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carbon cycle, Rs measurement and modeling issues have been well reviewed in previous studies. In this
paper, we briefly review advances in soil organic carbon (SOC) decomposition processes and the factors
affecting Rs. We examine the spatial and temporal distribution of Rs measurements available in the liter-
ature and found that most of the measurements were conducted in North America, Europe, and East Asia,
with major gaps in Africa, East Europe, North Asia, Southeast Asia, and Australia, especially in dry ecosys-
tems. We discuss the potential problems of measuring Rs on slope soils and propose using obliquely-cut

Keywords:
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Soil respiration measurement

Soil respiration model soil collars to solve the existing problems. We synthesize previous estimates of global Rs flux and find
Global annual soil respiration that the estimates ranged from 50 PgC/yr to 98 PgC/yr and the error associated with each estimation
Belowground carbon allocation was also high (4 PgC/yr to 33.2 PgC/yr). Using a newly integrated database of Rs measurements and the

MODIS vegetation map, we estimate that the global annual Rs flux is 94.3 PgC/yr with an estimation error
of 17.9 PgC/yr at a 95% confidence level. The uneven distribution of Rs measurements limits our ability to
improve the accuracy of estimation. Based on the global estimation of Rs flux, we found that Rs is highly
correlated with GPP and NPP at the biome level, highlighting the role of Rs in global carbon budgets.

© 2016 Published by Elsevier GmbH.
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1. Introduction

Soil respiration (Rs) commonly refers to the CO, efflux from the
soil surface to the atmosphere. The annual CO, emission through
Rs at the global scale is about ten times that from current fossil fuel
emissions (Bond-Lamberty and Thomson, 2010a). Apparently, soil
respiration is critical to the global carbon cycle because global soils
store as twice much carbon as the atmosphere (Post et al., 1982;
IPCC, 2013; Scharlemann et al., 2014) and the ecosystem feedback
through Rs is important to the projection of future atmospheric CO,
concentrations (Cox et al., 2000; Heimann and Reichstein, 2008). In
addition, the Coupled Carbon Cycle Climate Model Intercomparison
Project (CMIP4 and CMIP5) also pointed out that the uncertainty
in projecting future global temperature was largely due to a poor
understanding of the land carbon cycle (Friedlingstein et al., 2006;
Friedlingstein et al., 2014).

The measured Rs at the soil’s surface may come from multi-
ple sources, such as root respiration (Rr), heterotrophic respiration
(Rh), soil fauna respiration (Rf), and non-biological CO, production
(Rn). Rr includes root maintenance respiration, where the respired
energy is used for keeping roots alive, root growth respiration for
growing new roots or new root tissues, and rhizospheric respiration
(Rz), where microbes respire CO, in the rhizosphere by feeding on
root exudates. Rh is due to the decomposition of dead organic mat-
ter by microbes in bulk soils. Rf includes the respiration from soil
fauna, such as earthworms, ants, beetles, earwigs, and woodlice.
Rn comes from soil chemical and physical processes, such as the
CO, released from soil solutions when water is evaporated or CO,
solubility changes with soil temperature fluctuation.

The soil CO, efflux measured at the soil’s surface is often
assumed to approximate the “true soil respiration,” though this
assumption has been recently challenged by the finding that
respired CO, may be dissolved in soil solutions (Emmerich, 2003;
Hastings et al., 2005; Stevenson and Verburg, 2006; Schlesinger
et al,, 2009; Tamir et al., 2011; Ma et al., 2013; Roland et al., 2013;
Angert et al., 2015) or root xylem water and carried upward in the
transpiration stream (Aubrey and Teskey, 2009; Bloemen et al.,
2013). Nevertheless, some studies have shown that the ratio of
soil surface CO, efflux to O, influx (a better indicator for biolog-
ical activities) is around 1.0 (0.9-1.06) in various ecosystems (Seibt
et al,, 2004; Angert et al., 2012; Ishidoya et al., 2013). Since most
soil respiration measurements have been conducted at the soil sur-
face as CO, efflux, we do not differentiate soil respiration from
soil surface CO, efflux and use the two terms loosely and inter-
changeably in this review. Previous studies have reviewed soil
respiration measuring and modeling issues and discussed asso-
ciated problems and challenges (Raich and Potter, 1995; Hanson
et al., 2000; Rustad et al., 2001; Davidson et al., 2002a; Pendall
et al., 2004; Hibbard et al.,, 2005; Ryan and Law, 2005). In this
paper, we focus on some overlooked issues in measuring and mod-
eling global Rs, such as measuring Rs on slope soils and estimating
global annual Rs flux with empirical models, and further discuss
the role of Rs in global carbon budgets based on the modeling
results.

2. Components of soil respiration (Rs)
2.1. Soil heterotrophic respiration (Rh)

Rh refers to the decomposition of dead soil organic matter
(SOM) by soil microbes. The two main groups of these decom-
posers are bacteria and fungi, and they are involved in both aerobic
and anaerobic degradation of organic matter. These microbes pro-
duce extracellular enzymes to convert polymeric compounds, such
as cellulose, hemicellulose, and lignin, in the SOM into smaller
molecules that can be further assimilated inside the microbial
cells (Romani et al., 2006). Fungi are more efficient than bacteria
in the degradation of highly recalcitrant organic matter because
they can produce a wider range of extracellular enzymes than bac-
teria (Szafranek-Nakonieczna and Stépniewska, 2014). Although
actinomycetes were found to be able to degrade lignin (Benner
et al., 1984), it is generally believed that fungi decompose most
of the large molecule compounds, and bacteria mainly decom-
pose polysaccharides and polymeric compounds following the
decomposition by fungi (Romani et al., 2006). Some polymer carbo-
hydrates can be degraded by both aerobic and anaerobic microbes,
but a complete degradation of lignin requires aerobic microbes.

The decomposition of soil organic matter starts with physical
and biophysical processes that break down large pieces of organic
matter into smaller ones, which is followed by the biochemical
transformation of complex organic molecules into simpler organic
and inorganic molecules (Fig. 1). It is well known that soil organic
matter exists in soil as bulk complexes. A very small portion of the
SOM, such as amino acids, glucose, and fatty acids, is soluble and
membrane-permeable. These SOM molecules can directly pene-
trate cell walls and membranes and be oxidized in the mitochondria
or cytosol. Most of the SOM in soil is made of larger molecules
such as starch, cellulose, lignin, protein, and lipids, which cannot
penetrate microbial cell walls and membranes. Thus, these large
molecules must be biochemically broken down into membrane-
penetrable carbon (MPC) molecules before they can be used by soil
microbes.

First, soil animals, like mites and earthworms, break down the
complicated bulk SOM into small pieces through various activities
such as movement, chewing, or digestion. Freezing and melting
of the water in bulk soils can also facilitate the breakdown of large
pieces of SOM. Then, the biochemical breakdown of SOM starts with
the fine particles, including carbohydrates, proteins, and lipids. The
biochemical breakdown involves various extracellular enzymes for
breaking specific chemical bonds (Vandermeer, 2011). For exam-
ple, proteases are used for degrading proteins to amino acids, while
lipases can break down lipids to fatty acids (Whiteley and Lee,
2006). Large molecules of carbohydrates are usually degraded to
random chains and then broken down to MPC units from the non-
reducing end of the molecular chain by cutting specific bonds, such
as the 3-1,4 bond in cellulose (Berg and Laskowski, 2005; Wilson,
2011). The resulting small units (the MPCs), such as monosaccha-
rides and disaccharides, can be transported into microbial cells by
diffusion, osmosis, or phagocytosis (Sauer et al., 1994). Fungi are
able to spread their hyphae through the gaps between or inside
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Fig. 1. Microbial decomposition of soil organic carbon.

organic matter over a long distance, which allows them to more
easily access the organic matter and secrete extracellular enzymes
to break down fine carbon particles. Unlike fungi, bacteria usually
work as a group to break down the fine particles due to the lim-
ited enzymes each bacterial species produces. Finally, the MPCs
are further broken down inside the microbial cells by intracellular
enzymes in the mitochondria for fungi or the cytosol for bacteria
and Archaea. Through cellular respiration, microbes break down
the substrate carbon molecules and capture energy for biosynthe-
sis and nutrient transport. Many biochemical processes, such as the
Krebs cycle, glycolysis, the electron transport chain, and hydrolysis,
are involved in the metabolism of carbon, with CO, released as a
final product of the processes.

2.2. Root respiration (Rr)

Root respiration is a primary contributor to soil CO, production,
and hence a major factor influencing soil respiration (Raich and
Tufekciogul, 2000). Root respiration includes all respiratory pro-
cesses occurring in the rhizosphere according to the definition of
Wiant (1967), who stated that “root respiration includes all res-
piration derived from organic compounds originating in plants,
including the respiration of living root tissue, the respiration of
symbiotic mycorrhizal fungi and associated microorganisms, and
the decomposing organisms operating on root exudates and recent
dead root tissues in the rhizosphere.” Apparently, this definition
of Rr is based on root functions rather than trophic levels, such as
autotrophic versus heterotrophic respiration. This way of defining
Rr has advantages in field measurements of Rr, such as the widely-
used trench method, though the Rr includes some heterotrophic
respiration from the rhizosphere.

The root contribution (RC), which is the ratio of root respiration
to soil respiration, varies dramatically between different ecosys-
tems. Hanson et al. (2000) reviewed Rs partitioning methods in
different biomes and ecosystems and found that the mean RC to
total respiration was 45.8% and 60.4%, respectively, in forest and
non-forest ecosystems, but the RC varied from 10% to 90% in differ-
ent studies. Subke et al. (2006) updated the database of Hanson et al.
(2000) and found the RC was of 2-97% in coniferous forests, 4-73%

in deciduous forests, 10-75% in grasslands, 14-73% in croplands,
and 53-75% in shrublands. The RC also demonstrated a large vari-
ability within the same ecosystem due to the high spatial variation
ofroots and their respiration (Bond-Lamberty et al., 2004). Separat-
ing Rr from bulk soil respiration is a task mired with many technical
challenges, though various methods have been attempted, includ-
ing root exclusion, root excision, isotope, and indirect methods
(Subke et al., 2006). Subke et al. (2006) did a comprehensive review
on the topic and concluded that these methods generally showed
good agreement, though numerous assumptions of different meth-
ods might compromise the results.

2.3. Soil fauna respiration (Rf) and non-biological CO, production
(Rn)

Soil fauna respiration (Rf) refers to the CO, produced by soil
animals through metabolic processes. The Rf, in general, accounts
for less than 5% of the total soil respiration (Petersen and Luxton,
1982). However, in some ecosystems Rf can account for up to 10%
of Rs (Sorensen et al.,, 2006). The non-biological CO, production
(Rn) is the CO, emissions at soil surface coming from physical
and/or chemical processes in the soil. The physical production of
CO,, is rare in normal conditions and generally occurs when soil
porosity is altered by rainstorms (Tang et al., 2003), water table
fluctuation, soil compression, or wind (Xu et al., 2004a). The chem-
ical production or absorption of CO, in soil refers to pedochemical
and geological processes, such as geothermal and volcanic CO,
degassing (Werner and Brantley, 2003), photochemical degrada-
tion of litter (Austin and Vivanco, 2006), and CO, absorption by
alkaline soils (Xie et al., 2009). Under normal conditions, the non-
biological production of CO; is negligible, but it could be significant
in some special ecosystems (Rey, 2015).

3. Factors affecting Rs
3.1. Soil organic carbon (SOC) quantity, quality, and availability

Rs is ultimately determined by the quantity, quality, and avail-
ability of SOC, which are the major substrates of Rh. In the same
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ecosystem, Rh is positively correlated with soil organic carbon con-
tent because more C provides more sources and more reaction sites
for microbial decomposition (Wang et al., 2013). In addition to
the amount of C, soil C quality is also important in determining
Rh both physically and chemically. Larger C particles have smaller
surface area to volume (or mass) ratios, and thus have relatively
smaller surface areas for contacting microbes and enzymes. There-
fore, in theory, smaller soil organic particles favor Rh. In temperate
or boreal climates, soil freezing and thawing in winter and spring
help break down large soil organic particles to smaller pieces. Soil
animals, such as earthworms, also facilitate the breakdown of soil
organic particles (Bocock, 1964; Lee and Foster, 1991; Brussaard,
1998; Jennings and Watmough, 2015). The chemical composition
of soil organic C, known as soil substrate quality, is also a deter-
minant of Rh (Rustad et al., 2000; Hartley and Ineson, 2008). Small
SOC molecules, such as glucose and cellobiose, can easily penetrate
microbial cell walls and membranes. Large C molecules, such as
starch, cellulose, and lignin, are not penetrable to cell membranes
and these molecules have to be broken down to small ones before
they can be used by microbes. Therefore, microbes prefer labile
C sources (small C molecules from fresh litters) over recalcitrant C
sources, which are more resistant to decomposition and are usually
composed of large C molecules. In addition, Rh is also affected by
the availability of organic Cin soils (Ryan and Law, 2005). If organic
C is absorbed or protected by soil particles, it is not available to
microbes, making it very difficult to decompose even though the C
molecules are small. Therefore, recalcitrant soil C is not necessarily
composed of large C molecules.

3.2. Soil oxygen content

Under aerobic conditions, molecular oxygen is an ideal terminal
electron acceptor in root respiration and soil microbial decomposi-
tion. Oxygen supply is critical to ATP synthesis and CO, production
in the respiration processes. Calhounetal.(1993) found that oxygen
supply could change the efficiency of the electron transport chain
by the use of different types of ubiquinol oxidase in prokaryotes.
Under highly aerobic conditions, cells used an oxidase with a low
affinity for oxygen, which could transport two protons per electron.
When the oxygen level was reduced, they switched to an oxidase
that transferred only one proton per electron, but had a high affinity
for oxygen. When soil oxygen content decreases to low levels, the
metabolic pathway changes from aerobic respiration to anaerobic
fermentation and the products change from CO, to CH4 (Bridgham
and Richardson, 1992; Kane et al.,2013; Fan et al., 2014). Therefore,
soil CO, efflux decreases dramatically when soils are flooded, such
as in wetlands (Krauss et al., 2012; Liu and Xu, 2015).

3.3. Soil enzymes and microbes

All of the biochemical processes involved in the breakdown of
SOC require enzymes to catalyze the chemical reactions. Major
enzymes in soils include amylase, 3-glucosidase, cellulase, chiti-
nase, dehydrogenase, phosphatase, protease, and urease and are
produced by various microbes (Dick and Tabatabai, 1984; Gupta
et al,, 1993; Makoi and Ndakidemi, 2008). Although new DNA
sequencing technologies have made it possible to investigate
microbial community composition (Torsvik and @vreds, 2002; Cong
et al., 2015; Hartmann et al., 2015; Pitombo et al., 2015), we have
limited knowledge of the details of soil enzymes, such as their
amounts, types, distribution, and efficiency, and little is known
of individual microbial species and the corresponding enzyme(s)
produced. The importance of soil enzymes to ecosystem func-
tions, including soil respiration, has been reviewed by Makoi and
Ndakidemi (2008). Soil microbial communities and activities are
regulated by climate, oxygen supply, nutrient levels, pH, and sub-

strate availability (Zogg et al., 1997; Yao et al., 2000; Barnard
et al., 2014; Zhalnina et al., 2015). Given the fast propagation of
microbes, microbial regulation of Rs is mainly conducted through
the constraints of the above biotic and abiotic factors on microbial
communities.

3.4. Climate

As with many other biochemical reactions, soil respiration is
temperature dependent. When the soil temperature is below 0°C,
Rs is very low because of the weak metabolic rate of the root and
microbes. Soil microbial activity has been reported at temperatures
below —10°C(Schroeteretal., 1994; Vorobyova et al., 1997; Rivkina
et al., 2000). Soil respiration usually increases nonlinearly with the
increase of soil temperature. The temperature sensitivity of Rs has
been commonly indicated by Q;g, which is the rate that Rs increases
with every 10°C increase in soil temperature (Xu and Qi, 2001a).
The Q;o determined by field measurements of Rs and temperature
is known as the apparent Qqq, which is attributed to many biotic
and abiotic factors (Davidson and Janssens, 2006). Therefore, the
Q1o reported in the literature varies surprisingly from about 1 up
to 237, (Xu and Qi, 2001a; Kirschbaum, 1995; Mikan et al., 2002)
with most Q¢ values between 1.5 and 3.0 (Raich and Schlesinger,
1992; Winkler et al., 1996; Katterer et al., 1998; Zhou et al., 2009).

Many high Q;¢ values reported in previous studies were affected
by non-temperature factors, such as soil moisture and vegeta-
tion growth. Unfortunately, most of the available data for Rs were
obtained through field in situ measurements, which are inevitably
confounded with non-temperature factors. Therefore, using the
apparent Q¢ value may overestimate or underestimate the tem-
perature effect on global Rs, and thus the ecosystem feedback to
future global warming. For example, Xu and Qi (2001b) found that
the confounding effect of soil temperature and moisture on Rs sig-
nificantly reduced the Q¢ in hot and dry summers in California
forests. In this case, the soil moisture blocked the temperature
effect on Rs, making the Rs insensitive to temperature change (Xu
and Qi, 2001b; Wang et al., 2014a). In addition, root respiration is
particularly responsive to increases in temperature, showing a Qg
as high as 4.6 (Boone et al., 1998).

Soil moisture can affect soil respiration both directly and indi-
rectly. Soil respiration is low in dry conditions and increases to
a maximum at an intermediate moisture level until it begins to
decrease when moisture content excludes oxygen. Soil moisture
affects the diffusion of soluble substrates at low water content and
the diffusion of oxygen at high water content, both of which can
limit soil microbial respiration (Davidson et al., 2006). Microbial
activity depends on soil moisture and reaches maximum levels at
water contents where the limiting effects of substrate diffusion and
0O, supply are equal (Skopp et al., 1990). Moreover, seasonal vari-
ation in soil moisture often couples with temperature effects on
soil respiration (Xu and Qi, 2001b). In short, soil moisture affects
Rs through: (1) reducing carbon mobility and availability; and (2)
reducing microbial activities and thus decreasing enzyme produc-
tion and mobility (Barnard et al., 2014). In addition, the hydrolytic
process to break down the glycosidic bond in polysaccharides needs
water molecules as reactants in both extracellular and intracellular
decompositions.

3.5. Vegetation and other factors

Vegetation affects Rs mainly through its impacts on root respira-
tion (Rr), litter production and root exudation. Vegetation can also
affect Rs through its aboveground canopy photosynthesis, which
is the source of root exudates (Hogberg et al., 2001; Tang et al.,
2005a; Mencuccini and Holttd, 2010). Rhizosphere respiration (Rz)
is highly dependent on the carbohydrate supply from photosynthe-
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sis, which also depends on plant physiological and morphological
factors in addition to climate. Therefore, Rz is probably the most
dynamic component of Rs due to the rapid changes in climate
and vegetation growth. Root maintenance and growth respira-
tions are also regulated by aboveground photosynthesis, but they
may take effect at a slower pace than Rz. For these reasons, Rz
should be separated from root maintenance and growth respiration
and considered separately in ecosystem models by directly cou-
pling with photosynthetic processes, mainly NPP allocation. Thus,
in situ measurements of Rz are critical to understanding the above-
ground and belowground interactions of the ecosystem carbon
cycle and improving the accuracy of modeling Rs. Isotopic methods
have been used for measuring Rz in various ecosystems, though
further improvements are needed to increase the accuracy and
reliability of the technology (Cheng, 1996; Rochette and Flanagan,
1997; Kuzyakov and Cheng, 2001; Moyes et al., 2010; Werth and
Kuzyakov, 2010).

Vegetation can also affect Rs through litter fall (both above-
ground and root litter), which is the main source of SOC. At a
global scale, annual litter production is highly correlated with SOC
and Rs (Raich and Tufekciogul, 2000; Davidson et al., 2002a; Sayer
et al,, 2007; Han et al., 2015). In addition to litter production, the
species composition of vegetation may alter litter quality and thus
Rs (Hattenschwiler et al., 2005; Chiang et al., 2014). For example,
Harmonetal.(2009)found that the long-term average or integrated
decomposition rates of nine different litter types ranged from 0.017
to 4.653 year~!, with an average of 0.353 year—!. Different vegeta-
tion types may feature different SOCs in terms of the amount and
quality and thus sustain different microbial communities (Wang
etal.,2014b). Vegetation also alters microclimate, such as soil tem-
perature and moisture (Xu et al., 1997; Xu et al., 2004b), and thus
affects Rs indirectly.

Human activities, such as land use change, cultivation, crop-
ping, fertilization, and irrigation significantly affect soil respiration.
When soils are disturbed through cultivation, their organic matter
content declines (Schlesinger and Andrews, 2000). This is because
cultivation improves soil aeration and moisture, which leads to
greater rates of soil respiration. In addition, the input of fresh plant
debris to soils decreases when native vegetation is converted to
agriculture. Cultivation also disrupts soil aggregates, exposing sta-
ble, adsorbed organic matter to decomposition (Elliott, 1986; Six
et al., 1998). Other factors, such as soil properties, fire (Wiithrich
et al., 2002), and pollution (Illangovan and Vivekanandan, 1992;
Liang et al., 2013) can also affect Rs through their impacts on soil
carbon availability, nutrient supply, microclimate and microbial
activities (Boshoff et al., 2014).

4. Soil respiration measurements
4.1. Methods and challenges

The early measurements of Rs can be traced back to the period
between 1900 and 1930, when Rs was used as a soil fertility
index (Darbishire and Russell, 1907; Truog, 1915; Gainey, 1919;
Waksman and Starkey, 1924; Lundegdrdh, 1927; Smith and Brown,
1931). The chamber method has been widely used for Rs measure-
ments. During the measurement, a chamber is placed on the soil
surface and the CO, molecules emitted from the soil are trapped
inside the chamber. The early measurements of Rs used the chem-
ical absorption (CA) method, in which the respired CO, molecules
were absorbed by alkali solutions and determined by titration
(Norman et al., 1992). With the advance of the infrared gas ana-
lyzer (IRGA) in the 1970s, the accuracy of Rs measurements has
significantly improved (Norman et al., 1992; Pongracic et al., 1997;
Davidson et al., 2002a). Some studies have also used gas chro-

matography (GC) to analyze the CO, concentration, but mostly
for simultaneous measurements of multiple greenhouse gas (GHG)
species, such as CO,, CHg4, and N,O (Ball et al., 1999; von Arnold
et al., 2005; Abbasi and Miiller, 2011). Currently, most people
use the dynamic chamber system to measure CO, concentration
buildup inside the chamber with an IRGA and Rs flux is calculated
based on the rate of CO, concentration change with time.

Although Rs has been studied for more than a century, mea-
suring Rs in the field is still filled with many challenges. The CA
method (alkali solution or soda lime) usually underestimates Rs
under high respiration rates due to the diffusion barriers of CO,
molecules at the absorption surface and overestimates Rs under
low respiration rates due to the strong CO, absorption effect on the
CO, diffusion gradient (Norman et al., 1997; Rochette et al., 1997;
Yimetal.,2002; Wayson et al., 2006). Recent studies also found that
the CA method could measure Rs comparably with the IRGA method
if properly implemented and corrected (Grogan, 1998; Keith and
Wong, 2006). The CO, gradient method has also been adopted by
some researchers because of its minimal disturbance during the
measurements (De Jong and Schappert, 1972; Tang et al., 2005b;
Pingintha et al., 2010), but this method also has limitations, such
as the empirically determined CO, diffusivity in soils and the dis-
turbances to soils introduced by the initial installation of the CO,
sensors. There have been a number of studies and reviews compar-
ing different methods to measure Rs and discussing the strengths
and limitations of each method (Hanson et al., 2000; Davidson et al.,
2002b; Hibbard et al., 2005; Pendall et al., 2004; Ryan and Law,
2005). Here, we want to discuss an overlooked issue on measuring
Rs, that of measuring Rs on slope soils.

Although thousands of studies on Rs measurements have been
published in the literature and many were conducted on slope
soils, few studies have reported the details of chamber or soil col-
lar installation (e.g. orientation) and corrections to the measured Rs
fluxes. To avoid the slope effect, many researchers choose relatively
flat areas for setting up their Rs measurements. This is particu-
larly true when Rs measurements are taken at the same site with
eddy covariance towers, which usually require flat terrains (IPCC,
2000). As a result, few Rs measurements have been taken on steep
slopes, which means the slope soils are underrepresented in the Rs
databases.

Most of the earth’s land surface is not perfectly flat and a large
portion of the world forests is located in mountain ranges. For scal-
ing up purposes, Rs must be measured and reported with respect to
vertically-projected areas because the earth’s “true” surface area is
unknown and scale-dependent. This means the soil chambers have
to be vertically installed, parallel to the gravitational field. If the
chamber is installed perpendicularly to the slope surface, the mea-
sured Rs flux should be converted to vertically projected-area based
flux by:

Fv = F/cosf (1)

Where Fv is the vertically projected Rs flux, Fis the Rs flux measured
perpendicularly to the slope surface (the chamber area), and 6 is the
slope angle in degree.

Apparently, Fv is greater than F on slope soils because the collar
area (a circle) becomes smaller when projected to the horizontal
surface (an oval) (Fig. 3C). The difference is less than 1.5% if the slope
angle is smaller than 10°. However, the difference between Fvand F
increases rapidly with the increase of slope angle, reaching 15.5% at
30°and41.4% at45°.Thus, a correction is necessary on steep slopes.
The slope can be determined by measuring the height difference
between the upper and lower sides of the chamber bottom. For
repeatable measurements of Rs, soil collars are usually installed to
avoid disturbances of soils during the measurements. The collars
are often made of PVC pipe and about 4-10 cm in height. The collar
is pushed into the soil vertically (parallel to the gravitational field)
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Fig. 2. The spatial and temporal distribution of soil respiration (Rs) measurements at a global scale.

with about 1-2 cm above the soil surface. In case of measuring Rs on
slopes, taller collars are needed to ensure the lower side of the collar
can be inserted deep enough into the soil. The vertical installation
avoids having to correct the measured Rs flux and minimizes the
effects of collar wall on altering soil water movement during rain
events. However, there are other problems with tall soil collars.
Measuring Rs on steep slopes requires taller soil collars with
the majority of the collar inserted into the soil, especially the
upper-slope side of the collar (Fig. 3D). According to the molec-
ular diffusion theory, the diffusion direction of CO, molecules in
soils should be perpendicular to the slope surface to minimize the
path length and thus the diffusion resistance. When the soil collar is
vertically inserted into soils, the upper-slope side of the collar wall
will block the CO, molecules moving upwards from deeper soils
(Fig. 3D). As aresult, the flux of Rs is underestimated by the vertical
installation of the soil collar, particularly on steep slopes where tall
soil collars are needed. Deep collar insertion also runs the risk of
severing roots and thus underestimating Rs. The height of the soil
collar also needs to increase with increasing diameter of the soil
collar. To solve the problem of the collar wall blocking CO, diffu-
sion, we recommend that obliquely-cut soil collars (OCSC) should
be adopted instead of the traditional cylindrical collars (Fig. 3E).
The OCSC is fabricated by cutting one end of the collar with an
angle matching the soil slope. This means the down-slope side of
the collar is taller than the up-slope side (Fig. 3E). The height of the
down-slope side of the soil collar can be calculated as:

H = Ha + Hi + D * tané 2)

Where H is the height (mm) of the down-slope side of the collar
(also the height of PVC sections), Ha is the height above soil surface
at the up-slope side of the collar for connecting the soil chamber
(usually 10-20 mm), Hi is the depth of the collar inserted into soils,

usually 30-100 mm depending on soil texture, D is the diameter of
the collar (mm), and @ is the angle of soil slope in degree.

For the traditional chemical absorption method, the measured
Rs flux has to be converted to vertically-projected area based flux
(Fig. 3B) using equation 1 if the enclosure is positioned along the
slope. Since the enclosures used for this method usually cover a
larger soil area than the IRGA chambers, when measuring on slopes
researchers often orient the enclosures perpendicularly to slope
surface to avoid deep insertion of the enclosure into soils for min-
imizing disturbances to the soil. In this case, corrections to the
measured Rs flux to vertically-projection-area based flux are neces-
sary, especially on steep slopes. If soil collars are used for repeatable
measurements, this method has the same problem of blocking CO,
diffusion by the collar wall as discussed earlier. In this case, the
extra volume introduced by the vertical installation of the collar on
slope soils should be added to the total system volume.

For applying the gradient method to measure Rs on slope soils,
the measured Rs fluxes also need to be corrected to the vertically-
projection-area based fluxes even though soil chambers and collars
are not used for the measurements. The detailed methods depend
on the sensor installation. If the CO, sensors are installed along
a profile perpendicular to the soil slope, then measured Rs flux is
also perpendicular to the slope (Fig. 3A). Eq. (1) can be used to con-
vert the measured flux to vertically-projected area based flux. If
the CO, sensors are installed along a vertical profile (parallel to the
gravitational field) (Fig. 3A), then the measured Rs flux should be
converted with the following equation:

Fv = F/(cosf)? (3)
Where Fv is the vertically projected Rs flux, Fis the Rs flux measured

with the vertical gradient of CO, concentration, and 6 is the slope
angle in degree. In Fig. 3A, the CO, concentration is the same at
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Fig. 3. Measuring soil respiration (Rs) on slope soils.

points C; and Cs, but the distance between C; and C3 (AZ;3) is
greater than that between C; and C; (AZ13). This means a smaller
Rs flux (Fy3) will be produced if AZ;3 is used for calculating the
flux. So, we first need to correct Fy3 to Fy, by dividing F{3 with
cosh. Fq, is the CO, flux perpendicular to the slope surface and we
need to further correct it to the vertically-projection-area based
flux discussed earlier in equation 1. By combining the two steps
together, we obtained equation 3.

4.2. Spatial and temporal distribution of Rs measurements

A number of studies have synthesized the measurements of Rs
at global and regional scales (Raich and Schlesinger, 1992; Raich
and Potter, 1995; Raich et al., 2002; Bond-Lamberty and Thomson,
2010a; Chen et al., 2014; Epule, 2015). We added three currently
available Rs databases (Bond-Lamberty and Thomson, 2014; Chen
etal., 2014; Epule, 2015) together and found that the total number
of Rs measurements by 2011 was 6147 globally, conducted at 1557
sites, with most of the measurements conducted in North America
(but a few in Mexico), Western Europe, and East Asia (Fig. 2). Few
measurements were found in Africa, the Middle East, East Europe,
and Australia. By biomes, most of the measurements of Rs were
found in evergreen needleleaf forests (1481 measurements) and
only 38 and 57 measurements for savanna and desert (sparsely
vegetated) ecosystems respectively (Fig. 3). We also examined the
methods used to take these measurements and found that 76.5% of
the Rs measurements used the IRGA-based method, 11.4% used the
chemical absorption method (alkali trap or soda lime), 9.7% used
gas chromatography, and 0.8% used the gradient method. Tempo-
rally, we found that most of the measurements were taken in the
1990s and 2000s; only about 6.4% of the measurements were taken
before 1990 (Fig. 2). It is noted that most of the recent measure-
ments after 1990 were taken using the IRGA method with very few
measurements using the chemical absorption method after 2006.
Spatially, most of the measurements in India were taken using the
chemical absorption method, mainly in croplands (Fig. 2). Long-
term measurements (measurement duration > 1 year) accounts for
about 70% (4263 measurements at 1120 sites) of the total measure-
ments in the database.

How many measurements are needed to reasonably estimate
global Rs flux statistically? We calculated the coefficient of variance
(CV) of the annual Rs flux for the globe and each biome (derived
from the MODIS global vegetation map) using the new database.
Globally, the CV of annual Rs is 0.623; if all of the annual Rs mea-
surements were randomly distributed on the globe we would need

a sample size of 591 and 148 (using Eq. (4)), respectively, for a
relative error of 5% and 10% with a confidence level of 95%.

n = (1.96 % CV/E)? (4)

Where n is the sample size, CV is the coefficient of variation of Rs,
and E is the relative error.

Since each site may have multiple measurements (multiple loca-
tions or years), we averaged all of the measurements at each site
and derived a new site-averaged database with 1120 records. If all
the available annual Rs measurement sites (1120) were randomly
distributed across the globe and the Rs flux had followed a normal
distribution, we could achieve an accuracy of 96.4% in estimating
global mean Rs flux statistically (Eq. (4)) (Table 1). Apparently, the
spatial distribution of the sites is not random as discussed earlier
(Fig. 3). The actual sampling accuracy for each biome is different
due to the non-homogeneous variation and sample size among
biomes (Table 1). The highest sampling accuracy (1.0-E) was 93.7%
inevergreen needleleaf forests and deciduous broadleaf forests, fol-
lowed by evergreen broadleaf forests and mixed forests of 91.8%
(Table 1). The lowest accuracy was found in deserts (sparely veg-
etated), savannas, and shrublands, with 65.3%, 66.8%, and 66.6%,
respectively (Table 1). Considering the uneven distribution of the
sites among biomes and the differences between mean Rs and
area of the biomes, we used a weight factor (biome area x biome
mean Rs) to calculate the overall estimation accuracy. The over-
all sampling accuracy of the 1120 sites was only 81.0%, yielding
an estimation error of about 17.9 PgC/yr. Therefore, to improve the
estimation accuracy of global annual Rs flux we need to increase the
sample size, especially in deserts, savannas, and shrublands where
the sample size is under 50. The global net ecosystem productivity
(NEP) is currently about 2.4 PgC/yr (Le Quéré et al., 2015) which is
only about 3% of the global annual Rs flux. Apparently, the global Rs
flux estimated with the statistical methods is not accurate enough
for estimating the global NEP even though thousands of Rs mea-
surements have been conducted over the globe. The problem is not
because we do not have enough measurements, but because the
measurements are not evenly distributed across the globe.

Acknowledging that the different methods used for measuring
Rs may impact the estimation of global Rs flux, we extracted all the
Rs records in the database measured by IRGA or GC or the CO, gra-
dient (also using IRGA analyzer) method and came up with a new
database of 3686 measurements at 969 sites. We recalculated the
mean Rs flux and its CV in each biome and found that the global
mean (site-based) Rs flux increased slightly from 0.817 kgC/m?/yr
to 0.845kgC/m?/yr, suggesting that the impact of the chemical
absorption (CA) method on estimating global mean Rs is minor.
Previous studies showed that the CA method generally underes-
timates the Rs under high respiration rates and overestimates Rs
under low respiration rates (Ewel et al., 1987; Rochette et al., 1992;
Nay etal., 1994; Bekku et al., 1997; Norman et al., 1997; Knoepp and
Vose, 2002). Our results suggest that the errors of the CA method
might cancel out in estimating global mean Rs flux. Therefore, the
Rs data measured with the CA method are valuable in estimating
global Rs flux using the traditional statistic approach, but may bias
the regional estimation of Rs flux.

With the rapidly increasing use of IRGA analyzers, we expect the
global Rs data will continue to increase in both quantity and quality
in the future. However, the uneven distribution sampling prob-
lem will remain if international collaborations on climate change
and carbon cycling do not significantly improve in the future. As
we have seen in Fig. 2, most of the gaps of Rs measurements are
located in the least developed countries, such as Africa, Southeast
Asia, the Middle East and Mongolia, and in remote areas and ecosys-
tems with poor access. Financial and technical assistance from the
developed world or international organizations are sorely needed
to support more measurements in these areas for filling the data
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Table 1
Statistics of global soil respiration (Rs) measurements by biomes.

23

Biome All sites IRGA or GC based sites

Area Number of sites  Soil respiration flux Number of sites  Soil respiration flux

106 km? Mean (kgC/m?/yr) CV Accuracy (%) Mean (kgC/m?/yr) CV Accuracy (%)
1. Evergreen needleleaf forest 4.07 243 0.732  0.500 93.72 203 0.742 0.495 93.19
2. Evergreen broadleaf forest 13.72 170 1.231 0.548 91.76 150 1.287 0.530 91.52
3. Deciduous needleleaf forest 1.67 81 0.727 0.482 89.50 78 0.749 0.451 89.98
4. Deciduous broadleaf forest 1.41 241 0.821 0.495 93.75 208 0.852 0.477 93.51
5. Mixed forest 8.99 56 0.797 0.313 91.80 56 0.797 0.313 91.80
6. Shrubland 20.50 41 0.482 1.092 66.56 32 0.534 1.052 63.56
7.Savanna 20.40 13 0910 0.610 66.85 11 0.796 0.623 63.19
8. Grassland 18.26 143 0.813 0.718 88.24 125 0.841 0.685 87.99
9. Wetland 1.22 30 0.446 0.735 73.70 24 0.425 0.722 71.09
10. Cropland 20.55 86 0.691 0.613 87.04 68 0.704 0.626 85.12
11. Snow and ice 2.92 0 0
12. Desert (sparsely vegetated) 18.57 16 0.366 0.707 65.34 14 0.390 0.691 63.82
13. Water 2.10 0 0
Total 134.38 1120 0.817 0.623 96.35 969 0.845 0.609 96.16

gaps. New technologies, such as smart soil chambers, robots, and
drones can also be explored to facilitate Rs measurement in harsh
and difficult-to-access ecosystems.

5. Estimation of global Rs flux
5.1. Simple statistic method

In a review of global carbon balance in terrestrial detritus,
Schlesinger (1977) estimated the global Rs annual flux to be 75
PgC/yr by assuming Rs flux is twice that of litter fall (above and
belowground litter fall). Houghton and Woodwell (1989) estimated
that the global Rs was about 50 PgC/yr. By compiling the Rs flux
data published in the literature, Raich and Schlesinger (1992) estab-
lished a global Rs annual flux database of 171 measurements. Using
the average Raich Rs flux of 13 biomes and multiplying the biome
area from different sources, they found that the global Rs flux was
68 +4 PgC/yr, of which root respiration contributed about 26%
(Raich and Schlesinger, 1992). It should be noted that the range
of +4 PgC/yr here is not the standard deviation of the Rs sam-
ples nor the 95% confidence interval. It is the standard deviation
of global Rs annual fluxes estimated based on different maps of
vegetation biomes (Raich and Schlesinger, 1992). Using our new
database and the MODIS vegetation map (Table 1), we estimated
the global annual Rs flux to be 94.3 PgC/yr with an estimation error
of 17.9 PgC/yr at a 95% confidence level. Our estimate, based on
the statistics of the global Rs database, is very close to the recent
estimates of 91 PgC/yr by Hashimoto et al. (2015) and 98 PgC/yr
by Bond-Lamberty and Thomson (2010b). By comparing with our
most current database on Rs, we found that the standard deviation
of annual Rs was much lower in Raich and Schlesinger (1992) than
that of the current database. Sample size and the spatial distribu-
tion of the measurements may have contributed to the difference.
As discussed earlier, the high uncertainties associated with the sta-
tistical method have limited the applications of the results to global
carbon accounting, such as the estimation of global NEP.

5.2. Empirical models

Recognizing the uneven distribution of global Rs measure-
ments and the limitations of the statistical approach, people have
started developing regression models as alternatives to improve
the estimate of global Rs flux. Raich and Potter (1995) devel-
oped a global database with 977 records of monthly Rs fluxes
measured from 1963 to 1991 (including data measured with the
chemical absorption method). By extracting the corresponding

monthly air temperature and precipitation from a 0.5° x 0.5° cli-
mate database (Legates and Willmott, 1990a,b), they developed a
nonlinear regression model (Eq. (5)) and estimated that the global
Rs flux was 76.5 PgC/yr.

SR = Fx @M » (P/(K + P)) (5)

Where SR (gC/m?2/day) is the soil CO, flux, F (gC/m?2/day), Q (°C~1),
and K (cm/month) are coefficients, T (°C) is the mean monthly air
temperature, and P (cm) is the mean monthly precipitation.

Later, Raich et al. (2002) updated their database to 335 records
measured mostly by the IRGA technique from 1968 to 2000 (drop-
ping most of the chemical absorption measurements) and refitted
the model to get an estimate of global annual Rs of 80.4 PgC/yr
(1980-1994 average). The authors did not give the confidence
interval of their estimations in either study. Using the mean square
error (MSE) (0.1-6.2 (gC/m?2/day)?) reported in the second study,
we took the lower end of the MSE range (0.1 (gC/m?/day)?)
and found the standard deviation of their global annual Rs flux
was 16.9 PgC/yr, giving a 95% confidence interval of 80.4 +33.2
PgC/yr (1.96 x 16.9=33.2). By compiling a more comprehensive
database of annual Rs flux (1434 measurements from 439 studies),
Bond-Lamberty and Thomson (2010b) developed a linear regres-
sion model with annual temperature, precipitation, temperature
anomalies and precipitation anomalies as independent variables.
Using this model, they estimated the global Rs flux was 98 PgC/yr
with a standard deviation of 12 PgC/yr in 2008 and also found that
the global Rs significantly increased from 1989 to 2008. So, the 95%
confidence interval of their estimation is 98 4+-23.5 PgC/yr. More
recently, Hashimoto et al. (2015) improved the Raich and Potter
model by letting the temperature sensitivity (Qqg) linearly decrease
with the increase in temperature and by considering the effect
of previous-month precipitation on Rs in addition to the current
month. By using the same database (excluding agricultural sites)
as used by Bond-Lamberty and Thomson (2010b) and new climate
data to parameterize the model, Hashimoto et al. (2015) estimated
that the global mean annual Rs was 91 +4 PgC/yr (1965-2012 aver-
age, 95% confidence interval). This is, thus far, the best estimation of
global Rs flux with an estimation error of 4 PgC/yr, which is still too
“poor” to independently estimate global NEP (2.4 PgC/yr). At the
global scale, croplands, on average, have lower Rs than forests and
grasslands. Using our newly integrated database on Rs we found
that the global average Rs of cropland is 0.704 kgC/m?/yr which is
much lower than that of forests of 0.907 kgC/m?/yr and also lower
than that of grassland of 0.841 kgC/m?/yr. The lower Rs in crop-
lands is due mainly to lower carbon inputs to soils by removing
aboveground biomass during harvesting. Hashimoto et al. (2015)
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excluded croplands from the Rs database when they parameterized
their model. Thus, the global annual Rs flux estimated by Hashimoto
et al. (2015) is the “potential” Rs which should be greater than the
true Rs flux.

These empirical models have advantages over the pure statisti-
cal method by partially avoiding the sampling bias issue. Most of
the regression models gave an R2 value between 0.3 and 0.6 (Raich
and Potter, 1995; Raich et al., 2002; Hashimoto et al., 2015), which
means a lot of variances in the Rs flux were not explained by climate
and vegetation variables. These models can be further improved in
many ways.

First, the database can be augmented by adding more mea-
surements in Africa, Eastern Europe, North Asia, the Middle East,
and Southeast Asia, particularly in arid and semi-arid ecosystems.
Improving data quality is more important than data points. Delet-
ing some low quality data points in the databases is necessary,
such as the sites with few spatial replicates and less frequent mea-
surements, data measured under rainy, windy, freezing, thawing,
and flooding conditions, and measurements with non-IRGA based
methods. Scaling up Rs measurements should start along the tem-
poral dimension to obtain annual fluxes using non-linear regression
models with soil temperature and moisture as independent vari-
ables (Xu and Qi, 2001b; Qi and Xu, 2001). Then, the site-averaged
annual Rs flux can be obtained by averaging the annual Rs fluxes at
individual locations over the site. On selecting new measurement
sites, one has to consider the “footprints” of the site to represent the
adjacent vegetation, soil, topography, and microclimate conditions
for matching the remote sensing and climate data in building Rs
models. In cases where multi-year Rs measurements are available,
one can use the climate data of each year in building the mod-
els to increase sample size. If multi-year-averaged climate data is
used, one needs to average annual Rs over the years to match the
temporal scale of the climate data.

Second, building models at annual time-steps instead of at
monthly steps may reduce noise and time-lag effects on Rs mea-
surements. This is favored by the increasing use of automatic Rs
systems which produce high-quality, long time-series Rs flux data.
In addition, the monthly Rs fluxes are not independent, and nei-
ther are the monthly temperature and precipitation levels (Xu et al.,
1997, 2004a,b).

Third, using high-resolution climate data (1 km or finer resolu-
tion) will substantially improve the modeling fitting by minimizing
the scale-mismatching effect between the Rs and climate data. The
half-degree climate data as used in earlier models are too coarse to
match the plot-based Rs measurements.

Fourth, the Rs models can be improved by including new vari-
ables, such as SOC, leaf area index (LAI), Normalized Difference
Vegetation Index (NDVI), and snow coverage, and new modeling
techniques, such as spatial hierarchical modeling, data mining and
machine learning techniques. For example, Chen et al. (2014) found
thatadding SOCto the Raich et al. model could significantly improve
the model fitting. Hashimoto et al. (2015) found that adding LAI
and GPP to the Rs model could reasonably increase the model per-
formance. Other studies have also shown that NDVI was highly
correlated with Rs at regional scale (Huang et al., 2013; Wu et al.,,
2014). Climate alone is not sufficient to model Rs because vegeta-
tion and soil conditions are also critical to Rs. It is true that climate
determines vegetation distribution and growth at a global scale in
the absence of disturbances. But in reality, we have seen very dif-
ferent vegetation and soil statuses in a similar climate due mainly
to human and natural disturbances.

Finally, the model formulation can also be improved. In the
current models, the precipitation effect on Rs is independent of
temperature, which is not true in many cases. For example, an
annual precipitation of 300 mm in an alpine ecosystem is enough
to maintain the soil moisture moderately high because the low

temperature suppresses evapotranspiration, while in low eleva-
tion areas, annual precipitation of 300 mm makes a semi-desert.
In addition, the current models do not consider the effect of high
precipitation, thus high soil moisture, on limiting Rs by reducing
oxygen supply.

5.3. Process-based models

Process models are based on physical and ecological processes
dictating ecosystem functions, including Rs. These models integrate
all the major ecosystem processes, such as photosynthesis, res-
piration, decomposition, evapotranspiration, nutrient cycling, and
phenology (Running and Hunt, 1993; Parton et al., 1993; Melillo
etal., 1993). Although process-based models need observation data
for initialization and parameterization, they rely on the knowledge
and understanding of the interactions among different processes.
Thus, the models can be generally applied to ecosystems with mini-
mal information. Most ecosystem models and earth system models
estimate heterotrophic (Rh) and root (Rr) respiration, but few have
reported their results on Rr. Thus, it is impossible to compare the
global Rs estimates from empirical models with those from process-
based models. Since Rh is the dominant component in Rs, the global
Rh values estimated by the earth system models may give us some
clues on Rs. Hashimoto et al. (2015) compared the Rh values of
20 earth system models and found that the variation of Rh among
the models was very large, ranging from about 42 to 73 PgC/yr
with a mean of 54 PgC/yr. Shao et al. (2013) also assessed global Rh
from 8 earth system models and found that Rh ranged from 41.3
to 71.6 PgC/yr, with a mean of 60 PgC/yr. By averaging the results
of these two studies, we got a global mean Rh of 57 PgC/yr. Given
the global net ecosystem productivity (NEP) of about 2.4 PgC/yr (La
Quere et al., 2015), then we calculate a global NPP of 59.4 PgC/yr
(NPP=Rh+NEP).If we apply the simple model (Rs = 1.24 NPP +24.5)
developed by Raich and Schlesinger (1992), then we obtain an Rs
flux of 98.2 PgC/yr, which is very close to the recent estimate of
global Rs of 98 PgC/yr by Bond-Lamberty and Thomson (2010b)
using an empirical model and slightly larger than the estimate of
91 PgC/yr by Hashimoto et al. (2015).

The large differences among the earth system models in estimat-
ing global Rh suggest that the current process-based models are not
“perfect” either in estimating global Rs. Different model structures
and parameters are the key sources that result in the discrepancy.
However, the deep coupling of multiple processes in the models
means that the process-based models are usually more consistent
in space and time than the empirical models.

In summary, the global Rs flux has been estimated ranging from
50 PgC/yr to about 100 PgC/yr in various studies using different
methods. Large uncertainties on estimating global Rs flux have been
evidenced not only among the studies but within each study as well.
For most of the studies, the accuracy of estimating global Rs ranged
from about 70% to 95%. Further efforts on measuring and modeling
Rs are needed to improve the accuracy for better constraining the
global carbon budgets. With rapidly increasing measurements of
Rs in the world, future modeling efforts on global Rs should take
advantage of data cleansing, data mining, and data-model fusion
techniques with advances in data science and cloud computation.

6. Contribution of Rs to global carbon budgets

The Rs plays a critical role in the global carbon budget. Using
the results from Bond-Lamberty and Thomson (2010b), Hashimoto
et al. (2015) and the global GPP and NPP data of the MODIS prod-
ucts, we found global Rs accounts for 85-90% of the global GPP and
that Rs is 1.76-1.87 times of global NPP (2000-2012). This means
that, at global scale, 85-90% of the GPP is allocated to belowground
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Table 2
Comparison of global soil respiration with GPP and NPP.
Year MODIS Bond-Lamberty and Thomson (2010b) Hashimoto et al. (2015)
GPP NPP Rs Rs/GPP RS/NPP Rs Rs/GPP RS/NPP
(PgClyr) (PgC/yr) (PgC/yr) (PgClyr)
2000 110.00 54.05 97.3 0.885 1.800 924 0.840 1.709
2001 109.49 53.21 98.4 0.899 1.849 93.2 0.851 1.751
2002 108.09 51.86 98.9 0.915 1.907 91.9 0.850 1.772
2003 109.16 52.65 98.7 0.904 1.875 94.2 0.863 1.789
2004 110.63 53.90 98.3 0.889 1.824 93.5 0.845 1.735
2005 107.63 51.03 99.5 0.924 1.950 93.1 0.865 1.824
2006 109.91 52.92 98.8 0.899 1.867 93.6 0.852 1.769
2007 109.66 52.50 99.3 0.906 1.891 92.8 0.846 1.768
2008 109.37 53.10 92.4 0.845 1.740
2009 109.51 53.21 92.7 0.847 1.742
2010 109.73 52.57 95.1 0.867 1.809
2011 111.04 54.56 93.9 0.846 1.721
2012 109.09 52.87 93.2 0.854 1.763
Mean 109.49 52.96 98.65 0.90 1.87 93.23 0.85 1.76
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Fig. 4. Relationships between global annual soil respiration and GPP and NPP.

through roots and aboveground litter fall (Table 2). The Rs/NPP ratio
indicates that at global scale about 76-87% of NPP is allocated to
root respiration. In addition, we also found that the Rs/GPP and
Rs/NPP ratios were very consistent among years with a coefficient
of variation (CV) <1.33% for the Rs/GPP ratio and a CV <2.37% for
Rs/NPP.

Raich and Schlesinger (1992) found that global Rs flux was
highly correlated with global NPP at biome level. In the current
study we used the Raich et al. (2002) model and estimated the Rs
fluxes for the major biomes using the MODIS vegetation map. We
also found that the Rs flux was highly correlated with both NPP
(R2=0.96) and GPP (R% =0.95) at biome scale (Fig. 4). Interestingly,
the slope of 1.25 in the regression equation between Rs and NPP is
almost the same as in Raich and Schlesinger (1992), who used the
statistical approach to estimate global Rs flux. The high correlation
coefficients suggest that the global Rs might be roughly estimated
by global NPP or GPP based on a simple regression model.

Previous studies also found that global warming feedback
through ecosystem respiration, mainly soil respiration, could sig-
nificantly increase future atmospheric CO, concentration and thus
global temperatures (Cox et al., 2000; Heimann and Reichstein,
2008). However, the magnitude of the feedback effect was quite
different among various models due partly to the temperature sen-
sitivity (Qig) of Rs. Although the Q¢ has drawn a lot of attention
in the past few years, there is no consensus among the modeling
communities about the best way to improve the Q¢ function in
ecosystem and earth system models. In addition to the global scale,
previous studies also found that Rs regulated NEP at the regional

scale, such as in Europe and China (Valentini et al., 2000; Reichstein
etal., 2007; Yu et al., 2013).

7. Conclusions and recommendations
7.1. Conclusions

So far, there are about 4263 measurements of annual Rs at 1120
sites across the globe with most of the measurements in North
America, Western Europe, and East Asia. The uneven distribution
of the Rs data has limited the application of the data in estimating
global Rs flux. The traditional soil collar wall blocks CO, diffusion
from deeper soils when measuring Rs on slopes. The obliquely-cut
soil collars can avoid this problem and thus are recommended for
measuring Rs on slope soils. Current estimations of global Rs is sub-
ject to large uncertainties disregarding the scaling-up or modeling
methods. Soil respiration accounts for 85-90% of global GPP, sug-
gesting that 85-90% of photosynthate is allocated to belowground
at a global scale. The global Rs/NPP ratio is 1.76-1.87, indicating
that root respiration accounts for 76-87% of global NPP.

7.2. Improving Rs measurements

More Rs measurements are needed in Africa, East Europe, North
Asia, Southeast Asia, and Central Australia where few measure-
ments are currently available. Priority should also be given to
measuring Rs in deserts, savannas, shrublands, and wetlands due
to the very limited number of Rs measurements in those ecosys-
tems. Collaborations with researchers in those regions to measure
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Rs are highly recommended. Large chambers are needed to boost
sampling efficiency, especially in rocky soils where rocks prevent
the installation of small chambers or soil collars, while automatic
chambers are encouraged to enhance the sampling frequency,
especially in harsh environments where Rs is highly dynamic.
Obliquely-cut soil collars are recommended to measure Rs on
steep slopes and vertical-projection-area corrections are needed
for measuring Rs on slopes using the CO, gradient method. New
technologies, such as smart soil chambers, robots, and drones can
also be explored to facilitate Rs measurements in remote and
difficult-access ecosystems where Rs measurements have been
rarely conducted.

7.3. Improving Rs modeling

Data sharing is essential to improving Rs models, so the global
soil respiration community should promote data sharing by estab-
lishing online portals for downloading and uploading Rs data. Using
high-resolution climate data to drive Rs models is essential to
improving the estimation of global Rs flux. The Rs fluxes estimated
by the process models, both ecosystem and earth system models,
should be reported in relevant publications. Big data technolo-
gies, such as data cleansing, data mining, data-model fusion, and
cloud computation will help improve global Rs modeling, especially
the process-based models. Temperature sensitivity deserves more
attention due to its critical role in linking soil respiration to climate
change feedback.
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