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Abstract The literature was reviewed regarding labo-
ratory incubation studies where C mineralization was
measured. Experiments were selected in which the
same substrate was incubated at least at two different
temperatures and where time-series were available with
at least four measurements for each substrate and tem-
perature. A first-order one-component model and a pa-
rallel first-order two-component model were fitted to
the CO2–C evolution data in each experiment using a
least-squares procedure. After normalising for a refer-
ence temperature, the temperature coefficient (Q10)
function and three other temperature response func-
tions were fitted to the estimated rate constants. The
two-component model could describe the dynamics of
the 25 experiments much more adequately than the
one-component model (higher R2, adjusted for the
number of parameters), even when the rate constants
for both were assumed to be equally affected by tem-
perature. The goodness-of-fit did not differ between
the temperature response models, but was affected by
the choice of the reference temperature. For the whole
data set, a Q10 of 2 was found to be adequate for de-
scribing the temperature dependence of decomposition
in the intermediate temperature range (about 5–35 7C).
However, for individual experiments, Q10 values de-
viated greatly from 2. At least at temperatures below
5 7C, functions not based on Q10 are probably more ad-
equate. However, due to the paucity of data from low-
temperature incubations, this conclusion is only tenta-
tive, and more experimental work is called for.
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Introduction

It has been hypothesized that the positive response to
increases in temperature is higher for decomposition
than for primary productivity (Woodwell 1978; Jenkin-
son et al. 1991; Schimel et al. 1994; Kirschbaum 1995).
Temperature increases are expected due to the emis-
sion of greenhouse gases (e.g. Houghton et al. 1990)
and may provide a positive feed-back in the global C
cycle due to decreases in soil C stocks.

The basic theory of decomposition kinetics has been
well described by several authors (Bunnell and Tait
1974; Swift et al. 1979). The strong correlation between
soil respiration and temperature was noted by Lunde-
gårdh (1927) and has been quantified for many soils un-
der different conditions (for reviews see: Singh and
Gupta 1977; Raich and Schlesinger 1992; Lloyd and
Taylor 1994; Kirschbaum 1995). However, there is no
consensus on the form of the relationship between de-
composition and temperature. In many decomposition
studies, the temperature coefficient Q10 relationship
(van’t Hoff 1898) is used to describe the dependence of
decomposition on temperature. Kirschbaum (1995) re-
viewed 20 different data sources and compiled reported
Q10 values regarding C mineralization. Fitting the Q10

function to this data set resulted in high Q10 values at
low temperatures, decreasing from about 8 at 0 7C to
about 2.5 at 20 7C.

Besides the Q10 relationship, several other functions
have been used to describe temperature responses: lin-
ear functions (e.g. Witkamp 1966; Froment 1972; Gupta
and Singh 1981), power functions (e.g. Kucera and
Kirkham 1971), Arrhenius-type functions (e.g. Howard
and Howard 1979; Lloyd and Taylor 1994), S-shaped
functions (e.g. De Neve 1996) and the heat sum concept
(e.g. Andrén and Paustian 1987; Honeycutt et al. 1988)
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which corresponds to Q10 values exponentially decreas-
ing with temperature. These functions can easily be
converted into each other by changing parameters into
temperature-dependent variables. Thus, a comparison
between studies where different approaches were used
is possible. However, problems arise when making a
comparison, since experimental procedures and their
analyses vary. The fact that sometimes accumulated
values were used and sometimes rates were used in the
studies is probably a minor problem. However, initial
rates (Winkler et al. 1996), rates observed during differ-
ent time periods at different incubation temperatures
(Ross and Cairns 1978), or rate constants as estimated
by different models and using different algorithms to fit
the data (e.g. Blet-Charaudeau et al. 1990; Updegraff et
al. 1995; Thierron and Laudelout 1996; Lomander et al.
1998) have been used to estimate temperature re-
sponses.

The objective of the work presented here was to es-
timate the functional relationship between decomposi-
tion rates and temperature. The literature was reviewed
and a data set was compiled from data given in figures
and tables. This data set was analyzed using dynamic
one-component and two-component models.

Materials and methods

Data sources

The literature was reviewed regarding laboratory incubation stud-
ies where C mineralization was measured. The selection criteria
were:

1. The same substrate was incubated at least at two different
temperatures.

2. Time-series were available and comprised at least four
measurements for each substrate and temperature.

From the resulting data set, several experiments were ex-
cluded:

1. Azmal et al. (1996a) presented results for eight different
substrates. To avoid depending too heavily on a single study, we
included only three substrates (low, medium and high decomposi-
tion rates).

2. Since only monotonously increasing response functions
were considered, two substrates were excluded from one refer-
ence (E and B horizon; Winkler 1996) where decomposition rates
decreased with temperature, and one substrate was excluded
from Pöhhacker and Zech (1995), where temperature did not af-
fect C mineralization (in a humic mineral horizon). The highest
temperature (32 7C) was also excluded for another substrate
(beach litter) presented by Pöhhacker and Zech (1995), since
CO2 evolution was higher at 22 7C than at 32 7C.

Data from experiments where incubation temperatures ex-
ceeded 40 7C were also excluded (Roper 1985).

One reference was excluded, where temperatures (10–60 7C)
had almost no affect on C mineralization in a Mediterranean soil
(Varnero et al. 1987). An overview of the resulting data set is
given in Table 1.

Data analysis

The data were scaled to a common unit. A first-order one-compo-
nent model and a parallel first-order two-component model were
used for the analysis of CO2-C evolution rates (Cflux; mg g–1 sub-
strate day–1) or cumulative CO2-C evolution (Ccum; mg g–1 sub-
strate): T
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Table 2 Parameter values for E (Eq. 3), T0 (Eq. 4), Q10 (Eq. 5),
Tmin (Eq. 6), as estimated for the whole data set at different ref-
erence (Tref) and maximum (Tmax) temperatures. R2 indicates

goodness-of-fit between the two-component model and tempera-
ture response factors according to non-linear regression

Tref Tmax E R2 T0 R2 Q10 R2 Tmin R2

10 40 54.1 0.74 237 0.57 2.04 0.75 c3.54 0.36
20 40 53.6 0.89 236 0.85 2.02 0.89 c0.50 0.82
30 40 54.2 0.96 233 0.96 2.06 0.96 P3.78 0.96
40 40 52.7 0.91 231 0.92 2.05 0.90 P5.17 0.93
10 30 54.8 0.79 235 0.59 2.10 0.78 c2.07 0.28
20 30 53.6 0.95 233 0.92 2.07 0.95 P2.81 0.89
30 30 54.8 0.93 231 0.93 2.13 0.93 P5.25 0.92

CfluxpaC0 k1 ePk1tc(1Pa)C0 k2 ePk2t; 0^a^1 (1a)

CcumpaC0 (1PePk1t)c(1Pa)C0 (1PePk2t); 0^a^1 (1b)

where C0 is the initial amount of total C in the substrate and aC0

and (1-a)C0 are the initial amounts of C in the two respective
pools in the two-component model, and k1 and k2 are the corre-
sponding rate constants. In the one-component model, ap1, and
thus only one pool remains. If both Cflux and Ccum were available,
we analyzed the rates to avoid statistical problems concerning au-
tocorrelated residuals (Hess and Schmidt 1995).

The models were fitted to the time-series for the highest incu-
bation temperature (Tmax) in each experiment by optimising val-
ues for a, k1 and k2 simultaneously, by using an algorithm for
non-linear least squares (Ralston and Jennrich 1979). Thereafter,
the model was fitted to the time-series for the remaining incuba-
tion temperatures of the corresponding experiment. For all tem-
peratures below Tmax, the value for a was the same as that esti-
mated for Tmax and the ratio between k1 and k2 (as estimated for
Tmax) was also fixed, i.e. temperature was assumed to affect k1

and k2 equally:

k1p rk1max (2a)

k2p rk2max (2a)

where r is the temperature response factor and k1max and k2max

are the rate constants at Tmax.
The next step was to describe the dependence of these re-

sponse factors on temperature for each experiment (cf. Andrén
and Paustian 1987). We tested four r(T) functions, all with one
free parameter apart from the reference temperature (Tref), i.e.
the temperature at which r equals unity:

1. An Arrhenius-type function

r (T)pe3
E
R 1 1

Trefc273.15 P
1

Tc273.1524 (3)

where R is the universal gas constant (8.314 J mol–1 K–1) and E is
the activation energy (J mol–1).

2. A two-parameter function proposed by Lloyd and Taylor
(1994)

r (T)pe
E01 1

Trefc273.15PT0
P

1
Tc273.15PT02 (4)

where Eo and To are parameters used to fit the data (Lloyd and
Taylor 1994). Here, we used the value for Eo (p35.41 7C) pro-
posed by Lloyd and Taylor (1994).

3. The exponential Q10 function

r (T)pQ10

TPTref
10 (5)

4. A function proposed by Ratkowsky et al. (1982)

r (T)p
(TPTmin)2

(TrefPTmin)2 (6)

where Tmin is a hypothetical value at which Cflux equals zero.

By fitting these functions to the r factors for each experiment
(TrefpTmax), we obtained a set of 25 parameter values normalized
for Tmax. Since Tmax differed (ranging from 16 to 40 7C) between
the experiments, we had to normalize these functions for a com-
mon Tref to estimate a common parameter value for each re-
sponse function (Eqs. 3–6) representing all experiments. Thus, we
recalculated the r factors as estimated for each experiment and
function and fitted the corresponding four functions to these nor-
malized r factors (as estimated using the same functions) for the
whole data set. R2

adj, the coefficient of determination, adjusted
for the number of parameters, as calculated by linear regression,
was used as a measure for goodness-of-fit between Ccum measure-
ments and model output; R2 as calculated by non-linear regres-
sion was used as a measure of goodness-of-fit between r(T) and r
factors.

Results and discussion

The two-component model could describe the dynam-
ics of the 25 experiments much more adequately than
the one-component model. The agreement between all
modelled and measured values (all temperatures) of
each experiment resulted in much higher R2

adj values
for the two-component model than for the one-compo-
nent model (Table 1).

All three, simultaneously estimated, parameters (a,
k1 and k2) were highly correlated. This implies that
changes in one are compensated by changes in the oth-
er two parameters, without greatly affecting the fit of
the model. For example, reducing a by 50% of the op-
timized value affected the resulting r factors, on aver-
age by less than 5%. The strong correlation between
the parameters hardly makes it possible to interpret
each of them separately as Updegraff et al. (1995) did.

All four tested temperature response functions fitted
well to the response factors of each experiment (R2

adj

values were generally high; not shown). However, the
estimated parameter values varied greatly between ex-
periments. For example, the estimated Q10 values var-
ied between 1.35 and 2.88 in the 25 experiments (Table
1).

The choice of Tref when rescaling the r factors from
Tmax to the common Tref, influenced the resulting total
response function (Table 2). The R2 value was highest
(p0.96) for all four tested response functions when
30 7C was chosen as Tref (Table 2). For example, for
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Trefp10 7C, the R2 values were as low as 0.36 for the
“Ratkowsky model” (Table 2). We also tested the sen-
sitivity of the response functions when excluding high
incubation temperatures uncommon under field condi-
tions (Table 2). When excluding temperatures above
30 7C from the data set, the R2 values decreased when
Tref was equal to 30 7C.

The fit of the response functions to r factors deriving
from the one-component model was much poorer (Ta-
ble 1) and the response was generally less concave than
that of the two-compartment model, i.e. r factors in-
creased less with temperature than they did for the two-
component model. For the one-component model, the
values for E, Eo, Q10 and Tmin, were 32.5, 213, 1.56 and
–21.8, respectively, and the corresponding R2 values
were 0.80, 0.87, 0.79 and 0.87 (with Trefp30 7C and
Tmaxp40 7C) i.e. lower than for the two-component
model (Table 2).

The assumption made in the two-compartment mod-
el that k1 and k2 are equally affected by temperature
was tested. These two parameters were estimated inde-
pendently for each incubation temperature and experi-
ment, whereupon the response functions (Eqs. 3–6)
were fitted to the r factors according to the procedure
described above, but for k1 and k2 separately. For ten
experiments the optimized values for k2 became nega-
tive for one or several temperatures. In these cases k2

was set to “missing” for the whole experiment. The re-
sulting response functions as estimated for k1 and k2

were similar to each other and to those for their com-
bined response (i.e. when k1 and k2 were equally af-
fected by temperature). For k1, the estimated paramet-
ers E (R2), Eo (R2), Q10 (R2) Tmin (R2) were 47.3
(0.89), 228 (0.89), 1.89 (0.89) and –7.99 (0.87), respec-
tively. Corresponding values for k2 (R2)were 44.5
(0.60), 226 (0.85), 1.85 (0.59) and –4.80 (0.86). Conse-
quently, the assumption that k1 and k2 were equally af-
fected by temperature seems to be reasonable.

The goodness-of-fit did not differ between the tem-
perature response models in the intermediate tempera-
ture range (about 5–35 7C). A Q10 value of 2 as used in
many model applications is probably an adequate value
when modelling the effect of temperatures between
about 5 7C and 35 7C on decomposition, at least when
simulating ecosystem responses at larger scales. How-
ever, for individual substrates, Q10 values may deviate
greatly from 2. Possibly, this variation in Q10 values is
due to temperature optima which can differ in time and
space between organism communities. For example,
lignin decomposers may have another temperature de-
pendence than other functional groups of decomposers.
It is also possible that soil organism communities in
cold climates are adapted to these, and thus will show
comparatively high activities at low temperatures (e.g.
Kirschbaum 1995). Hidden interactions of temperature
response with other factors (e.g. soil moisture, salt con-
centration or O2 oxygen partial pressure) during the in-
cubations may also have caused variation in Q10 val-
ues.

Fig. 1 The dependence of the first-order decomposition rates k1

and k2 on temperature. Lines denote four tested temperature re-
sponse (r) models with parameter values given in Table 2 :Eq. 3
––– Eq. 4 — – —, Eq. 5 – – —, Eq. 6 – – –. The reference temper-
ature is 30 7C. Symbols are r-factors (see text) as normalized for
the reference temperature using Eq. 6. Numbers in the legend
correspond to those given under “ID” in Table 1

In the data set analyzed here, only two or three ex-
periments included temperatures above 35 7C or below
5 7C. Although R2

adj values for the four temperature re-
sponse models were similar, the models diverged con-
siderably above and below these temperatures (Fig. 1).
Probably, the models proposed by Ratkowsky et al.
(1982) and Lloyd and Taylor (1994) are more adequate
for the lower temperature range and possibly for the
whole temperature range examined here. To model
temperature responses above 35 7C, bell-shaped func-
tions – which consider that responses decrease above
an optimum temperature – should be used (cf. Kirsch-
baum 1995). Constant values for E and Q10 at lower
temperature intervals are also theoretically unreasona-
ble since both E and Q10 approach infinity when r(T)
approaches zero. Thus, under natural conditions where
temperatures are close to 0 7C during longer time peri-
ods, e.g. at high elevation or latitude, functions not
based on Q10 are probably more adequate. However,
due to the paucity of data from low-temperature incu-
bations, this conclusion is only tentative, and more ex-
perimental work is called for.
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