochar-amended LF treatments, but was not 
significantly different, yet lower, than ULF and N1 
with 15.6 ± 3.8 and 17.6 ± 4.2  g N2O-N Mg−1 yield, 
respectively. As with the cumulative N2O emissions, 
BN1 YSNE was not significantly lower. Notably, the 
sedicanter liquid, SLF, was significantly higher than 
the control with an YSNE of 63.4 ± 15.3 compared to 
21.5 ± 5.2 g N2O–N Mg−1 yield in 2024, likely due to 
relatively high cumulative N2O emissions and lower 
yields.

Yield and nitrogen fertilizer replacement value 
(NFRV)

In both years, winter wheat yield (i.e., dry matter 
yields) was not significantly different between min-
eral N and digestate treatments, and only the con-
trol N0 treatment was significantly lower. The yield 
was significantly higher in 2024 than in 2023 with 
a mean (± SE) across all treatments of 6.5 ± 0.75 
and 4.8 ± 0.44  Mg  ha−1, respectively (Fig.  3c, d). 
This resulted in a higher NUE in 2024 of 35–52% as 
compared to 2023 with 26–43% across LF and min-
eral N treatments. The grain N uptake in 2023 was 
significantly higher in BN1 than in BLF or ULF but 
was not significantly different in 2024 (Table 3). The 
linear regression analysis for Eq. 2 was significant at 
p < 0.05 with R2 = 0.95 and 0.87 in 2023 and 2024, 
respectively (Fig.  4). There was no clear pattern in 
NFRV among digestate treatments and years, with an 
NFRV between 56 and 77%. The BN1 treatment with 
mineral N fertilizer and biochar was highest with 91% 
and 83% in 2023 and 2024, respectively (Table 3).

BLF = biochar and LF, BLFM = biochar mixed 
with LF, BN1 = biochar and mineral N fertilizer, 
LFpH5-6–7 = LF acidified to pH5, pH6 (2023 only), and 
pH7, respectively, SLF = post-Sedicanter LF (2024 

only), ULF = untreated LF, letters denote significant 
differences at p < 0.05.

Discussion

Seasonal effect on N2O emissions

The N2O emissions exhibited seasonal differences 
across all treatments, with higher N2O emissions in 
2024, likely due to an additional rainfall of 100 mm 
compared to 2023. Soil mineral N was similar in 
both years at the onset of the study (Fig.  2, Sec-
tion  "Weather and soil conditions"), but background 
N2O emissions (i.e., without any treatments) were 
already higher in 2024 (Fig.  1, Section "N2O flux, 
cumulative N2O emissions, and yield-scaled emis-
sions"). This indicates that environmental factors 
other than N input fostered N2O production in 2024, 
of which rainfall showed the biggest difference 
between both years. Indeed, an increase of WFPS 
was concurrently related to an increase in N2O flux, 
demonstrating the close and immediate relationship 
between soil water content and N2O emissions. In 
addition, soil temperature was not correlated to the 
N2O flux, further supporting that increased rainfall 
was the main reason for increased N2O emissions in 
2024. Seasonal variation in N2O emissions is com-
mon in many cropping systems, and anaerobic soil 
conditions caused by excessive rainfall is a well-
known driver of N2O production (Dobbie et al. 1999). 
Higher N2O emissions with more rainfall have been 
previously observed in Denmark under the same soil 
conditions (Petersen et  al. 2023a, b). Indeed, tenta-
tively higher N2O emissions have been observed after 
moderate rain events and slurry application in Den-
mark, which was attributed to an increased denitrifi-
cation activity (Hansen et al. 2025). However, assess-
ing the mechanisms behind the higher N2O fluxes was 
not measured and beyond the scope of this study.

While higher rainfall likely increased the magni-
tude of N2O fluxes in 2024, most N2O emissions still 
occurred during the first two weeks after fertilizer 
application, following a similar trend for both obser-
vation years at the onset of the study. In addition, soil 
NH4

+ and NO3
− concentration were positively related 

to the N2O flux with a 1-day lag period or concur-
rently, indicating an immediate impact of soil mineral 
N on the N2O flux after fertilizer application. There 

Fig. 1   Mean N2O fluxes (g ha−1 d−1; n = 4) for each treatment, 
rainfall (mm) and soil temperature (Soil T, in °C), volumetric 
water content (VWC) and water-filled pore space (WFPS) for 
the 2023 a–c and 2024 d–f season, respectively. BLF = biochar 
and LF, BLFM = biochar mixed with LF, BN1 = biochar and 
mineral N fertilizer, N0 = no additional N fertilizer, N1 = min-
eral N fertilizer at 150  kg  N  ha−1, LFpH5-6–7 = LF acidified to 
pH5, pH6 (2023 only), and pH7, respectively, SLF = post-Sed-
icanter LF (2024 only), ULF = untreated LF. Error bars show 
the standard error of the mean

◂
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was a second smaller peak period observed at 37 days 
after application in all treatments, which coincided 
with several prior rain events of up to 16  mm daily 
rainfall in 2024 (Fig. 1b, e, f).

These seasonal effects may have also impacted 
the N2O mitigation effect of the studied treatments. 

In 2023, the NH4
+ and NO3

− content in the mineral 
N treatments N1 and BN1 remained at higher levels 
than in the LF treatments, likely due to the dry soil 
conditions with almost no rainfall. In contrast, the 
soil NH4

+ content decreased over time after applica-
tion of LF, resulting in an increase of NO3

− in the 

Fig. 2   Soil mineral N (NH4
+ and NO3

−; n = 4) content fol-
lowing the days after application for 2023 a, b and 2024 
c, d. BLF = biochar and LF, BLFM = biochar mixed with 
LF, BN1 = biochar and mineral N fertilizer, N0 = no addi-
tional N fertilizer, N1 = mineral N fertilizer at 150  kg N 

ha−1, LFpH5-6–7 = LF acidified to pH5, pH6 (2023 only), and 
pH7, respectively, SLF = post-Sedicanter LF (2024 only), 
ULF = untreated LF. Error bars show the standard error of the 
mean
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soil solution in 2024, but not in 2023 (Fig.  1b, c, 
Fig. 2a, b). The mean N2O peaks were much higher 
in the LF treatments than in the mineral N treatments 
(BN1, N1) in 2023 (Fig. 1f). LFs consists largely of 
water (here: 34–43 Mg digestate ha−1), which likely 
increased WFPS, at least for a short period of time, 

which could have favoured N2O flux emissions. 
The drier conditions could be the reason why BN1 
showed significantly lower cumulative N2O emissions 
in 2023 but not in 2024. Seasonal differences in rain-
fall in sandy loam soils have previously impacted mit-
igation of nitrification inhibitors being more effective 

Fig. 3   Cumulative N2O emissions (n = 4), grain yield, and 
yield-scaled emissions for 2023 a, c, e and 2024 b, d, f, 
respectively. BLF = biochar and LF, BLFM = biochar mixed 
with LF, BN1 = biochar and mineral N fertilizer, N0 = no 
additional N fertilizer, N1 = mineral N fertilizer at 150  kg N 

ha−1, LFpH5-6–7 = LF acidified to pH5, pH6 (2023 only), and 
pH7, respectively, SLF = post-Sedicanter LF (2024 only), 
ULF = untreated LF. YSNE = yield-scaled N2O emissions. 
Error bars show the standard error of the mean. Letters denote 
significant differences at p < 0.05
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in reducing N2O emissions under wet soil conditions 
(Peixoto et al. 2023). This pinpoints the fact that N2O 
mitigation measures are difficult to quantify and often 
inconsistent due to seasonality overshadowing mitiga-
tion measures.

Effect of treated LFs on N2O emissions

LF can emit substantial amounts of N2O compared 
to unseparated digestates (Meng et  al. 2022), and 
this study tested different post-processing steps and 
application techniques to mitigate N2O emission. 
Biochar addition to soil have been shown to decrease 
N2O emissions (Cayuela et al. 2014; Borchard et al. 
2019; Yang et al. 2025). Adding biochar to the solid 
fraction of digestates reportedly reduced N2O emis-
sions and the abundance of denitrifier genes, likely 
due to adsorption of organic compounds to biochar 
(Zheng et  al. 2025). In addition, biochar can adsorb 
NH4

+ from LF (Zheng et al. 2024). Biochar has also 
been shown to reduce N2O emissions and denitrify-
ing activity, while nitrification was higher, when bio-
char was added directly to soil (Zhang et  al. 2021a, 
b). In addition, biochar added to slurry digestate 
has reduced N2O emissions by reducing nitrifica-
tion processes (Liao et al. 2022). This contrasts with 
our study, where biochar, either mixed into the LF 
or applied separately had no reducing effect on N2O 
emissions as compared to untreated digestate in both 
seasons. The N2O mitigation potential of biochar also 
depends on high pyrolysis temperature, which reduces 
the H/Corg ratio, and a low concentration of carboxyl 
groups on the biochar surface (Cayuela et al. 2024). 
In this study, the H/Corg ratio was low with 0.29 and 
pyrolysis temperature was 600  °C, conditions under 

which N2O mitigation is favourable (Table  4). Note 
that much of the abovementioned knowledge is based 
on incubation studies, and it is possible that the miti-
gating effects of biochar on N2O emissions from LFs 
are difficult to reproduce in-situ. For example, Efosa 
et al. (2023) found no effect of mixing biochar with 
digestate under field conditions. In addition, in this 
study biochar and digestate were applied on the soil 
surface in a growing winter crop, which could have 
limited the N2O mitigation effect as compared to 
incorporation of biochar and LF injection into the 
soil, which is not possible in winter crops without 
causing some crop damage.

Only amending biochar to mineral fertilizer 
reduced N2O emission as compared to mineral N, but 
not under the wet conditions in spring 2024. Biochar 
has previously been found to reduce N2O emissions 
when added to urea, but the efficiency and mode of 
action depended substantially on biochar properties 
(Li et al. 2021). For example, N2O increased for bio-
char made from chicken manure while decreased for 
biochars of other origin, likely due to NH4

+ adsorp-
tion (Grutzmacher et al. 2018). The reduction of N2O 
could potentially also be an indirect effect due to 
higher NH3 loss after the addition of the alkalic bio-
char, as indicated by the tendency of lower N uptake 
in the BN1 than in the N1 treatments. Biochar might 
also reduce N2O production while total denitrification 
rates, i.e., N2O reduction to N2, might increase, as the 
alkalizing effect has been found to lead to more com-
plete denitrification (Obia et al. 2015; Cayuela et al. 
2024). Biochars can reduce N2O emissions by chang-
ing soil pH and by adsorption of N and C compounds, 
which affects nitrifying and denitrifying microorgan-
isms (Cayuela et al. 2014), but there is no indication 
that this was the case in our study (Fig. 5).

Table 3   Mean and standard 
error of the Nitrogen 
fertilizer replacement value 
(NFRV) and nitrogen use 
efficiency (NUE) and N 
uptake of LF and biochar 
treatments in 2023 and 
2024, respectively

Treatment %NFRV %NUE Grain N uptake (kg N ha−1)

2023 2024 2023 2024 2023 2024

BN1 91 ± 8 83 ± 12 43 ± 6 52 ± 8 104.2 ± 6.5b 117.1 ± 7.3
BLF 56 ± 3 65 ± 7 27 ± 2 40 ± 2 80.0 ± 5.0a 101.5 ± 6.28
BLFM 60 ± 5 66 ± 6 29 ± 1 41 ± 6 83.0 ± 5.1ab 102.7 ± 6.4
ULF 56 ± 7 57 ± 6 26 ± 3 35 ± 5 79.5 ± 4.9a 94.4 ± 5.8
LFpH5 77 ± 12 60 ± 8 37 ± 7 37 ± 7 93.8 ± 5.8ab 96.8 ± 6.0
LFpH6 65 ± 3 – 31 ± 3 – 86.2 ± 5.3ab –
LFpH7 73 ± 4 67 ± 7 35 ± 3 42 ± 5 92.1 ± 5.7ab 103.7 ± 6.4
SLF – 60 ± 7 – 38 ± 3 – 97.2 ± 6.0
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Note that the beneficial effect of biochar on N2O 
emissions needs to be weighed against the N losses 
and greenhouse gas emissions during pyrolysis of the 
solid fraction. The solid fraction contains a signifi-
cantly smaller share of N, approximately 13% of the 
digestate (Tambone et  al. 2017). The N loss during 
biochar production depends on pyrolysis tempera-
ture, and at 600 °C the N loss is estimated to approxi-
mately 12% (Bruun et al. 2017). These N losses need 
to be compensated by mineral N fertilizer, which 
again creates greenhouse gas emissions of approxi-
mately 5.6 kg CO2 eq kg−1 N (Chojnacka et al. 2019). 
However, other methods of solid fraction treatment 
will likely also lead to N loss and greenhouse gas 
emissions (Aissaoui et al. 2025). This requires further 
evaluation of the carbon footprint of solid fraction 
treatments, and under which conditions an N2O miti-
gation effect from biochar can be expected.

A previous study indicated that different method-
ologies of pig slurry separation can affect N2O emis-
sions of LF (Gómez-Muñoz et  al. 2016), and simi-
lar effect could be expected for cattle slurry. In our 
study, the LF with post-digestion after a sedicanter 
separation (SLF) showed no significant reduction in 
N2O emissions. Sedicanter treatment is a novel pro-
cess where LF undergoes a second digestion and cen-
trifugation to further reduce solids and phosphorus 
(Scholey et al. 2019). SLF was only tested in 2024 as 
a substitute for the LFpH6 treatment, since the 2023 
results already indicated that acidification may not 
reduce N2O emissions. Since the SLF had a lower N 
concentration, more liquid was applied with this fer-
tilizer to obtain a similar N rate. Meng et al. (2023) 
observed high N2O emissions after application of 
a diluted digestate due to the combination of a high 
amount of water applied with the digestate and a high 
content of labile C, and N which caused the denitri-
fication of N compounds, even under lower WFPS 
levels. This could indicate that higher N2O emis-
sions can be expected from LFs with lower N content. 
However, more experiments are needed in different 
crops and across seasons to quantify and understand 
the N2O dynamics on LFs with different dry matter 
and N contents.

The acidification of slurry and digestates is a 
measure to reduce NH3 emissions after field applica-
tion in Denmark (Pedersen et  al. 2022). In contrast, 
increasing the soil pH fosters more complete denitri-
fication and/or impacts nitrification (Feng et al. 2003; 

Pfülb et  al. 2025). Conversely, reducing the soil pH 
by applying acidified LFs may adversely affect N2O 
emissions. However, the acidification of LF did not 
significantly increase N2O emissions in this study in 
two contrasting seasons. This is in accordance with 
a previous study in Denmark, where slurry acidifica-
tion did not affect N2O emissions (Seidel et al. 2017). 
In another study, the N2O emissions from the acidi-
fied liquid fraction of slurry was significantly higher 
at high water contents (Gómez-Muñoz et  al. 2016). 
There was only a minor acidifying effect of the LFpH5 
and LFpH7 treatments on soil pH in 2024 as compared 
to ULF (Fig. 5), suggesting that the soil might have 
buffered the acidic LF. Acidified slurry liquid fraction 
also reduced N2O and NH3 emissions significantly 
in a previous study, when applied to the surface 
(Fangueiro et al. 2017). However, low-dose acidifica-
tion has reportedly no effect on N2O and NH3 emis-
sions, while high-dose acidification reduced NH3 but 
not N2O in winter wheat (Sánchez-Rodríguez et  al. 
2018; Buchen-Tschiskale et  al. 2023; ten Huf et  al. 
2023). Note that either injection or acidification of 
slurry and digestate is a legal requirement in Denmark 
for application in grassland to reduce NH3 volatiliza-
tion (Sommer et al. 2021). Acidification could poten-
tially also be a good option for farmers for application 
in winter cereals, where injection of liquid organic 
fertilizers is uncommon. While no mitigation effect 
was observed in this study, the acidified digestate had 
comparable N2O emissions as mineral N fertilizer in 
two very distinct seasons. While biochar amended to 
N fertilizer application can reduce N2O emissions, the 
acidification of LF is an option for organic fertilizer 
applications, with N2O emissions being compara-
ble to mineral N fertilizer in winter cereals under the 
observed soil and environmental conditions.

Seasonal and treatment effects on yield and N 
uptake

Yield was significantly lower in 2023 than in 2024, 
indicating that water was a limiting factor for crop 
production in the dry year of 2023. In both years, 
all treatments showed no significant difference in 
yield as compared to mineral N1 fertilizer applica-
tion. While not significant, mineral N1 treatments 
exhibited slightly higher yields (Fig.  3). This indi-
cates that LF application at a similar total N rate or 
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biochar amendment to mineral fertilizer has no or lit-
tle adverse effect on yield and could be an alternative 
source of N fertilizer application and C sequestration, 
respectively.

The Nitrogen fertilizer replacement value (NFRV) 
is a standard method to evaluate the crop response 
of organic fertilizers as compared to mineral N ferti-
lizer, and a measure of how much organic fertilizer is 
needed to replace mineral N fertilizer (Jensen 2013; 
Westerik et al. 2024). Please note, that the calculated 
NFRV in this study compared directly a LF applica-
tion and a mineral N application, both applied as the 
second N application after a similar starter mineral N 
application to all plots, thus following typical appli-
cation methods in Denmark. Overall, the NFRV was 
in the expected range of LFs with 56–77% of total 
N applied, reflecting the amount of mineral N avail-
able for plant uptake (Table 2). In addition, the NUE 
was similar to NUE values for winter wheat in Den-
mark (Olesen et  al. 2009). Also, the proportion of 
NH4

+-N to total N with 60–65% was similar to the 
NFRV as found in other studies (Webb et  al. 2013). 
That indicates that NH3 losses from the LFs were 
low, and that the effect of acidification on NH3 emis-
sions were limited. Nyang’au et  al. (2023) applied 
unseparated digestates to winter wheat on a similar 
soil type and observed NFRVs of 33–44% of total 
N. The much lower values compared with our results 
indicate that in our study the fertilizer value was sig-
nificantly improved in the liquid fraction after separa-
tion even without acidification. In contrast, the NFRV 
of digested cattle slurry applied by injection in spring 
barley by Nyang’au et  al. (2023) and Reimer et  al. 
(2025) was higher than NFRV by surface application 
of LF in this study, probably reflecting the combined 
benefits of reduced NH3 loss and manure placement 
by injection in a spring barley crop.

In the dry 2023 season, acidification increased 
the NFRV compared to untreated digestates, while 
NFRV was unaffected by acidification in the wet-
ter 2024 season. Meanwhile, the NRFV of ULF was 
similar in both years, indicating different effects of 
acidification on NH3 volatilization in the two years. 
Measuring NH3 was beyond the scope of the study, 
but it can be expected that the effect of acidification 
on reducing NH3 volatilization was higher under 
drier soil conditions of 2023 than in 2024, leaving 
more mineral N available for plant uptake (Table 1). 
In 2024, biochar amendment of LF slightly increased 

NFRV as compared to the ULF, while there was no 
effect in 2023. For BN1, NFRV was within the uncer-
tainty range of the mineral N treatment in both years, 
indicating that biochar amendment does not or only 
slightly affects N from mineral fertilizer application. 
The yield-scaled emission sets N2O emissions in rela-
tion to yield and can be used to quantify the effect of 
N2O mitigation options on yield. There were no sig-
nificant differences in YSNE between the LF treat-
ments (excluding SLF) and mineral N fertilizer in 
either of the years (Fig. 3e, f). This is in accordance 
with Meng et al. (2023), who found no significant dif-
ferences in YSNE in spring barley under similar cli-
matic and soil conditions. This could indicate that the 
surface application of LFs is a feasible alternative to 
mineral N fertilizer without increasing N2O emissions 
in winter crops. However, farmers would typically 
counter the lower amount of available N in diges-
tates by increasing the application rate of LFs, which 
would likely also increase N2O emissions. For SLF, 
the YSNE was significantly higher, owing to slightly 
lower yields with slightly higher cumulative N2O 
emissions (Fig. 3f). SLF had a reduced N content due 
to additional post-processing steps, which resulted in 
higher liquid application rates per kg N, which could 
have led to higher N2O emissions (see Section  "Sea-
sonal effect on N2O emissions"). BN1 was the only 
promising mitigation option in this study that did not 
compromise yields in both years, which is important 
for the adoption of mitigation measures of farmers.

Conclusion

In this study, we found a strong seasonality with 
higher N2O emissions and yields in the wetter 2024 
season than in the drier 2023 season, which over-
shadowed possible mitigation effects. We therefore 
partially reject our null hypothesis, because biochar 
significantly reduced N2O emissions when applied 
with mineral N fertilizer. However, this depends on 
climatic conditions with higher emission reductions 
in drier than in wetter years. Similar effects were not 
observed when biochar was applied with LFs, prob-
ably because the suspension of water, carbon and 
nitrogen create favourable conditions for N2O emis-
sions, which are not affected by biochar application. 
Further studies should focus on why the mechanisms 
behind N2O mitigation potential of biochar observed 



Nutr Cycl Agroecosyst (2026) 132:41	 Page 15 of 18  41

Vol.: (0123456789)

in incubation experiments can rarely be replicated 
in-situ, and how seasonality can affect the mitigation 
potential of biochar. Post-treatment of LFs had sig-
nificantly higher yield-scaled emissions, but this was 
only tested in the wet 2024 season, and further exper-
iments are needed for assessing its N2O mitigation 
potential. Acidification of LF did not significantly 
reduce N2O emissions but had no adverse effects on 
wheat yields. In addition, a positive effect of acidifi-
cation on NH3 emissions can be expected. Therefore, 
pollution swapping from NH3 to N2O are likely not 
expected from acidified LFs.
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Fig. 4   Linear regression 
between increasing mineral 
fertilizer rate and Grain N 
of winter wheat in 2023 (a) 
and 2024 (b) respectively. 
Coefficients are used to 
calculate the Nitrogen Fer-
tilizer Replacement Value 
(NFRV)
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