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ABSTRACT ARTICLE HISTORY

This study aimed to evaluate the effect of low-temperature-produced (torrefied at 300°C) Received 12 May 2025
hay biochar (BC) on the fertilisation effectiveness of digestate (SD) and the loss of  Accepted 20 July 2025
nitrogen (N) and carbon (C). We also examined whether acidification could increase

the effect of BC on SD effectiveness and compared the effects of untreated and Acidified biochar: biochar:
acidified BCs with that of sulphuric acid (H,SO,). The treatments included unamended liquid manure diéestate; '
SD (SDyt) and SD amended with untreated BC (BCyy), H3POg-acidified BC, (BCyzpos) organic fertiliser; N and C
H,SO,-acidified BC (BCyzs04), OF pure H,SO4 These treatments were compared in a pot loss; nutrient uptake
experiment with ryegrass (Lolium perenne, L) and evaluated based on N, phosphorus

(P), potassium (K), calcium (Ca), and magnesium (Mg) taken up by plants and remaining

in the soil. The N input to the soil was doubled for all applied amendments compared

with SDyr. However, the fertilisation effectiveness of SD amended with BCyt alone was

comparable to that of SD treated with pure H,SO,, offering the additional benefits of

higher C input and reduced C loss from the soil. We concluded that the effect of BC on

the effectiveness of SD as a fertiliser is similar to, or even better than, that of H,SO,.

KEYWORDS

Introduction

Slurry digestate (SD) is a by-product of biogas production that is frequently used as organic fertiliser for
arable crops worldwide. However, gaseous losses during SD storage and application to soil can negatively
impact the environment and reduce its value as an effective fertiliser through the emission of ammonia
(NHs), nitrous oxide (N,0), carbon dioxide (CO;), and methane (CH,) (Sgrensen and Amato 2002; Ndegwa
et al. 2008; Zhang et al. 2021). Depending on the conditions and duration of storage and handling of SD,
more than 50% of added N can be lost as NH3 emissions, while up to 2% of the added carbon (C) may be
lost as CH4 (Sommer et al. 2003; Fangueiro et al. 2015). In recent years, considerable attention has been
given to slurry acidification, which effectively reduces NH; emissions from storage and also after slurry incor-
poration into soil (Fangueiro et al. 2015). However, acidified slurry lowers the soil pH and increases the
sulphur (S) concentration, making this amendment unsuitable for acidic soils. Loide et al. (2020) showed
that the use of acidified SD in acidic soils resulted in increased S, calcium (Ca), and potassium (K) leaching,
and decreased N and phosphorus (P) leaching. Therefore, acidification has been shown to have several dis-
advantages alongside its desirable aspects.

Biochar (BC) is a solid C-rich material obtained from the thermochemical conversion of biomass in an
oxygen-limited environment during the pyrolysis and gasification process (Lehmann and Joseph 2015). As
an SD amendment, BC has several advantages over acidification. BC can adsorb NHs; and ammonium nitro-
gen (NH;-N) from aqueous solutions and the liquid-gas interface of the slurry stores (Taghizadeh-Toosi et al.
2012; Park et al. 2018), which can then become available to plants in soil (Keskinen et al. 2021). Because of its
alkaline nature, BC-amended SD may be more favourable than acidified SD for application to acidic soils,
where it could increase nutrient availability for plants, especially P availability. Moreover, BC also contains
various macro- and micronutrients such as potassium (K), sodium (Na), Mg, Ca, copper (Cu), zinc (Zn), and
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iron (Fe) (Ding et al. 2016; Tomczyk et al. 2020), which also increase the value of SD as a fertiliser. Further-
more, BC's recalcitrant nature allows to persist in the soil without significant C loss (Weng et al. 2022). This
longevity ensures that the sequestered C remains stored in the soil, providing a reliable and long-term sol-
ution for C sequestration (Li and Tasnady 2023).

Abbas et al. (2020) reported that BC applied with biogas SD reduced N losses and improved plant growth
by increasing N use efficiency, microbial growth, and water-holding capacity, particularly for less fertile soils.
The success of combined application of BC with organic fertiliser amendments was not only in retaining
higher amounts of nutrients in the soil but also in making these nutrients available to plants. However,
several studies have shown that BC had a weak or non-significant effect on crop yield and N uptake
(Lentz et al. 2014; Foereid et al. 2020). It is frequently reported that the application of BC to soil to ameliorate
soil properties and enhance crop productivity is more successful in well-weathered (degraded), low-fertility,
and acidic soils, than in fertile healthy soils (Hazman et al. 2022; Khan et al. 2022).

Studies focusing on how BC-amended SD affect N and C losses from the soil and the crop yield have
shown wide variation and high uncertainty (Liu et al. 2016; Xu et al. 2021). It has been reported that BC
reduces (Angst et al. 2014; Antonangelo et al. 2021), have no significant effect on (Karhu et al. 2011), or
even increase soil N,O emissions (Escuer-Gatius et al. 2020). BC also decreases CH, emissions from soil,
potentially because of inhibition of methanogenic activity or lack of CO, availability (Liu et al. 2011). BC
also can increase the potential of the soil as a CH,4 sink as a result of increased methanotrophy (Karhu
et al. 2011; Azzi et al. 2024).

The acidification of BC can have positive effects on BC physicochemical properties by decreasing its alka-
linity and increasing the amount of surface functional groups (carboxyl, carbonyl, and phenol) (Tsang et al.
2007; Antor et al. 2023). Because of these changes, acidified BC may be more effective than untreated BC in
preventing N losses in manure storage by improving BC sorption capacity (Rasse et al. 2022). However,
acidified BC can have negative effects on the soil similarly to pure acid.

Our previous research examined the extent to which untreated and acid-treated low-temperature hay BC
could reduce NH; emissions and increase N retention in SD (Covali et al. 2021). The results indicated that the
effect of untreated BC applied mixed into the SD and acidified BC applied on the digestate surface was not
different from that of pure H,50, and HsPO, acids (Covali et al. 2021).

The current study therefore aimed to examine the effect of SD amended with pure H,SO,, untreated BC
and acidified BC amendments on biomass yield and uptake of N, P, K, Ca, and Mg by perennial ryegrass. A
secondary objective of this study was to investigate the effect of the same treatments on soil N, P, K, Ca, Mg,
and C concentrations, and the N and C balance in the soil.

The following hypotheses were proposed: (i) BC amendment increases the effect of SD on plant growth
and nutrient uptake and reduces N and C losses in the soil; (ii) acidified BC amendment has a greater effect
on SD than untreated BC in terms of plant growth, nutrient uptake, and N and C losses in the soil; and (iii) BC
amendments exert a greater influence than H,SO, on plant growth and nutrient uptake, while also mitigat-
ing N and C losses from the soil.

To the best of our knowledge, this is the first study to directly compare the effects of pure acid and BC on
the fertiliser value of cattle SD material. Moreover, the impact of acidification on the efficacy of BC as an SD
amendment has not been previously investigated. The findings of this study may help farm managers, indus-
try practitioners, and policymakers to improve crop productivity and mitigate/adapt to climate change.

Materials and methods
Study design

A pot experiment with perennial ryegrass (Lolium perenne L.) was conducted in a growth chamber at the
Estonian University of Life Sciences (58°22'48.5"N, 26°43'20.9"E) from March 2019 to late May 2019 in
Tartu, Estonia. The study had six treatments in total: (i) control (without any amendment), (ii) SD with no
amendment (SDyy), (iii) SD with sulphuric acid amendment (SD + H,S0,), (iv) SD with untreated biochar
amendment (SD + BCyy), (v) SD with biochar treated with phosphoric acid amendment (SD + BCh3zpoa),
and (vi) SD with biochar treated with sulphuric acid amendment (SD + BCy504). Each treatment had eight
replicates, resulting in a total of 48 pots.
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The first growth period lasted 40 days, after which shoot biomass was determined for all eight replicates,
and root biomass for four of the replicates. The second growth period lasted an additional 35 days (a total of
75 days) after which shoot and root biomass were determined for the remaining four replicates that did not
receive the root biomass analysis in the first growth period. This experimental design aimed to investigate
the durability of the effects of the treatments on the growth of different plant parts (shoots and roots
biomass). Soil samples were taken at the end of both growth periods from the replicates from which
roots were collected.

PVC tubes with a surface area of 87 cm? and a length of 30 cm were used as growing pots. A 3-cm-thick
layer consisting of expanded polystyrene foam cap and a second layer of geotextile was fixed at the bottom
of each pot. The cap had a hole in the middle allowing excess water drainage. Each pot was filled with 3640 g
of air-dried Mollic Cambisol (IUSS Working Group WRB 2015) and sand in a 1:1 ratio. The soil pHkc (pHin 1 M
KCl solution) was 6.87, and plant-available P, (where AL indicates that the ammonium lactate method was
used for analysis (Section 2.2) (Egnér et al. 1960)), K, Caar, and Mga, were 189, 111, 1863, and 257 mg kg‘1,
respectively. The soil total nitrogen (N and total carbon (C..) were 0.11% and 1.35%, respectively.

The BC was produced by torrefaction at 300°C from reed canary grass (Phalaris arundinacea L.) hay pellets.
This specific low-temperature hay BC was chosen because it was an effective slurry amendment in reducing
N and C gas emissions from slurry digestate storage in our previous study (Covali et al. 2021). The BC was
ground manually to a particle size of less than 1.25 mm. The BC acidification procedure is described in
Covali et al. (2021).

The SD originated from the limatsalu biogas plant (Tartu County, Estonia), with a feedstock consisting of
85% cattle slurry; 10% mixed pig slurry, manure (straw bedding), and green biomass; and less than 5% food
industry by-products. Additional information about the physicochemical properties of SD, untreated, and
acid-treated BC can be found in Covali et al. (2021).

Before sampling, the SD was homogenised with a stirring rod. One hundred grams were poured into 125-
mL Berzelius beakers for control and BC treatments and into 200-mL beakers for the acid treatment. The
application rate of BCs and H,50, (96%) to SD was 5.0 and 0.5 g, respectively. After amendment application,
the SD was stored at room temperature (20-22°C) for seven consecutive days. After this period, the dry
matter content of SDyt was 7.11%, the N and C concentrations in dry matter were 1.76% and 28.44% in
SDyr, 3.56% and 31.36% in SD + H,SO,, 2.28% and 40.35% in SD + BCyt, 2.24% and 42.03% in SD+
BChzs04, and 2.32% and 44.22% in SD + BCyzpoa.

The SD + BC amendments were applied mixed into the soil at 0-7 cm depth using the amount of 28.5 g of wet
weight per pot. The application rate was based on the SD rate (30,000 kg ha™") typically applied by farmers in
Estonia. Immediately after fertiliser application, the perennial ryegrass (‘Raite’ cultivar) was sown at a seed rate of
0.2 g per pot. Fifty grams of fine sand and 25 mL of tap water were added on top of the seeds in each pot.

Before fertiliser application and seeding, the soil was moistened three times during a week until field
capacity was reached. Starting on the fifth day after sowing, each pot was watered with 100 mL for the
first two weeks and with 125 mL for the next two weeks, at a frequency of twice per week. From the
fourth week, the water application rate was 150 mL, applied 4-6 times per week.

Plant and soil analyses

The shoot biomass was harvested at 2 cm above the soil surface and dried for 24 h at 40°C in a CFD 1400 SS
dryer-dehydrator machine (Alpfrigo, Logatec, Slovenia). For root biomass determination, after shoot
removal, the soil was poured out of the growing pots, and the roots were separated by shaking. The
roots were air-dried at room temperature (22°C) for two weeks, and final soil and root separation was per-
formed by sieving with a 2-mm sieve. The dry shoot and root biomass was ground with a knife mill Grindo-
mix GM 200 (Retsch, Haan, Germany) to a particle size of <1 mm and weighed using a precision balance PS
450/X (RADWAG, Radom, Poland).

Soil was sampled with an auger (diameter 1 cm) from the upper (0-10 cm) and lower (10-30 cm) layers of
a pot. Samples were dried at room temperature for one week and sieved through a 2-mm sieve. The soil pH
was measured with a pH meter SevenCompact 5210 (Mettler-Toledo, Schwerzenbach, Switzerland) in a soil
suspension with distilled water and 1 M potassium chloride (KCl) solution (soil weight:solution volume ratio
of 1:5).
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Soil plant-available P, K, Ca, and Mg concentrations were analysed by the ammonium lactate method (Egnér
et al. 1960). In the biomass, the P, K, Ca, and Mg concentrations were examined using the acid digestion method
(Rosopulo et al. 1976). The concentrations of these elements in the extraction solvent were determined with a
microwave plasma atomic emission spectrometer (MP-AES 4200, Agilent, Santa Clara, CA, USA). Total N and C
concentrations in plant biomass, soil, and SD were determined by the dry combustion method with a varioMAX
CNS elemental analyser (Elementar Analysensysteme GmbH, Langenselbold, Germany).

Calculations

The dry matter yield (DMY) (g pot™") was determined by weighing the combined mass of both the harvested
shoot and root biomasses after they were air dried to remove moisture.
The N, P, K, Mg, and Ca uptake was determined as follows:

Uptaker (g pot™") = (DMY x Cg)/100

where Uptakeg is nutrient uptake (g pot‘1), DMY is dry matter yield (g), and (g is the element concentration
in the biomass (%). The nutrient uptake was calculated separately and cumulatively for shoot and root bio-
masses. The N and C contents in soil at the beginning (Ns« and Cgare) and at the end of experiment (Neng
and C.,q) were determined as follows:

Ag (gpot™') = (S x C¢)/100

where Ag is the element content in the soil (g); S is the soil amount in a pot (g); and C is the element con-
centration in soil (%), where the index E shows the element variant.

The Neng and the Cong was calculated based on the initial soil weight because the soil contained plant
roots at the end of the experiment. The Npgance Of the soil was calculated as follows:

Nbalance (g POIH) = Nend - (Nstarr + Napplied - Nuptake)

where Ng,q is the N amount in soil at the end of experiment (g), Ny, is the N amount in soil at the beginning
of the experiment (g), Ngppiied is the amount of N applied to the soil as SD (g), and Nypgke is the cumulative N
amount taken up by the plants (g). All N amounts are expressed as g pot™'. A negative N balance indicates
net N loss (g pot™") during the experiment.

The Cpgiance in soil was calculated as follows:

Cbalance (g P0t71) = Cend - (Cstart + Capplied)

where Cgpg is the C content of the soil at the end of the experiment (g), Cart is the C content of the soil at the
beginning of the experiment (g), and Cyppiied is the C amount applied to the soil (g) with SD. All Camounts are
expressed as g pot™'. A negative C balance indicates C loss (g pot™") during the experiment.

Statistical analyses

Two-way analysis of variance (ANOVA) was used to assess the effect of treatments on shoot and root
biomass, nutrient uptake, plant-available nutrient concentrations in soil, and N and C losses. Before analysis,
normality of all data was checked using the Shapiro-Wilk test. The significance of the results was estimated
by the post-hoc Tukey test at the probability level p < 0.05. The relationships between nutrient uptake with
soil agrochemical parameters was tested with Pearson correlation analysis. A paired t-test (a < 0.05) was used
to test Cy. differences over time for the same treatment. Statistical analysis was conducted using R program-
ming software (R Development Core Team 2019).

Results
Shoot dry matter yield

Shoot biomass was influenced by treatment only during the first growth period. Relative to the control, a
higher DMY was obtained using SD treated with H,SO, or BCyt (Figure 1). Shoot biomass was higher in
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Figure 1. Shoot dry matter yield (DMY) of perennial ryegrass for the two growth periods (mean + standard error, n = 8 for
the first growth period and n =4 for the second growth period). Significant differences between the DMY of the first and
second growth periods are marked with different lowercase letters. Significant differences in total DMY (sum of DMY of the
first and second growth periods) are marked with different capital letters. The differences were significant according to the
Tukey’s HSD post-hoc test. Control, treatment without any fertiliser; SDyr, untreated slurry digestate; SD + H,SO,, slurry
digestate amended with sulphuric acid; SD + BCyr, slurry digestate amended with untreated biochar; SD + BCyzpoa,
slurry digestate amended with biochar treated with phosphoric acid; SD + BCyzs04, Slurry digestate amended with
biochar treated with sulphuric acid.

SD + BCyr than SDyy; however, no significant differences were observed between the other BC treatments
and control and SDy.

Over the two growth periods combined, none of the experimental treatments significantly increased the
effect of SD on shoot biomass relative to SDyt (Figure 1). However, it was observed that shoot biomass was
slightly higher in the SD + H,SO,4 and SD + BCyt treatments compared with SDyr.

Root biomass was not influenced by any treatment during either of the growth periods (p > 0.05) (Figure S1).

Nutrient concentrations in the shoot and root biomass

Of all the tested nutrients in the shoot biomass (Table 1), the treatments significantly influenced only the P
concentration. After the first growth period, the P concentration was significantly higher in SDyt and SD +
BChzpoa treatments than in the SD + H,SO, or SD + BCyr treatments. After the second growth period, the P
concentration was highest in the shoots of the control treatment. There was no significant difference in
shoot P concentration among the SD treatments.

In the root biomass, the treatments significantly affected the concentrations of N, P, and Ca (Table 2). After
the first growth period (roots had been growing for 40 days), the N concentration was significantly higher in
all SD treatments compared with the control. After the second growth period (roots had been growing for 75

Table 1. Nutrient concentrations in the shoot biomass after the first and second growth periods.

Treatment N (%) P (%) K (%) Mg (%) Ca (%)
First growth period
Control 2.18+0.19 a 0.40 £0.02 ab 3.33+0.06 a 036+0.01 a 0.66 +0.01 a
SDur 3.09+0.21a 0.44+0.01a 3.84+0.10 a 0.38+0.02 a 0.58+0.02 a
SD + H,S0,4 291+0.26 a 0.33+0.03 b 3.78+0.16 a 0.38+0.02 a 0.59+0.03 a
SD + BCyr 293+0.20 a 0.31+0.01 b 378+0.12a 041+0.02a 0.78+0.15 a
SD + BChzpos 3.00+0.04 a 0.45+0.02 a 4.14+£0.09 a 0.42+0.02 a 0.72+0.04 a
SD + BChizso4 3.14+£0.27 a 0.39+0.03 ab 3.96+0.25a 0.40+0.03 a 0.87+£0.02 a
Second growth period

Control 1.03+£0.09 a 0.32+0.01a 1.94+022 a 042+0.01a 0.74+0.02 a
SDyr 0.89+0.05a 0.24+0.01 b 1.88+0.12a 0.42+0.02 a 0.64+0.01 a
SD + H,S04 0.86+0.05 a 0.23+0.02 b 1.75+0.15a 0.37+0.02 a 0.60 +0.06 a
SD + BCyr 0.89+0.08 a 0.22+0.02 b 176 £0.13 a 0.39+0.01a 0.77 £0.09 a
SD + BCiy3pog 0.88+0.04 a 0.27 £0.01 ab 200+0.11 a 043+0.01a 0.76 £0.15 a
SD + BChas0s 0.82+0.06 a 0.24+0.02 ab 200+0.18 a 0.41+0.02 a 0.73+0.06 a

Note: The values are presented as mean + standard error (n = 4). Results marked with different lowercase letters indicate a significant difference
among treatments according to the Tukey’s HSD post-hoc test (p < 0.05).
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Table 2. Nutrient concentrations in the root biomass after the first and second growth period.

Treatment N (%) P (%) K (%) Mg (%) Ca (%)
First growth period
Control 0.54+0.16 b 0.21+0.01 a 1.40+0.05 a 033+£0.02a 0.59+0.04 a
SDyr 1.21+£0.08 a 0.29+0.01 a 1.82+£0.07 a 0.36+0.04 a 0.57+0.08 a
SD + H,S0,4 1.18+0.09 a 0.24+0.02 a 1.82+0.07 a 035+0.02a 047 +£0.03 a
SD + BCyr 1.27+0.07 a 0.21+0.01 a 1.81+0.22 a 031+£0.04 a 0.51+£0.09 a
SD + BCh3zpos 1.13+0.08 a 0.28+0.02 a 1.65+0.11 a 037+0.08 a 0.50+0.08 a
SD + BChizs04 1.38+0.09 a 0.28+0.03 a 1.75+£0.15 a 044+0.03 a 0.46+0.03 a
Second growth period

Control 0.56£0.05 a 0.18+0.01 b 095+0.02 a 034+0.07 a 0.67 £ 0.09 ab
SDyr 0.53+0.04 a 0.20+£0.01b 1.02+0.02 a 039+0.03a 047+0.02b
SD + H,S04 0.56 +£0.04 a 0.16£0.01 b 0.94+0.03 a 0.34+0.02a 0.40+0.02 b
SD + BCyr 0.50+0.03 a 0.19+£0.02 b 1.01£0.05 a 0.37+£0.06 a 0.50+£0.04 b
SD + BCyi3p04 0.47 +£0.02 a 0.33+0.05 a 1.09+0.04 a 047 +0.03 a 1.07+0.27 a
SD + BChzs04 0.54+0.02 a 021+£0.01b 1.04+0.05 a 049+0.05a 045+0.04 b

Note: The values are presented as mean + standard error (n = 4). Results marked with different lowercase letters indicate a significant difference
among treatments according to the Tukey’'s HSD post-hoc test (p < 0.05).

days), the P and Ca concentrations were higher in the roots of the SD + BCy3p04 treatment compared with all
other treatments, except Ca in the control.

Nutrient uptake

In the first growth period, significant differences in nutrient uptake among treatments were primarily
observed for N and K (Figure 2). The N uptake exhibited a significant increase in all SD treatments compared
with the control, except in the SD + BCy3po4 treatment. However, the SD amendment did not have a statisti-
cally significant impact on N uptake. The K uptake was greater than that of the control in the SD + H,50,, SD
+ BCyT, and SD + BCy3po4 treatments. Differences in K uptake among the SD treatments were not significant.

In the second growth period (Figure 3), compared with the control, N uptake was significantly greater in
the SD + H,SO,4 or SD + BCyy treatments and K uptake was higher across all treatments in which the SD
amendment was used. Only Ca uptake differed significantly among the amended SD treatments, with the
highest values found in SD + BCyt or SD + BCyy3pos treatments.

There were significant correlations between assimilation of N, P, K, Ca, and Mg by plants (Table 3). This
correlation was stronger during the second growth period, in which significant relationships were observed
among all the measured nutrients. During the first growth period, significant correlations were observed
among N, K, and Ca uptakes and among K, Ca and Mg uptakes.

Soil chemical characteristics

The experimental treatments had a significant impact on soil pH and the concentrations of N, P, K, and Ca during
both growth periods (Tables 4 and 5). The effects were most pronounced in the 0-10 cm soil layer. In the SD +
BCy treatment, soil pH was significantly higher compared with the control. At the end of the first growth period,
soil pH in the SD + BCyr treatment was also significantly higher compared with SD + H,SO,. In the SD treatments
with acidified BC, soil pH did not differ significantly from that in the SD + H,S0, treatment but remained more
stable throughout the experiment. The SD + BCyr treatment also had a higher soil N concentration than that of
the other treatments. After the first growth period, this difference was statistically significant compared with the
control, SDy, and SD + H,S0, treatments, and after the second growth period compared with all other treat-
ments except SD + H,SO,. Significant differences in the soil P concentration among the treatments were
observed only at the end of the first growth period, with the highest levels observed in the SD + H3PO, treat-
ment. However, by the end of the second growth period, soil P concentrations had equalised across treatments
and no significant differences were observed. The soil Ca and K concentrations varied only at the end of the
second growth period, with the highest levels observed in the SD + BCy5504 and SDyt treatments, respectively.
The highest soil C.; concentrations were observed in the treatments in which BC was added to SD, with BCyr
having the greatest effect. The effect of acidified BC on soil C content was slightly weaker and shorter-lasting
than that of BCyr, particularly in the case of BC acidified with HsPO,.
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Figure 2. Uptake of (a) nitrogen, (b) phosphorous, (c) potassium, (d) magnesium, and (e) calcium during the first growth
period (mean * standard error, n = 4). Significant differences in uptakes by shoots and roots are marked with different low-
ercase letters. Significant differences in total nutrient uptake (sum of uptake by shoots and roots) are marked with different
capital letters. The differences were significant according to the Tukey’s HSD post-hoc test. Control, treatment without any
amendment; SDyr, untreated slurry digestate; SD + H,SO,, slurry digestate amended with sulphuric acid; SD + BCyr, slurry
digestate amended with untreated biochar; SD + BCy3pog, slurry digestate amended with biochar treated with phosphoric
acid; SD + BCyys04, Slurry digestate amended with biochar treated with sulphuric acid.

Soil N balance

In most treatments, the net N balance in the soil was negative, indicating N loss during the experiment (Table
6). The greatest N loss was observed in the control treatment, where it was significantly larger than in most soils
receiving SD. There was no significant difference in soil N deficit between SDy and amended SD treatments
after the first growth period. However, the N deficit tended to be smaller for the treatments in which SD was
amended with BCyr or acidified BC. A significant difference did emerge after the second growth period. The

Table 3. Pearson correlation coefficients (r) of the linear relationship between nutrient uptakes (a = 0.05, n = 23). ns, not
significant.

Nutrient N P K Ca Mg
First growth period

N -

P ns -

K 0.68 ns -

Ca ns ns 0.51 -

Mg 0.58 ns 0.72 0.47 -
Second growth period

N -

P 0.83 -

K 0.87 0.91 -

Ca 0.57 0.49 0.58 -

Mg 0.89 0.87 0.92 0.73 -
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Figure 3. Uptake of (a) nitrogen, (b) phosphorous, (c) potassium, (d) magnesium, and (e) calcium during the second growth
period (mean * standard error, n = 4). Significant differences in uptakes by shoots and roots are marked with different low-
ercase letters. Significant differences in total nutrient uptake (sum of uptake by shoots and roots) are marked with different
capital letters. The differences were significant according to the Tukey’s HSD post-hoc test. Control, treatment without any
amendment; SDyr, untreated slurry digestate; SD + H,SO,, slurry digestate amended with sulphuric acid; SD + BCyr, slurry
digestate amended with untreated biochar; SD + BCy3poa, slurry digestate amended with biochar treated with phosphoric
acid; SD + BCyzs04, Slurry digestate amended with biochar treated with sulphuric acid.

Table 4. The pH and concentrations of Ny, Cior, P, K, Mg, and Ca in the soil after the first growth period.

Treatment pH Cror (%) Nt (Mg kg™)  P(mgkg™)  K(mgkg™)  Mg(mgkg™)  Ca(mgkg™)
0-10 cm
Control 7.21£0.09 b 135+£008b  990+10b 163+3 ab 52+4a 247+11a 1767 £ 16
SDyr 738+006ab  139%0.11b 1025+85 b 144 £5 be 68+2a 272+15a 1899+157 a
SD + H,S0, 7.30+0.05 b 140+002 b 1048+29 b 144 £4 be 61+4a 259+2a 1651+39 a
SD +BCyr 7514003 a 168+0.08 a 1300+41a 155+ 4 ab 65+4a 279+13a 1746 +68 a
SD+BCizpos  7.36+£003ab  148+005ab  1075+48 ab 166+1a 67+6a 276+ 8 a 1638+ 25 a
SD+BCuysos  745+003ab  163+008ab  1202+41ab 133£2¢ 73+7a 270+ 5a 1673 £ 56 a
10-30 cm
Control 7.01£002a 113+£002b 75050 b 157+3a 75+3a 244+28a 1751+ 111a
SDyr 7.16+£0.07 a 121£003 b 1025 + 25 ab 155+4a 65+5a 255+5a 1706 +52 a
SD + H,50, 7.06+0.02 a 130+010ab  925%25ab 146£9 a 64+2a 259+25a 1592+ 89 a
SD +BCyr 7194003 a 142+003 a 1100+ 58 a 160+3a 66+4a 262+10a 1947 + 203 a
SD+BCuzpos  7.05+0.02a 135+004ab  1050+50 ab 166+5 a 68+4a 254+13a 1795 +95 a
SD+BCipsos  7.15+£0.04a 136+006ab 975104 ab 167+5a 54+4a 25645 a 1758+ 156 a

Notes: The values are presented as mean + standard error (n = 4). Results marked with different lowercase letters are statistically different among
treatments.

amount of missing N increased significantly in the SDyr, SD 4+ BCi2s04, and SD + BCy3po4 treatments and was
no longer significantly different from the control. The SD + BCyr and SD + H,SO, treatments were distinguished
from all other treatments by having significantly lower N loss values. Nonetheless, the SD + H,SO, treatment
showed variable results. The N deficit in this treatment in the first growth period was the second largest after
the control, but it was the smallest of all experiment treatments by the end of the second period.
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Table 5. The pH and concentrations of Niot, Cior P, K, Mg, and Ca in the soil after the second growth period.

Treatment pH Ceot (%) Net (Mg kg™ P(mgkg™)  K(mgkg™) Mg (mgkg™ Ca (mg kg™
0-10cm
Control 737001 b 1.28+0.01 b 950+ 150 b 171+1a 57+1ab 284+ 12 a 1935+ 107 ab
SDyr 752+£003ab  1.34+002b 1000+ 10 b 155+5a 63+6a 284+ 10 a 1813 +44 ab
SD + H,50, 753+003ab  143+0.13ab  1125+75ab 149+1a 54+2 ab 281+6a 1786 +53 b
SD +BCyr 7.56+0.03 a 1.58 +0.06 a 1325+25a 159+7 a 57+6 ab 281+8a 1853 +37 ab
SD +BCuzpos  745+004ab  133£005b 102525 b 158+2a 4+1b 301+28a 1707 +43 b
SD +BCisos  743+002ab  148+0.10ab  1075+48b 159+11a 61+2ab 295+7a 2163+ 161 a
10-30 cm
Control 7.05+0.00 b 1.11+0.02 b 825+ 155 b 150+13 a 61+3a 221+20a 1503+ 192 a
SDyr 718+005ab  1.20£0.04 b 900+41b 155+4a 65+7a 249+ 12 a 1725+29 a
SD +H,50, 718+004ab  125+006ab  888+38b 162+4a 64+4a 249+ 14 a 1681+ 88 a
SD +BCyr 7.29+0.02 a 138+0.02 a 1100 +41 a 153+4a 63+2a 261+10 a 1714+ 46 a
SD +BCuspos  7.16+0.04ab  1.28+005ab 100041 ab 161.94+4a  59+3a 257+ 15 a 1819+ 109 a
SD+BCiso4  7.16+£0.06ab  131£003ab  1012+31ab 166.92+3a 57+3a 254+5a 1667 + 68 a

Notes: The values are presented as mean + standard error (n = 4). Results marked with different lowercase letters are statistically different among

treatments.

Table 6. Nitrogen input and output values and net N balance in the soil.

Nior Of s0il (g

Niot applied with SD (g

N uptake (g pot™")

Niot amount in soil after biomass

N balance in soil

Treatment pot™") pot™") (shoots + roots) harvesting (g pot™") (g pot™)
First growth period
Control 4.00 +£0.01 0.00 £ 0.00 0.13+£0.025 b 3.03+£0.12 ¢ —0.84+0.09 ¢
SDur 4.00 £0.01 0.036 +0.005 b 0.21£0.01 a 3.62+0.078 ab —0.21 £ 0.06 ab
SD + H,S0,4 4.00 +£0.01 0.072+£0.003 a 0.21+0.017 a 3.52+0.051b —035+£0.04 b
SD + BCyr 4.00 £0.01 0.079+£0.003 a 0.23+£0.013 a 3.87£0.038 a 0.02+0.03 a
SD + BChspoa 4.00 = 0.01 0.082 +0.006 a 0.20+0.011 ab 3.81+0.1ab —0.07+£0.10 ab
SD + BChzs04 4.00 £0.01 0.082+0.002 a 0.23£0.016 a 391+£0.19a 0.06£0.02 a
First + second growth period
Control 4.00 £0.01 0.00 £ 0.00 0.15 £0.05 3.34+£0.060 c —0.51+0.055 a
SDyr 4.00 = 0.01 0.036 +0.005 b 0.21+0.016 3.37+£0.078 ¢ —046+0.073 a
SD + H,S0,4 4.00 £0.01 0.072+0.003 a 0.25 £0.022 3.78£0.084 a —0.11+0.052 ¢
SD + BCyr 4.00 +£0.01 0.079+0.003 a 0.26 £ 0.033 3.70+£0.025 ab —0.13+£0.050 c
SD + BChzpos 4.00 £0.01 0.082 +0.006 a 0.23 £0.008 3.43 +0.075 bc —0.42+0.072 a
SD + BChas0s 4.00 = 0.01 0.082 +£0.002 a 0.22+0.018 3.64 +0.049 abc —0.21 £0.038 ab

Notes: The values are presented as mean + standard error (n = 4). Results marked with different lowercase letters are statistically different among
treatments. N/A, not applicable.

Soil C balance

After the first growth period, the C balance was slightly positive in most of the soils (p > 0.05, Table 7).
However, the C balance was negative in the control and the SD + H,SO, treatment, suggesting C losses in
those treatments.

Table 7. Carbon input and net C balance in the soil.

Ciot Of soil  Cior amount applied with  Cio; amount in soil after SD  Cio; amount in soil after biomass ~ Ci balance in

Treatment (g pot™" SD (g pot™" incorporation (g pot™" harvesting (g pot™" soil (g pot™"
First growth period
Control 49.14 0.00£0.00 d 49.14 4198+2.79 b —7.16+2.79 Aa
SDur 49.14 0.57+0.01 ¢ 49.72 50.62 + 1.84 ab +091+184 a
SD + H,S0,4 49.14 0.64£0.04 ¢ 49.82 47.43 £0.56 ab —2.39+0.56 Aa
SD + BCyr 49.14 141+0.03 b 50.55 5578 +257a +523+251a
SD + BChzpoa 49.14 1.57 +0.05 a 50.66 51.86 + 1.50 ab +121+1.50a
SD + BChzs04 49.14 1.53+0.02 ab 50.68 51.90 +3.90 ab +1.22+3.90 a
First + second growth period

Control 49.14 0.00+£0.00 d 49.14 4489+0.61 b —4.25+0.61 Ab
SDur 49.14 0.57£0.01 ¢ 49.72 45.89+0.99 b —3.83+£0.99 Ab
SD + H,S0,4 49.14 0.64+0.04 ¢ 49.82 48.71+£1.19 ab —-1.11+£1.19 ab
SD + BCyr 49.14 141+0.03 b 50.55 53.18+1.61a +263+161a
SD + BChzpos 49.14 1.57+£0.05a 50.66 46.23+1.65b —443+£165b
SD + BChzsoa 49.14 1.53+0.02 ab 50.68 50.20 +0.59 ab —0.48+0.59 ab

Notes: The values are presented as mean + standard error (n = 4). Results marked with different lowercase letters are statistically different among
treatments (two-way ANOVA, p < 0.05). The amount of C in the soil at the end of the growth period was also compared with the amount of C in
the soil after SD incorporation within each treatment. Capital letters indicate a significant difference in soil C content within that single treatment
(paired t-test, p < 0.05).
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After the second growth period, the C balance in soil was negative in most treatments, with significant
differences in the extent of the C deficit between treatments. The only exception to this was the SD +
BCyr treatment, for which the C balance continued to be positive, but the Camount in the soil had decreased
compared with the previous measurement. The greatest C deficit was observed in the control and in the
SDyt and SD + BCyzpo4 treatments. The C loss was significantly correlated with N loss during both growth
periods. In the first growth period, the correlation coefficient was 0.90 (p < 0.05), whereas it was 0.87 (p <
0.05) in the second growth period.

Discussion
Impact of SD amendments on nutrient uptake and soil N status

Use of SD with amendments almost doubled the N input to the soil but its effect on N uptake and DMY was
small (Table 6, Figures 1-3). The SD + BCyt treatment was the only one in which DMY was significantly higher
than in SDyr, but this effect occurred only during the first growth period. The N uptake was not significantly
affected by SD amendment; however, during the second growth period, it tended to be not significantly
higher in SD + BCyr (13-23.8%) and SD + H,50, (8.7-19.0%) treatments compared with the others (Figure
3). These results support Foereid et al. (2021) and Frick et al. (2023), who found no significant difference
in N uptake when digestate was amended with BC. Moreover, Lentz et al. (2014) added BC produced
from hardwood via fast pyrolysis at 500°C to solid dairy cattle manure and did not observe improved
manure effects on corn yield and N uptake. Frick et al. (2023) added BC (2.2% w/w) produced from tree
and shrub cuttings at 500-600°C to SD. They hypothesised that insufficient BC absorption capacity, or an
excessively high dry matter content of the SD may have led to the observed lack of improvement.

The low effect of amended SD on DMY and N uptake in this experiment could be attributed to the fact
that the ryegrass sward was newly established at the beginning of the experiment, resulting in a lower N
requirement compared with a mature sward. In addition, the considerably higher N uptake compared
with the N input with SD suggests a high inorganic N content in the soil, likely because of soil preparation
activities such as drying, sieving, and mixing with sand. Soil aeration is known to enhance microbial activity
and stimulate net N mineralisation (Gao et al. 2019; Xu et al. 2019).

However, it was also found that at the end of the second growth period, the soil of the SD + BCyy
treatment had a significantly higher N concentration than that of all other treatments, except for SD
+ H,S0, (Table 5). The N balance calculations revealed that the N deficit in these two treatments was
significantly lower than in the others. In particular, it had a 3-4 times lower N deficit than that of the
SDyr treatment (Table 6), suggesting that SD amended with both BCyt and H,50, effectively minimised
N loss in the soil.

One prevailing hypothesis is that BC impacts on soil N are primarily driven by adsorption of NH, (Cao et al.
2023; Vieira Firmino et al. 2024). Sarkhot et al. (2013) found that BC, produced from a mixture of hardwood
shavings via slow pyrolysis at 300°C and mixed with filtered liquid dairy manure, significantly reduced net
nitrification, ammonification, and N,O and CO, fluxes from the soil, likely due to N adsorption.

In our experiment, N loss in the pots occurred predominantly via gaseous emissions, as water drainage
following irrigation was minimal. In this study, the only measured N parameter was Ny, Which limits our
ability to determine the precise mechanisms by which BC influenced N loss. However, we argue that adsorp-
tion was unlikely to be the dominant mechanism through which BC affected the soil N cycle. This finding is
supported by the hydrophobic nature of BCyr and its low content of the oxygen-containing functional
groups necessary for effective NHZ adsorption (Covali et al. 2021). Instead, the results suggest that BC
influenced microbial processes in the soil. This interpretation is supported by the fact that the SD amend-
ment altered not only N but also C losses. The BC used in this study was produced at 300°C, yielding partially
carbonised compounds containing readily bioavailable C for microbial metabolism (Chen et al. 2015; Wang
et al. 2015). Furthermore, milling of BC pellets is likely to have increased the availability of labile C, as the less
carbonised interior of the pellets was exposed and the finer particles facilitated microbial interaction. Labile
C serves as a substrate and energy source for soil microbes, thereby stimulating microbial biomass pro-
duction and promoting both N immobilisation and the enhancement of mineralisation and nitrification pro-
cesses (Cayuela et al. 2014; Nelissen et al. 2015; Liu et al. 2019; Li et al. 2020)
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The acidification of BC is one way to increase its cation-exchange capacity and thereby improve the reten-
tion of both NHZ and NH3 (Asada et al. 2006; Hestrin et al. 2019). In addition, acidification significantly lowers
the pH of BC, which helps reduce NH; losses by making the environment — in this experiment, the digestate
and soil — more acidic (Sommer et al. 2017; Andersson et al. 2023; Zireeni et al. 2025). Contrary to our hypoth-
eses, the N loss in treatments in which acidified BC was applied was greater than in the BCyy treatment (Table
6), with the difference becoming apparent only after the second growth period. At the end of the first growth
period, no significant differences were observed between the effects of BCyr and the acidified BC treatments.
This suggests that the acidified BC reduced N loss at the beginning of the experiment, but this effect dimin-
ished over time. A particularly pronounced N deficit in the soil was recorded at the end of the experiment in
the SD + BCy3po4 treatment, where it was nearly twice as high as in the SD + BC,504 treatment. Although
this difference was not statistically significant, it indicates that the type of acid used for BC acidification
may influence its effect in soil. The mechanisms underlying the differing impacts of untreated and
acidified BC warrant further investigation.

The use of SD with amendments also had a slight positive effect on the uptake of K, P, and Ca (Figures 2
and 3). Similar to N, this effect was more apparent in the second growth period. There was no significant
difference in uptake of these nutrients and their soil concentrations between BC-amended SD and H,SO,-
amended SD, indicating that the BC itself was not a significant source of these elements, contrary to our
hypothesis. Several studies have shown that BC enriches the soil with essential plant nutrients (P, K, Mg,
and Ca), the composition of which depends on the BC raw material and the production temperature
(Gaskin et al. 2010; Enders et al. 2012; Kloss et al. 2012). In our previous experiment, we observed that
pellets of the same hay BC significantly increased K concentration in soil (Raave et al. 2020). In that exper-
iment, the amount of BC applied to the soil was almost six times greater than the amount of BC applied
to the soil with SD in the current experiment, which may explain the lack of impact of BC on the nutrient
uptake and concentration in the soil. In the current experiment, the uptake of K, P, and Ca was positively
correlated with N uptake, indicating that SD amendments primarily affected N uptake, which in turn
influenced the uptake of other nutrients.

Plant P uptake in the SD + BC3po4 treatment was higher (non-significant) than in the other SD treatments
(Figure 3). This suggests that residual P remaining on the surface of BC3po4 during acidification (the quantity
of which was not quantified) played an important role in enhancing P uptake. This result was unexpected, as
the concentration of plant-available P remained high across all treatments throughout the experiment
(Tables 4 and 5) and was not a limiting factor for uptake. Moreover, the soil N/P ratio (N/P ratio of 5.5-
8.3) was within the optimal range for nutrient uptake (4.5-9, according to Sadras (2006)) at the end of
second growth period, indicating that plants in the other treatments should also have been capable of
taking up a comparable amount of P from the soil as in the SD + BCy3p04 treatment.

To the best of our knowledge, this is the first time the effect of BC acidified with H;PO,4 on P uptake has
been investigated, so there are no results with which to compare ours. Our findings indicate that BCyzpo4
addition to SD increases P uptake when the readily available P content in soil is high. Further research is
required to understand the mechanisms behind this increased P uptake.

Impact of SD amendments on soil C status

As shown for the N balance, the C balance in soil also was affected by SD fertilisation and the choice of
amendment (Table 7). Compared with the control soil at the beginning and at the end of experiment,
which experienced a significant decrease in soil C (Table 7), the C changes in soils among SD treatments
were observed later in the experiment. The C loss was lower in soils receiving amended SD; however, the
impact of the tested amendments on C loss varied widely. Notably, the SD + BCyt treatment showed a
clearly greater amount of C in the soil at the end of the experiment than at the beginning compared
with the other treatments. This could be due to our inability to remove all the fibrous roots from the soil
in all treatments, and it is likely that masked any C decrease within this specific treatment; however, the
changes were smaller than in the other treatments. We hypothesised that the addition of large amounts
of labile C to the soil with BCyt would have resulted in an increase in microbial biomass and a decrease
in the decomposition of soil organic matter and the applied SD. This hypothesis is supported by the
finding that C loss in soil amended with SD + BCyt was lower (non-significant) than that observed in SD +
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H,SO4, where N input was similar, but no additional C was added to SD. This is in agreement with Lentz and
Ippolito (2012), who showed that the loss of organic C from the soil was lower when manure was applied
together with BC, leading them to hypothesise that BC may inhibit the mineralisation of manure C.

The soil C losses from the SD + BCzpo4 treatment were significantly higher than those observed in the SD
+ BCyr treatment by the end of experiment (Table 7). At the same time, the C input to the soil in this treat-
ment was also higher, suggesting that during the storage period, C loss was significantly lower in the
acidified BC treatment (Table 7). This indicates that the BCyt was probably more resistant to microbial degra-
dation compared to acidified BC, which may explain the lower soil C and N losses from this treatment. This
hypothesis is supported by the finding that a significant difference in N and C loss between these treatments
occurred only after the second growth season. However, Hestrin et al. (2020) reported increased C loss
during composting when H,0,-treated BC was added to manure, hypothesising that this may result from
microbial mineralisation of C in oxidised BC or from changes to the composting environment that
enhance microbial activity. In the present study, significant C loss was observed only in the treatment
with H3PO,-acidified BC, whereas C loss associated with H,50,-acidified BC was approximately nine times
lower. This suggests that P compounds remaining on the BC surface following H3PO, acidification may
have facilitated BC degradation. The increased P uptake observed in this treatment further indicates that
these elements were attractive to plant roots. Plant roots support microbial communities by releasing
easily available C through root exudates, thereby stimulating microbial activity and potentially accelerating
the decomposition of organic matter (Kuzyakov 2010; Adamczyk et al. 2019).

Conclusions

All SD amendments doubled the N input to the soil compared with SDy7; however, their effects on biomass
yield and N uptake were minimal, which is probably due to the high inorganic N content in the soil. Among
the amendments tested, only BCyr significantly enhanced the effect of SD on plant growth and also reduced
N and C losses from soil. Therefore, BCyr is the only amendment suitable to replace H,SO,, which is currently
used to reduce N losses during slurry storage. Its effect on SD fertilisation properties is comparable to that of
H,SO,, with the added benefit of increasing C input to the soil and reducing C losses from the soil. However,
further tests under farm conditions are still needed to confirm this conclusion.

Contrary to our hypothesis, BC acidification did not enhance its effect on the fertilisation properties of SD.
Instead, the results indicated the opposite, with slightly lower DMY and N uptake, as well as higher N and C
losses in these treatments.

However, BC acidification may facilitate the uptake of specific nutrients, as evidenced by the significantly
higher P uptake in the SD + BCh3po4 treatment. Further long-term research is needed to clarify the mechan-
isms behind this effect and to assess whether BC acidification can enhance the uptake of other nutrients as
well.
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