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SIGNIFICANCE OF SOIL ENZYMES IN NUTRIENT TRANSFORMATIONS

M. Brzezinska
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A bstract: Soil is a heterogeneous system in which different phases and numerous components are
involved in physical, chemical and biological processes. The dynamic nature and complex chemistry
of soil organic matter make it a major source of plant nutrients. The movement of materials among the bi-
otic and abiotic portions of soil environment is catalysed largely by soil enzymes. The paper comprises the
basic information about the origin, localization and the role of soil enzymes in nutrient transformations.
The influence of soil air-water conditions on enzyme activity was marked.
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INTRODUCTION

The primary function of the soil is related directly to its biomass, which, as a
continually cycled pool of nutrients is the prerequisite for the growth of plants. For
the nutrients to be taken up, organic matter entering the soil has to be degraded to
inorganic components. This degradation is brought about by the indigenous micro-
biological activity of soil. During the decomposition and synthesis of organic sub-
stances in the soil, the metabolism and energy exchange proceed with the
participation of the enzymes. As a result of the enzymatic processes in the soil, the
difficulty assimilated nutrient compounds are converted into the forms, which are ea-
sily available to plants and microorganisms. Consequently, the development of soil
fertility is closely associated with enzymatic processes and the manifold and multistep
processes of mineralization and immobilization of organic constituents represent
the link between the soil and the global carbon and nutrient cycles [22,73].

ORIGIN AND LOCALIZATION OF ENZYMES IN SOIL

Soils harbor numerous organisms - bacteria, actinomycetes, fungi, microalgae,
protozoa, nematodes, earthworms and other invertebrate microfauna - mostly arthropods
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(crustaceans and insects), ascari and mollusks [50]. Soil enzyme activity is pro-
duced primarily by microorganisms (e.g. bacteria, fungi), but also originated from
animal and plant sources (e.g. roots, lysed plant residues, digestive tracts of small
animals) [45]. Some enzymes may originate in part from plant remains while others
may be synthesised almost entirely by soil organisms. Macroscopic animals, in-
cluding earthworms, arthropods and vertebrates are important in soil biology as
well, but are on the scale larger than the microhabitat and their contribution to
overall soil enzyme activity is difficult to estimate [10].

The possible localization of enzyme activities in soil illustrates Fig. 1. The en-
doenzymes may exist in living cells in different cellular compartments, such as the
cytoplasm or periplasm, or they may be associated with the cell membrane and/or
cell wall. Extracellular enzymes are produced and secreted by living cells and op-
erate at a distance from the parent cell, either as free enzymes in the liquid phase,
or as enzymes still associated with the external surface of root epidermal or micro-
bial cell wall (i.e. partially attached to or trapped within a viscous network of
homo- and heteropolysaccharides secreted by several cells which still allow the
passage of substrate and products [23]). Components of the enzyme activity of soil
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Fig. 1. Localization of enzyme activities in soil (From Gianfreda and Bollag [23]).
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were classified first by Kiss et al. [40] and subsequently by Skujins [71]. Burns [8]
divided the overall enzymatic activity of soil into 10 reasonably distinct categories
and this clear and precise classification includes that of Kiss and Skujins. In fact,
individual enzymes may belong to more than one category and may change from
one to another with time. Some of the enzymes (e.g. urease and B-glucosidase)
catalyse reactions both inside and outside of the organisms that synthesised them;
some of the cellulases and proteinases can only function outside of the producing
cells because of their large size of their target substrate; and others (e.g. dehydro-
genases and nitrate reductase), being involved in the central aspect of metabolism,
do not function extracellularly [23].

Free enzymes are believed to be short-lived in soils, being vulnerable to degra-
dation and to immobilization on the surfaces of soil clay and organic colloids (Fig. 2).
Immobilization, being the norm in the soil environment [7,8,45,46,66], protect en-
zymes against degradation and denaturation, and retain their activity for a long
time, usually at the cost of some loss of activity. These stabilized enzymes can be
active also in the absence of proliferating and nonproliferating microorganisms.
Thus, the overall activity of any enzyme in soil is the result of activities associated
with enzymes at different sites [14].

RANGE OF SOIL ENZYMES

Studies on different enzyme activities in soil are important as they indicate the
potentiality of soil to carry out all the biochemical processes, which are important
to maintain the soil quality and fertility. Many reviews have discussed the proper-
ties of enzymes in soil and correlation between particular enzyme activity and dif-
ferent soil properties [1 »3,12,18,30,37,40,41,43,44,49,51,52,66,70].

Assays have been devised for a wide range of soil enzymes that are repre-
sentative most of the enzyme classes. Oxidoreductases and hydrolases have been
the most studied because of their role in organic matter degradation and release of
nutrients. Few studies have been concerned with the activities of transferases (e.g.
transaminase, rhodanese) and lyases (e.g. decarboxylases) [71].

Oxidoreductases

Dehydrogenases catalyse a broad range of reactions of degradation (dehydroge-
nation) of organic matter. Numerous soil dehydrogenases are assumed to function
only intracellularly, exclusively associated with live, intact cells. Dehydrogenase activity
has been used as a general index of soil biological activity because of the involvement of
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Fig. 2. Distribution of “extracellular” enzymes in soil (From Dilly and Nannipieri [14]).

these enzymes in the oxidative energy-transfer sequences [46]. Numerous studies
reveal correlations of the activity with several biomass parameters such as micro-
bial numbers, soil respiratory activity, ATP content, other enzyme activities, car-
bon and nitrogen cycling, organic matter content [3,10,52,67].

Catalase catalyse decomposition of hydrogen peroxide, formed during aerobic
respiration as a by-product, thus playing an important detoxifying role because
of the extreme reactivity of H,O, and possibility of irreversible damage of bio-
molecules. Catalase is one of the most efficient enzymes known. It is produced by
aerobes and most of the facultative anaerobes [32,7].

Peroxidases, catalysing the oxidation of substrates in the presence of Hy0,,
are involved in the degradation of lignin and phenols [38].

Phenoloxidases oxidise phenols, generated during degradation of lignin or mi-
crobial synthesis [38]. The group includes o-diphenol oxidase (tyrosinase), p-diphenol
oxidase (laccases) and polyphenol oxidases. These enzymes are apparently involved
in humification processes [71].

Hydrolases

Amidases (acylamide amidohydrolases), catalyse the hydrolysis of amides (C-
N bonds) to ammonia and the corresponding carboxylic acid. Amidases are com-
mon enzymes, accumulated in soil [12,21,67].
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Amylases (- and f-amylases) hydrolyse starch and related oligo- and poly-
saccharides containing glucose units. B-Amylases are more active. Both the forms
are accumulated in the soil. Starch (consisting of two glucose polymer, amylose
and amylopectin) is the major food reserve of plants. a-Amylase degrades both amy-
lose and amylopectin to units consisting of several glucose molecules. B-Amylase re-
duces amylose to maltose. Amylopectin is degraded to a mixture of maltose and
dextrin. Many bacteria and fungi degrade starch [57,63].

L-Asparginase and L-Glutaminase hydrolyses L-asparagine and L-glu-
tamine to L-aspartic and L-glutamic acids, respectively, and NH;. These intra- and
exracellular enzymes are widely distributed in nature and have an important role
in nitrogen mineralization in soils [19,20,21].

Cellulases catalyse the hydrolysis of the B-1,4-glucan bonds of cellulose to D-
glucose. This biochemical activity is an interaction of three enzyme groups: endo-
B-1,4-glucanases, exo-B-1,4-glucanases (cellobiohydrolases) and B-glucosidases
(cellobiases) [1,15,45,57]. Extracellular cellulases bind to the crystalline substrate
and cleave celluloligosaccharides from the non-reducing ends, intracellular en-
zymes cleave glucosidic linkage along non-crystalline parts of cellulose substrate,
while B-glucosidases release glucose from celluloligosaccharides and aryl-B-glu-
cosides. Cellulose, the most abundant structural polysaccharide of plant cell walls,
is nearly always associated with hemicellulose and lignin. The degradation of cel-
lulose in soils is a slow process, depending on environmental factors and activity
of soil microorganisms. Soil cellulases are mainly produced by fungi, but also by a
few species of actinomycetes and some anaerobic Clostridium [9]. Hemicelluloses
are the heterogeneous group of compounds polymers of hexoses and pentoses. In
nature hemicelluloses are complexed with other substances that make the break-
down difficult. The process involves the action of pectinases. Fungi appear to in-
itiate the degradation of hemicelluloses and actinomycetes can maintain the attack
over a prolonged period. Hemicelluloses are generally considered to be degraded
faster than cellulose, probably as a result of a grater number of microorganisms
using these compounds as a substrate [33,57].

Chitinase and chitobiase catalyse the hydrolysis of chitin to acetyl glu-
cosamine. Chitin, one of the major contributors of amino sugars in soil, is the
components of fungal cell walls [1].

Glucanase (B-1,3-glucan glucanohydrolase, laminarinase), present as exo- and
endocellular enzyme, hydrolyses B-glucan component of cell wall [67].

Glucosidases. B-Glucosidases (called as cellobiases, gentobiase, emulsin) exist in
extra- and intracellular forms and are the rate limiting enzymes in the microbial
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degradation of cellulose to glucose. a-Glucosidase (maltase), B-galactosidase (lac-
tase) and a-galactosidase (melibiase) are also included among glucosidases
[1,8,71].

Ligninase. Lignin is slowly catabolised to CO,, but very little lignin C is
found in microbial biomass, whereas 70 % or more was being stabilised in the soil
[78]. The biodegradation of lignin, with its phenylpropanoid units irregularly con-
nected by C-O-C and C-C linkages, is less understood than that of cellulose. Lig-
nin is formed as an encrusting material on the cellulose and hemicellulose matrix
and does not show a specific order [33,57]. The most active biodegraders of lignin
belong to the white-rot fungi, present mostly in forest, not arable, soils. In arable
soils, lignocelluloses are probably degraded by synergistic consortia of microbes
(Fungi Imperfecti, the actinomycetes and bacteria). None of the organisms yet iso-
lated can use lignin as a sole C source [33]. The enzymes involved in lignin degra-
dation are lignin peroxidases (ligninase), manganese peroxidases, lignase,
laccases, and glucose oxidases [33,48,57,69].

Lipase (triacylglicerol acylhydrolase, classified also as carboxylic ester hydro-
lase, aryl esterase, glycerol ester hydrolase) hydrolyses the initial step of degrada-
tion of lipids to fatty acids and glycerol [1,38].

Phosphatases represent a broad range of intracellular as well as extracellular
enzymes that catalyse the hydrolysis of phosphate esters [67]. These enzymes ex-
hibit rather broad specificity, capable of acting on a numerous of different struc-
turally related substrates at different rates. They include phosphoric monoester
hydrolases (i.e. nucleotidases, phytase, sugar phosphatases and glycerophos-
phatase), phosphoric diester hydrolases (nucleases, phospholipases), triphosphoric
monoester hydrolases, and enzymes hydrolyzing P-N bonds, such as phosphoami-
dases. Phosphomonoesterases are enzymes extensively studied because of their
role in hydrolysing of organic phosphomonoester to inorganic phosphorus, which
can be taken up by plants. According to the optimum pH, phosphomonoesterases
are classified as acid, neutral and alkaline phosphatases [2,3,67].

Proteases catalyse the hydrolysis of proteins to polypeptides and oligopep-
tides to amino acids, which are further transformed to ammonium and nitrate. The
first step of protein degradation is extracellular because of the high molecular
weight of proteins. Proteolytic activity in soil is an important part of the N cycle.
Proteins, amino acids, amino sugars, amides and nucleic acids (from plant residues
and dead microbial cells) are generally readily degraded by many soil microorga-
nisms via proteolytic enzymes that hydrolyze the peptide links (pronase, proteases,
peptidases, amidohydrolases). In soil, proteases are present in living, active cells,
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in dead cells, as free enzymes and adsorbed to organic, inorganic and organo-mi-
neral particles [1,10,33,47].

Saccharase (B-fructosidase, invertase) catalyses the hydrolysis of sucrose to
D-glucose and D-fructose [63].

Sulphatases include enzymes of the mineralization of organic sulphate esters
in soil. There are numerous sulphatases, bound to the cell walls or present in the
periplasm. Production of arylsulphatases and choline sulphatase is repressed in the
presence of available 8042' [3,57,67].

Urease catalyses the hydrolysis of urea to CO, and NH3. This enzyme is very
widely distributed in nature. Urease is accumulated in soil to a significant extent
and is tightly bound to soil organic matter and soil minerals. Because of the agri-
cultural importance of urease as a decomposing agent for urea, which is used as a
fertiliser, urease has been widely studied. Urease activity of soil is considered to
be due mainly to enzyme located extracellularly [1,12,45,67].

Xylanase acts on f3-1,4-xylans present as cell wall constituents of plants. Ac-
tivity of xylanase includes exoxylanases, which catalyse the hydrolysis of xylans
to oligosaccharides, and endoxylanases, catalysing hydrolysis of oligosaccharides
to reduced monomers [1,67,68].

SOIL ORGANIC MATTER TRANSFORMATION

The dynamic nature and complex chemistry of soil organic matter makes it a
major source of plant nutrients in terrestrial ecosystems. SOM contents range from
less than 0.2 % in desert soils to over 80 % in peat soils. With 95 % of soil nitro-
gen (N), 40 % of soil phosphorus (P) and 90 % of soil sulfur (S) being associated
with the SOM fraction, decomposition and turnover can supply most macronutrients
needed for plant growth. During decomposition, heterotrophic microorganisms as-
similate complex organic substances for energy and carbon (C) and release inor-
ganic nutrients. The special role in nutrient cycling play autotrophic microorganisms
which, like higher plants, assimilate CO, as well as No-fixing bacteria. In fact, in
soil exist various phototrophs, chemotrophs, litotrophs and organotrophs [42]. The
processes of soil organic matter transformation are controlled by temperature, mois-
ture, soil disturbance, as well as by the quality of SOM as a microbial substrate [72].
The close relationships between C availability, activity of soil biomass and nutrient
transformations have been established in both laboratory and field experiments. Spe-
cific 14C—, 15N-, 32p_ and 35S - labelled compounds (including that in plant residues)
have been used to describe the degradation of added materials to the soil [52].
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SOM transformations begin with the decomposition of fresh plant residues
(applied or deposited naturally). Plants contain 15-60% cellulose, 10-30%
hemicellulose, 5-30% lignin, 2-15% protein and up to 10% soluble materials (such
as sugars, amino sugars, organic acids and amino acids) [33,56]. Plant residues,
freshly incorporated into topsoils, are quickly colonised by a variety of microor-
ganisms. In addition to rhizospheres, decomposing organic particles represent con-
centrations of biological activity in the soil matrix (“hot spots™ of activity) [46].
Under suitable conditions of pH, temperature, and moisture content, plant residues
are extensively degraded within a few months [17,35]. Most of the plant residue is
decomposed in the first year, releasing a significant amount of plant nutrients, and
C as CO;. The remainder decomposes more and more slowly with time and be-
comes steadily incorporated into soil humus [33,56].

A simplified soil organic matter-cycling diagram illustrates Fig. 3 [72]. During
plant matter decomposition, complex compounds are broken down to simpler
compounds that can be utilised by the microorganisms. A part of the polysaccha-
rides is depolymerised to disaccharides and then hydrolysed to simple sugars. The
more chemically complex compounds undergo a series of catalysed reactions, per-
formed by more than one microbial species. The humified SOM is slow decom-
posable material that is complexed, to various degrees, with the mineral fraction of
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100%
Cellulose-C Soluble-C Lignin
60% 20% 20%
Microbial-C

F 3

Microbial Humified Active
products SOM SOM

Fig. 3. Plant residue and soil organic matter pools (From Smith er al. [72]).
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the soil. The composition of humic substances depends on plant vegetation [80].
The active SOM pool consists of readily decomposable C compounds rich in N, P,
and S. Microbial biomass pool is central to this model and transforms each com-
ponent to CO,, cell biomass and microbial products [72].

The uniqueness of nitrogen consists in the fact that the major N forms in or-
ganisms (proteins - including enzymes, nucleic acids and cell wall constituents -
chitin and peptidoglycan) are very important for the overall vital activity. Trans-
formations of N in soils include mineralization of organic N, Noy-assimilation, ni-
trification, denitrification and ammonification. These processes are discussed in
the paper “Nitrogen transformations and their circumstances in soil” [82].

PHOSPHORUS AND SULFUR TRANSFORMATION

It is assumed that uptake of P by microorganisms often exceeds that of the
higher plants. However, this short-term bacterial immobilization protects some
soil P from long-term fixation in soil minerals. Soil microorganisms are involved
in the solubilization of insoluble or poorly soluble inorganic forms as well as in
the mineralization of organic P. Thus, soil biota facilitates the availability of P to
plants and thus takes part in the soil P cycling. Phosphatases, the enzymes in-
volved in P transformation, have been detected on root surfaces, in the rhizosphere
soil, and in soil without plant root influence [36,57]. Many plants (for instance clover,
soybean, tomato and cereals) are known to exude acid phosphomonoesterases from
their roots to soil, especially when the plants are grown in phosphorus deficient nu-
trient solutions [81]. It has been shown, that fractions of soil organic phosphorus,
a product of microbial activity, are transformed rather rapidly in the rhizosphere,
where both soil and root phosphatases are active [34]. Figure 4 presents the model
of P cycling in nature [57,62].

Sulfur plays a special role in the stabilization of the biologically active struc-
ture of proteins. The transformation of sulfur in nature is illustrated in F ig. 5 [57].
Sulphatases are enzymes involved in mineralization of sulphate esters in soil. Ele-
mental sulfur (S°) must first be converted to sulphate by oxidation before it can be
taken up by plants. Nor and Tabatabai [53] detected thiosulphate as one of the in-
termediates durmg §° 0x1dat10n Since rhodanese (thiosulphate sulfurtransferase)
converts 8103 to SO3 » they hypothesised that it has a role in S° oxidation in
soil. Deng and Dick [11] suggested that there are other enzyme systems and alter-
native pathways which are more influential on S° oxidation than rhodanese.
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IMPORTANCE OF AIR-WATER STATUS FOR BIOCHEMICAL NUTRIENT
TRANSFORMATIONS

The soil is naturally exposed to the fluctuation of wet and dry cycles and to diurnal
and seasonal temperature gradients. Soil air-water status plays an important role in
the regulation of the composition and metabolic activity of soil microorganisms,
Waterlogging or flooding the soil creates conditions markedly different from those
of a well-drained aerobic soil. In addition to retardation of gaseous exchange be-
tween soil and air, waterlogging results in the changes to microbial populations
and in series of physico-chemical transformations. Well-aerated soils also include
numerous permanently anaerobic aggregates and microhabitats. The existence of
microaerophilic and anaerobic microsites in soil is vital to biogeochemical cycling
of the nutrients including N, C, P, S, Fe [50,59].

In the absence of molecular oxygen, anaerobic microorganisms (facultative
followed by obligatory) utilize oxidised soil components such as NO3~, Mn(IV),
Fe(IID), 8042‘, CO, and dissimilatory products of organic matter as terminal elec-
tron acceptors in their respiration [28,31,55,59]. Thus, decomposition of soil or-
ganic matter still occurs in O, free systems and CO, is also formed by anaerobic
respiration. Figure 6 illustrates the pathways of soil organic matter decomposition
during aerobic and anaerobic respiration [57,61]. The respiration pathways are ini-
tiated by action of intracellular dehydrogenases and are terminated (due to the action
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of different enzymes, e.g. reductases) in the extracellular medium (soil solution).
In the result of anaerobic respiration, the stepwise reduction of soil system takes
place, soil redox potential (Eh) decreases, pH alters, and concentrations of reduced
N-forms, Mn**, Fe**, $* and CH, increase [24,25,31,55].

It has been observed that dehydrogenase activity is higher in flooded than in
well-aerated soil [4,79], and an increase of this activity is accompanied by a de-
crease of redox potential [54,58]. Studies of soil in its natural sites, as well as un-
der controlled air-water conditions, showed the close relationship between soil
dehydrogenase activity and aeration status [5,6,26,27,28,29,74,75,76,77]. This fact
results probably from the much more energetic efficiency of an aerobic respiration
(with utilization O, as terminal electron acceptor) than that of an anaerobic one. It
has been shown that dehydrogenase activity varied during preincubation of the soil
under different aeration conditions and was negatively correlated with air-filled
porosity (Eg), oxygen diffusion rate (ODR) and redox potential, but positively
with water content and concentration of reduced Fe [74,76]. Brzezinska et al. [5]
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observed that the modification of the soil physical properties such as water content
and temperature, caused up to 150-fold of the dehydrogenase activity value of lo-
ess soils. They showed that the electron activity of the soil solution (reflected by
Eh) is more important for the activity of soil dehydrogenases than the direct avai-
lability of O, (measured by ODR). Figures 7-9 show the relations between dehy-
drogenase activity and aeration parameters such as Eg, ODR and Eh [5,74,76].

Studies of catalase activity showed its dependence on soil aeration status ex-
pressed as ODR and Eh [26,27,74]. Figure 10 shows the relation between soil
catalase activity and soil aeration status expressed as D/Do [74].

Pulford and Tabatabai [59] studied
the effect of redox potential on the ac-
tivity of eight enzymes involved in C,
N, P and S cycling on soil. They ob-
served that the hydrolysis of native soil
organic P and pyrophosphate added to
soil is significantly affected by water-
logging. Mostly decreases in phospha-
Eg, m*m” tase activities were found, especially in

acid and alkaline phosphatase and py-
Fig. 7. Relationship between soil dehydrogenase ac- PROSP Py

tivity and air-filled porosity (Eg) under controlled rophosphatase activities. Some  soils
soil aeration status (From Stepniewskaer al. [74]).  showed the increase in phosphodi-
esterase activity. The activity of aryl-
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(From Stepniewski e al. [76]). ;
zymes by the released metal ions or an
increase in the concentration of the enzymes due to microbial adaptation to the re-
duced environment [59].
Well aerated soils always have a marked ligninolytic activity with an appropriate
microflora and it is possible that this microflora is also active in the degradation of



18 M. BRZEZINSKA

2500 T
s W % 10°C, Luvisols
(8] .
T. 2000 - #*x 20°C, Luvisols
g J ’: » BDOC, Luvisols
_I‘; 15004 ; 10:(:, Phacozems
s 1 > ZDOC,Phaeozems
E:n 1000 - ,xf x 30"C, Phaeozems
3 | .
5004 o TLwuk,.
§§; ¥
b >
o -
-200 0] 200 400 600
Eh, mV

Fig. 9. Relationship between soil dehydrogenase activity and redox potential (Eh) in soils condi-
tioned under controlled temperature and aeration conditions (From Brzezinska er al. [5])

humic compounds, once their intimate
association with an inorganic or a
structural matrix has been disturbed
[33,48].

Deng and Dick [11] reported a
change of rhodanese activity with de-
creasing water potential. Ray et al
. . N [60] showed a 2.5 - to 6 - fold increase
B s A% inshodanse ctviy in  poklal e
al. [74]) sulphate) soil after flooding but no

changes when an alluvial was flooded.

Although invertase and amylase activities in seven studied soils were found to
be uncorrelated with soil moisture content [64], some differences in the magnitude
of the ratio of invertase to amylase activity among groups of soils in tussock grass-
land were partly explained by variations in soil moisture [65].

In the paper an attempt has been made to present a general description of this
broad and complex topic. Soil is an extremely heterogeneous environmental sys-
tem in which different physical phases (e.g., solid, liquid, and gaseous) and nu-
merous biotic (e.g., microorganisms, small animals, plant roots, enzymes) and
abiotic (e.g., clay minerals, humus material, organomineral aggregates) components
are involved in physical, chemical and biological processes. Enzymes ensure the
movement of materials among the biotic and abiotic portions of soil environment -
all biochemical transformations in soil are dependent on, or related to the presence
of enzymes [23].
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ZNACZENIE ENZYMOW GLEBOWYCH W PRZEKSZTALCANIU
SKLADNIKOW POKARMOWYCH

M. Brzezinska

Instytut Agrofizyki im. B. Dobrzanskiego PAN, ul. Doswiadczalna 4, 20-290 Lublin 27

Streszczenie: Gleba jest srodowiskiem, w ktérym zachodza réznorodne procesy bioty-
czne i abiotyczne. Dynamiczny charakter oraz zlozona budowa chemiczna glebowej materii or-
ganicznej powoduja, ze jest ona waznym zrodlem skladnikéw pokarmowych niezbednych do
rozwoju roslin. Uruchamianie oraz obieg substancji pokarmowych w srodowisku glebowym
zachodza w znacznym stopniu w wyniku katalizy enzymatycznej. Praca zawiera podstawowe infor-
macje dotyczace zrodla enzymdw glebowych, ich lokalizacji w glebie oraz roli w transformacji
skladnikéw pokarmowych. Podkreslono znaczenie warunkéw wodno-powietrznych gleby dla funkcjono-

wania enzymow glebowych.
Stowa kluczowe: gleba, aktywnoséé enzymatyczna, obieg skladnikéw pokarmowych.





