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Abstract—The carbon content of microbial biomass and the kinetic characteristics of microbial respiration
response to substrate addition have been estimated for chernozem soils under different land use: arable lands
used for 10, 46, and 76 years, mowed meadow, natural forest, and forest shelter belt. Microbia biomass and the
content of microbial carbon in humus (C,,i/C,g) decreased in the following order: soils under forest cenoses—
mowed meadow—10-year arable land—46- and 75-year arable land. The amount of microbial carbon in the
long-plowed horizon was 40% of its content in the upper horizon of natural forest. Arable soils were character-
ized by alower metabolic diversity of microbial community and by the highest portion of microorganisms able
to grow directly on glucose introduced into soil. The effects of different scenarios of carbon sequestration in
soil on the amounts and activity of microbial biomass are discussed.

Key words: microbia growth kinetics, microbial biomass, carbon sequestration, humus mineralization.

DOI: 10.1134/S0026261708010141

The maintenance and increase of humus content in
soil is away of sequestration of atmospheric carbon
(C-CO,) in the form of stable organic compounds. It is
assumed that this way may reduce the CO, content in
the atmosphere and diminish the greenhouse effect.
There are different opinions and hypotheses as to the
possibilities of carbon sequestration due to changed
land use, e.g. conversion of arablelandsto meadows, or
due to an increase of forested areas [1, 2]. The change
from conventional tillage to no-till management is an
established procedure which contributes to large-scale
carbon sequestration in soil [3]. The increase of bio-
cenoses productivity resulting in agreater input of plant
residues into soil does not necessarily provide for the
formation of stable humus substances, which are pre-
served in soil for along time. It has been shown that
cultivation of plants in the atmosphere with increased
CO, content, which leads to a greater input of carbon
into soil organic matter, is accompanied by slower for-
mation of stable, long-living organic compounds [4].
Therefore, to choose the optimal strategy of carbon
sequestration in soil it is extremely important to know
not only the dynamics of total carbon reserves in soil
after changing the land use system, but also the reten-
tion time of different organic fractions in soil. Along-
side with the application of isotopic labeling for assess-
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ing the mineralization rate of different pools of organic
matter [5], the study of reserves and activity of micro-
bial biomass in soil under changed land use and
increased CO, content in the atmosphereisno less rel-
evant [6]. It is generally accepted that microbial biom-
ass is the most |abile component of soil organic matter,
which responds first of all to environmental changes
and reflects the trend of accumulation or mineralization
of soil organic matter [7]. However, there are rather few
studies that not only compare the qualitative composi-
tion of soil microorganisms, determining its depen-
dence on agricultural land use or characteristics of the
cenoses [8], but also establish the quantitative depen-
dences between the reserves and rates of humus miner-
alization and the quantity and functional characteristics
of microbial biomass. Previously it has been shown [9]
that different systems of fertilizers affect the kinetic
characteristics of growth and the dominating ecological
strategy of microbial communities of arable soils.
Obviously, quantitative assessment of the functional
characteristics of microbial biomasswill contributeto a
better understanding of the characteristics of the carbon
cycle in arable soils used for different periods of time
and in fallow soils that have been out of intensive land
use for different periods of time.

The goal of this work was to compare the reserves
and activity of microbial biomass and the growth char-
acteristics of microbial communities for chernozem
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Table1. Chemical characteristics of the 0—20-cm horizon of Haplic chernozem (Kamennaya Step) under different land use

catt Mg?* P,Ox K,O
Experimental variant Humus, % | pH agueous
mg-equiv/100 g of soil mg/100 g of soail

Forest shelter belt, 105 years 7.0 6.1 421 8.7 10.2 50.6
Natural forest, 92 years 8.1 7.0 42.1 8.8 111 51.3
Mowed meadow, 118 years 8.7 7.1 419 7.9 10.8 50.8
Arable land, 10 years 7.2 74 27.8 4 85 48.2
Arable land, 46 years 6.2 7.1 28.2 43 8.3 47.8
Arable land, 76 years 6.9 74 374 7.3 84 46.3

s0ils under conditions of different land use. It was nec-
essary to determine how the duration of tillage or the
time after conversion from arable to fallow land would
affect the ratio between active and total microbial bio-
mass and the ratio between the pools of total organic
carbon and microbia biomass carbon.

MATERIALS AND METHODS

The properties of the microbial pool were compara-
tively assessed in the chernozem soils of the long-term
stationary experiment of the Dokuchaev Research
Institute of Agriculture of the Central-Chernozem Belt
(Kamennaya Step, Voronezh oblast). Soils of the same
type (Haplic chernozem) in different variants of the
experiment differed in their properties due to the dura-
tion of anthropogenic impact (plowing, mowing) [10].
The quantity of microbial biomass and the kinetics of
respiration response to substrate addition were deter-
mined for arable soils used for 10, 46, and 76 years, as
well asfor the plot of mowed meadow (with the regime
maintained for 118 years). As control plots, we selected
aforest shelter belt (planted forest, 105 years old) and
natural forest (92 years old). The chemical characteris-
tics of the soilsare given in Table 1.

Soil samples taken in early May from the 0-20-cm
layer were sieved (diameter, 3 mm), cleared from roots
and large plant residues, moistened to 50% water hold-
ing capacity (WHC), and kept in refrigerator at 4-6°C
before the beginning of experiments (for 2-3 months).
Prior to measurements, the soil was incubated at room
temperature for 1-2 days.

Thekinetics of microbial growth induced by sub-
strate addition into soil was determined by measuring
the rate of CO, emission. For this purpose, 10-g soil
portions were moistened to 60% of WHC and homoge-
nized in a mixer together with the mixtures of talcum
and glucose (4 mg C/g soil) or talcum and yeast extract

(40 mg C/g soil) supplemented with mineral sats
7H,0, 3.8; the rate of CO, emission was measured in a
flow gas analyzer [11].

The maximal specific rate of microbial growth
(Um h™) was determined by approximation of the
experimentally obtained values of the rate (v, ug C
(g sail)™ h™) of CO, emission according to the equa
tion [12]:

v = vh x exp(int) + v, (1)

pr

where v, was the initia rate of productive substrate

oxidation coupled with ATP synthesis; vg‘t was the

initial rate of futil respiration; and t was the time. The
parameters of Equation (1) providing the best fit of the
experimental data and the calculated curve were
selected using ModelMaker 3.1 software package
(Cherwell Scientific Publishing Ltd) by the least-
squares method.

Approximation was made only with the part of the
microbial growth curve that provided maximal values
for statistic criteriaQ and r.

The content of biomass of soil microorganisms
capable of immediate growth on added glucose was
caculated using the parameters found for Equation (1).
The coefficient of the physiological state of microor-
ganisms (r,) was calculated from the ratio of futile and
productive respiration rates:

f
o = v x 0.1/(vy"

+vh x 0.1). (2)
In this case, the content (in percentage terms) of micro-
organisms capable of immediate growth will be r, x
100. A detailed explanation and substantiation of the
above calculations has been published previously
[12, 13].
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Fig. 1. The content of microbial biomass carbon (1) and DNA (2) in chernozem soils under different farm lands.

Duration of the lag period (t,g, ) in the respira-
tory response characterizes the time interval when the
respiration rate enhanced after glucose addition
remains at a constant level, i.e. when there is no active
growth of microorganisms. The moment of time when
the increasing rate of growth (productive) respiration

vh becomes equal to the rate of futile respiration vh"

[14] was considered as the beginning of growth (end of
the lag period); i.e.,

fut

tIalg = In(VO /Vgr)/um- (3)

Calculation of auxotroph index. On the basis of
the measured specific rates of microbial growth in soil
after the addition of glucose-mineral mixture or yeast
extract, we have calculated the index of auxo-trophic-
ity as a quotient obtained from division of the maximal
specific microbial growth rates on glucose and yeast
extract (ugl/uye) [14]

Calculation of thetotal microbial biomass. Based
on the values of intensity of the initial respiratory
response (v + vi') obtained by selection of the

parameters of Equation (1), the total microbial bio-
mass was calculated by the method of substrate-
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induced respiration (SIR), Ci (g (g soil)™?), using
theratio

Coio = 1894004 x (V8 + 98, ()

according to the previoudy established dependence[15].

DNA quantity in soil was determined by an opti-
mized procedure of direct quantitative extraction as
described previously [16]. It included mechanical,
enzymatic, and thermal impact on microbial cells. The
quantity of double-stranded DNA was determined by
the fluorescence intensity of a PicoGreen solution
(PicoGreen™, Molecular Probes), ahighly specific and
very sensitive reagent.

Determinations were made in four (DNA), three
(microbial biomass and basal respiration of soil), and
two (kinetic growth parameters) repetitions.

RESULTS AND DISCUSSION

The Content of Total Microbial Biomass
and the “ C microbial : C organic” Ratio

Figure 1 shows the change of the content of micro-
bial carbon determined by SIR and the content of DNA
in the upper (0—20 cm) horizon of chernozem depend-
ing of the duration and type of land use. The maximal
quantity of microbial biomass was reveded in soils
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Fig. 2. The content of microbial biomass carbon as a com-
ponent of humus carbon (Cpic/Cog) in some chernozem
soils under different farm lands.

under forest vegetation: forest shelter belt and natural
forest. These biocenoses are characterized by large
amounts of incoming tree litter, large reserves of avail-
able organic matter, and the developed microbial com-
munity structure [8]. In the soils of mowed meadow
land, the quantity of microbial biomass decreased but
gtill significantly exceeded that in the arable soil. The
soil tillage resulted in the decrease of the content of the
total microbial biomass. The decrease of microbia car-
bon by a quarter as compared with its reserves in the
meadow land soil was aready observed 10 years after
ploughing up. In the next 36 years, the content of the
total microbial biomass decreased further (to 40% of its
amount in the soil of non-mowed fallow land), which
was consistent with the decrease of humus content in
the studied variants (Fig. 1, Table 1). The duration of
using chernozem for tillage had a significant effect: the
content of microbial biomass in the 46- and 76-year
arable land was amost 2 times lower than in the 10-
year arable land. After 76 years of plowing, there was
no decrease of total biomass as compared with the vari-
ant of arable land after 46 years of use. Both the
decrease of the total microbial biomass and the rate of
humus mineralization became slower after 50 years of
chernozem tillage. The data on microbial biomass
obtained by the SIR method arein good agreement with
the DNA gquantity in soil (Fig. 1). The coefficient of lin-
ear regression between these indices was 0.995 with a
high level of probability (F < 0.0001). The coincidence
of two aternative methods, the results of which are a
measure of the quantity of the total microbial biomass
in soil, enhances the reliability of our conclusions. At
the same time, the absolute values of microbial carbon
content in soil calculated on the basis of SIR depend to
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Fig. 3. Interrelation between the microbial biomass quantity
and total carbon content in soil for some chernozem soils
under different land use. Circles designate arable lands, tri-
angles designate fallow lands, and hollow symbols are for
soils under forest vegetation.

agreat extent on the value and reliability of the scaling
factor (in our case, 40 according to [15]), which is,
strictly speaking, not a constant for different soils[13].

The portion of microbial biomass as the humus
component (C/C,,4) decreased in thefollowing order:
forest shelter belt—natural forest—mowed meadow
land—10-year arable land—46-year arable |land—76-
year arable land (Fig. 2). This ecophysiological coeffi-
cient isusually associated with the stability of amicro-
bial community and soil asawhole[17, 18]. The exam-
ple of the studied chernozem soils distinctly shows that
the increase of anthropogenic impact results in the
decrease of resistance of microorganisms to the action
of disturbing factors. Comparison of the obtained order
with the content of humusin chernozems (Table 1) sug-
gests the conclusion that the decreased fraction of the
total microbial biomassin the humusindicates decreas-
ing humus content and predominance of mineralization
processes. However, this conclusion is true only in the
range of soils with the common type of plant cover
(mowed steppe and arable land). The changed character
of thebiological cyclein aforest biocenosis (overgrow-
ing of meadow land) resulted in the increase of the
Crid/ Corg ratio as compared with the mowed meadow
land (Fig. 2) and mineralization of some part of humus
(Table 1, Fig. 3). Two opposite tendencies can be
observed (shown by arrows in Fig. 3): (1) the coupled
increase of microbia biomass and humus quantities
under conversion of arable land into steppe biocenosis
(mowed meadow land) and (2) decrease of humus
reserves in soil, which occurs simultaneously with the
increase of total reserves of microbia biomass under
fallow land overgrowing and forest aging. Ecological
and climatic conditions are determinative in this case.

MICROBIOLOGY  Vol. 77
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Higher amounts of moisturein soil under the forest can-
opy contribute to more complete mineralization of
organic matter and retardation of humification. At the
sametime, the lack of moisture in steppe resultsin pre-
dominance of the humification process. Our results for
forest soils correlate with the tendency of increase in
the C,,/C,q ratio with forest aging, which has been
revealed in the work of Anderson [19]. In conclusion, it
should be noted that the ecophysiological coefficient
Crid/ Corg may be an additional useful index of theinten-
sity of the biological cycle in soilplant systems for
some of the soils under study. The C.;J/C, ratio
increased with the decrease of anthropogenic impact on
chernozem soils. The quantity of microbial biomass per
unit of humus characterizes the intensity of the carbon
turnover in sail. In soils with great annual input (and
mineralization) of plant material, more microbial biom-
assisformed per unit of organic matter.

Kinetics of the Respiratory Response
and Active Microbial Biomass

Figure 4 presents the data on the change of the res-
piration rate in soils enriched with amixture of glucose
and minera salts. In genera, respiration rate in the
samples of chernozem soils under forest shelter belt
and fallow land increased more quickly than in the sam-
ples of plowed chernozem soils. The curves for natural
forest and 10-year plowed chernozem were distin-
guished in each of these two groups (Fig. 4a and 4b),
respectively. Thetime of attaining the maximal respira-
tion rate and peak height (easily distinguishable visu-
aly) depended on initial respiration rate and microbial
growth rate. Therefore, the observed differences can be
best assessed after quantitative mathematical descrip-
tion of the kinetics of soil respiration. For each of the
studied variants, Table 2 gives the values of the param-
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Fig. 4. The dynamics of respiratory response of microor-
ganisms after introduction of glucose-mineral mixture into
chernozem. in (a) fallow lands and (b) arable lands. Exper-
imental and calculated values of respiration rate
(Equation 1, Table 2) are represented by symbols and
curves, respectively: mowed meadow (1); natural forest (2);
forest shelter belt (3); 76-year arable land (4); 46-year ara-
bleland (5); 10-year arable land (6).

fut

eters (U, vy , vg ) a which Equation (1) describes
the experimental data in the best way, as well as the
amount of microbial biomass responding to glucose

Table 2. Kinetic parameters of microbial growth in the upper horizon (0—20 cm) of Haplic chernozem after soil enrichment
with glucose (standard deviation values are given in parentheses)

) Initial respiration rate, Microbial biomass,
. Maximal ugC gt ht kinetic method, ng C g
Experimental specific rate L aq period. h
plot of microbial . Saining + agp '
growth, tma, N | futile, vi*  |productive, v |  growing wgrglvr\]lli?]g
Forest shelter belt 0.46 (0.02) 11.11(0.43) | 0.22(0.047) | 0.48(0.120) | 237(1.11) 8.41 (0.17)
Natural forest 0.56 (0.01) 10.98 (0.06) | 0.15(0.028) 0.27 (0.056) | 193(3.51) 7.58 (0.16)
Mowed meadow 0.49 (0.007) 9.69 (0.04) | 0.14(0.009 0.29 (0.022) | 194 (1.93) 8.5(0.02)
Arableland, 10years 0.56 (0.03) 7.11(0.55) | 0.13(0.024) 0.23 (0.057) | 124 (2.06) 7.0 (0.04)
Arableland, 46 years 0.40 (0.025) 3.25(0.22) | 0.19(0.076 0.46 (0.155) 79.68(10.06)| 7.0(1.57)
Arableland, 76 years 0.48 (0.012) 3.82(0.08) | 0.16 (0.007 0.35 (0.005) 81.10(0.51) | 6.64(0.22)
MICROBIOLOGY Vol. 77 No.1 2008
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nozem soils at different farm land use (a) and interrelation
between the contents of growing microorganisms and total
organic carbon in chernozem (b).

addition. Specific rates of microbia growth (u,,,) were
the highest for soil with the shortest period of tillage
(among arable soils) and for natural forest (among non-
arable chernozem soils). These results are in agreement
with the theory of Odum [20], according to which the
growth rate of organisms must decrease in more mature
biocenoses.

Thelesser percentage of growing microbial biomass
in non-arable chernozem soils (Fig. 5a, Table 2) sug-
gests a steady equilibrium between the input and min-
eralization of organic matter in these soils. Permanent
tillage in the long term results apparently in additional
enrichment of soil with available organic carbon due to
humus mineralization. This, in turn, changes the struc-
ture of soil microbial community, increasing the por-
tion of growing biomass. The negative relationship
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between the quantity of active microbial biomass and
the content of organic carbon in the upper chernozem
horizon is shown in Figure 5b. Duration of the lag
period (t,9) Was higher for non-arable chernozem soils.
This characteristic was less for all plowed plots. Such
changes could be explained by the greater quota of pro-
ductive respiration as compared with the futile one in
plowed plots (see also Fig. 5a), which suggests differ-
ent structures of microbial communities in these soils.

The conclusion about the differences in the func-
tional activity of microbial communities of chernozem
soils under different agricultural use is confirmed by
comparison of the indices of auxotrophicity for the
studied soils (Fig. 6). Their values may be a gauge of
metabolic diversity of a microbial community. The
increase of the auxotrophicity index in the samples of
chernozem soils used as arableland for 46 and 76 years
is evidence of decreasing metabolic diversity of micro-
bial community at long-term tillage.

Thus, at conversion of arable lands into fallow
lands, both the content of humus carbon and the quan-
tity of microbial biomass in soil increase. The differ-
ence for the arable variant (46 years of use) and the
chernozem soils of fallow plotsispresentedin Figure 7.
It is obvious that the accumulation of carbon as a com-
ponent of microbial biomass and humus proceeds dis-
proportionately on different fallow lands; this is also
easily seenin Figure 2. The soil under mowed meadow
accumulates more humus as compared with chernozem
soils under forest vegetation, which is associated with
the lesser part of microbial biomass as a component of
mowed meadow humus. The biomass of the het-
erotrophic portion of the microbial community deter-
mined by the SIR method is probably responsible for
the processes of mineralization of soil organic matter.
This conclusion isillustrated well by the inverse rela-
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Fig. 7. Therelative increase of carbon content in humus and
microbial biomass under conversion of chernozem soils
from arable lands into meadow lands. Light sites: increase
of biomass; shaded sites: increase of humus.

tion between the fraction of active biomass and the
quantity of organic C in chernozem soils (Fig. 5b). In
this respect, carbon sequestration at conversion of ara-
blelandsinto meadows or steppe seemsto be morereli-
able, because carbon accumulatesin long-living humus
compounds; this is particularly true for the humus of
chernozem. On the other hand, the higher amount of
carbon inforest biocenosis can accumulate as a compo-
nent of plant biomass. Therefore, the choice of strategy
of carbon sequestration must depend both on the
planned rate and reserves of carbon burial and on the
predicted changes of temperature-moisture conditions
of biocenosis formation. Under climate humidification
and the overgrowing of fallow land with forest, the
amount of carbon in soil may increase not as signifi-
cantly asin fallow land chernozem soils under steppe.

ACKNOWLEDGMENTS

The work was supported by the Russian Foundation
for Basic Research (project no. 06-04-48756) and
FTsNTR, state contract no. 02.445.11.7398 for support
of the “Biogenic Sources, Reservoirs, and Stocks for
Greenhouse Gasesin Soilsand Terrestrial Ecosystems’
scientific school.

REFERENCES

1. Jastrow, J.D., Miller, M.R., Matamala, R., Norby, R.J.,
Boutton, T.W., Rice, C.W., and Owensby, C.E., Elevated
Atmospheric Carbon Dioxide Increases Soil Carbon,
Global Change Biol., 2005, vol. 11, no. 12, pp. 2057—
2064.

2. Smith, P, Andren, O., Karlsson, T., Perdla, P, Regina, K.,
Rounsevell, M., and Wesemael, B., Carbon Sequestration

MICROBIOLOGY  Vol. 77 No.1 2008

10.

11

12.

13.

14.

105

Potential in European Croplands Has Been Overestimated,
Global ChangeBial., 2005, vol. 11, no. 12, pp. 2153-2163.

Bernacchi, C.J., Hollinger, SE., and Meyers, T., The
Conversion of the Corn/Soybean Ecosystem to No-Till
Agriculture May Result in a Carbon Sink, Global
Change Bioal., 2005, vol. 11, no. 11, pp. 1867-1872.

Cardon, Z.G., Hungate, B.A., Cambardella, C.A., Cha-
pin, IIIES,, Field, C.B., Holland, E.A., and Mooney, H.A.,
Contrasting Effects of Elevated CO, on Old and New
Soil Carbon Pools, Soil Biol. Biochem., 2001, vol. 33,
pp. 365-373.

. Soe A.RB., Giesemann A., Anderson T.-H., Weige H.-J.,

Buchmann N., Soil respiration under elevated CO, and

its partitioning into recently assimilated and older car-
bon sources, Plant Soil, 2004. vol. 262. pp. 85-94.

Blagodatsky, SA., Blagodatskaya, E.V., Anderson, T.H.,
and Waigel, H.-J,, Kinetics of the Respiratory Response of
Soil and Rhizosphere Microbia Communities in a Field
Experiment a Elevated Concentration of Atmospheric
CO,, Pochvovedenie, 2006, no. 3, pp. 325-333.

Jenkinson, D.S. and Ladd, J.N., Microbial Biomass in
Soil: Measurement and Turnover, Soil Biochemistry,
Paul, E.A. and Ladd, J.N., Eds, New York: Marcel Dek-
ker, vol. 5, pp. 415471.

Shcherbakov, A.P, Mikhnovskaya, A.D., and Khaziev, FKh.,
Biologicd Characteristics of Chernozem, in Russkii cher-
nozem — 100 let pode Dokuchaeva (Russan Chernozem-—
100 Years after Dokuchaev), Mascow: Nauka, 1983, pp. 89—
102.

Blagodatsky, S.A., Blagodatskaya, E.V., and Roza-
nova, L.N., Kinetics and Strategy of Microbial
Growth in Chernozemic Soil Affected by Different
Long-Term Fertilization, Mikrobiologiya, 1994,
vol. 63, no. 2, pp. 298-307.

Tunyakin, V.D., Research in Sylvicultural Reclamation
in Kamennaya Step, Proc. Dokuchaev NIISKh TsChP,
1981, val. 5, no. 1, pp. 8-21.

Heinemeyer, O., Insam, H., Kaiser, EA., and Walenzik, G.,
Soil Microbia Biomass and Respiration M easurements. an
Automated Technique Based on Infra-Red Gas Analyss,
Plant Soil, 1989, vol. 116, pp. 191-95.

Panikov, N.S. and Sizova, M.V., A Kinetic Method for
Estimating the Biomass of Microbial Functional Groups
in Soil, J Microbiol. Met., 1996, val. 24, pp. 219-230.

Blagodatsky, S.A., Heinemeyer, O., and Richter, J., Esti-
mating the Active and Total Soil Microbial Biomass by
Kinetic Respiration Analysis, Biol. Fertil. Soils, 2000,
vol. 32, no. 1, pp. 73-81.

Blagodatskaya, E.V., Khokhlova, O.S.,, Anderson, T.-H.,
and Blagodatskii, SA., Extractable Microbial DNA Pool
and Microbia Activity in Paleosols of Southern Urals, Mik-



106

15.

16.

BLAGODATSKII et al.

robiologiya, 2003, vol. 72, no. 6, pp. 847-853 [Micrabiol-
ogy (Engl. Trand.), vol. 72, no. 6, pp. 750-755].

Anderson, JPE. and Domsch, K.H., A Physiological
Method for the Quantative Measurement of Microbial
Biomass in Soils, Soil Biol. Biochem., 1978, vol. 10,
no. 3, pp. 215-221.

Blagodatskaya, E.V., Blagodatskii, S.A., and Ander-
son, T.-H., Quantitative Isolation of Microbial DNA from
Different Types of Soils of Natural and Agricultural Eco-
systems, 2003, val. 72, no. 6, pp. 840-846 [Microbiology
(Engl. Trand.), val. 72, no. 6, pp. 744—749].

17.

18.

19.

20.

Anderson, T.-H., Microbial Eco-Physiological Indica-
tors to Assess Soil Quality, Agric Ecosyst Environ.,
2003, vol. 98, pp. 285-293.

Blagodatskaya, E.V., Anan’eva, N.D., and Myakshina, T.N.,
Characterization of the State of a Soil Microbial Community
by its Metaboilc Coefficient, Pochvovedenie, 1995, no. 2,
pp. 205-210.

Anderson, N.-H., Physiological Analysis of Microbial
Communities in Soil: Applications and Limitations,
Beyond the Biomass, Ritz, K., Dighton, J, and
Giller, K.E., Eds, 1994, London: Wiley.

Odum, E.P, The Strategy of Ecosystem Development,
Science, 1969, pp. 262—270.

MICROBIOLOGY Vol. 77 No.1 2008



