Biogeochemistry (2012) 108:1-15
DOI 10.1007/s10533-011-9596-9

SYNTHESIS AND EMERGING IDEAS

Temperature sensitivity of organic matter decomposition
in the Arrhenius equation: some theoretical considerations

Carlos A. Sierra

Received: 2 November 2010/ Accepted: 6 March 2011 /Published online: 22 March 2011

© Springer Science+Business Media B.V. 2011

Abstract Previous theoretical analyses based on
Arrhenius kinetics and thermodynamics have shown
that the temperature sensitivity of low-quality sub-
strate is higher than that of high-quality substrate.
Because soils store large amounts of low-quality
carbon, understanding its response to increasing
temperatures will help to predict the response of
atmospheric CO, to climate change. However, empir-
ical studies do not provide conclusive evidence to
corroborate this theoretical argument. Although there
are various possible reasons for this disagreement, the
theory behind this argument has not been scrutinized
carefully. Based on a simple mathematical analysis of
the Arrhenius equation it is shown here that low-
quality substrates are less temperature sensitive when
analyzed in absolute rather than in relative terms, a
result that may seem counterintuitive to previous
theory. However, this is a paradox intrinsic to the
Arrhenius equation and it is often ignored within the
‘quality-temperature’ debate. In fact, different mea-
sures commonly used to analyze the temperature
sensitivity of different substrates can provide appar-
ently different and contradictory results even though
they are based on the same basic principles. Distin-
guishing between absolute and relative measures of
sensitivity is essential for understanding the sensitivity
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of respiration to environmental change. An analysis of
the available empirical evidence on this topic shows
that most studies actually agree with the Arrhenius and
thermodynamics theory, with less disagreement than
previously thought. To address some of the issues
identified here, a formal theoretical framework is
proposed to study the sensitivity of respiration rates
with respect to changes in multiple drivers of
decomposition.

Keywords Quality-temperature hypothesis -
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Introduction

The temperature sensitivity of soil organic matter
decomposition is a highly debated topic due to its
important implications for the global carbon cycle
and feedbacks to the climate system (Davidson and
Janssens 2006). An important aspect of this debate is
the temperature sensitivity of non-labile or low-
quality organic matter. Theoretical analyses agree
that low-quality substrates would have higher sensi-
tivities to temperature change (Bosatta and Agren
1999; Davidson and Janssens 2006), which is now
known as the ‘quality-temperature’ hypothesis, but
empirical studies provide mixed results with no
conclusive evidence to confirm this prediction (von
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Liitzow and Kogel-Knabner 2009). Some authors
have tried to explain contradictory empirical results
on the basis of the intrinsic vs. apparent temperature
sensitivities of respiration (Davidson and Janssens
2006; Subke and Bahn 2010), pointing out important
confounding factors that limit our ability to single out
the direct effects of temperature on respiration.
However, one important issue when trying to com-
pare different studies looking at the temperature
sensitivity of different qualities of organic matter is

the variety of indices or measures used to evaluate
this sensitivity. The most common measure of
sensitivity in the literature is the temperature coeffi-
cient Q¢, but other authors have used other measures
such as decomposition rates, mean residence times,
activation energy, respiration rates, among others
(Table 1). It is possible that some of the discrepancy
among studies is due to the use of different measures
of temperature sensitivity. Therefore, a careful the-
oretical analysis of these different measures would

Table 1 Summary of
empirical studies in which
the quality temperature

Study

Measure of
sensitivity

Agrees with
Arrhenius theory?

hypothesis has been tested
range 5-35°C
Fang et al. (2005)
Giardina and Ryan (2000)

1. Decomposition rates of stable SOM pools are not temperature sensitive within a temperature

Oio No
T No

2. Decomposition of stable SOM pools have a higher temperature sensitivity than that of labile

SOM pools

Boddy et al. (2008)

Bol et al. (2003)

Conant et al. (2008a)
Conant et al. (2008b)
Craine et al. (2010)
Curiel-Yuste et al. (2007)
Hakkenberg et al. (2008)
Hartley and Ineson (2008)
Knorr et al. (2005)

Koch et al. (2007)

Koch et al. (2007)

Larionova et al. (2007)
Leifeld and Fuhrer (2005)
Rey et al. (2008)
Vanhala et al. (2007)

3. Labile and resistant SOM pools respond similarly to changes in temperature

Fang et al. (2005)
Reichstein et al. (2005)
Townsend et al. (1995)

k No
T Yes
Oio Yes
O1o Yes
E Yes
Q1o Yes/no
T Yes
Qo Yes
Int Yes
Oio Yes
(l ﬁ) 4 Yes
fdr
Oo Yes
O Yes
0o Yes
Q1o Yes
Q1o Partially
Qo Partially
7, In2/k Partially

4. The decay rate of the labile SOM is very temperature-sensitive, but not the decay rate of stable

SOM

Bradford et al. (2008)
Eliasson et al. (2005)
Liski et al. (1999)
Luo et al. (2001)
Melillo et al. (2002)
Trumbore et al. (1996)

? f denotes enzyme activity

Studies organized according
to von Liitzow and Kogel-

C, R Yes
R Yes
k, C, soil age Yes
Oio No
k Yes
T No

Knabner (2009)
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help to discern possible theoretical issues that could
help to resolve some of the controversy associated
with empirical studies.

This manuscript presents a theoretical analysis of
the different measures commonly used to assess the
temperature sensitivity of organic matter decomposi-
tion in empirical studies. The backbone of the
analysis is the Arrhenius equation, which provides a
solid theoretical framework for the study of temper-
ature sensitivity with substrates of different qualities
or levels of biochemical recalcitrance (Bosatta and
;\gren (2009); Davidson and Janssens 2006). Due to
this focus on the Arrhenius equation, the scope of the
analysis is on the interactive effects of litter quality
and temperature.

There are four main objectives that this manuscript
attempts to achieve: (1) to show that different indices
commonly used in the quality-temperature debate can
produce different and contrasting answers. (2) To
present the contrasting behavior between relative and
absolute measures of temperature sensitivity and how
these two levels of abstraction have created confusion
regarding the temperature sensitivity of substrates
with different qualities. (3) To show that there is less
disagreement in this debate than what is currently
thought and most of experimental studies can be
explained within the context of the Arrhenius theory.
(4) To present a formal conceptual framework for the
study of the sensitivity of the decomposition process
to multiple environmental factors. This last objective
is an attempt to provide a mathematical framework to
study the overall sensitivity of the decomposition
process to other factors in addition to temperature and
litter quality.

A mathematical analysis of the different measures
of soil organic matter decomposition is presented in
the “Temperature sensitivity of different measures of
decomposition® section below to address objectives 1
and 2. “Comparing theoretical measures and empirical
studies” section in combination with the “Discussion”
section address objective 3, and “A general frame-
work to study sensitivities to environmental change*
section focuses on the last objective. For clarity, the
main terms used in this analysis are defined below.

Terminology and notation

An important issue in the quality-temperature sensi-
tivity debate is the lack of clear and consistent

terminologies. For example, in the literature the terms
‘temperature dependence’ and ‘temperature sensitiv-
ity’ are treated almost indistinctively. To avoid con-
fusion with previous terminology several distinctions
are made in this manuscript. First, temperature depen-
dence is defined here in the context of independent and
dependent variables. A process is temperature depen-
dent if temperature is an explanatory or independent
variable in the mathematical representation of this
process. For example, soil respiration R is temperature
dependent if there is a function f for which temperature
T is one of the independent variables in the model
(R=f(T,...)). This differs from temperature sensi-
tivity, which is defined here as the rate of change of
some measure X (respiration flux, decomposition rate,
or turnover time) with respect to temperature while all
other variables are held constant. Mathematically, this
is equivalent to the partial derivative of X with respect
to temperature 0X /0T. Sensitivity expressed as partial
derivatives is not a new concept and has been used in
the past by other authors (e.g., Lloyd and Taylor 1994;
e.g., Bosatta and Agren 1999).

Similarly, absolute and relative sensitivity are
treated explicitly here. The absolute sensitivity 0X /
OT expresses the absolute change of the measure X
for a given unit change in temperature, while the
relative sensitivity (1/X) 0X /0T expresses this change
relative to the actual value of the measure X. For
example, the absolute sensitivity of decomposition
rates measures the amount of change in the decom-
position rate per unit change in temperature (uni-
ts of time ™! Kil), while the relative sensitivity
measures this change as a proportion per unit change
in temperature (units of K.

This analysis will focus on four of the most
common measures used to asses the temperature
sensitivity of organic matter decomposition: respira-
tion flux R, decomposition rate k, turnover time 7, and
Q0. The respiration flux R is the total amount of
carbon released from the soil as carbon dioxide
resulting from the activity of non-autotrophic organ-
isms. It takes into account the total amount of carbon
stored in the soil and how it is distributed among
different pools with different qualities. The decom-
position rate k is a constant that describes the
exponential decrease of organic matter with time.
The inverse of the decomposition rate is the turnover
time t. The temperature coefficient Qo measures the
proportional change of a biological or chemical
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system as a consequence of increasing the temperature
by 10°C. Mathematical definitions of this terms and
their sensitivities to temperature are provided below.

Organic matter quality in this study is defined only
in a biochemical context. Since this study only
focuses on Arrhenius kinetics, the quality of a
substrate is measured here in terms of the activation
energy; i.e. the amount of energy required for a
chemical reaction to proceed. For the process of
organic matter decomposition, the activation energy
is inversely proportional to its quality, the higher the
amount of energy required to breakdown a substrate
the lower its quality. This definition is equivalent to
that from Bosatta and Agren (1999) based on
thermodynamics: quality is the number of enzymatic
steps required to release as carbon dioxide a carbon
atom from an organic compound.

Temperature sensitivity of different measures
of decomposition

Decomposition rates

It is commonly accepted that reaction rates (k) in the
decomposition process follow the Arrhenius equation
given by

k:Aexp(;E_‘;), (1)

where A is the pre-exponential factor and E the
activation energy. Both are assumed independent of
temperature. R is the universal gas constant and T
absolute temperature (K). By definition, Eq. 1 implies
that a substrate of low-quality requires high amounts
of energy (E) to be degraded, therefore its rate of
decomposition (k) is slow. Activation energy is a
measure of substrate quality, the higher the activation
energy the lower the quality of the substrate, and as E
increases k — 0.

One formal definition to test the temperature
sensitivity of decomposition is the partial derivative
of the decomposition rate with respect to temperature

Ok _ kA (ZE
or w2 P\w7 )0

E
RT?"

(2)

Since all terms before the exponential are positive,
the values of this derivative are always positive. This
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implies that as temperature increases the decompo-
sition rate will always increase for constant values of
the activation energy.

Another way to represent the temperature sensi-
tivity of decomposition rates is in relative terms or
logarithmic form

Olnk E 10k 3
T R KOT ®)

Absolute (Eq. 2) and relative (Eq. 3) sensitivities
of decomposition rates produce different and appar-
ently contradictory results (Fig. 1). While the relative
sensitivity shows that low-quality substrates are more
sensitive to changes in temperature, in absolute terms
high-quality substrates are indeed more temperature
sensitive. Low-quality substrates have low decompo-
sition rates, and although they are more sensitive in
relative terms, they are not in absolute values
(Fig. 1).

Comparing the limiting behavior of these two
sensitivities as the quality of the substrate decreases
we find that

. Ok
ey =" @
1 0k
dim o = ®)

These limits show that as substrate quality decreases
(E — 00) the absolute and the relative sensitivities of
decomposition rates behave in opposite directions,
with the absolute sensitivity exponentially decreasing
towards zero and the relative sensitivity linearly
increasing to infinity (Fig. 1).

An example can help us to understand these
apparently contradictory behaviors. Suppose two
different substrates are studied experimentally; sub-
strate 1 has an activation energy of 50 kJ mol™', and
substrate 2 an activation energy of 55 kJ mol™ ',
which means that substrate 2 has lower quality than
substrate 1. The experiment reveals that at 278K
(5°C) substrate 1 decomposes at a rate ks, | = 0.14
year™', while substrate 2 decomposes at a rate ks,
>, =001 year”'. When temperature was increased
by 10K the substrates decomposed at rates ks,
1= 0.30 yearf1 and k;s, » = 0.04 yearfl, respec-
tively. These results showed that a 10° increase in
temperature increased the decomposition rate of
substrate 1 by 0.16 year™', while the decomposition
rate of substrate 2 only by 0.03 year™'. For substrate
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Fig. 1 Temperature sensitivity of decomposition rates k and
turnover times t as a function of temperature 7 and activation
energy E. a Relative sensitivity of decomposition rates (1/k) Ok/
OT. b Absolute sensitivity of decomposition rates 0k/ 0T. ¢

1 this is equivalent to an increase of 0.016 year™ ' for
each Kelvin increased, and 0.003 year_lK_1 in the
case of substrate 2. These last two values are
analogous to the concept of the absolute sensitivity
of decomposition rates depicted by Eq. 2. Alterna-
tively one can calculate the temperature sensitivity
relative to the decomposition rate at 278K. The
experiment showed that the decomposition rate of
substrate 1 increased by 11% for each degree increase
in temperature while for substrate 2 it increased by
13% for the same degree increased. If the results were
analyzed solely on the basis of the relative increase in
decomposition rates one would conclude that sub-
strate 2, which has lower quality, is more sensitive to
decomposition. However, if the results were analyzed
on the basis of the absolute sensitivity the opposite
would be concluded. According to Arrhenius theory
and the limits in Egs. 4 and 5, these contradictory
behaviors apply to any substrate under any given
temperature.

Relative sensitivity of turnover times (1/t) 0t/07. d Absolute
sensitivity of turnover times 0t/07. Values for the sensitivity of
turnover times (c¢) and (d) were transformed to positive values for
clarity. Low activation energy implies high quality substrate

Turnover times

The turnover time or mean residence time 7 is defined
as the inverse of the decomposition rate

1 exp(E/RT)
TEE (6)

The absolute temperature sensitivity of the turnover
time with respect to temperature is then

ot —E
— =—exp(E/RT
a7 = a2 P (E/RT), )

__—E

~ 'R
and the relative sensitivity is
10t Olnt  -—E (8)
10T 3T RT*

Even though they have different signs, in relative

terms the sensitivity of the turnover times and that of
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the decomposition rates produce similar behaviors
(Fig. 1a, c); however, in absolute terms these two
indices of sensitivity produce contrasting results
(Fig. 1b, d). This discrepancy can be explained by
the asymptotic behavior of the term 1/k for low
values of the activation energy; ie.,
limy_,0 0t/0T = +oco. This behavior, rather than a
biophysical property, is a mathematical artifact
introduced in the calculation of turnover times for
substrates with decomposition rates very close to
Zero.

QIO

A commonly used relative measure of temperature
sensitivity is Qjq, the factor by which a reaction, or
total soil respiration, changes as a consequence of a
10°C increase in temperature,

Kri10
O = e 9)
where K is either the decomposition rate k or the
respiration rate R. Since it is a relative measure of the
change in reaction rates, Qo provides a measure of
sensitivity similar to that of the relative sensitivities
of decomposition rates and turnover times (Fig. 2). In
qualitative terms, Q; is an approximation to the term

EIRT.

Q10

Activation Energy T t
emperature

Fig. 2 Q¢ calculated from the Arrhenius equation. Low
activation energy implies high quality substrate
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Temperature sensitivity of respiration

Sensitivity of respiration for a homogeneous
substrate

The instantaneous release of carbon through respira-
tion is commonly expressed as the product between
the decomposition rate k and the amount of carbon
available for decomposition C, therefore respiration
equals R = k C for a homogeneous substrate (Olson
1963). Then, absolute and relative sensitivities of
respiration are

OR 0Ok E

and

1 0R E

RIT ~ BRI (11)

respectively. Notice that the relative sensitivity of
respiration (Eq. 11) is identical to the relative sensi-
tivity of reaction rates and can also be approximated
with the Qo function. The absolute sensitivity of
respiration rates with respect to temperature (Eq. 10)
is the product between the relative sensitivity of
decomposition rates, the decomposition rate itself,
and the amount of carbon available for decomposi-
tion. In contrast to other measures of sensitivity
presented before, the absolute sensitivity of respira-
tion is proportional to the size of the carbon pool. An
important consequence of Eq. 10 is that respiration of
low-quality substrates is less sensitive to temperature
than that of high-quality substrates

lim — = 0. (12)

Sensitivity of respiration for a heterogeneous sub-
strate

Assuming constant inputs / of organic matter to the
soil, one obtains the instantaneous rate of change of
carbon for a homogeneous substrate as

dc

—=1—-kC. 13
= (13)
We can partition a substrate into n quality classes i
depending on the number of distinct substrates with

homogenous activation energies as
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dc;
dt

with total respiration as R = > 7 _ | k; C;.

A substrate in this model can be composed by a
higher proportion of high- than low-quality substrate,
or conversely by more low- than high-quality substrate
(Fig. 3, upper panels). This simple soil carbon model
can be run to steady-state with a distribution of the

= I, — kC;, (14)

Inputs of
C

Inputs of

il

Temperature

Steady-state|

Steady-state
C stores

C stores

A
8

Temperature

Steady-state!
Respiration

Steady-state!
Respiration

il

Temperature

Fig. 3 Steady-state amounts of carbon and respiration pre-
dicted by the simple soil carbon model of Eq. 14. The upper
row of figures show the inputs of carbon at each time step in
the simulations for different assumptions of the distribution of

Activa:tQ

initial amount of carbon in different qualities equal to
the distribution of the litter inputs.

The results show that the amount of respiration tends
to be dominated by carbon released from high quality
substrates, even when the amount of carbon in the soil is
predominantly of low qualities (Fig. 3, lower panels).
The total amount of carbon at steady-state (Fig. 3,
middle panels) does not differ significantly in the

il

Temperature

.

Temperature

Steady-state|
C stores

Temperature

Steady-statel
Respiration

/ Activa:i$ ‘ /
Temperature 4 . Temperature

carbon in different qualities. The middle row of figures shows
the distribution of carbon at steady-state, while the lower row
shows the distribution of the respiration fluxes at steady-state
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Sensitivity

Sensitivity
Respiration

Respiration

Steady-state

Steady-state
Q1o

Q10

‘ ﬁe

Activati@

Acﬁvati@

Sensitivity
Respiration

Steady-state
Q10

| ﬁe

I / Activaiio%

Temperature

Fig. 4 Sensitivity of respiration for the simulations of Fig. 3 calculated as the absolute sensitivity of respiration rates OR / 0T shown
in the upper panels (units of mass of C time™! K1), and as Q¢ shown in the lower panels (units of K™h

distribution of quality from the distribution of the
quality of the inputs. Only the amount of carbon in the
higher qualities at high temperatures is lower in
comparison with the carbon in the same qualities at
lower temperatures, but this difference is actually hard
to see in the figures. This suggests that at the scale of
months, at which the model was run (100 days),
differences in soil carbon pools due to temperature
may be undetectable.

In terms of sensitivity, the Q;q for these respiration
numbers shows that in relative terms the low quality
substrate was more sensitive to temperature and similar
in all cases. The Qo shows what pools increase faster
relative to reaction rates. However, the Q¢ in this case
fails to show what pools are respiring more and emit more
carbon to the atmosphere, which can be better observed
with the absolute sensitivity of respiration (Fig. 4).

Comparing theoretical measures
and empirical studies

In a review of different empirical studies used to test
the quality-temperature hypothesis, von Liitzow and
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Kogel-Knabner (2009) organized these studies
according to their main conclusion; these are: (1)
decomposition rates of stable SOM pools are not
temperature sensitive within a temperature range 5—
35°C, (2) decomposition of stable SOM pools have a
higher temperature sensitivity than that of labile
SOM pools, (3) labile and resistance SOM respond
similarly to changes in temperature, (4) the decay rate
of the labile SOM is very temperature-sensitive, but
not the decay rate of stable SOM. These studies are
listed in Table 1 with the measure the authors of each
study used to assess temperature sensitivity for
different qualities. Studies evaluating changes in
8'3C were excluded from this table because their lack
of a measure similar to decomposition rates, turnover
times, or Q;g, and issues of uncertainty previously
found in these types of studies (see Conen et al.
2008).

A review of the measures of temperature sensi-
tivity used in previous studies reveals that a mix of
relative and absolute sensitivity measures have been
used by different authors (Table 1). Studies that
have found low-quality, recalcitrant or stable
organic matter more sensitive to temperature have
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predominantly used relative measures of sensitivity
such as Qjo,In7, or activation energy E (used as a
proxy for the relative sensitivity of decomposition
rates). Turnover times 7 have been also used as a
measure of sensitivity, and although this is an
absolute measure, it predicts higher sensitivities for
low quality substrates because of the asymptotic
behavior of this measure as E — oo and k — O.

In contrast, studies predicting higher sensitivity for
labile or high-quality substrates have predominantly
used absolute measures of sensitivity such as changes
in decomposition rates k, carbon pools C, and
respiration fluxes R (Table 1).

The apparent disagreement between studies there-
fore, is not as dramatic as previously suggested. The
majority (70%) of studies in Table 1 agree with the
Arrhenius theory presented above in which low-
quality substrates are more sensitivity in relative
terms and high-quality substrates are more sensitive
in absolute terms. There are however, some studies
that apparently do not conform to the Arrhenius
theory, but the behavior reported in some of those
studies could partially be explained by specific
combinations of temperature and substrate quality
(E). The three-dimensional shapes of the different
indices of sensitivity in Fig. 1 can be cut by many
different planes in different directions according to
different combination of T and E specific to each
study. Some of these combinations can result in
sensitivities with no trends. For example, sensitiv-
ities of turnover times at intermediate to high
temperatures can be the same for low- and high-
quality substrates (Fig. 1d). This behavior can
partially explain the results found by Townsend
et al. (1995). Similarly, for relative measures of
sensitivity such as Q¢ it is possible that a simul-
taneous change in E and T result in a horizontal
displacement along the response plane. An experi-
ment at which a temperature increase results in a
depletion of labile substrates and an increase in low-
quality substrate can provide undetectable changes
in Q. This behavior can be observed in the same
color-shaded areas in Fig. 2. This potential behavior
of Qo can partially explain the results found by
Fang et al. (2005) and Reichstein et al. (2005).
Although, these possibilities need a more rigorous
test, they are indeed plausible within the theory
provided by Arrhenius kinetics.

Discussion
Differences between theory and empirical studies

The theoretical argument that predicts higher sensi-
tivity for low-quality substrates has not been ana-
lyzed in detail within the ‘quality-temperature’
debate. A careful reexamination of the theory in
which this argument is based shows opposite and
apparently contradictory behaviors among different
measures of temperature sensitivity (Figs. 1, 4). In
particular, to the question of what biochemical pools
are more sensitive to temperature change, this
analysis showed that absolute and relative measures
of sensitivity provide contrasting answers. This is a
paradoxical behavior embedded within the Arrhe-
nius equation and it is based entirely on the theory
of enzyme kinetics. It is a paradox because these
two opposite behaviors lead to contradictory state-
ments at two different levels of abstraction, the
relative and the absolute level. The distinction
between relative and absolute sensitivity therefore,
is essential to understand the overall sensitivity of
organic matter decomposition with respect to
changes in temperature.

Differences between absolute and relative sensi-
tivities have been described before, most notably in
Davidson and Janssens (2006). However, the math-
ematical details pertaining to different decomposition
measures have not been analyzed in detail. The
different measures used in the literature to assess the
temperature sensitivity of substrates of different
quality combine absolute and relative sensitivities
(Table 1) without much distinction among them for
comparison purposes.

The terms relative and absolute sensitivity could
be a source of confusion though. It is important to
consider that in the context of this analysis, relative
and absolute sensitivities are described in reference to
the measure itself. For example, the relative sensi-
tivity of the decomposition rate is relative to the
decomposition rate itself and cannot be confused as if
it were relative to the pool size. The only measure of
sensitivity that is proportional to pool sizes is the
absolute sensitivity of respiration rates, which is the
product of the total amount of carbon, its decompo-
sition rate, and the relative sensitivity of the decom-
position rate (Eq. 10).
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In addition to the distinction between absolute and
relative sensitivity, it is important to emphasize
differences in other measures of sensitivity such as
changes in turnover times and Q;o. Turnover times
can largely overestimate the sensitivity of the
decomposition process for low-quality substrates
because of the asymptotic behavior of the term 1/k.
For substrates that require high amounts of energy for
decomposition, very small changes in E cause very
large changes in turnover times simply as a result of
having very small numbers in the denominator. In
other words, the sensitivity of turnover times for low-
quality substrates are dominated by the asymptotic
behavior of the term 1/k and should be avoided for
comparison purposes within this debate.

Although estimating Q¢ values in decomposition
or incubation experiments provide some useful
information, they do not necessarily provide the
information required to understand the overall
temperature sensitivity of different substrates (e.g.,
Davidson et al. 2006, Fig. 4). In some situations
using Qo may have advantages because it provides
the sensitivity of the reactions independent of the
absolute rate or the amount of carbon available for
decomposition. However, Q¢ does not provide any
information on what pools release more carbon from
soil organic matter.

Despite all these differences in the behavior of
different measures of temperature sensitivity there
seems to be less disagreement among empirical
studies and theory than previously thought. In the
Arrhenius and thermodynamics theory of decompo-
sition, low-quality or biochemically recalcitrant sub-
strates are more temperature sensitive than labile
substrates in relative terms, but less sensitivity in
absolute terms. Therefore, studies that present these

contradictory statements can be in agreement with
Arrhenius kinetics and thermodynamics depending
on the type of measure used to assess temperature
sensitivity (Table 1). Even studies that show equal or
no sensitivities for different pools can be consistent
with this theory depending on the specific changes in
temperature and activation energy intrinsic to the
experimental conditions. For example, an incubation
experiment in which an increase in temperature
produces an increase in the activation energy of the
substrate (depletion of the labile pool) can result in
undetectable changes in Q¢ (Fig. 2).

More on Q¢S

Although the temperature coefficient Q¢ is concep-
tually well defined, there is in the literature a variety
of functions used to calculate this coefficient
(Table 2). These different functions can produce
different estimates that may impose limitations for
inter-comparisons, but perhaps more importantly,
some of these functions introduce biases.

When calculated as in Eq. 9, Q¢ is simply a ratio
between two measurements of respiration. This is a
convenient method for calculating Q¢ under exper-
imental conditions where temperature can be con-
trolled in ranges of 10°. However, when temperature
cannot be manipulated the only option to calculate
Q0 is fitting a model to the observed data by least-
squares regression. One such a model is a modifica-
tion of the Van’t Hoff equation

T Ty

R:Rrele()Ta (15)

where R, is a fixed amount of respiration at a
reference temperature 7, Qo and R, can be

Table 2 Examples of
different equations used for

calculating Q) in different
laboratory incubation
studies

Study Q10 equation Terms
Fang et al. (2005) 010 = (5)(10/T) a: empirical coefficient
Fierer et al. (2005) 010 = exp(X1n(&)) B: empirical coefficient
Leifeld and Fuhrer (2005) 0 Rz) 10/(T>—T1) R;: respiration at temperature 7;
10 = R/
10/(T—T,, :
Hartley and Ineson (2008) 01 = ( % ) /( r) T,.s reference temperature
Conant et al. (2008a) AU t., t,,: time required to respire a given
Quo = (f_> fraction at cold 7. and warm

Wetterstedt et al. (2010)

T,, temperatures, respectively

Q10 = Rry10o/Rr
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calculated by least-squares regression with known
values of R and 7. Solving for Q¢ one obtains

Qi = <i> Tirw. (16)

R ref

If temperature and respiration can be measured
without experimental error and follow exactly the
relationships in Eq. 15, Q¢ would always be con-
stant. However, this is never the case and the random
behavior of T and R impose a random behavior on
Q1o that is somehow predictable. In other words,
given that Qo can hardly behave as a universal
constant in empirical studies it behaves according to
the properties of random variables. In this context and
in contrast with Eq. 9, Eq. 16 shows that Q¢ is a
function that depends on temperature, declines as
temperature increases, and has asymptotic behavior at
the temperature extremes,

lim Qo =1,
lim Q10 = 00, (
Ty
if (R/IR,.p) > 1.
One important problem of using Eq. 15, is that it
introduces an undesired behavior when analyzing the
temperature sensitivity of organic matter decomposi-
tion for different temperature ranges. For example,
taking random numbers of temperature and respiration
and using Eq. 15 to calculate Q at fixed values of T},
and R,, one obtains a behavior that could be attributed
to certain biological process while in fact is the result
of the mathematical formula used (Fig. 5a). This
problem is specially important when combining
different estimates of Q¢ from the literature or from
a set of experiments because in these cases Q¢ is not a
single constant derived from one single regression but
arandom variable estimated from multiple regressions.
A similar asymptotic behavior is obtained with
randomly generated numbers to calculate Qs as in
Fierer et al. (2005). In their study the authors found
that temperature sensitivity decreases with an index of
substrate quality, but given their formula to calculate
Q0 it is also possible to obtain the same behavior with
randomly generated numbers (Fig. 5b). In this case
the asymptotic behavior is created by the term B in
their formula, which causes that Q;p — oo as B — 0.
The fact that these behaviors can be explained by
mathematical artifacts does not necessarily invalidate
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Fig. 5 a Temperature coefficient Qo calculated with ran-
domly generated respiration numbers assigned to random
values of temperature (inset). Qo calculated as Qp =

(R /R,‘Ef)%, with R,;=5 and T,;= 1. b Temperature
coefficient Q¢ calculated with randomly generated respiration
numbers assigned to random values of the quality index B. Q¢
calculated as Qo = exp(10In(R/B)/T), as in Fierer et al.
(2005). Please refer to Fig. 1 in that study for comparison of
behaviors

the conclusions of some studies however. The results
from Fierer et al. (2005) are consistent with the
theory presented here and other empirical studies as
well (Table 2). The main problem is the use of a
measure to assess temperature sensitivity that is
model dependent and therefore produces the intrinsic
behavior expressed in the model.
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In general, the temperature coefficient Q¢ should
be interpreted very carefully and comparisons among
different values that use different formulas should be
avoided whenever possible. On one hand, the O} only
provides information on the relative sensitivity of
decomposition and does not provide information on
the pools that are responding more to temperature
changes in absolute carbon values (Fig. 4). On the
other hand, depending on the formula used to calculate
010, undesirable behaviors could be introduced that
obfuscates the interpretation of empirical results.

A general framework to study sensitivities
to environmental change

Measuring the temperature sensitivity of decomposi-
tion or respiration rates while maintaining all other
factors constant is difficult if not impossible in
experimental or observational studies (Subke and
Bahn 2010). In fact, future temperature change will
be correlated with changes in soil moisture, microbial
community composition, and carbon supply to the
soil, among other factors involved in the decompo-
sition process. To tackle this research challenge, an
appropriate theoretical framework would be to study
the absolute change in respiration rates in the
trajectory of change of the different factors involved
in the decomposition process. The gradient of respi-
ration VR is a convenient framework to study the
sensitivity to these multiple factors. Formally, the
definition of the gradient for a function that depends
on multiple factors R = f(X;, Xz, ..., X,) is

OR 3R OR
R={( 20 as ) 18
v <6X1’6X2’ ’ax,,> (18)

If we were interested in calculating the sensitivity of
respiration with respect to a specific change of
different factors occurring simultaneously, the direc-
tional derivative of respiration in the direction u is
given by
VR-u:S—;u1+§—£u2+---+a—Run, (19)
where u is the unit vector (see example below).
Lets assume for example that we can represent
respiration by three different variables: substrate
quality in the form of activation energy E, soil
temperature 7 and soil water content W as

@ Springer

-E\ W
R—Aexp<ﬁ>w+6, (20)
where the term (W/W + €) is a Michaelis-Menten-
type coefficient that modifies the decomposition rate
depending on the amount of moisture available (cf.
Gulledge and Schimel 2000). The gradient in this
case is given by

OR OR OR
VR= <a—Ea—Tw>

SN\ RTTRTETW(W +e)/

The usefulness of this equation is on predicting the
sensitivity of respiration for a substrate of a given quality
under specific conditions of temperature and moisture.
If a substrate with activation energy E = 50 kJ mol ™'
and e = 10% is under conditions of temperature
T = 300K, and soil water content W = 5%, its respi-
ration would be R, = 0.65 g C m~2d™" according to
this model, and its sensitivity to changes in quality,
temperature, and moistures would be given by VR, =
< —0.26,0.04,0.09 >, in units of (g C m 2 d7!
k™! mol, g C m2d! K_l, gC m2d7! %_l);or
< —0.40,0.07,0.13 > as a proportion of the
total amount of respiration in units of
(ka1 mol, Kil, %7]). In contrast, the same substrate
under conditions of temperature 7 = 300 K, and soil
water content W = 90 %, has a respiration of R, =
1.77gCm 2 d' and a sensitivity of VR, =
< —0.71,0.12,0.02> in (gCm>d 'Kk
mol, g C m 24! K_l, g C m2 47! %_1), or <
—0.40,0.07,0.01 > in (KJ ' mol, K™, %~ "). We
can see that in the two cases respiration is more
sensitive to changes in activation energy per unit
change in kJ mol~!. However, in the first case the
substrate under the given environmental conditions is
more sensitive to changes in % soil water content than
temperature per Kelvin, while in the second case the
substrate is more sensitive to temperature. This exam-
ple points out that sensitivities to different factors
depend on the given conditions, so the sensitivity of
respiration to one factor would be stronger under
certain environmental conditions than in others. Notice
that the value of the sensitivities depend on the choice
of units, but this can be easily set for the specific
problem under consideration.

Now, if we are interested in calculating the
sensitivity of respiration when multiple factors

(1)



Biogeochemistry (2012) 108:1-15

13

change simultaneously, we can calculate this sensitiv-
ity as the directional derivative. First we need to
calculate the unit vector u according to the projected
change. If, for example we are interested in calculating
the effect of decreasing substrate quality by 1
kJ mol ™', increasing temperature by 3K, and reducing
soil moisture by 10%, then the unit vector is given by

u:< ! |
\/(—1)2 +32+ (—10)

3 10
VED? +3 4 (—102 /(-1 +32 4 (—10)

(22)

For the function in this example, the directional
derivative is given by

OR

L OR
or 2

OR
VR-u=—u +
u 251 5

aE us, (23)

so, in the first case above,
VR; -u=(-0.26)(—0.09) + (0.04)(0.29)
+ (0.09)(—0.95) = —0.5, (24)

and for the second case,

VR, -u = (—0.71)(=0.09) + (0.12)(0.29)
+ (0.02)(—0.95) = 0.10, (25)

in gC m~2d"". In the first case, the simultaneous
change causes a 7% decrease in respiration rates
while in the second case a 6% increase.

Within this general framework it is possible to
study multiple factors in combination or in isolation.
Since experiments to address a wide combination of
different factors are perhaps unrealistic, this frame-
work is useful to understand how certain combina-
tions affect respiration rates under realistic scenarios
of environmental change. In addition, this framework
addresses more explicitly the concepts of intrinsic
versus actual sensitivity. While the gradient can be
viewed as the actual sensitivity, its components are
the intrinsic sensitivities for each of the factors
involved in the decomposition process.

Conclusions

The temperature sensitivity of organic matter decom-
position has been assessed in the literature with

different measures such as turnover times, decompo-
sition rates, or the temperature coefficient Q. In this
analysis it was found that these different measures
can provide different and contrasting answers to the
question of what are the more sensitive carbon pools
or substrates to changes in temperature.

Within the theory of Arrhenius kinetics, low-
quality or biochemically recalcitrant substrates are
more sensitivity to changes in temperature when
analyzed in terms of the relative sensitivity of
decomposition rates and respiration fluxes. Con-
versely, high-quality or labile substrates are more
sensitive to changes in temperature when analyzed in
terms of the absolute sensitivity of decomposition and
respiration rates. This paradox between absolute and
relative sensitivities is of fundamental importance to
understand the overall role of changes in temperature
on the decomposition of organic matter of different
qualities.

Previous empirical studies have used a mixture of
relative and absolute measures of temperature sensi-
tivity and synthesis on this topic have compared them
indistinctively. In general, most studies using relative
measures of temperature sensitivity have found the
stable or recalcitrant pool to be more sensitive, while
most studies looking at absolutes measures of tem-
perature sensitivity have found the labile pool to be
more sensitivity. These empirical findings are con-
sistent with Arrhenius kinetics, which suggests that
there is less disagreement on this topic than what is
currently perceived.

The sensitivity of different substrates to tempera-
ture change is best studied using the absolute and
relative sensitivities of decomposition in combination.
Ultimately, it is the absolute amount of carbon
released from soils what matters for the climate
system. Similarly, the absolute amounts of carbon that
can be mineralized from global soil carbon stocks are
of ultimate importance and cannot be studied by
looking at relative changes in decomposition rates
alone, evaluated with measures such as Q.

In addition to temperature and litter quality, other
physical and chemical factors not studied here can
affect the sensitivity of organic matter decomposi-
tion. However, the overall sensitivity of the decom-
position process to multiple factors can be studied
formally using the concept of gradients from vector
calculus. Within this framework it is possible to
address explicitly the concepts of intrinsic and actual
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sensitivity of the decomposition process. Organic
matter decomposition is probably more sensitive to
temperature only in a limited set of circumstances
and experiments testing multiple interacting factors
can benefit from concepts such as the gradient or
directional derivatives.
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