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Abstract Between 1960 and 2014, the global soil respiration (RSG) flux increased at a rate of
0.05 Pg C year�1; however, future increase is uncertain due to variations in projected temperature and
regional heterogeneity. Regional differences in the sensitivity of soil respiration (RS) to temperature may alter
the overall increase in rates of RS because the RS rates of some regions may decelerate while others continue
to rise. Using monthly global RS data, we modeled the relationship between RS and temperature for the
globe and eight climate regions and estimated RSG between 1961and 2100 using historical (1961–2014) and
future (2015–2100) temperature data [Representative Concentration Pathways (RCP2.6 and RCP8.5)].
Importantly, our approach allowed for estimation of regional sensitivity, where respiration rates may peak or
decline as temperature rises. Estimated historical RSG increase (0.05 Pg C year�1) was similar to the RSG
increase of previous estimates. However, under the RCP8.5 scenario, which estimates approximately 3 °C of
warming globally, the forecasted acceleration of RSG increased to an average of 0.12 Pg C year�1. Under
RCP8.5, the temperature sensitivity of RS declined in the arid, winter-dry temperate, and tropic. These regional
declines were offset by increased RS sensitivity and fluxes from the boreal and polar regions. In contrast,
under RCP2.6 RSG decelerated slightly from current rates. If rising greenhouse gas emission remains
unmitigated, future increases in RSG will be much faster than current and historical rates, thereby possibly
enhancing future losses of soil carbon and contributing to positive feedback loops of climate change.

Plain Language Summary Between 1960 and 2014, the global CO2 flux increased at a rate of 0.05
Pg carbon per year; however, future increase of CO2 emission from soil is uncertain. Regional differences
in the sensitivity of soil CO2 efflux to temperature change may alter the overall soil CO2 emission. We
modeled the relationship between soil CO2 efflux and temperature for the globe and eight climate regions,
and estimated global soil CO2 efflux between 1961and 2100 using historical temperature data (1961-2014)
and future temperature (2015-2100, RCP 2.6 and 8.5). Estimated historical global soil CO2 efflux
acceleration (0.05 Pg carbon per year) was similar to the global soil CO2 efflux acceleration of previous
estimates. However, under the RCP8.5, which estimates approximately 3ºC of warming globally, the
forecasted acceleration of global soil CO2 efflux increased to 0.12 Pg carbon per year. In contrast, under the
RCP 2.6 scenario, the global soil CO2 efflux rate decelerated slightly from current rates. If rising greenhouse
gas emission remains unmitigated, future acceleration of global soil CO2 efflux will be much faster than
current and historical rates, thereby enhancing future losses of soil carbon and contributing to accelerate
climate change.

1. Introduction

Soil respiration (RS), the production of carbon dioxide from the soil when plant roots, microbes, and fauna
respire, is the second largest carbon flux between the land and atmosphere (Raich & Schlesinger, 1992;
Zhao et al., 2017). From 1961 to 2011, global fluxes of RS (RSG) increased by 0.04 to 0.10 Pg C year�1

(Bond-Lamberty & Thomson, 2010a, 2010b; Hashimoto et al., 2015; Zhao et al., 2017). While these historical
trends provide some insight into the future rate of change in RS, the trajectory of RSG remains uncertain, as
global temperature increases. This uncertainty in RSG is due, in part, to a lack of knowledge regarding how
regional RS rates will respond to rising temperature. Globally, average temperature over land has increased
by 0.1 °C per decade since 1950 (Hartmann et al., 2013). Regionally, however, temperature changes may
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differ significantly from global averages. For example, temperature has risen much faster than the global
average in high-latitude regions, 0.6 °C per decade over the last 30 years (Hartmann et al., 2013). Since tem-
perature is a critical driver of RS, assumptions regarding the sensitivity of RS to temperature change signifi-
cantly affect predictions of RSG rates, and how those rates will respond to global warming (Davidson &
Janssens, 2006; Janssens et al., 2001; Trumbore, 2006). While RS generally increases with temperature, RS rate
can level off or begin to decline when temperature rises above a certain threshold (Lellei-Kovacs et al., 2011;
Parker et al., 1983). That threshold temperature differs with climates and biomes as a result of varying preci-
pitation, soil moisture, primary production, and soil carbon (Hursh et al., 2017). At the regional scale, a recent
study found that RS rates in specific biomes are already less sensitive to temperature increases than during
past decades (Zhao et al., 2017). Higher temperature in the future may further dampen the temperature sen-
sitivity of RS in large regions. As a result, the declining RS in warm climates may help to dampen RSG as tem-
perature increases. However, higher temperature may also increase RS in colder regions and overwhelm
other regional declines. Currently, we lack models that incorporate the variation in temperature sensitivity,
which impairs accurate assessment of how heterogeneity in regional-scale sensitivity of RS may influence
future RSG fluxes and feedbacks to climate change.

The temperature sensitivity of RS can be quantified by a Q10 function, where Q10 is a measure of the change in
rate of RS as temperature increases 10 °C (Lloyd & Taylor, 1994). In ecosystem models, constant Q10 functions
(a rule of thumb is Q10 = 2) have been widely used (Conant et al., 2011). Likewise, empirical models that
estimate RS at the global scale also assume either a linear relationship or constant Q10 relationships between
RS and temperature (Raich & Potter, 1995; Raich et al., 2002). Under constant Q10 models, RSG estimates
increased with increasing temperature across the entire globe (Bond-Lamberty & Thomson, 2010a, 2010b).
However, numerous laboratory and warming experiments demonstrate that RS rates decline when tempera-
ture rises above specific optima (Bradford et al., 2008; Crowther & Bradford, 2013; Frey et al., 2013; Luo et al.,
2001; Sistla et al., 2013). For example, a meta-analysis of RS measurements from 27 experimental field-
warming studies found the quadratic model best explained how RS responds to temperature in both control
and warming sites. Moreover, they detected a threshold of approximately 25.0 °C after which RS began to
slow (Carey et al., 2016). Furthermore, another meta-analysis using soils originating from different ecosystems
(including forest, grassland, cultivated, tundra, peat land, and polar), incubated from a few hours to 720 days
and from �15 to 55 °C, found that Q10 values of RS ranged from 0.5 to 300, and the Q10 values negatively
correlated to soil temperature when temperature was below 25 °C (Hamdi et al., 2013). These studies suggest
that higher regional temperature should result in a leveling off or decline in RS rate when temperature is over
the optimum, which is more likely to occur in the future as temperature rises.

Fluxes of carbon from RS and their temperature sensitivity vary across regions. Annual RS rates range from
several g C m�2 year�1 in the desert and tundra to thousands of g Cm�2 year�1 in biomes such as temperate
and tropic forests (Brito et al., 2009; Christiansen et al., 2012; Conant et al., 1998; Fang et al., 2012; Jiang et al.,
2010; Jin et al., 2010; Lin et al., 2011; Panosso et al., 2009; Pendall et al., 2010). Even within similar biomes, the
annual RS rate varies with mean annual precipitation (MAP) and mean annual temperature (MAT). For
instance, in a synthesis of RS heterogeneity in forests across the globe, Wang et al. (2010) found that annual
RS rates from naturally regenerated forests ranged from 220 to 2,560 g C m�2 year�1 and were positively
correlated with MAT. Wang et al. (2010) also found that RS was more sensitive to MAP change (slope = 0.753)
when MAP was <813 mm, but less sensitive when MAP was >813 mm (slope = 0.203). In another synthesis
data from of world grasslands, Wang and Fang (2009) found that annual RS rates ranged from 52.1 to
1,004 g C m�2 year�1 in different grasslands. The RS rates were positively correlated with MAT, but the
relationship between RS and MAP shows quadratic pattern (Wang & Fang, 2009). These differing responses
to MAT and MAP create heterogeneity in Q10 among different biomes. The variation in Q10 may relate with
heterogeneity in the response of RS to temperature change among regions.

Heterogeneity in the temperature sensitivity of RS may affect how soil carbon stocks will respond to tempera-
ture increasing. Numerous studies find that carbon stocks decrease with increasing temperature, but that
decrease is regionally heterogeneous (Cramer et al., 2001; Davidson, 2016; Dorrepaal et al., 2009; Frey
et al., 2013; Karhu et al., 2014; Lu et al., 2013). For example, between 1978 and 2003 soil carbon was lost at
a mean rate of 0.6% per year across England and Wales due to climate change (Bellamy et al., 2005).
Across North America, Europe, and Asia, Crowther et al. (2016) found that the effects of warming on soil
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carbon loss depended largely on the initial soil carbon stock, with considerable soil carbon loss at high lati-
tudes due to its high carbon stocks. However, Gestel et al. (2018) argue that this strong negative relationship
between carbon loss and initial soil carbon stock no longer holds true according to the compiled data from
additional warming experiments. Using organic and mineral soils from the permafrost region, Schuur et al.
(2015) predicted that around 20% and 10% of soil carbon will be released after 10 years of incubation, respec-
tively. However, other studies found no discernible trend in soil carbon stocks under temperature increasing
(Liski et al., 1999; Sistla et al., 2013). Some of this heterogeneity may be linked to associated changes in pri-
mary production and resulting organic matter contributions, or to differential temperature responses of fac-
tors (e.g., aggregate protection and microbial metabolism) that control carbon loss through RS (Conant et al.,
2011). Thus, the regional heterogeneity of RS rates and sensitivity may partially control carbon cycling and the
feedbacks to climate change from regional to global scales (Bahn et al., 2008; Fang et al., 1998; Raich &
Schlesinger, 1992).

Accurate modeling of RS and carbon cycling across multiple scales is essential for predicting RS response to
climate change. Early empirical RSG modeling only included coarse biome classifications. For instance, Raich
and Potter (1995) analyzed the heterogeneity of RS response to environmental factors within three biomes
(moist biomes with no dramatic dry season, biomes with a distinct dry season, and wetlands) and created
three biome-specific models to estimate RSG. A major obstacle that causes uncertainty in regional and RSG
modeling is insufficient annual RS field records with unequal distribution across localities and biomes
(Raich et al., 2002). Fortunately, the number of site RS measurements has increased substantially over the past
several decades, and a continuously updated annual timescale global RS database (SRDB) was developed
(Bond-Lamberty & Thomsom, 2014). Based on the SRDB, Bond-Lamberty and Thomson (2010a, 2010b) devel-
oped boreal-, temperate-, and tropical-specific empirical models to estimate global RS and analyze how RS
responds to global warming. Building on the updated RS data in the SRDB are a new compendium of RS data
for Africa (Epule, 2015), as well as field RS records from China (Song et al., 2014). Using the updated data, Zhao
et al. (2017) estimated RS for 10 biomes across the globe using artificial neural network models. These models
were then united into a global RS model that integrated the most up-to-date and complete global scale RS
data set available. Nonetheless, some biomes such as deserts, savannas, shrublands, tundras, and wetlands
still have less than 100 RS records to support RS modeling (Zhao et al., 2017). According to an analysis on
how sample size affects RS model parameterization, at least 250 data points are required to avoid added
uncertainty (Jian, Steele, Thomas et al., 2018). Downscaling data from annual timescales to monthly time-
scales helps to resolve the insufficient RS records problem by increasing sample size (if the measurement fre-
quency is greater than once per year) and allowing for inclusion of measurements that do not cover a whole
year. Increasing the number of measurements should help improve the accuracy of regional-scale RS esti-
mates and models.

The heterogeneity of RS temperature sensitivity in different climate regions and its influence on RSG in the
future are not considered in previous studies. Thus, in this study, our goal was to determine how the future
RSG rates will change with predicted temperature scenarios, and if decreases in the sensitivity of RS to tem-
perature changes in some regions will offset increase in other regions enough to dampen future global
fluxes. The specific objectives of this study were to (1) model the relationships between monthly RS data
and air temperature (Tm) for eight climate regions, (2) estimate annual RS fluxes for each region and aggre-
gate these to the global scale, (3) predict annual RSG fluxes from 1961 to 2014 and compare the temporal
patterns of single versus multiple models, and (4) integrate these data into new estimates for the change
in RSG from 2015 to 2100 to determine how RSG responds to global warming under two future temperature
scenarios. Understanding how the regional-scale dynamics will affect RSG rates under future temperature
enhances our ability to predict changes in regional carbon stocks and global feedbacks to carbon cycling
and climate change (Wieder et al., 2013).

2. Data and Methods
2.1. Data

We created a global monthly temperature and soil respiration database to support a single global-scale and
climate-specific RS models (Steele & Jian, 2018). Global, monthly air temperature between 1961 and 2014
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with a spatial resolution of 0.5° latitude × 0.5° longitude was attained from the Center for Climate Research at
the University of Delaware (Willmott et al., 2001). Global air temperature between 2015 and 2100 was
collected from a Geophysical Fluid Dynamics Laboratory ESM 2G (GFDL-ESM 2G) model (https://www.gfdl.
noaa.gov/earth-system-model/), for both the Representative Concentration Pathways with a possible radia-
tive forcing value increase 2.6 W/m2 (RCP2.6) and 8.5 W/m2 (RCP8.5). We used air temperature from the
GFDL-ESM 2G model because its air temperature prediction is very close to the mean of multiple CMIP5
models for both RCP 8.5 and RCP2.6 scenarios (Figure S3 in the supporting information). In addition, the
GFDL-ESM 2Gmodel has a consistent spatial resolution across the whole globe (2.0° latitude × 2.5° longitude),
and coverage of the whole study period with a monthly temporal resolution. RCP 2.6 and RCP 8.5 were
selected because they represent the lowest and highest temperature future increases predicted by the
Earth system models (ESMs). We compared air temperature data between 2011 and 2014 from both data
sources, and the result showed that air temperature from the GFDL-ESM 2Gmodel was highly correlated with
air temperature from the Center for Climate Research at the University of Delaware (adj R2 = 83.59%; data not
shown). According to the IPCC AR5 report, which compared 42 climate models (Hartmann et al., 2013) and
another study comparing 23 climate models from CMIP5 (Forster et al., 2013), air temperature predicted by
the GFDL-ESM 2G model is close but slightly lower than the mean of multiple models.

Past estimates of the historical RSG increase were based on RS data expressed on an annual timescale
(Bond-Lamberty & Thomson, 2010a, 2010b; Raich & Potter, 1995; Raich & Schlesinger, 1992; Zhao et al.,
2017), but here we used monthly timescale data for two reasons. One, patterns in temperature sensitivity
of RS differ with the timescale of data. Short-term increases in temperature often cause a nonlinear response
in RS (Davidson & Janssens, 2006; Davidson et al., 2006). Likewise, comparisons of RSG predicted from annual
timescale and a monthly timescale data show that only monthly timescale temperature and RS data followed
a second-order-exponential change, with a threshold at 27 °C (Jian, Steele, Thomas et al., 2018). Two, it has
been recognized that the uneven spatial distribution of RS records could bias RSG estimates (Jian, Steele,
Day et al., 2018; Raich & Schlesinger, 1992). To avoid the bias caused by sample size, at least 250 RS records
are required to parameterize the model in each region (Jian, Steele, Thomas et al., 2018). In arid and polar
regions, however, very limited measurements are available, and many of those RS measurements were
taken during warm periods rather than throughout the whole year. By using monthly timescale data, we
can incorporate more RS measurements in these regions, even though there are still data gaps for some
periods. Therefore, by using monthly timescale RS data, we increased the RS data available to support
climate-specific model parameterization and capture the second-order-exponential relationship between
RS and temperature.

We developed a Monthly Global Soil Respiration Database (MGRSD), by collecting 619 English language
papers from the SRDB (Bond-Lamberty & Thomson, 2010a, 2010b). In addition, we collected 50 papers pub-
lished in Chinese with English abstracts from another meta-analysis (Chen et al., 2014). Since these two meta-
analyses only provide publications before 2011, additional publications were gathered via a literature search
using ISI Web of Science for papers published after 2011. This generated an additional 54 papers published
after 2011. We digitized most of the RS data from figures using the software Data Thief (version III, http://
datathief.org/).

We used the following criteria to determine if data would be included in the database. (1) The timescale of RS
measurement was monthly, daily, or subdaily. (2) If experiments exposed soil to treatments (e.g., nitrogen
addition, air/soil warming, and rain/litter exclusion), only RS measurements from control plots were included.
(3) RS collected with alkaline absorption was included only if the area of absorption was>6% of the chamber
area, and the chambers were inserted >5 cm into the soil. Otherwise, alkaline absorption underestimates
actual fluxes (Raich & Nadelhoffer, 1989). After digitization, all data were aggregated to a monthly timescale
and normalized to g C m�2 day�1. If measurements within same location (latitude and longitude are same)
and within same month of a year, the measurements were averaged to obtain a mean RS rate. A number of
ancillary data were collected. The date and location (latitude and longitude) of RS records were directly col-
lected from the papers. Climate classification was based on Koppen climate classification (http://koeppen-
geiger.vu-wien.ac.at/).

Quality control was performed to guarantee the quality of the data. When all digitization was finished, we
mapped sites by countries in ArcGIS (ESRI v10.2) to identify incorrect latitude or longitude information.
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After site locations were checked, the climate, air temperature, monthly precipitation, and soil properties
information of every site was identified based on latitude and longitude information. In addition, if the papers
reported annual RS and themonthly RS covered the whole year, we summed them to an annual timescale and
compared these with the reported annual RS from paper or from SRDB. We assumed data were digitized
correctly when the gap between the averaged RS annual mean and paper reported or SRDB reported RS
annual mean was small (the difference is less than 5% of digitized mean). We also created RS versus air tem-
perature scatter plots by site to further inspect the relationship. If the RS versus air temperature did not follow
either a linear increase, a nonlinear first-order exponential, or a second-order exponential growth
relationship, we double-checked the digitized data with the original paper.

After criteria and quality control, the MGRSD included records from 57 countries, including 14 monthly RS
measurements from Antarctica (Figure 1a). The RS records of the MGRSD were dispersed from 1961 to
2014, with more data available from 1990 to 2010 (Figures 1b and 1c). More data were available from the
Northern Hemisphere (12,508) than the Southern Hemisphere (974), and from temperate and boreal regions
compared to tropical and polar regions (Figures 1c–1e). In the Northern Hemisphere, more RS measurements
were available during the growing season than other months (Figure 1d, the black bars), while in the
Southern Hemisphere, the RS measurements were evenly distributed among months (Figure 1d, the red
bars). RS rate in the MGRSD ranges from 0.001 to 16.201 g C m�2 day�1 but shows heavily right skew distribu-
tion (tail at high rate), with more data in the lower RS rate range (Figure 1f).

2.2. Global Soil Respiration Modeling

We tested (1) a simple linear model, (2) a first-order (equation (1)), and (3) a second-order (equation (2)) expo-
nential relationships between RS and air temperature for the global scale and in each climate region. A first-
order exponential model, where Q10 is a constant value, means that RS responds positively to temperature
increase. A second-order exponential model, where Q10, is negatively related with air temperature (when
parameter b > 0 in equation (2)).

RS ¼ F� exp a�Tmð Þ; (1)

RS ¼ F� exp a�Tm�b�Tm2ð Þ; (2)

where F indicates the RS rate when air temperature (Tm) is zero and a indicates the increase rate of RS with air
temperature. In the second-order exponential, b donates a second-order growth of RS with air temperature,
where if b > 0, there is a threshold (i.e., optimum air temperature for RS) temperature in the relationship,
where RS increases with air temperature below this threshold temperature and decreases with air tempera-
ture when greater than this threshold. We parameterized both single global RS model and models developed
for each climate region, hereafter named climate-specific model, using the maximum likelihood estimation
approach (nls function in R; R Development Core Team, 2014). Lastly, we calculated a threshold based on
the second-order exponential model (equation (3)).

Threshold ¼ �a
2�b

: (3)

2.3. Future and Historical RS Estimation

For each climate region and the globe, by comparing AIC and RMSE values, the best performing model was
selected to estimate RS of the study period (Table S1 and Figure 2). We predicted monthly RSG from 1961 to
2014 at a spatial resolution of 0.5° longitude × 0.5° latitude. Our estimations assume it is appropriate to pre-
dict the future RSG by the RS models developed in this study based on historical RS records. The assumption is
supported by a recent analysis of RS response to increasing temperature that found the response of RS to
temperature remained unaltered with warming, that is, RS responded to temperature in warmed soil the
same way it did in control soils (Carey et al., 2016). Annual RSG from 2015 to 2100 was estimated from both
a single-global model and climate-specific model, as well as air temperature estimated from the GFDL-ESM
2G model under global warming scenarios RCP2.6 and RCP8.5. We used a coarser spatial resolution (2.5°
longitude × 2.0° latitude) to coincide with the air temperature data from the GFDL-ESM 2G model, which
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predicts the future air temperature. Annual RSG changes from 1961 to 2014 (historical period) and from 2015
to 2100 (future) were analyzed.

To determine whether decreases in the temperature sensitivity at regional-scales might affect RSG with future
warming, we analyzed how the RS anomalies were correlated with temperature anomalies. RS or temperature
anomalies are the difference between an estimate at specific year and the long-term average RS or temperature.
The anomalies present a clearer relationship of how RS responds to temperature increasing than RS or temperature
themselves (Bond-Lamberty & Thomson, 2010a, 2010b; Hansen et al., 2010; Hashimoto et al., 2015). For easy com-
parison, we used mean RS or temperature within each group as the references to calculate the RS anomalies and

Figure 1. Spatial and temporal distribution of the monthly global soil respiration database (MGRSD) in tropical (A), arid
(B), temperate humid (Cf), temperate summer dry (Cs), temperate winter dry (Cw), boreal humid (Df), boreal summer
dry or winter dry (Dsw) and polar (E) climate regions. a) Sites labeled as “RS sites” include 538 sites in the MMGRSD. b)
The frequency of soil respiration (RS) records from 1961 to 2014. c) The distribution of soil respiration measurements
from 1961 to 2014 by different climate regions, labeled by different colors. d) The frequency of soil respiration obser-
vations distribution from January to December. e) The distribution soil respiration records from January to December in
the south (red crosses) and north hemispheres (gray dots). f) The distribution of soil respiration measurements by
soil respiration rate.
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temperature anomalies for the historical period, RCP2.6 and RCP8.5. We analyzed how the RS anomalies
correlated with temperature anomalies for three scenarios: historically from 1961 to 2014 and both future
(2015 to 2100) temperature scenarios (RCP2.6 and RCP8.5). Positive relationships indicated increases in RS
with temperature, whereas null or negative correlations indicated that RS does not respond or decreases
with temperature.

3. Results
3.1. Regional and Global RS Estimates

The importance of air temperature as a predictor for RS varies from region to region; air temperature
explained more RS variability in colder regions than in warmer regions (Table S1 and Figure 2). The nature
of the RS versus air temperature relationship also differed among regions. In warmer regions, the second-
order models best fit temperature responses (smallest AIC value in Figure 2), while a first-order model best
fit temperature response in the polar and boreal regions (Figure 2 and Table S1). The air temperature

Figure 2. The relationship between soil respiration (RS) and air temperature in different climates. Hollow circles indicate median RS and bars indicate first and third
quartiles. Akaike information criterion (AIC, a measure of the relative quality of statistical models for a given set of data) values are compared to identify which model
better explains soil respiration variability, smaller AIC value indicates a better model. If present, regressions are significant at p < 0.05. SLR: simple linear model,
1stExp: first-order exponential model, and 2ndExp: second-order exponential model. AIC = 2 k – 2ln (bL), k is the number of estimated parameters in the model, and
bL is the maximum value of the likelihood function for the model. Note that the AIC values can be directly acquired from R.
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thresholds for RS in warmer regions ranged from 14.4 to 28.3 °C (Figure 2, identified by vertical lines). A
threshold was also calculated for the boreal humid region (36.98 °C); however, the threshold temperature
was greater than the highest monthly air temperature records from the climate data in this region, thus
likely to be a spurious “threshold” and not an accurate estimate of the actual threshold in this region.

The mean annual RSG from 1961 to 2014 was 78.34 ± 4.40 Pg C year�1 when estimated by the single model,
and 72.55 ± 13.97 Pg C year�1 when estimated by the climate-specific model (Table 1). We obtained the 95%
confidence interval of RSG by including the 95% confidence interval of each of the model parameters (for
details, please see Table S1). For example, for the single model the RSG estimate is 78.34 if we use F = 0.77,
a = 0.11, and b = 0.002. The RSG estimate is 78.34 + 4.40 if we use F = 0.77 + 0.024, a = 0.11 + 0.004, and
b = 0.002 + 0.0001. The climate-specific RS model captured the magnitude of RS for all climate regions and
matched well with the measured data, while the single model overestimated RS in arid climates and under-
estimated RS in colder regions (Figures 3 and S1; note only RS measurements from north hemisphere were
used). The difference between RS estimates from the single and climate-specific model at the regional scale
ranged from �2.14 to +9.67 Pg C year�1 (Table 1 and Figure 3). The single model overestimated RS rates in
arid climates and lead to a cumulative difference of 9.67 Pg, approximately 55% of the annual flux, due to the
large area of the region (Table 1). In contrast, the single model underestimated RS by 0.14 to 2.14 Pg in boreal
and polar regions (Table 1). The single model underestimated annual RS by 1.65 Pg C year�1, approximately
40% of the flux in polar regions. For temperate regions, the difference between the single model and the cli-
mate-specific model was very small (Table 1).

3.2. Historical and Future Increase of RSG

Historical increase of RSG varied through the analysis period according to both the single and climate-specific
model (Figure 4a). RSG was relatively constant from 1961 to 1980, then increased rapidly at a rate of
0.058 Pg C year�1 from 1981 to 2000. RSG then decelerated to 0.025 Pg C year�1 from 2001 to 2014. The
damping of RSG increase corresponded with the damping of global air temperature increase from 2001 to
2014 (Figure 4a). The future acceleration of RSG depended on the warming scenarios. Under the RCP8.5 sce-
nario, an approximately 3 °C warming, the RS increase doubled (single model = +0.11 Pg C year�1 and
climate-specific model = +0.13 Pg C year�1; Figure 4b) compared with previous decades. However, under
the RCP2.6 scenario, RS rates remained relatively constant (Figure 4b). During both the historical and future
periods, the increase of global RS estimated by climate-specific model was slightly larger than the rate of
increase estimated by the single model (Figures 4a and 4b).

3.3. Regional RS Increase and Temperature Sensitivity

With no CO2 mitigation (RCP8.5) the increase in RSG rates accelerated to twice the current rate; however, the
predicted RS rates of some regions suggest reduced sensitivity to rising temperature (Figure 5). RS predicted

Table 1
The Areal Extent and Estimated Mean Annual Soil Respiration Rate (RS) of the Globe and for Eight Climate Regions Classified by the Koppen-Geiger Classification

Climate
Region

Number of
grid cells

Area
(104 km2)

Single model
Climate-specific model

Mean RS rate
(g C m�2 day�1)

Annual mean RS
(Pg C year�1)

Mean RS rate
(g C m�2 day�1)

Annual mean RS
(Pg C year�1)

Difference
(Single model - Climate-specific model)

A 9,746 (11.36%) 1695 3.47 21.45 3.73 23.11 �1.66 (�7.2%)
B 15,273 (17.80%) 2656 2.82 27.31 1.82 17.64 +9.67 (+54.8%)
Cf 4,868 (5.67%) 847 2.36 7.29 2.25 6.97 +0.32 (+4.6%)
Cs 1,590 (1.85%) 276 2.35 2.37 1.96 1.98 +0.39 (+19.7%)
Cw 2,046 (2.38%) 356 2.86 3.71 2.09 2.71 +1.00 (+36.9%)
Df 17,047 (19.87%) 2964 1.06 11.49 1.26 13.63 �2.14 (�15.7%)
Dsw 2,902 (3.38%) 505 1.21 2.22 1.28 2.36 �0.14 (�5.9%)
E 32,322 (37.67%) 5621 0.12 2.50 0.20 4.15 �1.65 (�39.8%)
Global 85,794 14920 1.44 (weighted) 78.34 (±4.40) 1.33 (weighted) 72.55 (±13.97) +5.79 (+8.0%)

Note. Tropical (A), Arid (B), Temperate humid (Cf), Temperate summer dry (Cs), Temperate winter dry (Cw), Boreal humid (Df), Boreal summer dry or winter dry
(Dsw), and Polar (E). Grid cells were 0.5° latitude × 0.5° longitude. Each cell area was calculated as 0.173905 × 104 km2. The mean RS was weighted by region area
and was averaged for each vegetation coverage from 1961 to 2014.
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by the climate-specific model was less sensitive to increases in temperature in the tropical and temperate
summer dry regions, where RS rates showed either no increase (arid) or a negative correlation with
increases in temperature under RCP8.5 global warming scenario (Figures 5 and S2). In temperate, boreal,
and polar regions, however, the annual RS increased substantially as temperature increased, due to
increasing sensitivity of RS to warming (Figures 5 and S2). The single RS model did not predict any decline
in the sensitivity of RS (Figure 5), as RS responds to temperature positively within all climate regions and
within all time periods (historical, RCP2.6, and RCP8.5).

Figure 3. Estimated global annual soil respiration (g C m�2 year�1) by global single soil respiration model parameterized
based on the monthly global RS data (panel a), by the climate-specific model parameterized based on the monthly global
RS data (panel b), and the difference between RS estimates between the single model and climate-specific models (panel c).
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4. Discussion

In this study, we predict that future RSG rates will accelerate substantially if human CO2 emissions are not miti-
gated and global temperature increases by approximately 3 °C by 2100. Our historical rate of increase
(0.04 Pg C year�1; Figure 4a) was consistent with prior estimates of historical RSG increase (averaging 0.04
to 0.10 Pg C year�1; Bond-Lamberty & Thomson, 2010a, 2010b; Hashimoto et al., 2015; Zhao et al., 2017)
and similar between the two respiration model types we examined (Figure 4a). However, if no mitigation
of human emissions occurs, the future RSG rates between 2011 and 2100 are predicted to increase at higher
rate, averaging 0.11 and 0.13 Pg C year�1 based on the single and climate-specific model, respectively
(Figure 4b). Under these conditions, RSG will increase from around 73 to 88 Pg C year�1 by 2100, even though
the climate-specific model predicted RS will decelerate in the arid, winter-dry and summer-dry temperates,
and tropical climates (Figure 5).

When comparing RSG estimated by the single-global and climate-specific model, we found that RSG during
the historical period (1961 to 2014) estimated from the single model (mean with 95% confidence interval:
78.34 ± 4.40) was around 6 Pg C larger than that estimated by the region-specific model
(72.55 ± 13.97 Pg C year�1). The estimates were consistent with previous estimates based onmonthly RS data
(Jian, Steele, Thomas et al., 2018) but lower than previous estimates based on annual RS data (Bond-Lamberty
& Thomson, 2010a, 2010b; Hashimoto et al., 2015; Zhao et al., 2017). The differing results from the single
model and the climate-specific model were likely caused by the regional heterogeneity of RS response to
temperature change (Figure 2). For instance, a threshold at 14.39 °C was detected in the temperate

Figure 4. Estimated global annual soil respiration (RSG) changed from 1961 to 2014 (upper panel a) and from 2015 to 2100
(lower panel b). Future warming scenarios suggest that with mitigation of human CO2 production (RCP2.6, blue dots and
lines) RSG would slightly increase from 2015 to 2050 and decrease from 2050 to 2100, generally corresponding to the
variations in air temperature. In contrast, unmitigated human CO2 production (RCP8.5, red dots and lines) will significantly
increase future RS rates. Circles are RSG estimated by single model and triangles are RSG estimated by climate-specific
model. The dashed lines with confidence interval range are air temperature trends fitted by ‘loess’ method in R.
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summer-dry region by the climate-specific model; however, in the single-global model the threshold was
27.50 °C (Figure 2). Thus, when over 14.39 °C, RS was negatively correlated with temperature increase
under climate-specific model, but the single model still predicted positive response in temperate summer
dry region until over 27.50 °C. The difference likely caused the modest increase in global estimates by the
single model.

The difference between predictions from the single-global model and using climate-specific model high-
lights the need to account for regional heterogeneity in the response of RS to temperature when studying
the effects of warming on soil-carbon dynamics in future. However, climate-specific model require sufficient
data coverage for each region. For example, polar and arid regions make up 37.67% and 17.80%,

Figure 5. Relationship between the estimated annual soil respiration (RS) anomalies and temperature anomalies from 1961 to 2014 (black lines) and from 2015 to
2100 under unmitigated human CO2 production scenario (RCP8.5, red lines) and mitigated human CO2 production (RCP2.6, blue lines). Solid lines represent
results from the single model, while dashed lines are results from climate climate-specific model. From 2015 to 2100 under the RCP8.5 scenario, RS decreased in
sensitivity in tropical, temperate summer-dry and temperate winter-dry climates; however, this was only detected by the climate-specific model. In boreal and polar
climates, however, RS was even more sensitive to temperature in the future under RCP8.5 compared to the historical period. Note that x-axis and y-axis differ from
panel to panel.
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respectively, of total area across globe; however, only 223 and 813 records were available from these region,
accounting for 1.65% and 6.03% of total records from MGRSD. The lack of data in these regions contributes
some uncertainty, and more measurements from these regions would be valuable to RSG estimates (Table 1
and Figure 3).

Though we observed that a decrease in temperature sensitivity caused RS to decrease in some large regions,
the climate-specific model predicted RS was more sensitive to temperature increases in colder regions and
increased RS from the boreal and polar regions overwhelmed future RSG rates (Figures S2 and 5). The pre-
dicted increase in RS from the boreal and polar regions may have substantial effects on losses of carbon
stocks in those regions. The temperature of colder regions is increasing at higher rate compared to the rest
of the globe, and almost 1,700 Pg of organic carbon is stored in the permafrost (Tarnocai et al., 2009). A recent
meta-analysis compared total soil carbon under warming and ambient conditions across Eurasia and North
America found that warming stimulated carbon losses from soil to the atmosphere regardless of how many
years the full soil carbon response to warming is realized, but with a very large range of uncertainty (Crowther
et al., 2016). Given the larger increases in rate observed in this study, the loss of soil carbon stocks may be
towards the upper end (around 200 Pg C) of the uncertainty bounds if human emissions are not limited
(Crowther et al., 2016), mainly driven by carbon losses in colder climates. An increase in primary production
carbon may offset losses from soil respiration, as a recent study found that the rate of net biome productivity
(which is the difference between net primary production and autotrophic respiration) has significantly accel-
erated during the warming hiatus (1998–2012; Ballantyne et al., 2017). However, substantial uncertainty still
exists in the response of primary productivity to CO2 fertilization (Korner et al., 2005; Norby et al., 2005, 2010)
and global warming induced drought at regional and global scales (Yuan et al., 2016; Zhao & Running, 2010).

In this study, we developed models based on historical data to forecast future trends, an approach that incor-
porated several assumptions regarding the response of RSG to increasing temperature. First, predicting future
RSG from models developed with historical RS data assumes that the RS response to temperature will follow
the same relationship despite warming climates. This precondition is supported by a recent analysis of soil
warming data (Carey et al., 2016); however, warming experiments can alter factors so that they are not fully
representative of future conditions (Conant et al., 2011). Second, we assumed that the limited range and
availability of RS data from the cold regions was sufficient to represent the RS response to temperature in a
critical region. Data from boreal and polar regions does not show a threshold and the future RS predictions
also do not decline within the 3 °C increase predicted by RCP8.5. While it is possible that with continued warm
RS in the polar and boreal regions will reach threshold temperature some time, with a 3 °C increase, the tem-
perature is still much below an anticipated threshold (27 °C). Therefore, we believe our predictions for the
next 82 years based on this assumption are valid estimates. Given the critical contribution of cold regions
in global carbon fluxes, more RS measurements will be needed to verify or modify existing models as tem-
perature begin to reach threshold values in the future. Third, we assumed that air temperature is, and will
continue to be, the major factor influencing RS under global warming and omit the potential influence of
changing precipitation patterns and vegetation. We acknowledge that these factors may affect future RSG
rates. For example, extreme droughts are more sensitive to climate change and large-scale droughts have
been shown reduce regional net primary production (Yan et al., 2015; Zhao & Running, 2010). We omit these
influences in our models and estimates because, one, current climate models are less confident on how pre-
cipitation and vegetation will change under global warming and, two, we lack reliable data to analyze how
precipitation and vegetation change in the future (IPCC, 2007). A more intensive investigation of precipitation
and vegetation affect RS under global warming is beyond the scope of this study.

ESMs play a critical role in understanding the mechanisms of soil respiration, as well as projections future
climate change. The soil submodels of the ESMs use simple abiotic relationships to predict how soil carbon
will respond to warming and simulate heterotrophic respiration (Arora et al., 2013; Wieder et al., 2013). RS
comes from both heterotrophic respiration (microbial respiration) and autotrophic respiration (root respira-
tion), but current global RS models do not separate RS into these two components. Estimates of heterotrophic
respiration cannot be directly compared with RS estimates, as each component of RS should respond differ-
ently to climate change because plant communities and microbial communities will not respond in the same
manner (Bond-Lamberty et al., 2004). In addition, the CMIP5 models have not accurately captured the current
warming hiatus (1998–2014), which has led to an overestimation of ecosystem respiration comparing with
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observations (Ballantyne et al., 2017). An empirical model based on soil moisture and soil temperature data
better estimated the reduced ecosystem respiration during warming hiatus (Ballantyne et al., 2017). A similar
conclusion was reached by Lynch et al. (2017), whom found that heterotrophic respiration of 25 models from
CMIP5 are significantly higher than heterotrophic respiration predicted by a statistical model. Even though it
requires several key conditions (e.g., broad participation of countries and sectors to reduce greenhouse gas
emissions, optimistic assumptions on mitigation potential, and protect forests) to reach 2.6 W/m2 radiative
forcing levels by 2100 (van Vuuren et al., 2011), one advantage of using RCP2.6 in this study was that it pro-
vided an opportunity to approximate RSG dynamics under a warming hiatus situation, which are not well cap-
tured by the current ESMs.

One critical point in this study is the existence of a threshold in the relationship between RS and temperature,
where RS peaks and then declines as temperature rises. Theoretically, thermal acclimation should be a com-
mon property for all organisms, including decomposers. Respiratory enzymes bind substrates under initial
conformation, then transport to the reaction place where the enzymes change their conformation and
release the substrates (Crowther & Bradford, 2013). Microbial communities adapted to warming conditions
are less sensitive to temperature change than communities adapted at low temperature (Bradford et al.,
2008; Crowther & Bradford, 2013). Currently, estimates of changes in RS from temperature increase are mostly
from incubation studies or field warming experiments (Carey et al., 2016; Hamdi et al., 2013). Presuming
microbial populations adapt, or there are shifts in the microbial communities in response to shifts in the
environment, these threshold temperature may change over the timescales of many decades as opposed
to incubation or warming studies (Bradford et al., 2016). Also, the proportion of microbial activity that is
explained by the thermal adaptation could potentially explained by labile carbon depletion or explained
by nitrogen limit (Cramer et al., 2001; Dorrepaal et al., 2009; Frey et al., 2013). Thus, current ESMs do not incor-
porate any/many of the feedback loops inherent in a warming planet. Our study analyzed the RSG dynamics
under long term global warming based on simple, data-oriented RS models, and the results can be used to
bridge a gap between process models and field data.

At present, terrestrial ecosystems remove around 1.7 Pg C from atmosphere each year, which help mitigate
global warming (Le Quéré et al., 2013). Whether terrestrial ecosystems can remain as carbon sinks depends
partially on how soil carbon responds to global warming. Our results indicate that without human mitigation
of CO2, even though the temperature sensitivity of RS will decreases in some climates, we can expect even
large RS fluxes at the global scale that may reduce the ecosystem’s capacity to act as a carbon sink.

5. Conclusions

In this study, we determined that one, the future RSG rates will accelerate substantially with predicted
increases temperature if no CO2 mitigation occurs, and two, a decrease in the temperature sensitivity of RS
of some warm regions will be offset by the increase of RS in colder regions. Each climate type had a distinct
relationship between RS and air temperature that influenced how RS responded to future temperature
increase and highlighted the importance of accounting for regional heterogeneity in global scale modeling
and estimates. This study provides further evidence that RS deceleration could occurs at large spatial scales;
unfortunately, this decreasing in temperature sensitivity of RS will likely not be strong enough to suppress the
surge in soil respiration rates if global temperature is allowed to rise by 3 °C.
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