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Widespread coupling between the rate and
temperature sensitivity of organic matter decay
Joseph M. Craine1 *, Noah Fierer2,3 and Kendra K. McLauchlan4
Microbial breakdown of soil organic matter influences the
potential for terrestrial ecosystems to sequester carbon, and
the amount of carbon dioxide released to the atmosphere1–4 .
Predicting the sensitivity of microbial decomposition to
temperature change is therefore critical to predicting future
atmospheric carbon dioxide concentrations and feedbacks to
anthropogenic warming5 . According to enzyme kinetics, the
more biogeochemically recalcitrant the organic matter, the
greater the temperature sensitivity of microbial respiration6–8 .
Here, we measured the temperature sensitivity of microbial
respiration in soils from 28 sites in North America, ranging
from Alaska to Puerto Rico, to test the generality of this
principle. We show that the lower the rate of respiration
at a reference temperature of 20 ◦ C—and thus the more
biogeochemically recalcitrant the organic matter—the greater
the temperature sensitivity of soil respiration. We compiled our
findings with those from other studies, encapsulating a range
of environments, and show that this relationship holds across
multiple scales and soil types. Although physico-chemical
protection of soil organic matter and substrate availability will
also influence the temperature sensitivity of decomposition, we
suggest that biogeochemically recalcitrant organic matter will
respond the most sensitively to anticipated warming.
Like many chemical reactions, the rate at which microbial
enzymes decompose organic matter increases with temperature.
However, the fundamental drivers and basic patterns of the temperature sensitivity of microbial decomposition have yet to be
quantified6,9,10 , rendering it difficult to improve predictions of
the fate of the largest terrestrial pool of C—soil organic matter (SOM)—as climate warms3,11–13 . On the basis of fundamental principles of enzyme kinetics associated with the Arrhenius
equation (1), the carbon-quality temperature (CQT) hypothesis6–8
predicts that the temperature sensitivity of microbial decomposition should increase with increasing activation energy (Ea ) of a
reaction. Therefore, the enzymatic decomposition of biochemically
recalcitrant substrates, that is, those that require a high activation
energy to degrade, generally should be more sensitive to changes
in temperature than the decomposition of more labile substrates.
Past research has supported relationships that follow the CQT
hypothesis for the decomposition of a range of plant biomass over
time8,14 , across soils at the continental and landscape scales15,16
and for soils incubated over time14,17 . Despite these individual
results, no general relationship between temperature sensitivity
of respiration and biochemical recalcitrance has yet emerged. If
such a general relationship exists, it would parallel previously
described scaling relationships between plant nitrogen concentration and respiration18,19 , litter decomposition and nitrogen (N)
mineralization20,21 , and body size and metabolic rates22 , which

have become key components of comprehensive theories of the
functioning of ecosystems.
To better understand how the temperature sensitivity of microbial decomposition of SOM changes as decomposition proceeds, we
report the latest of a series of parallel experiments8,15,16,23 aimed at
examining the relationships between biochemical recalcitrance of
organic matter and the temperature sensitivity of its decomposition.
Here, we analysed microbial decomposition of SOM for a diverse
set of surface soils from 28 sites in North America, ranging from
Alaska to Puerto Rico, to test the CQT hypothesis across a wide
variety of soils. In calculating the Ea of microbial respiration from
the periodic short-term manipulations of temperature, we test two
corollaries of the CQT hypothesis. First, if biochemical recalcitrance
limits the rate at which soil C is respired, soils with organic matter
that is respired at a lower rate should be associated with a higher
Ea . Second, as incubations proceed and the overall lability of the
respired C pool decreases, Ea should increase over time.
Across the 28 soils, the response of microbial respiration
to variation in temperature consistently supported the CQT
hypothesis. The average coefficient of determination across all
soils and all time points of the relationship between temperature
and respiration rates was 0.96 using the Arrhenius equation
(n = 420). Early in the incubations (day 15), Ea varied by a
factor of 2.7, from 51.3 kJ mol−1 (Ordway Prairie, Florida) to
139.1 kJ mol−1 (Florida Coastal Everglades). This is the equivalent
of a range of Q10 from 2.0 to 6.6 (here and hereafter expressed
between 20 and 30 ◦ C). Consistent with predictions from the
Arrhenius equation, soils with low relative respiration rates
at 20 ◦ C (R20 ) initially had higher Ea than soils with high
respiration rates. Forty-three per cent of the variation in logtransformed Ea among sites at this time could be explained
by log-transformed R20 as the two scaled negatively with one
another (log Ea = 2.17–0.28 × log R20 ; 95% confidence interval
(C.I.) = −0.46–(−0.17); r = −0.66, P < 0.001). On average, Ea
decreased with increasing R20 (Fig. 1c) across the 28 sites over the
365-day incubation period.
Comparisons of Ea as SOM decomposition proceeds also
support the CQT hypothesis. Over the course of the 365-day
incubations, R20 had declined 85% (20.0 to 2.93 µg C g C−1 h−1 ) and
the average Ea had increased 9% from 81.9 kJ mol−1 at day 1 to
88.9 kJ mol−1 (Fig. 1d). This is the equivalent of Q10 increasing from
3.03 to 3.33. All other things equal, on the basis of the Arrhenius
equation, organic matter with an Ea that was 7.0 kJ mol−1 greater
than another substrate would be respired at a rate that was 94%
lower, which is similar to the observed 85% decline.
Beyond the relative respiration rates at 20 ◦ C (R20 ), no other
soil characteristics that we measured correlated with Ea , either early
or late in the incubation. The fraction of soil carbon resistant

1 Division

of Biology, Kansas State University, Manhattan, Kansas 66506, USA, 2 Department of Ecology and Evolutionary Biology, University of Colorado,
Boulder, Colorado 80309, USA, 3 Cooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder, Colorado 80309, USA,
4 Department of Geography, Kansas State University, Manhattan, Kansas 66506, USA. *e-mail: jcraine@ksu.edu.
854

NATURE GEOSCIENCE | VOL 3 | DECEMBER 2010 | www.nature.com/naturegeoscience
© 2010 Macmillan Publishers Limited. All rights reserved.

NATURE GEOSCIENCE DOI: 10.1038/NGEO1009
a

LETTERS
b

25

100

95

Ea (kJ mol¬1)

R20 (µg C g C¬1 h¬1)

20

15

10

5

75
0

50

100 150 200 250 300 350
Incubation day

0

d

50

100 150 200 250 300 350
Incubation day

95

Ea (kJ mol¬1)

140

Ea (kJ mol¬1)

85

80

0

c

90

100

60

75
1

10

2

25

10

R20 (µg C g C¬1 h¬1)

30

R20 (µg C g C¬1 h¬1)

Figure 1 | Changes in respiration rate and apparent activation energy over time for 28 soils. a,b, Respiration rates at 20 ◦ C (R20 ; log(y) = 2.43–0.0042x,
r2 = 0.88, P < 0.001) (a) and the activation energy (Ea ) of decomposition (y = 81.6 + 0.028x, r2 = 0.63, P < 0.001; s.e. shown) (b) over the 365-day
incubations averaged across 28 soils. c,d, The orthogonal relationships between R20 and Ea across the 28 soils averaged for all the measurement dates
(log(y) = 10.27–4.96 × log(x); r = −0.70, P < 0.001) with each point representing one of the 28 soils (c) and across the 15 measurement dates averaged
for all 28 soils (log(y) = 2.01–0.094 × log(x); r = −0.75, P = 0.001) with each point representing one of the 15 measurement dates (d).
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to acid hydrolysis did not correlate with variation in average Ea
or R20 or with Ea or R20 at any time during the incubations
(P > 0.4). Soil fractionation techniques such as acid hydrolysis
typically quantify the sizes of labile and recalcitrant pools as
opposed to the characteristics of one pool24 . Future research into
the chemical nature of Ea among sites would probably require
recently developed analytical techniques, such as pyrolysis gas
chromatography mass spectrometry25 , that can quantify a diversity
of molecular structures. At present, there are still no chemical
indices that consistently indicate differences in the quality of a
given SOM pool for microbes. Site mean annual precipitation and
temperature, soil C and N, pH and texture did not explain any
additional variation in Ea after R20 (P > 0.05).
When joined with the results of a series of parallel experiments
that used similar methods to determine Ea and R20 (refs 8,
15,16,23), a general relationship between temperature sensitivity
of organic matter (both SOM and plant litter) decomposition
and biochemical recalcitrance emerges (Fig. 2). Among 206 soils
examined, R20 varied by a factor of 70 (0.8–55.5 µg C g C−1 h−1 )
and Ea by 2.9 (51.4–146.8 kJ mol−1 ). As seen in each study, Ea
decreased with increasing R20 and there were no differences in the
scaling coefficients between Ea and R20 among four independent
surveys of the temperature sensitivity of SOM (P > 0.07; Fig. 3).
With one of these additional studies at the continental scale15 ,
one at the landscape scale16 and one examining patterns with soil
depth23 , the fundamental drivers of the temperature sensitivity
seem robust across multiple scales and soil contrasts. For the larger
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Figure 2 | General scaling of biochemical recalcitrance and temperature
sensitivity of decomposition for plant and SOM. Relationships between
the respiration rate of microbes at 20 ◦ C (R20 ) and the activation energy
(Ea ) of decomposition for SOM (open circles) and plant biomass (filled
circles). The lines represent orthogonal regressions for log-transformed
data. For SOM, log(y) = 2.09–0.21 × log(x); C.I. = −0.25 − (−0.18);
r = −0.66, P < 0.001. For plant biomass, log(y) = 2.06–0.11 × log(x);
C.I. = −0.15 − (−0.08); r = −0.64, P < 0.001.
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Figure 3 | Scaling of biochemical recalcitrance and temperature sensitivity of decomposition compared across contrasts. a–f, Relationships between the
respiration rate of microbes at 20 ◦ C (R20 ) and the activation energy (Ea ) of decomposition of SOM observed across different individual studies (black
circles): at the continental scale primarily for North America15 (a), among soils for this study (b), at the landscape scale16 (c), across soil depths for a given
soil23 (d), over time for soils in this study (e) and for plant biomass8 (f). For reference, the unified data set from Fig. 2 is shown in grey in each panel.

SOM data set, Ea continued to decrease as respiration increased
(Fig. 2) with a large range of variability among samples in the
temperature sensitivity of SOM decomposition. Ea was predicted to
be as high as 110.0 kJ mol−1 (Q10 = 4.44) for the lowest observed
R20 (0.81 kJ mol−1 ) and as low as 57.7 kJ mol−1 (Q10 = 2.17) for the
highest observed R20 (55.5 µg C g−1 h−1 ).
Joining the plant litter and SOM data sets extends the range of R20
by a factor of 33 (new maximum of 2,012 µg C g C−1 h−1 ), although
the lowest Ea observed for litter decomposition (50.7 kJ mol−1 ) was
only slightly less than the lowest observed for SOM (51.4 kJ mol−1 ).
When the relationships between Ea and R20 for SOM and litter
are assessed jointly (Fig. 2), there is evidence for a general
relationship between temperature sensitivity and lability among
substrate types that is probably modified by the physico-chemical
protection of organic matter in soils26 . For SOM and plant litter
with the same Ea , the microbial decomposition respiration rate
is lower for SOM than litter. For example, SOM with an Ea of
59 kJ mol−1 , which is the lowest predicted SOM Ea in our data
set, would have an R20 of 31.5 µg C g C−1 h−1 . Yet, biomass with
the same Ea would be respired at a rate that was more than an
order of magnitude greater: 420.9 µg C g C−1 h−1 . The offset in
decomposition rates between SOM and biomass at a given Ea could
be ascribed to physico-chemical protection of SOM lowering the
relative respiration rate of SOM. Desorption of organic matter
from soil minerals is only weakly affected by temperature27 , and
therefore unlikely to be generating observed relationships between
R20 and Ea . Without estimates of physico-chemical protection
and/or chemical lability that are independent of microbial
utilization rates, a more highly resolved general relationship
between biochemical recalcitrance and temperature sensitivity will
be difficult to describe.
Although the CQT hypothesis is probably the most
parsimonious explanation for the observed relationship between
SOM decomposition rates and its temperature sensitivity, other
856

processes are probably influencing observed patterns in ways that
have yet to be quantified directly. For example, physico-chemical
protection of SOM by minerals can increase the temperature
sensitivity of SOM decomposition, and the microbial communities
of soils are likely to differ in their short-term responses to
temperature changes independent of substrate biochemical
recalcitrance (see Supplementary Discussion). In addition, the
longer-term responses of SOC to changes in temperature might
be more complicated than short-term responses. Several factors,
including changes in the quantity and quality of organic matter
pools over time, changes in nutrient availability, the influence
of plants in supplying labile C to fuel co-metabolism of
organic matter28 , and the activity and structure of microbial
communities, will increase in importance as altered temperatures
are maintained for longer periods of time10 . Incorporating these
factors requires the establishment of additional first principles
that can be combined with the CQT relationships for more
accurate predictions.
Establishing the generality of the CQT hypothesis is an
important step in predicting the ultimate response of present
organic matter pools to increases in temperature. For example,
present coupled climate–carbon cycle models often use a
Q10 of 2 to describe decomposition responses to increased
temperature4 . It might be possible to not only generate a
better average temperature sensitivity to use in these models
through more extensive sampling, but to include continuous
recalcitrance–temperature sensitivity functions that better describe
temperature responses of decomposition. If enzyme kinetics
continue to govern extracellular decomposition with longer
temperature increases, then responses would continue to follow
CQT scaling relationships. As such, decomposition of the most
biochemically recalcitrant organic matter would respond the most
to anticipated warming, probably generating a positive feedback to
climate change.
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Methods
At each of 28 sites, mineral soil was collected from the top 10 cm of the
soil profile, generally restricted to the A horizon. Soils were then mailed to
Kansas State University where they were passed through a 2 mm sieve and
maintained at 5 ◦ C for 10–60 days until incubations began. For each soil, we
measured texture using the hydrometer method, C and N concentrations on
a Leco CHN analyser, water-holding capacity, pH in a 1:1 mixture of soil and
water29 , and acid-hydrolysis-resistant C (ref. 30). We adjusted seven replicates of
20 g dry-equivalent soil to 35% water-holding capacity and placed them in 50 ml
polyethylene centrifuge tubes. Replicates were then incubated at 20 ◦ C. Periodically,
the five replicates for each soil were sealed with a cap containing a rubber septum,
and then distributed over five temperatures (10, 15, 20, 25 and 30 ◦ C). Two
additional replicates were maintained at 20 ◦ C. These soils were incubated for
18–72 h and then respiration rates for each determined by removing 4 ml of gas.
They were then injected in-line into a N2 gas stream and the peak heights measured
with a Licor 6252 infrared gas analyser. Using a set of calibrations, peak heights
were converted to CO2 concentrations in the tubes and then to respiration rates
that were scaled relative to soil organic C. The respiration rates of the two replicates
at 20 ◦ C (R20 ) were used as an index of lability. The five replicates incubated from
10 to 30 ◦ C were used to generate an Ea that was mathematically independent of
R20 . We used the Arrhenius equation to calculate the apparent activation energy
of the chemical reactions that contributed to respiration (Ea ) where the rate of
respiration relative to total SOC (k) is described by:
Ea

k = Ae− RT

(1)

where T is temperature in Kelvin, R is the gas constant (8.314 J K−1 mol−1 ) and A is
the frequency factor that is specific to each reaction and generated independently
for each set of five replicates. Specifically, Ea was calculated as the slope of the
relationship between −1/RT and the natural logarithm of relative respiration rates.
This process was repeated 15 times over 365 days with replicates for a given soil
rotated among the five temperatures for each measurement period.
To assemble a common data set of R20 and Ea , we compiled data from four
other experiments that used the same methods to examine temperature sensitivity.
To minimize the influence of inorganic carbon release, no soils were used with
pH > 8. For each soil, we recalculated Ea and extracted R20 from the original
respiration data. For SOM, the studies measured temperature sensitivity at only
one time point, or were averaged between two time points. From the present study,
we included only the average R20 and Ea for each soil (145 d), although we later
compare relationships over time to the larger data set (Fig. 3). For the temperature
sensitivity of leaves and roots, we include the temperature sensitivity measurements
at each of the three time points originally reported. Scaling relationships between
R20 and Ea were assessed with orthogonal regression, that is, standardized major
axis regression, on log-transformed data. All data were analysed in JMP 8.0.1 (SAS
Institute, Cary, North Carolina, USA).
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