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Soil respiration (Rs) is one of the key processes that underline our understanding of carbon cycle in terrestrial ecosystems. Great 
uncertainty remains in the previous global Rs estimates with a difference of 70 Pg C a−1 between the highest and lowest estimates. 
Thus, the present study aimed to estimate the global annual Rs and investigate the interannual and spatial variability in global an-
nual Rs using a semi-mechanistic, empirically-based model which included climatic factors (temperature and precipitation) and 
topsoil (0–20 cm) organic carbon storage. About 657 published studies of annual Rs from 147 measurement sites were included in 
this meta-analysis. The global data sets from 1970 to 2008 on climate, surface air temperature, and soil properties were collected. 
The Monte Carlo method was used to propagate the simulation errors to global Rs. The results indicated that the mean annual 
global Rs was 94.4 Pg C a−1, increasing at roughly 0.04 Pg C a−1 (~0.04% a−1) from 1970 to 2008. The Rs rate increased from 
colder, drier and less soil carbon-rich regions to warmer, moister and more carbon-rich regions. Highest Rs rates appeared in the 
tropical forest, while the lowest ones were in polar and desert regions. The annual Rs correlated directly with global temperature 
anomalies, suggesting that the interannual variability in temperature was responsible for the interannual variations in predicted 
global Rs. The global Rs increased from high-latitude zones to low-latitude zones. Further studies are recommended to explore the 
relationship between soil respiration and vegetation characters. 
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Terrestrial carbon cycle plays an important role in the  
atmospheric carbon dioxide (CO2) budget. Soil respiration 
(Rs) represents the second largest carbon flux between eco-
systems and the atmosphere [1]. Approximately 10% of the 
atmospheric CO2 cycles through terrestrial soil each year [2]. 
The budget of autotrophic and heterotrophic components of 
Rs can significantly mitigate or intensify the current CO2 
increases in the atmosphere. Rs, therefore, is one of the key 
processes that underline our understanding of carbon cycle 
in terrestrial ecosystems [3]. Environmental changes that 
can alter the terrestrial soil CO2 emissions might have a 
potential to affect the atmospheric CO2 concentration [2].  

Because of the global significance as well as considera-
ble scientific commitment to the study of Rs [1], the number 
of investigations for modeling Rs has increased rapidly over 
the last decades [1,4–7]. However, there is still great uncer-
tainty of global Rs estimates [1]. Estimated global Rs varied 
from 50 to 120 Pg C a−1 with a great difference of 70 Pg C a−1 
between the highest and lowest estimates [2,6–12]. This 
uncertainty greatly restricts the understanding of terrestrial 
carbon cycle. Moreover, the interannual variability and lati-
tudinal distribution of global Rs have not been well known 
[2], although such information might provide implications 
for global patterns of carbon source or sink [13–15].  

Temperature and precipitation have strong impacts on 
soil respiration rates. A great deal of work has been done on 
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how soils might (or might not) lose carbon with changing 
climate [16–18]. Temperature is commonly believed to be 
the most important climatic factor driving Rs, which has 
been reviewed by a number of studies [10,19–21]. A posi-
tive feedback between the terrestrial Rs and global warming 
is supposed to arise [7,22–24]. The soil moisture availability 
is related to precipitation with dry soils producing less CO2 
than wet soils [2,25]. The soil CO2 emissions are also con-
trolled by topsoil (0–20 cm) organic carbon (SOC) storage. 
The SOC-rich soils generally produce more CO2 [21,26– 
28]. Overall, the global Rs could be largely modeled by an-
nual mean temperature, annual total precipitation, and site- 
specific SOC storage [29]. In the previous study, a new 
semi-empirical model (T&P&C-model) was established 
including annual air temperature, annual precipitation, and 
0–20 cm SOC storage [29]. The T&P&C-model have sev-
eral benefits compared with several previous investigations 
[2,6]. For instance, Raich et al. [2] used only the climate 
variables (temperature and precipitation) as predictors. 
However, our model included both climate and soil varia-
bles as predictors. Bond-Lamberty and Thomson [6] used 
linear model to fit global Rs, but the proposed model in-
volved a semi-empirical one including a classic exponent 
and Michaelis-Menten functions rather than the purely 
arithmetical fitting.  

Thus, the present study aimed to estimate the global an-
nual Rs and investigate the interannual and spatial variabil-
ity in global annual Rs using a semi-mechanistic, empirical-
ly-based model which included climatic factors (tempera-
ture and precipitation) and SOC storage. Given the great 
uncertainty in previous global Rs estimates, the amount of 
global annual Rs were also re-estimaed. The study also 
aimed to investigate the kind of patterns that the global Rs 

showed within different latitude zones in the past ~40 years. 
The Monte Carlo method was used to propagate the simula-
tion errors to global Rs and compute standard error.  

1  Methodology  

The interannual variability and spatial distribution of Rs was 
investigated following the semi-mechanistic modeling 
method of Chen et al. [29]. The process-based terrestrial 
carbon cycle models could predict CO2 produced separately 
by soil microbes (heterotrophic components) and roots (au-
totrophic components), neither of which could involve di-
rect measurement in field intact soils. In contrast to that, the 
model used in the present study involved three variables and 
four parameters, which directly could predict a widely- 
measured single Rs [2]. The model is actually based on the 
meta-data analysis of the true data sets of annual Rs. In con-
trast to the models of Bond-Lamberty and Thomson [6,7] 
which included the extrapolation of annual Rs from seasonal 
(from 4 to 9 months) measurements or obtained using 
measurements with low frequency, the present study in-

volved only the annual Rs measurements reported in the 
literatures. About 657 published studies of annual Rs from 
147 measurement sites were included in the study. These 
sites were distributed from 37°31′S to 78°00′N latitude and 
from 155°07′W to 149°10′E longitude, covering most of the 
biome types and climate zones globally. The ecosystem- 
specific Rs values for the following proportion of the 657 
measurements were derived: Rs in croplands, 10.9%; Rs in 
grasslands, 17.2%; Rs in forests, 70.8%; and Rs in tundras, 
1.1% [29]. The annual total precipitation, annual mean air 
temperature, and SOC were also determined. The data sets 
from the 1980s to the 2000s (Figure 1) included the meas-
ured annual Rs from China and other countries, covering the 
most terrestrial ecosystem types across the world. Approx-
imately, 88% of the annual Rs rates were within the range of 
0.1–1.5 kg C m−2 a−1. For the data sets, there were 97 annual 
Rs samples measured in China, occupying 20.5% of the 
global data sets. Approximately, 85% global Rs data (mainly 
from United States of America, Europe, and China) were 
measured within the lattitude range of 20°–60°N. To de-
scribe the dependence of the annual Rs on temperature 
(T, °C), precipitation (P, m), and SOC storage (kg C m−2), a 
T&P&C-model was established using these three drivers.  

These factors acted as predictors for Rs (kg C m−2 a−1) to 
simulate annual Rs [29] per the following equation:  
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, (1)  

where Q (°C−1), temperature sensitivity coefficient, deter-
mines the relationship between Rs and temperature, K (m) 
represents the half-saturation constant of the hyperbolic 
Michaelis-Menten relationship of Rs with annual precipita-
tion, and M (kg C m−2) represents the half-saturation con-
stant of the Michaelis-Menten relationship of Rs with SOC 
storage. 
 

 

Figure 1  Published annual soil respiration (Rs) measurements from the 
1980s to the 2000s. 
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The model was established and validated by using a 
k-fold cross-validation method. The whole data sets were 
randomly partitioned into roughly equal subsamples (folds, 
k=6). The k−1 folds were called as training set, while the 
excluded fold was called validation set. The model was fit-
ted against training set, and the validation set was used for 
model validation. For the cross-validation process, each fold 
was used successively as a validation subset [29–31]. The 
model was parameterized by calculating a nonlinear least 
squares fit of the parameters (R0, Q, K, and M) to the data 
sets, and the parameters were driven by climate data (tem-
perature and precipitation) and 0–20 cm SOC storage. The 
fitting process optimized the model parameters to make the 
model fit the training data as much as possible. The k results 
from the folds were then combined to produce a single es-
timation. To reduce the variability, multiple rounds of cross- 
validation were performed using different folds, and the 
parameters (R0, Q, K, and M) and validation results were 
averaged over the 6 rounds. The following statistical con-
siderations were used for the model evaluation: root mean 
squared error (RMSE), coefficient of determination (R2), 
and modeling efficiency (MEF) [32]. Detailed information 
about the data sets and model evaluation can be found in 
our previous work [29]. The parameterized model was  
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The global Rs was estimated applying the fitted model 
derived by the geographical grid cell, climate data, and soil 
properties. The global climate data sets (1970–2008) were 
obtained from the website of Center for Climatic Research, 
University of Delaware (http://climate.geog.udel.edu/~  
climate). The global surface air temperature anomalies data 
sets were downloaded from the website of Goddard Institute 
for Space Studies of NASA (http://data.giss.nasa.gov/ 
gistemp). The term “temperature anomaly” means a depar-
ture from a reference temperature or long-term averaged 
value [33]. The reference value used was the 1951–1980 
global mean surface air temperature (14°C) [33]. The data 
sets of global soil properties [34,35] were obtained from the 
website of International Soil Reference and Information 
Centre-World Soil Information (http://www.isric.org). All 
data sets were analyzed at the resolution of 0.5°×0.5° during 
geographical grid cell analysis.  

The Monte Carlo method was used to propagate the sim-
ulation errors to global Rs. For each trial (N = 300 in total),  
a new randomized model was generated on the basis of the 
estimate and standard error for each parameter (R0, Q,    
K, and M) in the original T&P&C-model. This new model 
was used to calculate the annual global Rs for each year 
from 1970 to 2008. All random models were then used to 
generate the final data sets for computing standard error of 
global Rs.  

2  Results and discussions 

From the study results, spatial patterns were clearly ob-
served in the global Rs. Temperature, precipitation, and 
SOC could interact to impose complicated and varying lim-
itations on Rs in different regions of the terrestrial ecosys-
tem. Highest Rs rates were found in the tropical forest, while 
the lowest ones appeared in polar and desert regions (Figure 
2). Overall, Rs rate increases from the colder, drier, and less 
soil carbon-rich regions to warmer, moister, and more car-
bon-rich regions.  

The estimated mean global annual Rs from 1970 to 2008 
was 94.4 Pg C a−1. From 1970 to 2008, the global annual Rs 
was estimated to range from 91.3 to 96.8 Pg C a−1 (Table 1), 
with the highest and lowest Rs rates in 1972 and 1998, re-
spectively (Figure 3(a)). The lowest and highest Rs rates in 
1972 and 1998 were corresponded to strong La Niña (1997– 
1998) and El Niño (1971–1972) events, respectively. Pre-
vious global Rs estimates varied from 50.0 to 120.0 Pg C a−1 
with a great difference of 70.0 Pg C a−1 between the highest 
and lowest estimates (Table 1). The estimation of global Rs 
in the present study was comparable to Bond-Lamberty and 
Thomson [6,7], who estimated that the global annual Rs in 
2008 was 98.0 ± 12.0 Pg C, which was 1.2%–2.9% higher 
than the present study estimates (Table 1).  

A significant increasing tendency of global Rs could be 
found from 1970 to 2008 (Figure 3(a)). During this period, 
global Rs was significantly (P=0.039) increasing at ~0.04  
Pg C a−1 (0.04% a−1). However, no significant increase 
(P>0.1) in global annual Rs was found from 1989 to 2008, 
which was different with a recent estimate using a similar 
meta-analysis method [6]. Bond-Lamberty and Thomson [6] 
pointed out that annual global Rs varied from 94 to 98    
Pg C a−1 from 1960 to 2008 (Table 1) and increased at 0.1 
Pg C a−1 (0.1% a−1) particularly from 1989 to 2008. How-
ever, the estimates showed that the increasing global Rs was 
accompanied by the increasing global temperature anoma-
lies (Figure 3(b)), which was similar with the results from 
Bond-Lamberty and Thomson [6].  

There were several advantages for the present model 
compared with the recent studies by Bond-Lamberty and 
Thomson [6,7]. First, the data sets strictly focused on the 
annual Rs measurements rather than seasonal measurements 
[29], while the seasonal Rs measurements were included in 
the meta-analysis by Bond-Lamberty and Thomson [6,7]. 
Even short-term measurements (i.e. Rs measurements made 
over less than 2 weeks) were entered into the meta-analysis 
if the authors extrapolated their results to seasonal or annual 
values. More than 20% annual Rs effluxes which Bond- 
Lamberty and Thomson [6,7] compiled to model global Rs 
were extrapolated from the growing season or short-term 
measurements. As Rs effluxes for the growing season are 
generally higher than those for non-growing season, the 
compiled Rs data sets used by Bond-Lamberty and Thomson 
[6,7] might result in greater annual Rs estimates accompanied  
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Figure 2  Global distribution of annual Rs. 

Table 1  Comparison of estimated global Rs or Rs ± standard error 

Perioda) Rs (Pg C) Reference 

NA 50.0 [9] 

NA 75.0 [8] 

NA 68.0 [10] 

NA 76.5–79.1 [11] 

NA 120.0 [12] 

1980 – 1994 79.3 – 81.0 [2] 

1960 – 2008 94.0 ± 12.0 – 98.0 ± 12.0 [6,7] 

1970 – 2008 91.3 ± 8.7 – 96.8 ± 9.2 This study 

a) NA, not available.  

 
by the prediction of annual Rs from seasonal measurement 
across various biomes. Second, our semi-empirical model 
was based on the classic exponent and Michaelis-Menten 
relationship functions. Bond-Lamberty and Thomson [6] 
used pure linear models to examine the effects of climate, 
biophysical variables, and year of measurement; all which 
limited explaining the mechanism on how environmental 
factors affected the global Rs. Thirdly, when R2 was consid-
ered, our model (R2=0.600) performed better than each of 
the 4 models (R2 varied from 0.320 to 0.426) established by 
Bond-Lamberty and Thomson [6]. For instance, one of their 
model (R2=0.426) including temperature, precipitation, ni-
trogen deposition, and leaf as indices had 302 Rs measure-
ments; while the model in the present study included 657 Rs 
measurements. Moreover, two key statistics of RMSE and 

MEF were not employed by Bond-Lamberty and Thomson 
[6] to evaluate the model, while the present study model 
employed them and resulted in relatively small RMSE value 
(0.33 kg C m−2 a−1) and high MEF (0.59). Fourthly, the 
standard error calculated by the Monte Carlo method in the 
present study was less than that reported by Bond-Lamberty 
and Thomson [6], although the number (N=300) of repeated 
trials in this study was less than that (N=1000) in their study 
[6].  

Overall, the data sets used to model the global Rs pro-
vided a solid foundation to obtain a reasonable global Rs 
estimate, and the model used in the present study performed 
better than the recent linear model proposed by Bond- 
Lamberty and Thomson [6] with the statistics of R2, number 
of samples, RMSE, MEF, and standard error were compre-
hensively considered. Given the general contribution of 
heterotrophic respiration to total Rs [36], the estimated 
global heterotrophic respiration rates ranged from 51.2 to 
53.4 Pg C a−1, which were also consistent with a previous 
estimation of global heterotrophic respiration [37] and were 
comparable to the global NPP estimates [38,39].  

When the spatial patterns were considered, the global Rs 
showed clear latitudinal distribution patterns (Figure 4). In 
each latitude zone, as shown in Figure 4, the regional Rs was 
calculated as the arithmetic average of all gridded estimates 
in this latitude zone. The Rs increased from high-latitude 
zones to low-latitude zones. The global Rs showed a signif-
icant increasing tendency between 1970 and 2008, which 
was particularly attributed to the increase of Rs in high-    
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Figure 3  Interannual variability of global Rs from 1970 to 2008 and relationship between global Rs and temperature anomalies during this time period. The 
dashed lines show the standard errors of the Monte Carlo simulations (N=300).  

 
Figure 4  Temporal variability in Rs within each of the latitude zones. 
(a)–(i) represent the global, 90°–75°N, 75°–45°N, 45°–30°N, 30°–10°N, 
10°N–10°S, 10°–30°S, 30°–45°S, and 45°–60°S latitude zones, respec-
tively. In each latitude zone, the regional Rs was calculated as the arithme-
tic average. The global Rs showed a significant increasing tendency be-
tween 1970 and 2008, particularly within the latitude zones from 75° and 
90°N and from 45° to 60°S. The cycles represent the estimated mean Rs 
within each latitude zone; and the dashed lines are 95% confidential inter-
vals. The solid thin lines represent regression line. The functions for the 
regression lines are shown in Table 2.  

latitude regions (from 75° to 90°N and from 45° to 60°S) 
and tropical zones (Table 2). The Rs rates in the latitude 
zone of 45°–60°S were increasing at 0.3% per year from 
1970 to 2008. A significant (R2=0.115, P=0.034) increase  
in Rs was also found over years from 10°N to 10°S. How-
ever, Rs within 30°–75°N and 10°–45°S showed no signifi-
cant change over this time period (Figure 4 and Table 2). 
Specifically, annual Rs rate in subtropical zones such as 
southern Asia and southern China was higher in 1970 than 
that in 2000. The different temporal patterns of temperature 
and precipitation within different latitude zones might drive 
the temporal and latitudinal variability in Rs. When the 
temporal variability in mean annual precipitation within 
each latitude zone was considered, the mean annual precip-
itation increased significantly only within the latitude zone 
of 45°–60°S (Figure 5). As shown in Figure 6, the mean 
annual temperature increased significantly over the years 
within each latitude zone. In the northern hemisphere, the 
increasing rates of mean annual temperature were greater in 
the higher latitude zones, particularly from 75° to 90°N.  
In tropical zones (from 10°N to 10°S), the mean annual 
temperature increased significantly during the time period 
of 1970–2008, while the mean annual precipitation showed 
no such significant increase. Furthermore, the numerous 
studies had demonstrated the mid-latitude increases in  
NPP based on the combinations of in situ observations,  
terrestrial biosphere models, and satellite remote sensing 
[39–42]. Combining the results from the NPP increase,  
the stable Rs across the mid-latitude zones might partly ex-
plain the reported terrestrial carbon sink in these regions 
[42–45].  

Further investigations about global soil respiration simu-
lation should focus on the relationship between soil respira-
tion and vegetation characters. More in situ measurements 
of the soil respiration and relevant environmental controls 
including climatic factors (e.g. temperature and precipita-
tion), vegetation characters (e.g. LAI, root biomass),     
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Figure 5  Temporal variability in mean annual precipitation (Pmean) within 
each of the latitude zones. (a)–(i) represent the global, 90°–75°N, 75°– 
45°N, 45°–30°N, 30°–10°N, 10°N–10°S, 10°–30°S, 30°–45°S, and 45°– 
60°S latitude zones, respectively. In each latitude zone, the regional mean 
annual precipitation was calculated as the arithmetic average. The maxi-
mum precipitation and minimum precipitation are indicated in Figures S1 
and S2, respectively.  

 

 
Figure 6  Temporal variability in mean annual temperature (Tmean) within 
each of the latitude zones. (a)–(i) represent the global, 90°–75°N, 75°– 
45°N, 45°–30°N, 30°–10°N, 10°N–10°S, 10°–30°S, 30°–45°S, and 45°– 
60°S latitude zones, respectively. In each latitude zone, the regional mean 
annual temperature was calculated as the arithmetic average. The maxi-
mum temperature and minimum temperature are indicated in Figures S3 
and S4, respectively.  

Table 2  Functions for the regression lines explaining the trends of mean Rs (kg C m−2 a−1) for each latitude zone from 1970 to 2008a)  

Latitude zone Function R2 P 

90°–75°N y=0.0003x−0.587 0.27 0.001 

75°–45°N y=0.0002x−0.058 0.07 0.117 

45°–30°N y=−0.00005x+0.58 0.00 0.798 

30°–10°N y=0.0008x−0.828 0.17 0.010 

10°N–10°S y=0.0007x+0.129 0.12 0.034 

10°–30°S y=−0.0003x+1.433 0.01 0.642 

30°–45°S y=−0.0007x+2.110 0.08 0.079 

45°–60°S y=0.003x−5.458 0.58 <0.001 

a) In each function, y and x represent Rs and year, respectively. 
 
 

and soil properties (e.g. SOC and total nitrogen) are rec-
ommended, particularly for various biomes in the Southern 
Hemisphere. Future work should also focus on the partition 
of soil respiration components.  

3  Conclusions  

The overall Rs rate increased from the colder, drier, and less 
soil carbon-rich regions to warmer, moister, and more car-
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bon-rich regions. Highest Rs rates appeared in the tropical 
forest, while the lowest ones were in polar and desert re-
gions. The estimated annual global Rs increased at ~0.04  
Pg C a−1 (~0.04% a−1) from 1970 to 2008. The annual Rs 
correlated directly with global temperature anomalies from 
1970 to 2008, suggesting that the interannual variability in 
temperature was responsible for the interannual variations 
in predicted global Rs. Further investigation indicated that 
global Rs increased from high-latitude zones to low-latitude 
zones. Further studies are recommended to explore the rela-
tionship between soil respiration and vegetation characters.  
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Supporting Information 

Figure S1 Temporal variability in maximum annual precipitation (Pmax) within each of the latitude zones. (a), (b), (c), (d), (e), (f), (g), (h), (i) represent 
the global, 90°–75°N, 75°–45°N, 45°–30°N, 30°–10°N, 10°N–10°S, 10°–30°S, 30°–45°S, 45°–60°S, respectively. 

Figure S2 Temporal variability in minimum annual precipitation (Pmin) within each of the latitude zones. (a), (b), (c), (d), (e), (f), (g), (h), (i) represent 
the global, 90°–75°N, 75°–45°N, 45°–30°N, 30°–10°N, 10°N–10°S, 10°–30°S, 30°–45°S, 45°–60°S, respectively.  

Figure S3 Temporal variability in maximum temperature (Tmax) within each of the latitude zones. (a), (b), (c), (d), (e), (f), (g), (h), (i) represent the 
global, 90°–75°N, 75°–45°N, 45°–30°N, 30°–10°N, 10°N–10°S, 10°–30°S, 30°–45°S, 45°–60°S, respectively.   

Figure S4 Temporal variability in minimum temperature (Tmin) within each of the latitude zones. (a), (b), (c), (d), (e), (f), (g), (h), (i) represent the 
global, 90°–75°N, 75°–45°N, 45°–30°N, 30°–10°, 10°N–10°S, 10°–30°S, 30°–45°S, 45°–60°S, respectively.   
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