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Abstract. Temperature acclimation of soil organic matter
(SOM) decomposition is one of the major uncertainties in
predicting soil CO2 efflux associated with the increase in
global mean temperature. A reasonable explanation for an
apparent acclimation proposed by Davidson and colleagues
(2006) based on Michaelis-Menten kinetics suggests that
temperature sensitivity decreases when both maximal activ-
ity of respiratory enzymes (Vmax) and half-saturation con-
stant (Ks) cancel each other upon temperature increase. We
tested the hypothesis of the canceling effect by the mathemat-
ical simulation of data obtained in incubation experiments
with forest and arable soils. Our data support the hypothe-
sis and suggest that concentration of readily decomposable C
substrate (as glucose equivalents) and temperature dependent
substrate release are the important factors controlling temper-
ature sensitivity of soil respiration. The highest temperature
sensitivity of soil respiration was observed when substrate re-
lease was temperature dependent and C substrate concentra-
tion was much lower thanKs . Increase of substrate content
to the half-saturation constant by glucose addition resulted in
temperature acclimation associated with the canceling effect.
Addition of the substrate to the level providing respiration at
a maximal rate Vmax leads to the acclimation of the whole
microbial community as such. However, growing microbial
biomass was more sensitive to the temperature alterations.
This study improves our understanding of the instability of
temperature sensitivity of soil respiration under field condi-
tions, attributing this phenomenon to changes in concentra-
tion of readily decomposable C substrate.

1 Introduction

Variations in the temperature sensitivity of soil organic mat-
ter (SOM) decomposition are the main source of uncertain-
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ties in models simulating the C cycle. It has been suggested
that the temperature sensitivity of soil respiration is over-
estimated in global C cycle models (Thornley and Cannell,
2001). Recently a Q10 value of 1.37 was determined by fit-
ting a mechanistic decomposition model to a global data set
of SOM (Ise and Moorcroft, 2006), assuming the importance
of temperature acclimation of SOM decomposition.

Non-trivial temperature response of soil respiration results
from a combination of many temperature dependent pro-
cesses (̊Agren and Wetterstedt, 2007). Vant Hoff’s temper-
ature coefficient Q10, which usually varies usually from 2 to
3, was proposed for the single chemical reaction. Respiration
is a process that is more complex in nature, in which many
enzymatic reactions are involved. In addition, microbial res-
piration in soil and other natural environments depends on
the rates of decomposition of recalcitrant SOM to C sub-
strates available for microorganisms, substrates and oxygen
diffusion and uptake by microbial cells and many other pro-
cesses.

The theoretical approach recently proposed byÅgren and
Wetterstedt (2007) demonstrates a combined effect of three
processes: substrate uptake on microbe’s surface, substrate
diffusion to decomposing organisms and decomposition of
recalcitrant SOM to the available substrates. It was shown
that the Q10 of two processes which multiply each other is
lower than those for individual processes (reactions). When
two temperature dependencies cancel each other, the com-
bined process may not even be sensitive to temperature, with
the resultant total Q10≈1 (Davidson et al., 2006).

A possible explanation for apparent acclimation based
on Michaelis-Menten kinetics was proposed by Davidson et
al. (2006). Microbial respiration is governed by enzyme ki-
netics and the activity of respiratory enzymes (R) as depen-
dent on substrate concentration (C):

R =
Vmax × C

Km + C
(1)
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with the maximal rate of enzyme activity Vmax and half-
saturation constantKm. Both Vmax andKm increase with
temperature resulting in the canceling effect. Thus, assum-
ing the equal change of Vmax andKm, the response ofR can
be insensitive to temperature, although this suggestion was
not confirmed in experiments with soil microorganisms.

A modified Michaelis-Menten equation is used in soil
studies mainly for determination of a readily decomposable
C substrate as glucose equivalent (Sikora and McCoy, 1990;
Bradley and Fyles, 1995; Badalucco and Hopkins, 1997), for
partitioning of respiration activity of copiotrophic and olig-
otrophic components (Panikov et al., 1992), and for evalua-
tion of predominantr-K strategy in the microbial community
(Blagodatsky et al., 1994). The parameters of Michaelis-
Menten kinetics are determined from experimentally mea-
sured relationships between the concentration of added glu-
cose as respiration substrate and the short-term rate of soil
CO2 efflux. Glucose is widely used to determine the pa-
rameters of microbial growth and microbial biomass in soil
since it is one of the primary C substrates released into soil
by rhizodeposition, as well as decomposition of cellulose
and hemicellulose which are the most abundant constituents
of plant residues and microbial cell walls (Paul and Clark,
1996).

Sikora and McCoy (1992) modified the Michaelis-Menten
equation by adding a new parameter, AC, or a concentra-
tion of available carbon in soil. In some studies the pro-
posed parameter is termed “content of native substrate”, or
Sn (Panikov et al., 1992; Blagodatsky et al., 1994):

v =
Vmax × (S + Sn)

Ks + S + Sn

(2)

Unlike the half-saturation Michaelis constant,KS is an in-
tegrated parameter.Km is the characteristic of an enzyme,
while KS reflects the affinity of microbial cells towards a
substrate.Sn is equivalent to the added glucose concentration
at zero CO2 efflux, i.e. the negative substrate concentration
when respiration is extrapolated to zero. Available carbon,
or native substrate, turns over within several hours (Panikov
et al., 1992), i.e. much faster than labile SOM pool fitted by
the single or double exponential decay function (Kätterer et
al., 1998; MacDonald et al., 1995). However, both parame-
ters describe the activity of soil microorganisms decompos-
ing SOM.

As Sn is very short-lived substrate, both substrate content
and turnover should be taken into account. Turnover time
(Tt ) of native endogenous substrate is determined as follows:

Tt =
Ks + Sn

Vmax
(3)

Our research aimed to test the hypothesis of Davidson et
al. (2006) using the modified Michaelis-Menten approach.
To investigate the significance of the canceling effect, we per-
formed 2 mo soil incubations at 12◦C and 22◦C. The param-
eters of glucose utilization were measured in soils taken from

arable land depleted in SOM and forest site with high SOM
content. In parallel, we monitored soil CO2 efflux in the
long term 12 mo incubation for determining rate constants
of SOM decomposition by a double exponential decay equa-
tion.

2 Materials and methods

2.1 Site description and experimental design

We used soil (Luvic Phaeozem) collected from two sites,
forest and arable, situated 4 km to the west of Pushchino,
Moscow Region, Russia (54◦50′ N, 37◦35′ E).

The forest soil (0–20 cm; Corg 2.4%, pH 5.6) was sampled
randomly in late October, 2005 in a secondary mixed aspen-
lime-birch forest rich in herbs, with a mean tree age of 40–50
years. This site has been under forest for about 100 years.
Soil samples from the arable site (0–20 cm; Corg 1.0%, pH
6.5) were collected in late September 2005 after winter wheat
harvest from unfertilized plot of a field experiment (9 yr ce-
real rotation) established in the Field experimental station of
the Institute of Physicochemical and Biological Problems in
Soil Science RAS.

Freshly sampled soil was sieved through 3 mm mesh, fol-
lowed by removal of fine roots with forceps. Then 50 g root-
free soil samples were placed into 500 ml flasks and adjusted
to 70% of water holding capacity (WHC). To test if the pat-
tern of respiration fit to modified Michaelis-Menten kinet-
ics increasing glucose concentration was added to fresh soil
samples. Respiration response to substrate addition was mea-
sured at 22◦C. One day after soil collection the flasks with
the soil were placed in two chambers adjusted to the tem-
peratures 12◦C and 22◦C, and incubated for over 2 months
with weekly addition of deionised water so as to maintain
moisture at a level of 70% WHC. After this incubation, glu-
cose solution was added to each sample to determine the ki-
netic parameters of substrate utilization by soil microorgan-
isms. Parameters of microbial growth were determined one
day later.

Respiration response of the soil samples to the addition
of increasing concentrations of C- substrate (glucose, at the
rates of 10–1000µg Cg−1 dry soil) was measured within 30
min after the substrate addition and simulated by Eq. (2)
(Sikora and McCoy, 1990; Panikov et al., 1992; Bradley and
Fyles, 1996).

CO2 production by soil amended with glucose at the rate
of 4 mg Cg−1 dry soil, providing substrate sufficient for un-
limited microbial growth, was determined in the soil samples
incubated at 22◦C and 12◦C. Gas probes were sampled pe-
riodically, after 30 min incubation of the soil samples with
tightly sealed lids. After gas sampling the flasks with soil
were ventilated until the next gas sampling.

Glucose with mineral NPK salts was used to determine
both the growth rate and the parameters of Michaelis-Menten
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kinetics (Blagodatsky et al., 2000). Concentrations of all so-
lutions were adjusted to C:N=10 and N:P:K equal to 10:5:1.
Volumes of the added solutions were calculated to adjust the
soil water content in the samples to 80% of water holding
capacity.

In parallel, a long term 12 mo incubation was performed
for determining the rate constants of SOM decomposition
by a double exponential decay equation. To avoid the in-
hibition of soil respiration by high concentrations of CO2
respired, headspace CO2 concentrations were kept below
1.5%. CO2concentrations were determined 2-3 times a week
during the first month of the incubation. At the advanced
stages of the decomposition the interval was increased to 1–
2 weeks. The flasks were ventilated for 30 min after each gas
sampling.

The amount of CO2 increase in the incubation flasks was
measured by gas chromatography. Concentration of CO2 in
the headspace gas probes was analyzed on Chrom-5 gas chro-
matograph on 2.5 m column with Porapack-Q using TCD.
Carbon and nitrogen content in soil was measured by CHN-
analyzer (Carlo Erba, Italy). Parameters of microbial growth
and substrate utilization were measured in 5 replicates and
the results of soil respiration during 12 mo incubation were
obtained in 3–4 replicates. All results are expressed on an
oven-dry weight basis.

2.2 Determination of kinetic parameters

Determination of the microbial growth rate involves simu-
lation of the transition process of soil microorganisms from
sustaining to an actively growing state, i.e. lag phase, as well
as exponential phase of microbial growth after the addition of
the excess quantities of a readily decomposable C substrate
(Panikov and Sizova, 1996; Blagodatsky et al., 2000):

v(t) = vu + vc × eµmaxt (4)

wherev(t) is CO2 production rate,t is time, vc is the cou-
pled respiration rate,vu is the uncoupled respiration rate, and
µmax is the maximal specific growth rate when the microbial
growth is unlimited.

Cumulative microbial respiration curves were fit to a dou-
ble exponential decay model:

Y = 1 − A0e
−k1t − (1 − Ao)e

−k2t (5)

whereY is the cumulative amount of C-CO2 at time t ex-
pressed as a portion of organic C in soil,A0 is a portion of
labile pool,k1 andk2 are rate constants for labile and stable
pools of organic matter, respectively.

All equations were fitted using nonlinear least-squares re-
gression by the Marquardt algorithm. Since the difference
between two incubation temperatures was equal to 10◦C,
Q10s were calculated as the ratio between the parameter val-
ues at 22◦C and 12◦C.
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Fig. 1. Forest(a) and arable(b) soil respiration response to increas-
ing concentration of added glucose determined at 22◦C (solid line)
and 12◦C (dashed line) approximated by Eq. (2) (R2=0.95–0.99).
Error bars indicate standard deviations,n=5.

3 Results

Parameters of glucose utilization were calculated by the
modified Michaelis-Menten equation Eq. (2) with a good fit
between measured and simulated data (Fig. 1). These param-
eters were time-, site- and temperature-dependent (Table 1).

Vmax, Ks andSn declined in the following order: forest
soil at 22◦C > forest soil at 12◦C > arable soil at 22◦C >

arable soil at 12◦C. The decrease of glucose utilization pa-
rameters in unfavorable environments was associated with
SOM depletion and temperature decrease (Table 1). Both
Vmax andKs were higher at 22◦C than at 12◦C in the forest
and arable soil (Table 1) canceling the increase of each other.

Less significant parameter changes were observed during
the 2 mo incubation. The incubation resulted in the decrease
of a readily decomposable native substrate(Sn) in the for-
est soil, while in the arable soil all the parameters were un-
changed. Turnover ofSn was not temperature dependent,
however it changed significantly during soil incubation: it
slowed in arable soil and intensified in forest soil.

Microbial growth on excess glucose was simulated by
Eq. (4) (Fig. 2). Maximal specific growth rate (µmax) ob-
tained at the exponential phase of microbial growth was
much higher at 22◦C than at 12◦C, with Q10 values greater
than 2 (Table 1). On the contrary, the values of Vmax fitted at
the lag phase showed lower temperature response: the ratios
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Table 1. Parameter values of substrate utilization kinetics after glucose addition to the soil before and after 2 mo incubation. Values in
parenthesis indicate standard error of the parameter.

Initial sample Sample after incubation Initial sample Sample after incubation

Temperature◦C 22 22 12 Q10 22 22 12 Q10

forest soil arable soil

Vmax, µg C-CO2 g−1 h−1 15.6 (0.5) 15.1 (0.4) 9.1 (0.3) 1.7 2.9 (0.3) 2.4 (0.2) 1.6 (0.1) 1.5
Ks , µg Cg−1 50.6 (6.8) 43.0 (5.2) 33.3 (3.8) 1.3 12.2 (1.3) 18.0 (2.7) 11.4 (1.6) 1.6
Sn, µg C g−1 10.8 (2.4) 5.2 (1.1) 2.2 (0.8) 2.4 1.8 (0.8) 2.7 (0.8) 1.1 (0.3) 2.4
Tt h 6.6 (1.3) 3.2 (0.7) 3.9 (0.8) 0.8 4.8 (1.0) 8.5 (2.2) 7.7 (1.9) 1.1
µmax, h−1 Nd 0.29 (0.02) 0.14 (0.01) 2.1 nd 0.14 (0.01) 0.07 (0.01) 2.0
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Fig. 2. Dynamics of forest(a) and arable(b) soil respiration
amended with glucose excess (4 mg C g−1 soil) in response to in-
cubation temperature: 22◦C (solid line) and 12◦C (dashed line)
simulated by Eq. (4) (R2=0.93–0.98). Error bars indicate standard
deviations,n=5.

between Vmax at 22◦C and 12◦C were 1.7 and 1.5 for the for-
est and arable soils, respectively. These Q10s of Vmax were
lower than the value of 2 assigned by Davidson et al. (2006).
Q10s of Vmax obtained in our experiment were also lower
than the temperature coefficients ofSn.

Hence, temperature response of soil respiration changes
with substrate concentration (Table 1): it is the highest at
zero glucose addition with the decomposition of endoge-
nous substrate, decreases significantly at high glucose con-
centrations, providing unlimited microbial respiration Vmax,
and increases again during 24 h substrate unlimited microbial
growth.

Cumulative soil respiration during annual incubation fit
well to the double exponential decay function Eq. (2);
R2

=0.99. Soil respiration, rate constants and the size of la-
bile pool were higher in the forest soil reflecting depletion
of total and labile SOM in the arable land (Table 2). All the
fitted parameters were significantly related to the tempera-
ture. The rate constantsk2 were much more sensitive to the
temperature thank1 for both soils. Temperature elevation in-
creased the rate constants and the size of labile SOM pool as
well (Table 2). The size of respirable labile C pool(A0) was
1.3–3.4 times higher at 22◦C than at 12◦C.

4 Discussion

4.1 Parameters of microbial growth and substrate utiliza-
tion

The covariation of Vmax andKs with temperature confirms
the importance of the canceling effect suggested by David-
son et al. (2006). The canceling effect is significant when
substrate concentration is lower or close toKs .If substrate
concentration is much higher thanKs , the temperature re-
sponse of substrate affinity becomes insignificant. We de-
termined the parameters of the modified Michaelis-Menten
equation Eq. (2) at the start of the experiment and after
2 mo incubation (Table 1).Sn values both in forest and
arable soils were lower thanKs value at any measurement
time or incubation temperature. The values ofSn for arable
soils obtained by Sikora and McCoy (1990) and Badalucco
and Hopkins (1997) in short-term incubations were equal
to Ks,supporting the hypothesis of the canceling effect in
soils. In almost all ecosystems, the availability of carbon and
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Table 2. Parameter values of microbial respiration by the decomposition of soil organic matter (k1 and k2 rate constants of labile and
recalcitrant pools,Ao – pool size of labile substrate). Values in parenthesis indicate standard error of the parameter.

Temperature◦C 12 22 Q10 12 22 Q10

forest soil arable soil

Ao (×10−2) 2.1 (0.03) 3.1 (0.12) 1.5 0.64 (0.08) 2.2 (0.10) 3.4
k1, day−1(×10−2) 2.1 (0.07) 1.8 (0.15) 0.9 1.6 (0.27) 2.1 (0.24) 1.3
k2, days−1 (×10−4) 0.62 (0.01) 1.4 (0.05) 2.3 0.72 (0.03) 1.9 (0.04) 2.6

energy sources are extremely restricted (Morita, 1988), and
the canceling effect can be an important factor controlling
apparent temperature acclimation across soil types.

When Vmax andKs cancel each other, respiration is con-
trolled by SOM decomposition producing available substrate
(Sn) (Ågren and Wetterstedt, 2007). The enlargement ofSn

at higher temperature (Table 1) indicates an increase in the
enzymatic activity stimulating decomposition of recalcitrant
SOM. The combination of temperature dependentSn release
into the soil with canceling effect explains Q10 changes at
increased rates of glucose addition. The highest temperature
response of soil respiration was found in the arable and for-
est soils at a low substrate concentration. Q10s of respiration
rates with no glucose added (S=0) were consistent with Q10s
of Sn (Fig. 1, Table 1). After glucose addition, the effect ofSn

differences becomes insignificant, since glucose input ranged
from 10–1000µg Cg−1 dry soil, whileSn was as low as 1–
5µg Cg−1 dry soil (Table 1). As substrate supply increased
to theKs values, which are in the range of 10–50µg Cg−1

dry soil (Table 1), the canceling effect was the main control-
ling factor of soil respiration. When the substrate concen-
tration does not limit microbial respiration by substrate input
of 500–1000µg Cg−1 dry soil, i.e. much higher thanKs , the
canceling effect was not important.

At high substrate content when microbial respiration is un-
limited, the whole microbial community demonstrated low
temperature response, while its growing component showed
higher temperature sensitivity. Q10s of µmax describing
growing microbial biomass were higher than those of Vmax
reflecting respiratory response of the whole microbial com-
munity (Table 1). The fact that microbial growth is more
temperature sensitive than maintenance has been confirmed
by the response of soil microorganisms to extremely low
temperatures (Panikov et al., 2006). No microbial growth
was found at temperatures below 0◦C, while maintenance
respiration was detected at the temperature as low as−39◦C.

Microbial biomass partitioning on growing and sustain-
ing (active, but not growing) components (Blagodatsky et al.,
2000) showed that the growing component amounts to only
10–20% of total biomass. As the total microbial commu-
nity and its growing component exhibited different temper-
ature responses (Table 1), the increase in growing biomass,

e.g. from 10 to 20% can also contribute to temperature sen-
sitivity changes of soil respiration. The reverse shifts from
growing to sustaining and dormant physiological states also
can alter respiration dependence on soil temperature. There-
fore temperature sensitivity correlated with the glucose de-
composition rate in a long-term soil incubation with added
labeled glucose (Nicolardot et al., 1994): the highest tem-
perature sensitivity was observed at the first stages of the
experiment when glucose decomposition rate was the high-
est. After the added glucose was depleted, and proportion
of sustaining biomass increased, the temperature sensitivity
decreased significantly.

Our results (Fig. 1, Table 1) illustrate two types i) tempera-
ture dependent (Sn) and ii) temperature independent (S) sup-
ply of readily decomposable substrate to the soil. The can-
celing effect plays a very important role when the substrate
input is not temperature dependent, while response of sub-
strate production to temperature changes becomes the main
controlling factor in situations where only endogenous sub-
strate is present in soil. When substrate concentration does
not limit soil respiration, temperature response depends on
the temperature sensitivity of microbial growth and the por-
tion of growing component in the total microbial biomass.

The changes in glucose utilization parameters associated
with temperature alterations can reflect real physiological
temperature adaptations of soil microorganisms as well as the
apparent acclimation caused by changes in substrate concen-
tration and quality. It is often impossible to differentiate real
and apparent acclimation since both respiration and substrate
availability change along with temperature (Kirschbaum,
2006). Since theSn values determined in our experiment
were temperature dependent, we also could not differentiate
the real and apparent acclimation (Table 1).

This study is the first attempt to experimentally verify the
canceling effect hypothesis. We have presented the results
of long-term (2 mo) incubation. The question of whether the
canceling effect is important during short -term temperature
changes is still unanswered.

Taking into account the ability of soil microbial biomass to
modulate kinetic properties according to the growth environ-
ment, the time scale of such an adaptive response becomes of
great interest. Both steady state (Giardina and Ryan, 2000;

www.biogeosciences.net/4/1073/2007/ Biogeosciences, 4, 1073–1081, 2007
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Ise and Moorcraft, 2006) and transient (Eliasson et al., 2005)
lowering of temperature responses are found in C models. If
the time delay between Vmax andKs changes is significant,
the canceling effect would be short-lived, while synchronous
alterations of these parameters lead to the Vmax andKs can-
celing in the long-term.

In the present study we discussed the temperature re-
sponses of kinetic parameters when a single compound (glu-
cose) is controlling microbial respiration. In contrast to the
laboratory, microorganisms in soils grow with complex mix-
tures of substrates. Usually all of them are at very low con-
centrations (Kalbitz et al., 2003) with the exception of lit-
ter fall season when the substrate supply is more abundant.
An improved substrate affinity (decreasedKs) of the indi-
vidual compounds was found during microbial growth with
a substrate mixture (Kovárov́a-Kovar and Egli, 1998). The
values of kinetic parameters are also limited by nutrients.
The optimization of the experimental procedure by which
the parameters of microbial growth (Eq. 4) are determined
evidence thatµmax was higher in glucose+NPK treatment
than in glucose-only amendment (Blagodatsky et al., 2000).
Therefore experimental confirmation of the kinetic interac-
tion of non-homologous C and N substrates with changing
temperature is required.

4.2 Temperature response of labile and recalcitrant SOM

These results support the hypothesis that low-quality sub-
strates (i.e. substrates with a low proportion of readily de-
composable C substances) are mineralized with a higher Q10
than labile substrates (Bosatta andÅgren, 1999; Knorr et
al., 2005; Leifeld and Fuhrer, 2005; Waldrop and Firestone,
2004; Fierer et al., 2006). The majority of methodological
approaches, including our long-term incubation, estimate the
response of two small SOM pools with mean residence times
of years and decades. Both pools can be considered labile
compared to the old SOM pool, with turnover times of cen-
turies and millennia. The sensitivity of this old stable SOM
to soil warming was found to be higher than the response of
labile SOM as well (Leifeld and Fuhrer, 2005), although the
approach used for separation of stable SOM is destructive.
Harsh treatment with HCl would increase microbial access
to physically protected SOM, i.e. improve the quality of de-
composing substrate. Hence, the temperature sensitivity of
old SOM in natural conditions is still unknown.

A number of studies reported that the temperature re-
sponse may not correlate (Dioumaeva et al., 2003; Fang et
al., 2005; Reichstein et al., 2005a; Conen et al., 2006) or
correlate positively (Liski, 1999; Giardina and Ryan, 2000;
Mellilo et al., 2002) with SOM quality. Positive correla-
tion contradicts the kinetic theory, which indicates higher
temperature sensitivity for the decomposition of stable SOM
(Bosatta andÅgren, 1999; Davidson and Janssens, 2006),
and the conclusion about its low temperature sensitivity is
often based on incorrect assumptions. Temperature insensi-

tivity of old SOM in Liski’s model (Liski, 1999) is the con-
sequence of an assumption about fixed mean residence time
of soil C pools (̊Agren, 2000). The analysis of geographical
trend in Giardina and Ryan’s study takes into account the de-
composition of only one homogenous SOM pool, while the
decomposition rate depends on the abundance of SOM pools
with different kinetic characteristics (Davidson and Janssens,
2006). Multipool models of SOM decomposition (Eliasson
et al., 2005; Kirschbaum, 2004) have demonstrated good fit
with data obtained in soil warming experiments. In these ex-
periments the initial flush of decomposition disappears in a
few years (Mellilo et al., 2002; Eliasson et al., 2005), and
temperature insensitivity of recalcitrant SOM is suggested to
explain this phenomenon (Mellilo et al., 2002). However,
the initial SOM loss can be attributed to decomposition of
rapidly cycling pools, while in the longer term more recal-
citrant decadally cycling pools continue to loose SOM. CO2
efflux produced by the decomposition of these recalcitrant
pools is hardly detectable as it contributes less than 5% in-
crease in total soil respiration in a several years of soil warm-
ing (Trumbore, 2006).

Modeling of the fixed labile pool (Parton et al., 1987;
Kätterer et al., 1998) simulated at the highest incubation tem-
perature 30–35◦C suggested that temperature changes affect
the rate constant only. However, the assumption of con-
stant pool size may be incorrect (MacDonald et al., 1995;
Waldrop and Firestone, 2004). The enlargement of the la-
bile pool at higher temperature indicates an increase in the
enzymatic activity stimulating decomposition of recalcitrant
SOM. There are two main groups of extracellular enzymes
produced by soil microorganisms decomposing macromolec-
ular SOM: oxidative and hydrolytic enzymes. The first group
is involved in the conversion of phenolic polymers into labile
compounds while the second is used to decompose cellulose.
Enhanced oxidative enzyme activity in response to the ele-
vated temperature was proposed as the mechanism providing
greater microbial access to the recalcitrant SOM and, there-
fore, resulting in an increased labile SOM pool (Waldrop and
Firestone, 2004). This mechanism can compensate for the
labile substrate depletion at elevated temperatures. At high
temperature, the decrease in respiration rate caused by the
depletion of readily available substrate is followed by the in-
crease in the initial rate of SOM decomposition. The same
mechanism is proposed as the explanation for the apparent
acclimation in experiments with soil warming or long-term
incubation (Eliasson et al., 2005; Kirschbaum, 2006). How-
ever, the increase of bothSn (Table 1) and the labile SOM
pool A0 (Table 2) due to temperature elevation found in our
experiments indicates that no substrate depletion happened.
Conversely, lower substrate content was detected at the lower
temperature of 12◦C. Compensation of the respired labile
SOM occurred in both soils studied, with more prominent in-
crease ofA0 in arable soil (Table 2). Thus, our data suggest
the importance of a feedback between substrate depletion and
microbial access to recalcitrant SOM.
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Both methodological approaches used in our experiments
gave similar indices of labile C: theSn determined by modi-
fied Michaelis-Menten equation is consistent withA0 simu-
lated by double exponential decay model. HigherSn values
at 22◦C correspond well to the increased labile poolA0 at this
temperature (Tables 1 and 2) compared to 12◦C. The param-
eters of the Michaelis-Menten equation are more informa-
tive for understanding apparent acclimation and variability
of temperature sensitivity as a function of high quality sub-
strate concentration. As mentioned, the canceling effect is
significant when the concentration of readily decomposable
substrate is lower or comparable to theKs concentration by
SOM degradation.

When the pool of recalcitrant and stable SOM is being de-
composed, the level ofSn is much lower thanKs , andSn

release into the soil is temperature dependent. Therefore
two factors: i) the canceling effect and ii) the rate by which
SOM is decomposed to substrates available for microorgan-
isms control temperature response of soil respiration.

In the contrast to the temperature response, the labile pools
Sn andA0 were not in good agreement during soil incuba-
tion in which the decrease of both pools was expected. In
the forest soil the intensification ofSn turnover was detected
with decreasing of both substrate content and turnover time,
while in the arable soil more intensiveSn turnover was ob-
served at the start of incubation, andSn did not change sig-
nificantly with time (Table 1). It remains an open question
whether the revealed changes ofSn andTt reflect reality or
are just a result of soil disturbance. The effect of soil mixing
during sample preparation on kinetic parameters should be
elucidated to obtain environmentally relevant sizes of carbon
pools and characteristics of microbial growth and substrate
utilization.

This study is the starting point to assess biologically and
ecologically meaningful parameters Vmax, Ks , Sn, which
are necessary to determine respiration responses to changing
temperature. Since we can not derive these parameters from
individual studies on SOM decomposition, the determination
of these parameters at the early and advanced stages of de-
composition over a broad range of temperatures in a wide
variety of soils would be useful for modeling of transient
and steady state effects of temperature responses by SOM
decomposition. Our results have limited implications for nat-
ural conditions. We suggest that the canceling effect is more
important in field experiments than in our laboratory incuba-
tions when the release of easily decomposable substrate into
the soil is temperature independent. Such temperature insen-
sitive processes as seasonal litter fall and drying-rewetting
events that are usually considered as confounding factors
(Kirschbaum, 2006; Reichstein et al., 2005b) can substan-
tially increaseSn values at high or low temperature. At the
same time temperature sensitive SOM decomposition affects
soil respiration as well. The combination of temperature de-
pendent and independent processes resulting inSn produc-
tion is the main reason for unstable temperature sensitivity

of soil respiration in the field conditions.

Our results confirmed the significance of the canceling ef-
fect as well as the rate of substrate release into the soil and
shift in physiological state of soil microorganisms. The ex-
perimental testing of other factors modifying kinetic parame-
ters and temperature response of soil respiration, e.g. micro-
bial growth with substrates mixture versus single compound,
effect of nutrients, asynchronous parameter changes etc., is
required. The search for unknown combinations of processes
which result in non-trivial temperature response of SOM de-
composition will improve our understanding of C cycle in
ecosystems.

5 Conclusions

Our data suggest that the parameters of microbial growth
and substrate utilization are useful for the explanation of the
temperature dependence of soil respiration on the concen-
tration of readily decomposable substrate. The temperature
response of SOM decomposition is the highest when the sub-
strate concentration is very low (S+Sn≪Ks). During the de-
composition of endogenous substrate (S=0) soil respiration is
governed by two factors i) the canceling effect of Vmax and
Ks temperature sensitivities and ii) temperature dependent
release of native substrate (Sn) by SOM decomposition. As
substrate content increases to theKs values (S+Sn=Ks), the
canceling effect is of great importance as a primary mech-
anism of apparent acclimation, i.e. substantial lowering of
the temperature sensitivity of microbial respiration. Tem-
perature sensitivity ofSn production is not important, since
Sn is much lower thanKs . When the substrate concentra-
tion does not limit microbial respiration(S+Sn≫Ks), soil
CO2 efflux is close to Vmax, and both the canceling effect
andSn release have minor importance. Temperature response
of substrate-unlimited respiration depends on the portion of
growing microbial biomass in the total microbial C pool: the
larger the growing biomass pool is, the higher the temper-
ature sensitivity of microbial respiration detected. The ap-
proach used in this work improves our understanding of the
effect of both temperature dependent and independent sub-
strate release into the soil, which are usually considered con-
founding factors controlling the response of CO2 efflux to
soil warming.

Acknowledgements. This research was supported by the Russian
Foundation for Basic Research (projects 05-04-48441, 06-04-
48756, 06-04-90610), Program “Russian Scientific Schools”
(grant NS 3096.2006.4) and the Russian Academy of Sciences
(program 16). We are grateful to M. B. Leigh for the revision and
improvement of English in the text of manuscript.

Edited by: J. Leifeld

www.biogeosciences.net/4/1073/2007/ Biogeosciences, 4, 1073–1081, 2007



1080 A. A. Larionova et al.: Temperature sensitivity of soil respiration

References
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