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A b s t r a c t  
 

Soil amendment with biochar has been proposed as a tool to mitigate soil N2O emissions 
by altering soil physical, chemical and biological properties. Little work has been focused on the 
effect of biochar on the soil enzymatic activity as the most sensitive indicator to diagnose the chang-
es in soil quality. The 90-day laboratory experiment to study the effect of biochar on the dynamics of 
some soil enzymes and cumulative N2O emissions from the loamy sand Spodosol was conducted 
with the aim to justify the sensitiveness of the enzymes to soil amendments with biochar. The exper-
imental setup was a randomized block design with 9 replicates and included the soil control (K), the 
soil with biochar (BC), the soil with mineral fertilizer (N16P16K16, N90) and the soil with fertilizer 
and biochar mixture (N90 + BC). The hydrolases (urease) and oxidoreductases (catalase, peroxidase 
and polyphenol oxidase) were selected due to their high sensitivity to the changes in the soil quality 
and the significance in the nitrogen cycle. The results of the experiment have shown that the soil 
amendment with 10 t/ha of biochar significantly (p < 0.05) reduced (1.4-fold) cumulative N2O emis-
sions from the soil compared to the K and N90 treatments. The presence of biochar in the soil had 
no significant effect on the urease activity, while activity of the catalase, peroxidase and polyphenol 
oxidase was significantly (p < 0.05) higher (1.2 times in average) due to the changes in the physical 
properties of the soil (aeration in particular). There was high positive correlation between N2O flux 
and catalase activity (r = 0.85 and 0.87 for BC and N90 + BC, respectively). Based on the calcula-
tion of the humification coefficient (polyphenol oxidase activity to peroxidase activity) revealed that soil 
mineralization increased by 10-13 % after soil amendment with BC, compared to the treatments with-
out BC. The soil amendment with biochar significantly changed the red-ox soil conditions. That was 
reflected in the changes of enzymatic activity, N2O emission and mineralization of humic substances. 
All the studied enzymes, except urease, were sensitive bio-indicators of soil conditions and could be 
used in the environment assessment methodology for land-use systems with biochar amendments. 
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Effects of various agricultural practices on the soil (tillage, application of 
fertilizers and ameliorants) and agricultural crops cause changes in microbiologi-
cal and, consequently, enzymatic soil activity [1]. The intensity and trends of 
these biological processes as well as the integrated effect of soil and climatic fac-
tors influence the nitrous oxide (N2O) emission which causes major climate 
changes [2].  

It has been established that the application of biochar to soil alters phys-
ical and chemical conditions which affect the activities of microorganisms con-
trolling C and N flows in the biosphere [3-8]. Obtained reliable data on the ef-
fectiveness of reduction in N2O emission from sod-podzolic loamy sand soil us-
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ing biochar raises the possibility of its application in light-textured soils, howev-
er, the justification of the practice requires clear understanding of occurring pro-
cess mechanisms, particularly of the natural enzymatic complex properties. Spe-
cial focus, in our opinion, should be on the catalyzing effect of hydrolases and 
oxidoreductases [9, 10]. Among the enzyme classes mentioned, there are ureases 
(EC 3.5.1.5), catalases (EC 1.11.1.6), peroxidases (EC 1.11.1.7) and polyphenol 
oxidases (EC 1.10.3.1). These enzymes have high sensitivity to various exposures 
and perform important functions in the organic matter transformation which the 
N cycle depends on [11-13]. The urease activity is associated with urea ammoni-
fication and nitrogen conversion into the plant-available form. Catalase belongs 
to oxidation-reduction enzymes. Polyphenol oxidase and peroxidase participate 
in multistage degradation and synthesis of aromatic organic compounds having 
an impact on humification [14]. Biological diagnosis of soils based on their en-
zymatic activity will enable to identify the nature and level of the man-caused 
impact on the soil cover and reveal mechanisms of interaction between the 
product applied and the soil. 

We are the first to perform the coupled analysis of the biochar impact on 
N2O formation in soil and activity of enzymes participating in the transformation 
of carbon- and nitrogen-containing substances, and show an essential role of oxi-
dation-reduction enzymes in revealing the mechanisms of biochar action on soil. 

The purpose of the model experiments conducted was to assess the bio-
char effect on N2O emission and enzymatic activity of the sod-podzolic loamy 
sand soil.  

Technique. Samples of the sod-podzolic loamy sand soil were taken from 
a plough layer (0-28 cm) before the field season of 2016 (biopolygon of Men-
kovskii Branch of the Agrophysical Institute, Gatchina Region, Leningrad Prov-
ince), dried at 22 C and sieved (through 2 mm openings). The biochar was pro-
duced by the fast anaerobic pyrolysis of soft wood of broad-leaved trees (alder, 
birch, aspen) at 550 C. The biochar fraction with particles of <1 cm in size was 
applied to the soil. 

The sieved soil (300 g) moistened up to 23 % of the minimum moisture 
capacity (MMC) were placed into each of 500 ml vegetation vessels with seal 
caps having rubber stoppers in their centers for air sampling using a syringe. The 
vessels were preincubated for the first 7 days to reach the balanced state of the 
microbial community and moisture content. Then, the soil was applied with bio-
char (B) at the dose of 0.42 g/vessel that was equivalent to 10 tons of biochar 
per 1 ha, ammonium nitrate phosphate fertilizer N16P16K16 (N90) at the dose of 
0.23 g/vessel (90 kg N/ha) or a mixture of biochar and ammonium nitrate phos-
phate fertilizer (N90 + B). The substrates obtained were mixed uniformly. Soil 
without biochar and fertilizer was used as control (K) that was preincubated and 
mixed as well. The samples were compacted to 1.2 g/cm3 that corresponded to 
steady-state bulk density of the soil under study in the field conditions. The ex-
periment included 9 replicates with randomized distribution of the samples. The 
vessels were placed into biological cabinets for incubation at the constant tem-
perature of 28 С. Throughout the experiment, the soil vessels were held open, 
they were closed for 30 min only for air sampling to analyze for N2O. The soil 
moisture was maintained on the basis of the vessel weight at the initially set 
moisture level, the soil was moistened after the air sampling. 

Upon biochar and mineral fertilizer application, air sampling was car-
ried out every other day over the first 2 weeks, then 2-3 times a week, and 
once a week in 60 days. In total, the experiment lasted for 90 days. 

N2O concentration in the air samples was measured using Fractovap 
4130 gas chromatograph (Carlo Erba Strumentazione SpA, Italy) equipped with 
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an electron capture detector. 
The enzymatic activity dynamics (sampling every 10 days) was studied 

using standard procedures [13, 14]: the activity of catalase was identified by 
permanganatometry according to Johnson and Temple, the urease activity was 
determined photocolorimetrically using the Nessler's reagent, based on the 
amount of colored ammonia complexes formed during urea hydrolysis; and the 
activity of peroxidase and polyphenol oxidase was identified photocolorimetri-
cally according to Galstyan technique (1968). 

Microsoft Excel and Statistics 8.0 (Stat Soft Inc., USA) software were 
used to process data. The statistical analysis included calculations of mean (M) 
and standard deviations (±SD), and linear correlation coefficients (r) at p  0.05. 
The significance of differences in the mean values was assessed by the one-way 
analysis of variance (ANOVA) and a posteriori analysis based on the Tukey's 
honestly significant difference test at p  0.05 [15]. 

 Results. The main agrochemical characteristics of the soil at the time of 
sampling were as follows: Corganic — 2.4 %; Ntotal — 0.17 %; N-NO3 — 11.2 mg/kg; 
N-NH4 — 4.5 mg/kg; movable P2O5 — 299 mg/kg; movable K2O — 97 mg/kg; 
pHKCl 5.3; the biochar characteristics were: Ctotal — 87.4 %; Ntotal — 0.038 %, 
H — 28 mg/g, pH 7.6.  

The cumulative emissions of N2O calculated for 80 days have shown the 
significant (p < 0.05) differences among all the experiment treatments (Fig. 1). 
The application of N16P16K16 (N90) to the soil under study has increased the 
cumulative emission of N2O twice as compared to the soil control, while the 
biochar application has decreased the cumulative emission 1.4 times both as 
compared to the soil control and as regard to the soil with the mineral fertilizer.  

The obtained data con-
cerning the biochar ability to 
reduce N2O emission is con-
sistent with other researchers’ 
findings which showed that 
converting the biomass carbon 
pools during its pyrolysis into 
the aromatic form almost inac-
cessible for soil microorganisms 
reduced N2O formation rate 
substantially. This is associated 
with changes in physical and 
chemical living conditions of 
the soil microorganisms respon-
sible for generation of green-
house gases. Some works show 
[4-7] that N2O emission re-
duced considerably after the soil 

amendment with biochar, even when there were 78 % of water-saturated pores, i.e. 
under anaerobic conditions. The improvement of the air and water regime in soil 
and a decreased denitrification resulted in the reduction of cumulative N2O emis-
sion from soils. 

It has been also established earlier that biochar contributed to the in-
crease in activity, group and functional diversity of the microbial community in 
soil [8, 16], stimulated the development of soil molds and aerobic cellulose-
fermenting bacteria which consumed nitrogen intensively and inhibited the 
growth of nitrogen-fixing bacteria [17, 18]. 

The soil amendment with organic, mineral fertilizers and ameliorants 

Fig. 1. Cumulative nitrous oxide emission from the sod-
podzolic soil samples: soil control (1), when applying biochar 
(2), fertilizer (ammonium nitrate phosphate fertilizer) (3) 
and the mixture of biochar and fertilizer (4). The mean (M) 
and standard deviations (±SD) provided (laboratory exper-
iment). 
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may change the activity of urease that defines important stages of transformations 
of nitrogen-containing substances in soil. The experiment results have indicated 
that, according to the enzyme enrichment assessment of soils [19], the soils stud-
ied were described as poor in urease activity (3 to 10 mg of N-NH4/10 g of soil 
per day). The enzyme accumulation dynamics has shown the increase in activity 
during 30 incubation days with further decrease by the end of the experiment. 
The application of ammonium nitrate phosphate fertilizer has increased the ure-
ase activity significantly (p < 0.05) (1.6 times on average) as compared to the 
soil control, while the application of biochar caused no significant decrease in 
the urease activity as compared to both the soil control and N90 (Fig. 2). Cor-
relation coefficients (r) between N2O emission and urease activity were low 
(at p < 0.05): 0.51 (K), 0.38 (B), 0.62 (N90), and 0.67 (N90 + B). In studies of 
H. Jin [20], it has been found that the soil amendment with biochar may cause 
decrease in the urease activity that is associated with pH change (the majority of 
biochars have neutral pH) and high adsorption capacity of biochar. 

 

 

Fig. 2. Enzymatic activity of the 
sod-podzolic soil in the soil control 
(a), when applying biochar (b), fer-
tilizer (ammonium nitrate phos-
phate fertilizer) (c) and mixture of 
biochar and fertilizer (d): U — 
urease, mg of N-NH4/10 g of soil 
per day; C — catalase, mg of 
KMnO4/g of soil per 20 min; P — 
peroxidase, mg of purpurogal-
lin/100 g of soil: PPO — polyphe-
nol oxidase, mg of purpurogal-
lin/100 g of soil. The mean (M) 
and standard deviations (±SD) 
provided (laboratory experiment). 

 

The catalase activity in our experiment decreased from the beginning to 
the end of observation in all treatments studied. The similar trend was also noted 
in other studies, for example M.A. Razmakhina [21] and E.V. Dadenko [22] 
reported that the catalase activity in laboratory conditions showed a general de-
crease trend by the end of the experiment and depended on the air conditions, 
moisture and bulk density of soils.  

As for the enzyme enrichment [19], the soils studied in the experiment 
were described as extremely poor by their catalase activity (< 1 mg of KMnO4/1 g 
per 20 min). The soil control contained the minimum amount of the enzyme 
that varied from 0.89 to 0.23 mg of KMnO4/g for 20 min. The application of 
N90 has increased the catalase activity significantly (p < 0.001) 1.4 times on av-
erage, and the application of biochar (p < 0.05) has also increased the enzyme 
activity 1.3 and 1.2 times as compared to the soil control and soil with ammoni-
um nitrate phosphate fertilizer, respectively (refer to Fig. 2). The correlation co-
efficients between N2O emission and catalase activity were high (p < 0.05): 0.89 
(K), 0.85 (B), 0.84 (N90), and 0.87 (N90 + B).  

The study results have shown that the peroxidase activity was on average 
50 times higher than that of polyphenol oxidase, and the biochar application has 
increased the enzyme activities substantially (p < 0.05) as compared to those in 
the treatments without biochar. It is more likely to be associated with special 
aeration conditions provided owing to the porous structure of biochar (in con-
trast to the samples containing no biochar) [22-24]. However, the correlation 
coefficients between N2O emission and peroxidase activity as well as polyphenol 
oxidase activity were low (at p < 0.05): 0.42 and 0.45 (K), 0.47 and 0.59 (B), 
0.39 and 0.46 (N90), 0.47 and 0.41 (N90 + B), respectively.  



 

468 

The polyphenol oxidase activity to peroxidase activity ratio is generally 
thought to be a conditional coefficient of organic matter humification (Chum), 
which can, to a certain extent, describe the formation trend of specific humic 
substance in soil (mineralization or immobilization) [22, 25]. The value of Chum 
calculated by the ratio of the enzyme activity has appeared to be < 1 in all the 
experiment treatments, indicating that mineralization of humic substances domi-
nated over their synthesis. The biochar application contributed to insignificant 
increase in the mineralization, 1.1 times on average, as compared to the soil 
control and soil with mineral fertilizers. 

Thus, when applying biochar (10 t/ha) to the sod-podzolic loamy sand 
soil, N2O emission was significantly (p < 0.05) lower (1.4 times on average) than 
in the control soil and soil with the mineral fertilizer. In this case, the urease 
activity decreased 1.2 times on average (with no considerable differences from 
the treatments without biochar). The activity of oxidoreductases under study in-
creased significantly (p < 0.05), i.e. 1.3 times for catalase, 1.2 times for peroxi-
dase and polyphenol oxidase, that was associated with changes in the physical 
properties of the soil caused by biochar amendment (first of all, aeration) and 
reflected changes in the oxidation-reduction conditions. The high positive corre-
lation has been established between N2O emission and catalase activity (r = 0.85 
and r = 0.87 for biochar and the mixture of biochar and ammonium nitrate 
phosphate fertilizer, respectively). The ratio of polyphenol oxidase activity to 
that of peroxidase provided evidence of enhancing mineralization of humic sub-
stances in the presence of biochar. All the studied enzymes, except urease, have 
appeared to be sensitive bioindicators of soil conditions and can be used for en-
vironmental assessment of land-use systems. 
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