
Biochar application has been shown to benefit soil fertility and to reduce greenhouse 
gas emissions, thus promoting sustainable and climate-smart agriculture. An impor-
tant aspect of that sustainability is related to nitrogen availability, which contributes 
to crop yields but may also cause negative environmental consequences, such as soil 
nitrous oxide emissions, or leaching of nitrate, and subsequent eutrophication of water 
systems in the catchment area. In this study, we present results outlining the retention 
and release of nitrogen by biochar and its effects on nitrogen availability to plants.
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Biochar (BC) is currently the most prom­
ising agricultural practice for carbon (C) 
sequestration (Bai et al. 2019). In addi­
tion to being composed mainly of recal­
citrant C, which can persist in soils for 
decades (Heikkinen et al. 2021), its ap­
plication has been shown to benefit soil 
fertility (Dai et al. 2020) by increasing 
water and nutrient retention and limiting 
soil nitrogen (N) losses by reducing ni­
trous oxide emissions and nitrate (NO3¯) 
leaching (Borchard et al. 2019). How­
ever, many studies have provided simple 

phenomenological assessment of the  
effects of BC application, leading to 
limited mechanistic understanding of  
BC related N retention despite its great 
environmental significance.

Our aim was to test whether two 
commercial BCs would exhibit NO3¯ 
retention and whether their use would 
influence N availability to plants. We hy­
pothesized that the retention of NO3¯ is  
determined by the physical prop­
erties of BC, mainly hydrophobici­
ty and internal porosity. To test our 

hypotheses, we conducted two par­
allel experiments in summer 2021. 
Retention potential and release of min­
eral-N (NH4

+ + NO3¯) were studied us­
ing consecutive extractions for NO3¯ 
-saturated BCs, and a subsequent 
growth experiment was conducted to 
examine whether NO3¯-saturated BC 
would cause N deficiency in barley 
when used as the sole N-source.

Biochars. The study included two 
commercial BCs: A walnut shell BC 
(NshBC) and a spruce chip BC (SprBC) 

Release, retention, and availability – towards 
mechanistic understanding of nitrogen 
retention by biochar

Table 1: Physico-chemical characteristics of walnut shell BC (NshBC) and spruce chip BC (SprBC): mean (± standard de-
viation) dry weight (DW), bulk density (BD) specific surface area before (SSA 1) and after grinding (SSA 2), particle size 
distribution, water holding capacity (WHC), pH, electrical conductivity (EC), C and N content as well as nitrate (NO3¯-N) 
and ammonium (NH4+-N) contents.
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produced using flash pyrolysis (800–
900 °C) and continuous slow pyrolysis 
(600 °C), respectively. Both BCs had 
similar specific surface area (SSA), bulk 
density (BD), as well as C and N con­
tents, while major differences were in 
dry weight (DW), particle size distribu­
tion, water holding capacity (WHC), pH, 
and electrical conductivity (Table 1).

Nitrogen retention. The experiment 
was conducted using NO3¯-saturated 
BC. At first, 5 g (dw) of both BCs (n=4) 
were incubated (+4 °C, 93 days) with 10 
ml KNO3-solution containing 20 μg N 
g–1 BC. The incubation was done to en­
sure that the hydrophobic BC absorbed 
the KNO3-solution. The BCs were then 
subjected to three consecutive extrac­
tions using 50 ml 2 M KCl-solution, and 
the extracts were analysed for NH4

+-N 
and NO3¯-N using GalleryTM Plus Beer­
master Discrete Analyzer (Thermo Sci­
entific, USA).

Both BCs initially contained miner­
al-N equal to approximately 10 %  of 
the added NO3¯-N. It is therefore in­
teresting that the recovery rate of 
NO3¯-N from NshBC was less than 2 % , 
while the recovery rate from SprBC 
was approximately 80 %  (Fig. 1). In 
both cases, additional extractions 
would have likely increased the recov­
ery of NO3¯ as NshBC only started to 
release mineral-N and the release from 
SprBC had not yet plateaued. Further­
more, while the amount of NH4

+-N in 
the first extracts was below detection 
limit (Fig. 1), subsequent extractions re­
leased NH4

+ from both BCs. In case of 
NshBC, the amount of NH4

+-N released 
was substantial compared to the total 
amount of released NO3¯-N.

Plant growth. The experiment was 
conducted in a greenhouse using the two 
BCs, which were pre-incubated (+4 °C,  
14 days) with 5 ml KNO3-solution con­
taining either 20 or 35 μg N g–1 BC. 
The BCs were mixed with quartz sand 
in two rates (2 % and 10 % of the vol­
ume, n=4) and the mixture was admin­
istered to plastic pots (640 cm3). The 
fertilization treatments corresponded 
to 80 and 140 kg N ha–1 (80N and 140N) 
while the BC application rates were 

0 (no BC, only N added as KNO3), 20  
(2 % BC), and 100 (10 %  BC) Mg ha–1, 
respectively.

Randomly arranged pots were sown 
with five pre-germinated barley seeds  
3 cm apart and 1 cm deep. Watering was 
conducted using the watering plates. 
The plants were fertilized three times 
with Vita Solatrel (Yara, Finland) during 
the 36 days experiment. Plant height 
was measured from the base of the 
shoots (Fig. 2) and chlorophyll content 
determined using SPAD-502Plus (Kon­
ica Minolta, Japan) three times a week 
from three individual plants per pot. At 
the end of the experiment, all shoots 
were cut, and roots washed. Both roots 
and shoots were then dried at 40 °C 
and analysed for their C and N content  
using 828CN analyser, (LECO, Germa­
ny).

The fertilization rate did not have a 
significant effect (p > 0.05) on plant 
height, but combined BC application 
rate with BC type did (p < 0.05). Plant 
height was highest with 10 %  SprBC + 
80N, whereas 10 %  NshBC + 140N re­
sulted in the lowest height (Fig. 2). 
NshBC had the lowest root and shoot 
biomass, whereas the largest root bio­
mass was observed with the control 
treatment with 140N fertilization rate. 
However, the largest shoot biomass 
was observed with 10 %  SprBC 140N 
(Fig. 2). SprBC treatments had also 
significantly more chlorophyll than 
the other treatments until day 25, but 

at the end of the experiment most BC 
treatments showed higher N and chlo­
rophyll contents than the control (data 
not shown).

Future directions. NshBC exhibit­
ed significant NO3¯ retention poten­
tial compared to SprBC (Fig. 1). The 
differences in retention are likely due 
to the differences in hydrophobici­
ty and wetting properties. In gener­
al, hydrophobicity increases with in­
creasing production temperature, and 
this is reflected by the higher DW and 
lower WHC of NshBC compared to  
SprBC (Table 1). Regardless, the exper­
iment demonstrated that future studies  
involving BC should use repeated 
extractions to determine mineral-N as 
the standard method used for extract­
ing soil mineral-N clearly underesti­
mates N retention by BC (Kammann et 
al. 2015, Haider et al. 2016, Hagemann 
et al. 2017).

None of the treatments exhibited 
signs of chlorosis, which would have 
indicated N deficiency. Furthermore, 
fertilization rate did not affect growth 
indicating that N availability was not a 
growth-limiting factor during the ex­
periment. This is in line with previous 
studies, as BC has rarely been shown to 
increase yields, but in this case, N re­
tention did not inhibit growth either. All 
treatments exhibited yellowing of the 
shoot tips indicating water stress, likely 
due to inadequate watering during the 
hot summer in 2021. The BC treatments 

FIG 1: Ammonium (NH4
+-N) and nitrate (NO3

–-N) nitrogen extracted from wal-
nut shell biochar (NshBC) and spruce chip biochar (SprBC) by three consecu-
tive 2 M KCl extractions. Error bars represent standard deviation (n=4).
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FIG 2: Plant height during the growth experiment compared to control treatments (left) as well as root and shoot bio
mass (right) after the experiment. Treatments included two fertilization rates (80N and 140N) with two application 
rates (2 % and 10 %) of walnut shell BC (NshBC) and spruce chip BC (SprBC) as well as the controls (no BC, only 80N 
or 140N added). Error bars represent standard deviation (n=3).
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did not seem to alleviate water stress 
despite their high WHC (Table 1). This 
was likely due to quartz sand, which was 
chosen as an inert growth medium that 
contains no N. However, we found that 
because of its high packing density, it 
retains water efficiently, but has limited 
aeration. Mixing it with fine textured 
BC may have made the situation worse 
by causing even tighter packing, which 
could explain the stunted growth by 
NshBC (Fig. 2). Therefore, future stud­
ies should carefully consider the phys­
ical properties of the growth medium.  

Furthermore, despite their distinct par­
ticle distributions, both BCs had equal 
SSA (Table 1), which was also unaffected 
by grinding. This indicates that SSA was 
not determined by the external surfac­
es of the BC particles but their internal 
pores instead. Therefore, administering 
BC as large particles may be preferable 
(Schmidt et al. 2021), as fine textured 
BC can increase soil BD (Devereux et al. 
2012), or when applied to coarse tex­
tured soil, they may be susceptible to 
leaching (Tammeorg et al. 2014), which 
can limit its value as a soil amendment.
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