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Abstract

This study tested the hypothesis that soil protease and urease activity is inhibited by salicylic acid. This was 
tested in soils from spruce monocultures of different ages and treated by different forest management methods at 
the Rájec-Němčice Ecosystem Station. Surface organic H-horizons from three study plots were sampled: a ma-
ture spruce monoculture of 105 years and two young spruce monocultures of 33 years, one of which was thinned 
from above and the other thinned from below. Statistically significant differences between the measured values 
confirm that young stands are sensitive to the presence of 2-hydroxybenzoic acid as a phytotoxic substance. The 
results of this study do not conclusively show whether the effect of salicylic acid on protease activity inhibition 
increases when the protease activity itself is high. The impact of salicylic acid on soil urease activity was not 
clearly evident either. 
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1. Introduction

Coniferous litter is the main raw material in the 
production of humus in organic horizons of spruce 
forest ecosystems, and represents one of the main 
substrates for microbial degradation (Enowashu et 
al., 2009). Microorganisms are responsible for the 
conversion of dead organic matter into bioavailable 
nitrogen forms. 

Soil is continuously being enriched with organic 
compounds such as exudates from living plants, 
dead cells of microorganism and dead bodies of 
plants and animals (Błońska and Lasota, 2014). The 
rhizosphere is often described as an area of   soil sur-
rounding the plant roots, which is directly influenced 
by plant roots and associated biota. This area is filled 
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with microorganisms that feed on the compounds 
released from plant roots and can increase the nutri-
ent uptake by plant roots, while allowing nutrition 
from otherwise inaccessible sources of nutrients in 
the soil (Moe, 2013). Microorganisms, including soil 
mycorrhiza, secrete proteases into the soil to facili-
tate the decomposition of proteins and peptides into 
amino acids (Kandeler et al., 1999). There are a large 
number of proteins and peptides in the soil, with 
proteases providing a large portion of biologically 
available nitrogen (Geisseler and Horwath, 2008; 
Vranova et al., 2013). Another important enzyme in 
the nitrogen cycle is urease. Soil urease is involved 
in the mineralization of organic matter through the 
hydrolysis of urea and amine to ammonium ion NH4

+ 

(Ojeda-barrios et al., 2016). The enzyme activity is 
influenced by various physical and biochemical fac-
tors such as plant litter quantity or quality, as well 
as the quality of exudated substances, depending 
on the plant species. Moreover, enzyme activity 
may be affected by physical factors including soil 
temperature, soil moisture content and distribution 
and the soil pH (Tharayil et al., 2013; Aragón et 
al., 2014). 
One of the substances that affect the activity of 
plants and microorganisms is salicylic acid (2-hy-
droxybenzoic acid), which belongs to a diverse 
group of plant phenolic compounds. These sub-
stances play a crucial role in the regulation of phys-
iological processes in plants, such as plant growth 
and development (Dong et al., 2015), photosyn-
thesis and flowering. These substances also affect 
root growth and are essential for plant germination 
(Popova et al., 1997). Within the rhizosphere, sali-
cylic acid is produced by some genera of bacteria 
such as Azospirillum, Pseudomonas, Mycobacte-
rium and Yersinia (Mauch et al., 2001). Salicylic 
acid that is produced in the rhizosphere from root 
exudates or synthesized by microbes may play a 

role in allelopathy and inhibit the growth of neigh-
boring plants (Schettel and Balke, 1983).
This study evaluates the seasonal dynamics of soil 
protease and urease in the organic horizon beneath 
stands of spruce (Picea abies /L./ Karst, Pinaceae) 
and their response to addition of salicylic acid.

2. Materials and Methods

2.1. Study plots and soil sampling

The research was carried out at the Rájec-Němčice 
Ecosystem Station in the Drahanská vrchovina 
Highlands (the Czech Republic), located at 49o 29´ 
N and 16o 43´ E at an altitude of 600 – 660 m a.s.l. 
The geological subsoil is acid granodiorite and the 
soil type is Dystric Cambisol (IUSS Working Group 
WRB 2006). The mean annual air temperature is 6.5 
oC and annual precipitation is 717 mm. Three study 
plots with differently managed stands (treatments) 
were chosen: i) a mature spruce stand (MSS), 105 
years, monoculture; ii) a young spruce stand thinned 
from above (STFA), 33 years, monoculture; iii) a 
young spruce stand thinned from below (STFB), 33 
years, monoculture. In the two young stands, seed-
lings were originally planted with the spacing 2.5 
× 2 m on a clearing after the felling of a mature 
spruce stand. Thinning operations by two differ-
ent silvicultural practices were performed in 1986, 
2002 and 2010. 
Surface organic H horizons were sampled (IUSS 
Working Group WRB 2006) monthly throughout the 
year 2014. To achieve the highest representativeness 
and to avoid pseudo-replication, we sampled the soil 
at each of the three study plots, where six mixed soil 
samples were composed of three sub-samples collect-
ed each month by the same method. In the laboratory, 
the naturally moist samples were sieved through a 4 
mm sieve, mixed and stored at 5 °C until use.



1077Effect of salicylic acid on soil enzymatic activity

Journal of Soil Science and Plant Nutrition, 2016, 16 (4), 1075-1086

2.2. Soil and statistical analysis

Determination of the potential protease activity was 
carried out according to Ladd and Butler (1972) 
where hydrolysis of casein was followed by the pro-
duction of L-tyrosine. Determination of the potential 
urease activity was based on the method by Kandeler 
and Gerber (1988) aimed at the determination of the 
ammonium released from the soil samples after in-
cubation with urea. Ammonia nitrogen in soils was 
measured by the methodology published by Kucera 
et al. (2013). Salicylic acid was added to the sample 
before incubation in the amount of 2 mg per gram of 
dry soil. Incubation was short (2 hours) and proceeded 
in concert with incubation to determine the activity of 
soil proteases or ureases.
Statistical analysis performed by ANOVA was based 
on the null hypothesis (H0), verified through p-value 
(indicated as „Pr (>F)“); in multiple comparisons, it 
was based on the post-hoc analysis by the Tukey HSD 
test where the null hypothesis is verified through p-
value (indicated as “p adj”). A two-way ANOVA was 
therefore performed, and month and silvicultural 
practice (SilvPra) were tested at the significance level 
alpha = 0.05 (conf. interval = 0.95). 
Principal component analysis (PCA) was used to de-
termine the variance of linear combinations of vectors 
coming from the selected variables and to detect any 
multidimensional relationships between the variables. 
The confidence ellipses were computed on the confi-
dence level of 0.95. The statistical analysis was per-
formed in the R environment using the prcomp from 
factoextra package, version 1.0.4 (Kassambara and 
Mundt, 2017).

3. Results

The results of statistical analyses allowed us to make 
conclusions regarding the mutual relationships be-

tween the proteases and their substrate, ureases and 
their substrate and response of both enzymes to the 
addition of the phytotoxic substance, salicylic acid. 
Regarding the seasonal dynamics of protease activity 
(Figure 2), individual months were markedly different, 
i.e., a statistically significant character of the develop-
ment of the activity of the enzymes involved in their 
decomposition in time was confirmed. The phytotoxic 
effect of the salicylic acid (Figure 3) was significantly 
linked to the dynamics of the different seasons, with 
the effect being lowest in September and highest in 
June. The significantly highest protease activity was 
found in June – the lowest in STFB and the highest 
in STFA; however, after the addition of salicylic acid, 
the protease activity was lowest in STFB again, but 
the highest appeared in MSS. This means that in the 
young forest stands, the salicylic acid limited prote-
ase activity, which contrasts with the old-aged forest, 
where, after the addition of salicylic acid, protease 
activity increased. The differences in protease activ-
ity between the individual differently managed stands 
were indistinct. On the contrary, the addition of the phy-
totoxic substance had a larger and more ambivalent im-
pact on proteases in both young stands; the highest effect 
of salicylic acid was observed in the young stand thinned 
from below (Figure 3). The phytotoxic effect of salicylic 
acid on proteases in the mature stand was much lower 
than in the young stands. Furthermore, in MSS, protease 
activity each month was more or less higher after the ad-
dition of salicylic acid. 
The highest concentrations of ammonium nitrogen 
in H-horizons of the three investigated spruce stands 
were found in May (Figure 1), especially in MSS; in 
June they were very low. With regards to the presence 
of ammonium nitrogen in H-horizons of the three 
spruce stands studied (Figure 5), the highest concen-
tration was in the MSS in May; similarly, urease ac-
tivity was the lowest here as was its reaction to the 
addition of salicylic acid (Figure 5). The activity of 
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urease also showed statistically significant seasonal 
dynamics (Figure 4); significant differences were con-
firmed in both grouping variables (months, SilvPra). 
The lowest urease activity was found in the MSS, 
followed by the STFA and STFB (slightly higher). In 
each of the forest management practices, the seasonal 
dynamics were markedly different with maximums in 

July and in STFB a maximum in October (Figure 4). 
The controlled addition of salicylic acid did not lead to 
a decrease in urease activity; the highest activity of this 
enzyme was observed again in July. The differences 
between the forest management practices were similar 
to those observed in the samples without the salicylic 
acid, but with fewer significant differences (Figure 5). 

 

Figure 1. Statistical evaluation of the amount of ammonia nitrogen in the H-horizon of the mature spruce stand 
and the two young spruce stands. Use of a two-way ANOVA, alpha = 0.05, grouping variable (a) months, and (b)
SilvPra

Figure 2. Statistical evaluation of soil protease activity in H-horizon of the mature spruce stand 
and the two young spruce stands. Use of a two-way ANOVA, alpha = 0.05, grouping variable (a) 
months, and (b) SilvPra.
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Figure 3. Statistical evaluation of protease activity of the soil with addition of salicylic acid in H-horizon of the 
mature spruce stand and the two young spruce stands. Use of a two-way ANOVA, alpha = 0.05, grouping variable 
(a) months, and (b) SilvPra.

Figure 4. Statistical evaluation of the activity of soil urease in H-horizon of the mature spruce stand and the two 
young spruce stands. Use of a two-way ANOVA, alpha = 0.05, grouping variable (a) months, and (b) SilvPra.
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Figure 5. Statistical evaluation of the activity of soil urease after addition of salicylic acid in the H-horizon of the 
mature spruce stand and the two young spruce stands. Use of a two-way ANOVA, alpha = 0.05, grouping variable 
(a) months, and (b) SilvPra.

The scores plot (Figure 6) shows the relationships be-
tween the individual variables SilvPra in the terms of 
dimension 1 (x-axis) and dimension 2 (y-axis) of the 
PCA analysis. The silvicultural practice-based close 
data are marked by confidence ellipses enclosing data 
coming from MSS (left ellipse), STFA (central el-
lipse) or STFB (right ellipse). Themonth-based close 
data are shown in Figure7. The individual results of 
each silvicultural treatment in each month are well 
clustered in the factor map, which shows the well-
determined site-specific and seasonal-specific 
features of the treatments. The STFA SilvPra is 
close to the center and therefore more representa-
tive compared to the other treatments. However, 
the individuals are also typical when considering 
the MONTH variable. The cloud of points in the 
upper part of the factor map comes from the treat-
ment MSS sampled in June, where the values of 
Protease+Salicylic Acid were markedly higher; 
hence, the values of the individual results are in-
fluenced by this factor. In Figure 7, months that are 

rather symmetrically distributed near the beginning 
of the factor map (October, May and July) show 
similar values, while June is typical with higher 
values of variables in both dimensions, and August 
and September are typical with lower values of the 
variables, especially on the x-axis. The tested vari-
ables show good representativeness for the SilvPra 
and MONTHS. The variables are grouped in two 
couples in a factor map (Figure 6; Figure 7): pro-
tease activity, both with or without the addition of 
salicylic acid correlated well with the second prin-
cipal component while urease activity correlated 
with the first principal component. Both types of 
enzymatic activities were strongly correlated after 
the addition of salicylic acid. The ammonium ion 
(NH4

+) concentration was detected as a variable of 
strong negative correlation with the first principal 
component; furthermore, a negative correlation 
with urease activity and independency on prote-
ase activity was detected. However, Figures 6 and 
7 show that the variables are well separated into 
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groups according to (1) enzymatic activity produc-
ing different forms of nitrogen, typical with posi-
tive correlation with first two components and (2) 
product of the enzymatic activity (ammonium ion) 
following the principal component 1 with negative 
correlation. The first two components predict ca 
83 % of the variability (see also Table 1) with two 
separated logical groups. 
Based on the results, the treatments were found to 
be seasonally and forest-management type specific 
with regards to the amount of ammonium nitrogen 
and the activity of protease and urease, both with 

or without the influence of salicylic acid. The en-
zymatic activity differed with forest-management 
type in individual months: protease had its maxi-
mum in June and its minimum in September but 
with low significance of management type, while 
urease activity was found to be less variable during 
seasons, with a slight decrease towards autumn, 
but with significant differences associated with 
forest management (the most active in STFB, the 
least active in MSS). However, the inhibition of 
urease activity was not confirmed to be significant. 

Figure 6. Graphical results (factor map) of PCA for the individuals and variables. x-axis is principal component 1 
(Dim 1), y-axis is principal component 2 (Dim 2). The individuals are grouped using all the tested factors, grouped 
by SilvPra (marked by confidence ellipses). Prot and Ur are proteolytic and ureolytic activity, respectively; Prot_
SAc and Ur_SAc are proteolytic and ureolytic activity of soil, respectively, after addition of salicylic acid and 
NH4+ is ammonia nitrogen content. 
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Table 1. Parameters of the three first principal components of PCA. The variability is well-explained with the 
percentage of approx. 95 %. 

Figure 7. Graphical results (factor map) of PCA for the individuals and variables. x-axis is principal component 1 
(Dim 1), y-axis is principal component 2 (Dim 2). The individuals are grouped using all the tested factors, grouped 
by MONTH (marked by confidence ellipses). Prot and Ur are proteolytic and ureolytic activity, respectively; 
Prot_SAc and Ur_SAc are proteolytic and ureolytic activity of soil, respectively, after addition of salicylic acid 
and NH4+ is ammonia nitrogen content. For the supplementary numerical resuts of the PCA see also Table 1.
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4. Discussion

In our study, we evaluated the seasonal dynamics of 
soil protease and urease in combination with an as-
sessment of the total amount of ammonium ions in or-
ganic horizons under stands of Norway spruce (Picea 
abies Karst /L./, Pinaceae). We monitored the dynam-
ics of soil enzymes after the addition of salicylic acid 
and examined its influence throughout the growing 
season. 
Seasonal cycles of plants - and microorganisms - in 
forests are closely linked to the availability of nu-
trients (Bardgett et al., 2005; Harrison et al., 2008; 
Kaiser et al., 2010). Through their root exudates and 
quality of litter, plants affect the availability of carbon 
and nitrogen. During the seasons, plant-soil interac-
tions may be influenced by abiotic factors such as 
temperature changes and the occurrence of droughts. 
We also found that there were two peaks of proteases 
in the months of May and June and a fall peak in Sep-
tember. During the summer, soil proteases activity de-
clined. We can assume that this enzyme is not affected 
by the type of vegetation or habitat. This is in accor-
dance with the work of Vranova et al. (2009), which 
dealt with the seasonal effect of protease on meadow 
habitats and described a gradual decrease in activity 
during the summer and an early onset of the second 
peak in September. This differs from our results that 
showed a peak in October. The course of protease 
activity may coincide with temperatures and rainfall 
during the course of the growing season. The activity 
of the enzyme indicates moister parts of the growing 
season (spring and autumn) and a drier period dur-
ing the summer. Weintrub et al. (2005) also point to 
a possible connection between the availability of and 
demand for nitrogen by plants and microorganisms. 
The second peak after a decrease in protease activity 
comes with improved rainfall conditions and limited 
availability of nitrogen, which then has a stimulating 

effect on the microbes that increase its production 
(Weintraub et al., 2005). 
Urease activity at the beginning of the growing season 
reacts in opposition to the measured quantity of am-
monium nitrogen; it rises in June when the amount of 
ammonia nitrogen decreases (even larger contrast in 
May). Urease is closely associated with the nutritional 
conditions at specific locality (Dilly and Nannipieri, 
2001). One of the key factors that influence protease 
is the availability of ammonia nitrogen. The produc-
tion of urease by microorganisms is negatively regu-
lated by the availability of ammonia nitrogen (Veta-
novetz and Peterson, 1992), as was confirmed by our 
measurements. The amounts of ammonium nitrogen 
and urease measured at the end of the growing season 
were balanced. Kang et al. (2009) reported that a de-
creased amount of ammonium nitrogen is linked with 
the consumption of microorganisms by the plants for 
their growth. They also found a significant negative 
correlation between urease and the concentration of 
ammonia nitrogen, which agrees with our results. 
Our expectation was that the addition of salicylic acid 
would have a generally inhibitory effect on the en-
zymatic activity in the soil. Only the protease activ-
ity showed inhibition and the urease activity remain 
unchanged. The month of June showed the lowest 
inhibitory effect. Salicylic acid belongs to the group 
of phenolic compounds with different physiologi-
cal effects (Popova et al., 1997). In compliance with 
Lyu et al. (1990), Booker et al. (1992), Bergmark et 
al. (1992) and Amy et al. (2004), we confirmed that 
phenolic substances often have an allelopathic effect, 
which is manifested in reduced growth ability or the 
impaired nutrition of plants and microorganisms.
The amount of salicylic acid in forest soils during the 
year varies. Muscolo and Sidari (2006) found that the 
greatest amount of salicylic acid in forest soil is in 
autumn, and then gradually decreases in winter, with 
the smallest amount occurring in summer. Based on 
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this study, we can conclude that with increasing 
activity of soil proteases, the amount of salicylic 
acid in forest soils decreases. Thus, it is possible 
that salicylic acid is indeed involved in the dynam-
ics of the activity of soil proteases in spruce stands.

5. Conclusions

This study presents the seasonal dynamics 
of soil protease and urease in spruce stands 
of different ages and the effects of salicylic 
acid on these enzymes. We also measured the 
amounts of ammonia nitrogen. The results 
showed a significant effect of seasonality on 
the proteolytic activity, with peak activity in 
spring and autumn and depression in summer, 
and with a very slight effect on urease, which 
reflects interdependence with the amount of 
ammonia nitrogen in the organic horizons of 
spruce forests. Soil protease activity was affected 
by salicylic acid, but the effect was not proved 
for soil urease activity. The effects of the given 
phytotoxic compounds, as well as the effects of 
soil exchangeable sorption according to the type of 
plant community, soil type and depth—where de-
creasing mineralization of phytotoxic substances 
with soil depth is expected—are to be observed in 
more depth in the future.
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