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Abstract

Nonlinearity is a salient feature in all complex systems, and it certainly characterizes biogeochemical cycles in
ecosystems across a wide range of scales. Soil carbon emission is a major source of uncertainty in estimating the
terrestrial carbon budget at the ecosystem level and above. Due to the lack of consideration of the nonlinearity in
temperature sensitivity of soil respiration, several commonly used ecosystem models produce substantially different
estimates of soil respiration with the same or similar model input. In this paper we demonstrated that the response
of soil respiration to changes in temperature sensitivity is nonlinear and, thus, that the oversimplified formulations
may significantly reduce the accuracy of ecosystem models in predicting carbon fluxes. To alleviate this problem, we
have developed a general model of temperature sensitivity of soil respiration that explicitly considers this nonlinearity.
The model was supported by our field measurements from a forest ecosystem, and used to assess the uncertainty in
estimating the soil CO, efflux with several commonly used ecosystem models. Our results indicated that the variations
and nonlinearity of the soil respiration-temperature relationship and its dependence on moisture may have important
implications for ecosystem carbon modeling at regional and global scales. In other words, ‘small causes’ may lead to
‘large effects’ in complex ecosystems in terms of carbon dynamics. In particular, when the variability in temperature
sensitivity of soil respiration was incorporated in the several commonly used ecosystem models, the carbon
source-sink relationship for terrestrial ecosystems under future global warming scenarios became dramatically
different from those reported previously. Thus, we advocate that confidence limits are both necessary and feasible for
simulated carbon budget from ecosystem models. Based on field measurements and model simulations, our study
provides useful information for computing such confidence limits. In addition, our new model of temperature
sensitivity of soil respiration seems more general and yet realistic, and can improve the accuracy of ecosystem models
in predicting carbon fluxes at large scales. © 2002 Elsevier Science B.V. All rights reserved.
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tures of complex systems such as ecological sys-
tems (Nicolis and Prigogine, 1989; Wu and
Loucks, 1995; Wu, 1999). Biogeochemical cycling
is an extremely complex and fundamentally im-
portant ecological process that takes place across
a range of scales in time and space. In modeling
ecosystem carbon dynamics, one of the important,
but not yet adequately addressed nonlinear rela-
tionships is the temperature sensitivity of soil
respiration. Soil respiration usually refers to a
suite of complex processes contributing to carbon
dioxide (CO,) efflux from the surface of soils.
These processes include respiration by plant roots,
microorganisms and soil fauna, and decomposi-
tion of soil organic matter. Despite the complexity
of the processes, soil respiration has been modeled
with simple empirical equations in ecosystem
models. These simple models of soil respiration
are derivatives of the exponential chemical reac-
tion-temperature equation originally developed by
Van’t Hoff (1898):

T—T,

R=R.0O,j0 (1)

where, in the case of soil respiration, R and R, are
the respiration rates (umol C m ~2 s~ !) at temper-
ature T and T, respectively. Q,,, is an empirically
fitted parameter, representing the relative increase
(R/R,) as temperature increases by 10 °C. Thus,
0, 1s a measure of the sensitivity of respiration
rate to temperature variations. The above equa-
tion is often called ‘the Q,, model’. It is actually a
different form of exponential equation. An alter-
native formulation of the R—T relationship is the
Arrhenius equation:

R=Ae R.T 2)

where, R is the respiration rate, T is the absolute
temperature in K, A4 is the Arrhenius coefficient,
E, is the activation energy for the chemical reac-
tion, and R, is the gas constant (R,=8.314
JK " 'mol™ ).

Based on an extensive data set compiled from
the literature, Lloyd and Taylor (1994) showed
that the Q,, model was biased when fitting to the
data—underestimating at lower temperatures and
overestimating at higher temperatures. While the

Arrhenius equation had a better fit than the Q,,
model, Lloyd and Taylor (1994) recommended a
modified Arrhenius model, know as the Lloyd
and Taylor equation:

E

R=Re T-T. 3)

where R, E and T, are fitted parameters (note
that E here does not denote the activation energy
as in Eq. (2)). Lloyd and Taylor (1994) showed
the modified Arrhenius equation had unbiased fit
to the data they compiled.

Despite the problems with the Q,, model, it has
been widely used in modeling the process of soil
respiration (Heimann et al., 1989; Raich et al.,
1991; Running and Hunt, 1993; Schimel et al.,
2000). Unlike the Arrhenius equation and its
modified form by Lloyd and Taylor (1994), the
0,0 model relates the rate of soil respiration to
varying temperature through a parameter, Q,,,
which determines the rate of change of soil respi-
ration with respect to temperature. This tempera-
ture  sensitivity measure is  useful for
understanding ecosystem carbon dynamics in re-
sponse to global climate change. A greater value
of Q,, means a higher respiration rate locally and
globally for a given increase in temperature. Re-
cent studies have shown that the value of Q,, may
vary considerably in space and time across sys-
tems (Raich and Schlesinger, 1992; Kirschbaum,
1995; Simmons et al., 1996; Kirschbaum, 2000).
Based on an extensive literature survey of soil
respiration studies, Raich and Schlesinger (1992)
found that the value of Q,, varied from 1.3 to 3.3.
To avoid confounding effects with other factors
such as soil moisture and litter quality,
Kirschbaum (1995) selected laboratory-based
measurements only, but obtained an even greater
range of Q,, from 2.5 at 20 °C to 8 at 0 °C.
Although it has been well documented that Q,,
varies with temperature, this parameter has com-
monly been treated as a constant in ecosystem
models (Heimann et al., 1989; Raich et al., 1991;
Running and Hunt, 1993; Potter et al., 1993;
Schimel et al., 2000). Due to the nonlinear nature
of the relationship between Q,, and respiration,
small changes in Q,, may cause significant differ-
ences in estimated soil respiration fluxes



Y. Qi et al. / Ecological Modelling 153 (2002) 131—142 133

(Townsend et al., 1992; Holland et al., 1995;
Kutsch and Kappen, 1997). Therefore, accurately
quantifying Q,, and its variability is critical for
obtaining a reliable estimate of ecosystem carbon
budget and its uncertainty bounds.

Besides temperature, soil moisture is another
important factor affecting the rate of soil respira-
tion (Singh and Gupta, 1977; Davidson et al.,
1998; Gulledge and Schimel, 2000; Xu and Qi,
2001a). Numerous studies have sought to estab-
lish a relationship of soil respiration rate with soil
moisture and temperature (e.g. Schleser, 1982;
Lloyd and Taylor, 1994; Thierron and Laudelout,
1996; Davidson et al., 1998; Gulledge and
Schimel, 2000; Xu and Qi, 2001a). However, up to
date it is still unclear how Q,, is affected by
factors other than temperature (Carlyle and Than,
1988; Simmons et al., 1996). However, the effects
of temperature and moisture on Q,, are of critical
importance in assessing the impacts of the chang-
ing climate on ecosystem carbon fluxes (Betts,
2000; Cox et al., 2000; Kirschbaum, 2000). Unfor-
tunately, ecosystem models commonly used in
global climate change studies have not explicitly
considered the varying sensitivity of soil respira-
tion rates to temperature and moisture. We argue
that this may be a significant missing link in the
current ecosystem models.

In this study, we first present a general model
of the sensitivity of soil respiration to temperature
and other abiotic and biotic factors, although we
are concerned particularly with soil temperature
and moisture. This simple, yet comprehensive,
model is able to incorporate multiple factors that
affect the temperature sensitivity of soil respira-
tion, and can be used to synthesize the existing
models of environmental controls on soil respira-
tion. Then, we parameterize the model with mea-
surement data obtained by the authors from a
ponderosa pine forest in the Sierra Nevada
Mountains in northern California, and demon-
strate how this model works in practice. Finally,
we use the model to investigate the range of
variability in estimated carbon fluxes due to dif-
ferential Q,, values with several commonly used
ecosystem models. An important question we ask
here is whether these ecosystem models have sig-
nificantly over- or under-estimated future soil car-

bon emission because of their use of a constant

QIO'

2. A general model of temperature sensitivity of
soil respiration

Let us assume that the rate of soil respiration
(R) is determined by temperature, 7, and other
physical and biological factors, X = (x;, x,,..., X,,)
ie. R=f(T, X) or R=f(T, xy, X5,..., X,,). We
further assume that any of these other factors can
be a function of temperature, where dx,;/d7T =0
denotes that x; does not change with 7, while
dx,;/dT # 0 indicates the existence of a relation-
ship of some sort between the two variables.

To take into account the dynamic nature of
temperature sensitivity of soil respiration, we
define ¢ as the relative instantaneous rate of
change in soil respiration rate with respect to
temperature i.e.

1 dR
T.X)=—— 4
G(TX) == @
From (Eq. (4)) and the definition: Q,,(7,X) =
R(T+ 10,X)/R(T,X), we obtain the following re-
lationship between Q,, and ¢:

T+ 10
Qo= eL m0de, ®)

In contrast with Q,, which is the relative change
of soil respiration over 10 degrees, ¢(7,X) is
directly related to the first derivative of the soil
respiration function, and thus a more accurate
measure of the temperature sensitivity than Q,,. It
is evident from (Eq. (5)) that Q,, is a monotonic
function of ¢(7, X), and that factors affecting ¢
also influence Q,,. We will focus on ¢ hereafter,
but the conclusions should also apply to Q.

To derive the relationship between ¢ and re-
lated abiotic and biotic factors, let us decompose
the rate of change in soil respiration with respect
to temperature as follows:

drR L f(T.X)dx; | f(T.X)
dT = ox, dT oT

where n is the number of elements in the X vector.
Thus, (Eq. (4)) now becomes:

(6)
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oTX) dy,
ox, dT

6f(T,X)>. ™

1 n
“ﬂm:R<z oT

i=1

Using the concept of temperature sensitivity
and our general model (Eq. (4)), we now can
examine the differences among the various formu-
lations of soil respiration. For Van’t Hoff’s Q,,
model, because Q,, is a constant, from (Eq. (4))
we know that ¢ must also be a constant, which is
equal to In Q,,/10. For other models, ¢ is a func-
tion of temperature. In particular, ¢(T) = E/RT?
in the Arrhenius equation; ¢(T) = E/T — T,)? in
the Lloyd—Taylor equation; ¢(T)=b/a+ bT in a
linear soil respiration model where a and b are
intercept and slope, respectively; and ¢(T)=c/T
in a power function model of soil respiration (Fig.
1).

Lloyd and Taylor (1994) pointed out that the
0,, model was inappropriate for fitting the respi-
ration—temperature function because it tends to
overestimate the respiration rate at higher temper-
atures and underestimate it at lower temperatures.
This problem is clearly illustrated in Fig. 1, show-
ing that the temperature sensitivity of soil respira-
tion may change significantly along a temperature
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gradient. Similarly, Kirschbaum (1995) plotted
the Q,, values against temperature based on data
from laboratory experiments and derived an em-
pirical function, Q,,=¢'”’" =77’ As discussed
earlier, ¢ is a constant only in the Q,, model, and
it is temperature-dependent in all other alternative
formulations listed in Fig. 1. In general, the tem-
perature sensitivity is negatively correlated with
temperature. At the midpoint of the temperature
range that is used for fitting the equations, the
value of ¢(T) derived from all the alternative
models tends to converge to the constant ¢ value
obtained from the Q,, model. However, the ¢
value begins to diverge quickly and significantly
once away from the midpoint (Fig. 1). In addi-
tion, the curvature of these models differs consid-
erably: the power function has the deepest
curvature, followed by the Lloyd—Taylor func-
tion, the linear function, and the Arrhenius func-
tion. Apparently, the Q,, model is only valid for a
small range of temperature, but the alternative
models can be used for a wider range of tempera-
ture because they take into account the varying
temperature sensitivity of soil respiration.
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Fig. 1. Temperature sensitivity of soil respiration as a function of temperature, showing different curves derived from five soil
respiration equations: Linear (R=a + bT), exponential (Eq. (1)), Arrhenius (Eq. (2)), Lloyd and Taylor (Eq. (3)), and power
(R=R,T°). Data are taken from Lloyd and Taylor (1994). Parameters for linear and power functions are derived by fitting the

Lloyd—Taylor equation.
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Fig. 2. Measurement results of soil CO, efflux (cross), temperature at 10 cm in depth (circle) and volumetric moisture (diamond, %
m3/m?). The measurements were taken at Blodgett Forest in Northern California from June 1998 through August 1999. Each data
appoint represents an average of 18 sampling points. In general, soil CO, efflux increases with temperature but decreases with
moisture. Soil moisture and temperature together determine the magnitude of soil CO, efflux.

3. Effects of soil moisture on the temperature
sensitivity of soil respiration

As indicated in our general model (Egs. (4) and
(7)), the temperature sensitivity may be affected
by abiotic and biotic factors other than tempera-
ture. Because these factors are spatially and tem-
porally  heterogeneous, variations of the
temperature sensitivity are also expected in time
and space. In the following we examine the effects
of soil temperature and moisture on the tempera-
ture sensitivity of the soil respiration relationship
using a data set from a long-term, systematic
measurement program. Field measurements were
conducted from June 1998 through August 1999
in a young ponderosa pine forest adjacent to the

Blodgett Forest Research Station (38°53'42.9"N,
120°37'57.9"W, elevation of 1315 m), a research
forest of the University of California, Berkeley.
We measured the soil CO, efflux, soil temperature
at 10 cm below the surface, and the volumetric
moisture of the top soil layer (30 cm in depth) at
18 sampling locations that were regularly spaced
with 10 m apart. Fig. 2 shows the data from these
field measurements, in which the variability of the
soil carbon efflux in relation to temperature and
moisture is evident. Xu and Qi (2001a) provided
further details of the research site, instrumenta-
tion, and measurement procedures.

Through a bivariate regression analysis, we
have derived the following relationship between
the soil CO, efflux and two environmental factors,
soil temperature and moisture:
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R =0.2439MO419°T05581 (3 = 36, 12 = 0.89),

®)

where 7T is soil temperature (°C), M is soil mois-
ture (m*/m’, %), R is soil CO, efflux
(umolm~2s~"). From this regression equation,
we were able to calculate the temperature sensitiv-
ity of R using (Eq. (7)) as follows:
0.4199dM 0.5581 9

M dT + T ©)

Xu and Qi (2001b) derived a relationship be-
tween 7 and M with the form of 7= 63.6 —2.2M
for this particular forest ecosystem (Fig. 5 in Xu
and Qi (2001b)). This relationship can be used to
determine the rate of change in M with respect to
T: dM/dT= —1/2.2= —0.455. Thus, Eq. (8)
becomes

q(T.M) =

2.4 i Qi = 0.08M + 0.4
(R? = 0.86, N=12, p=0.00)

Q'° values

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Volumetric soil moisture
of the top 30 cm layer (m*/ m*,%)

Fig. 3. The relationship between Q,, and soil volumetric
moisture (%, m*/m?). Data were from the measurements of soil
CO, efflux and moisture at Blodgett Forest in Northern
California from June 1998 through August 1999. Each data
point represents a monthly average of 18 sampling locations.
The regression line indicates a linear relationship between Q,,
and soil volumetric moisture.
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Fig. 4. The relationships between Q,, and soil temperature at
10 cm below-ground. Data were from the same source as in
Fig. 3. The relationship shows a negative linear correlation
between Q,, and soil temperature.

0.5581 0.1909
= (10)

T.M) =
q(T,M) T %

Eq. (10) implies that the relative temperature
sensitivity, ¢, is determined by two factors, 7" and
M. From our regression analysis based on field
measurements, it seems reasonable to consider
temperature and moisture as two primary factors
affecting ¢ (as Eq. (8) indicates the two factors
explain 89% of the variance in soil carbon efflux).
Specifically, ¢ decreases with soil temperature and
increases with soil moisture. Our field measure-
ments support this relationship (Figs. 3 and 4).
(Eq. (10)) implies that the heterogeneous distribu-
tion of soil moisture and temperature will lead to
spatiotemporal variability in temperature sensitiv-
ity, ¢. The ¢ value at each location can be calcu-
lated according to the values of soil moisture and
temperature using (Eq. (10)), and Q;, can be
computed consequently using (Eq. (7)). Table 1
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summarizes the spatial variation of Q,, among
our 18 sampling locations. Fig. 5 shows the tem-
poral variations of Q,, in response to changes in
soil temperature and moisture during the mea-
surement period.

These measurements are admittedly of very lim-
ited scope because they are from only one forest
ecosystem. The range of variations in the temper-
ature sensitivity of soil respiration revealed here
may be considered the minimum because there are
many other types of ecosystems with disparate
environmental settings and biological characteris-
tics. Nevertheless, it is clear from these measure-
ments that both temperature and moisture
significantly affect Q,,, and ignoring the variabil-
ity in Q,, may lead to unjustifiable errors in
predicting ecosystem carbon fluxes. In the next
section, we will examine the magnitude of these
errors in the context of global carbon budget

Table 1
Comparison of Q,, values among 18 sampling locations

using several most commonly used ecosystem
models.

4. Effects of variations in temperature sensitivity
of soil respiration on ecosystem carbon budget

As pointed out above, the temperature sensitiv-
ity of soil respiration is affected by soil tempera-
ture, soil moisture and other factors, and a
constant value of temperature sensitivity (¢ or
Q,) can only be used, at best, within a limited
range of variability for these factors. However, it
has been a common practice in several most com-
monly used ecosystem models that temperature
sensitivity of soil respiration is treated as invariant
(e.g. Heimann et al., 1989; Raich et al., 1991;
Running and Hunt, 1993; Potter et al., 1993).
Table 2 lists the soil respiration equations and Q;,,

Sampling 0Oio R? CO, efflux Temperature at 10 cm (°C) Soil moisture (gravimetric %)
locations (umol m—2s71)

EP1 1.33  0.19 6.03 15.53 14.53
EP2 1.88 0.66 243 14.34 12.09
EP3 141 0.14 321 13.22 14.31
EP4 1.21 0.17 448 15.96 16.42
EP5 1.72 0.56  4.00 14.28 13.95
EP6 1.69 0.50 4.30 13.81 15.83
EP7 1.49  0.49 5.86 18.56 16.10
EPS8 2.06 0.71 2.58 14.11 14.66
EP9 .32 0.12 552 15.37 16.11
WP1 211 052 333 14.44 10.41
WP2 249 0.64 3.54 13.43 13.36
WP3 2.63 0.51 4.08 13.88 18.38
WP4 2.58 0.78  4.99 15.08 17.10
WP5 2.07 0.73 3.70 16.01 16.35
WP6 1.82 046 245 14.57 16.47
WP7 2.04 073 276 14.89 14.04
WP8 1.38  0.61 2.60 16.06 12.92
WP9 145 048 298 19.31 15.02
Arithmetic mean 1.82 3.82 15.16 14.89
Standard 0.45 1.17 1.63 1.94

deviation
C.V. (%)* 24.76 30.70 10.72 13.05

0,, was calculated based on the daily average CO, efflux and daily mean soil temperature at the 10 cm depth measured from June

1998 to August 1999.
2 Coefficient of variation.
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Fig. 5. Temporal variations in the value of Q,,, soil temperature (at the 10 cm depth), and soil volumetric moisture in a young
ponderosa pine plantation in Northern California from June 1998 to August 1999. Q,, (solid square) generally followed the pattern
of the soil moisture (circle), except in May, 1999. However, an opposite pattern was observed for soil temperature except in May,
1999. These patterns demonstrate the correlation of Q,, with soil temperature (negative) and moisture (positive) as shown in Eq. (10).

Table 2

List of soil respiration equations and parameters in some major ecosystem models

Model Equation O q Reference
T .
TEM AT)= 019 ) 0.0693 Raich et al. (1991)
. T—25 .
Biome-BGC AT)= 0,10 2.4 0.0693/0.0875 Running and Hunt (1993)
Hadley Center . 0.0693/0.0875 Cox (2001
y AT =0, 224 / x (00D
7—30
CASA AT)= 0,50 ) 0.0693 Potter et al. (1993)
. T .
Heimann et al. AT)= 019 15 0.0693 Heimann et al. (1989)

values used in these models. We now examine
how such treatment affects the predictions of
ecosystem carbon fluxes from these models, and
what these differences imply in terms of terrestrial
ecosystem carbon budget in response to global
climate change.

A Q,, value of 2, corresponding to ¢ = 0.0693,
commonly has been used in ecosystem models
that simulate carbon dynamics over large geo-

graphic areas. In this case, Q,, completely ignores
the spatial heterogeneity and temporal variability
of the temperature sensitivity. Let us assume for
now that a regional or global average of Q,, can
be derived and justified. Even so, we must ask:
What would be the impact of variations in the
average value of Q,, on soil respiration estimates?
How does this variability in temperature sensitiv-
ity of soil respiration affect the assessment of the
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carbon source-sink relationship at the regional
and global scales?

First, let us consider the TEM (Raich et al.,
1991) and CASA (Potter et al.,, 1993) models.
From the temperature term of the soil respiration
equations used in these models, f(7T), we can
derive the rate of change in f(7T) with respect to
the temperature sensitivity, df/dg. For TEM, df/
dg=f(T)107T, and for CASA, df/dg¢=
S(T) 10(T — 30). When T'< 30 °C, this means that
one unit increase in ¢ will result in an increase in
S(T) by 10T times for TEM, but a decrease in
f(T) by 1030 — T) times for CASA. If we let
T=15 °C and change Q,, from 2 to 2.1 (a 5%
change), the estimated soil respiration will in-
crease by 7.6% based on TEM, but decrease by
7.1% based on CASA. Similar differences also
exist between TEM and Biome-BGC. Such di-
verging responses to changes in the temperature
sensitivity are due largely to the different refer-
ence temperatures used in the models. A reference
temperature of 0 °C is used in TEM and the
Heimann’s model, whereas 25 and 30 °C are used
in Biome-BGC and CASA, respectively.

However, these differences may lead to drasti-
cally different estimates of ecosystem carbon
fluxes at large spatial scales. For example, based
on three ecosystem process models (Biome-BGC,
Century, and TEM), Schimel et al. (2000) esti-
mated that the conterminous USA was a net
carbon sink during the period from 1980 to 1993,
taking up 0.08 Pg C yr ~! on average. This was in
contrast with some previous estimates (Fan et al.,
1998; Brown and Schoeder, 1999). This estimated
carbon sink can turn into a net carbon source if
the uncertainty of temperature sensitivity of soil
respiration (g) is considered. Heterotrophic respi-
ration of the conterminous USA is estimated to
be 3.37 PgCyr~!, equal to the average annual
NPP calculated by the three models (Biome-BGC,
Century, and TEM; VEMAP members, 1995).
The mean annual temperature used in these mod-
els is 11.4 °C (Tian et al., 1999). Using the equa-
tion in TEM (Table 2), we find that heterotrophic
respiration increases by 0.19 Pg C yr —! when O,
increases from 2.0 to 2.1. This suggests that a 5%
change in Q,, turns the conterminous USA into a
net carbon source (releasing 0.11 PgCyr—1). If a

0, value of 2.4 is used as in BIOME-BGC, the
heterotrophic respiration will increase by 0.78
PgCyr—'. In contrast to the TEM result, the
CASA model predicts that an increase in Q,
from 2.0 to 2.1 results in a decrease of het-
eotrophic respiration by 0.15 Pg Cyr~!, tripling
the estimate by Schimel et al. (2000). Again, the
discrepancies between these two ecosystem models
are due largely to the different reference tempera-
tures. Biome-BGC uses a reference temperature of
20 °C for maintenance respiration and 25 °C for
heterotrophic respiration, whereas TEM uses
0 °C as the reference temperature for both
maintenance and heterotrophic respiration. Evi-
dently, the effects of variations in Q,, on the
estimation of ecosystem carbon fluxes are signifi-
cant, and the diverging responses among these
ecosystem models seem to bring their validity for
assessing the terrestrial carbon balance into
question.

5. Discussion and conclusions

Variations in temperature sensitivity of soil res-
piration in response to climatic change are of
particular importance to the transient models
(Tian et al., 1999; Cox et al., 2000). The tempera-
ture sensitivity is likely to change as temperature
and moisture change over time. In particular, as
the climate becomes warmer, the temperature sen-
sitivity is likely to decrease because of the negative
correlation between ¢ and 7. However, the effect
of soil moisture is more complex. Assuming that
the effects of soil temperature and moisture are
negatively correlated as our field measurements
have shown (Xu and Qi, 2001b), we expect that
the relationship represented by Eq. (10) holds in
general. Thus, soil moisture would be positively
correlated with the temperature sensitivity of soil
respiration.

The global temperature is predicted to increase
by possibly 5-8 °C in the next century (IPCC,
2001). Soil moisture in summer is expected to
decrease in most parts of the world, especially in
mid- and high latitudes, despite the anticipated
increase in global precipitation with global warm-
ing (Dai et al., 2001a,b). First, the increased pre-
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cipitation is expected to fall mainly in winter
(0-0.5 mm d~"') in the high latitude regions (Dai
et al., 2001a,b). Because much of the excess pre-
cipitation can be lost through surface runoff, it
would have little effect on summer soil moisture.
Second, summer temperature and hence evapo-
transpiration are expected to increase. It is pre-
dicted that summer soil moisture will decrease by
3-6% over Eastern Europe, Western Asia, and
much of Canada and by 10-20% in the low
latitudes (30°S—30°N) from 1990 to 2090 accord-
ing to recent simulations by the NCAR Climate
System Model. Future global warming seems to
be accompanied by drier summer soils as pre-
dicted by general circulation models (Dai et al.,
2001a,b).

The effects of soil temperature and moisture on
0,, may have broader implications for under-
standing the feedback mechanisms of global
warming and its impact on soil carbon balance.
Although it is believed that soil carbon emission
may be enhanced by the global warming for its
temperature effect (Billings et al., 1982; Schleser,
1982; Raich and Schlesinger, 1992; Kirschbaum,
1995), it is possible that the presumed enhance-
ment of soil respiration may be offset by the soil
moisture effect as shown in our results. The over-
all effect can only be adequately evaluated by
treating the temperature sensitivity measure as a
function of, at least, temperature and moisture.
The incorporation of such a dynamic temperature
sensitivity measure is more likely to lower the
estimate of soil carbon emission. Based on our
study, both higher temperature and lower mois-
ture may reduce the value of Q,,, and hence soil
respiration.

Even a small change in Q,, may result in a large
difference in estimated soil respiration because of
the nonlinear nature of the Q,, relationship. Ac-
cording to our results 1 °C increase in soil tem-
perature at 10 cm depth will reduce the Q,, value
by 0.084 (Fig. 4). Assuming the global annual
CO, flux from soil is 68 PgC (Raich and
Schlesinger, 1992) and the Q,, value is 2 at a
mean annual temperature of 15 °C, the tempera-
ture effect on Q,, almost cancels the effect of the
temperature increase by 1 °C on the global an-
nual CO, flux as predicted using the constant Q,,

of 2. Reducing soil moisture content will also
decrease the temperature sensitivity of soil respi-
ration, especially, in the arid and semi-arid re-
gions. According to our study, 1% decrease in soil
volumetric moisture will reduce the Q,, value by
0.08, which will cause a significant reduction in
soil respiration.

In conclusion, the temperature sensitivity of soil
respiration is in general a function of soil temper-
ature, moisture and other factors. However, many
ecosystem models have treated it as a constant.
This oversimplification not only affects the accu-
racy of estimates of the net ecosystem carbon
fluxes, but also is responsible for the discrepancy
in predictions among different ecosystem models.
The dependence of the temperature sensitivity on
multiple factors has important implications for
modeling ecosystem responses to climatic changes
and, particularly, the terrestrial carbon balance.
Because of the effect of temperature and moisture
on the temperature sensitivity, soil respiration
may increase less profoundly in response to global
warming. Current global ecosystem models tend
to overestimate soil respiration by using a con-
stant Q,,, which exaggerates the temperature sen-
sitivity and ecosystems responses to future a
warmer climate.
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