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Figure 1. Summary diagram showing the computational chain used to infer gross primary
productivity (GPPrs) from published global soil respiration (Rsiit) and vice-versa. All units are Pg
C yrt. Abbreviations used include NPP (net primary production), Ra (autotrophic respiration),
Rroot (root respiration), Rshoot (Shoot respiration), Ry (heterotrophic respiration), Crire (carbon
components burned by fire), Csink (the terrestrial carbon sink), Chery (carbon consumed by
herbivores), DOC (dissolved organic carbon), BVOC (biogenic volatile organic compound
emissions), GPPit (global GPP estimates from literature), and Rscrp (global Rs implied from
GPPiit). See supplementary Figures 2-7 and supplementary Tables 1-5 for details and references.
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Figure 2. Net primary production (NPP), fire burned carbon (Crire), and ratio of root respiration
to total soil respiration (Rroot:Rs) collected from the literature. (a) distribution of NPP collected
from the literature; (b) distribution of Crire collected from the literature; (c) distribution of
Rroot:Rs ratio reported from the literature, Rroot:Rs ratio were grouped into cropland (CRO),
deciduous forest (DF), evergreen forest (EF), mixed forest (MF), grassland (GRA), shrubland
(SHR), and other vegetation types (i.e., desert, wetland, and savanna). Violin plots (enclosed
areas) show distribution of each group; inside lines show the 25%, 50%, and 75% quantiles in

each distribution.
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Figure 3. Ratio of root respiration to total autotrophic respiration (Rroot:Ra) grouped by
vegetation types. Violin plots (enclosed areas) show distribution of Rroot:Ra. Inside lines show
the 25%, 50%, and 75% quantiles in each distribution. The majority of data are from deciduous
forests (DF), evergreen forests (EF), and mixed forests (MF); other vegetation types (cropland,
savanna, grassland, and wetland) have only 18 observations combined.
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Figure 4. Ratio of total autotrophic respiration to gross primary productivity (Ra:GPP) by

vegetation type. Violin plots (enclosed areas) show distribution by vegetation. Interior lines show
the 25%, 50%, and 75% quantiles in each distribution. Vegetation types include deciduous forest
(DF), evergreen forest (EF), mixed forest (MF), grassland (GRA), and other (including cropland,

wetland, and tundra).
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Figure 5. Distribution of global gross primary productivity (GPP) reported from the literature.
(@) Violin plots of GPP estimated by different methods; (b) distributions of global GPP estimates
bootstrapped from the raw data (GPP)it) or aggregated by GPP groups before bootstrap
resampling (GPPiit-group) compared with the GPP implied by soil respiration (GPPgrs). FLUXNET
(GPP estimated based on FLUXNET sites data and upscaling approaches), Isotope (GPP
estimated based on atmospheric isotope data (i.e., 0 and 3C, ref 1 and 2, respectively)), Mixed
(GPP estimated by mixing satellite and site measurements), MODIS (GPP results using models
driven by MODIS remote sensing images), SBU (in-situ based upscaling approaches), SIF (GPP
estimated based on solar-induced chlorophyll fluorescence).
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Figure 6. Spatial distribution of site data sources for the ratios of root respiration to total soil
respiration (Rroot:Rs), root respiration to total autotrophic respiration (Rrot:Ra), and autotrophic
respiration to gross primary productivity (Ra:GPP) used in this study. The Rroot:Rs, Rroot:RA, and
Ra:GPP sites have similar spatial coverage.
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Figure 7. Comparison of gross primary productivity (GPP) coverage of ratio sites vs. global GPP
from FLUXCOM. (a) Distribution of GPP coverage of Rroot:Rs ratio sites used in this study
compared with the distribution of global GPP from FLUXCOM,; (b) scatter plot between Rroot:Rs
and GPP from sites used in this study; (c) distribution of GPP coverage of Rroot:RA ratio sites
used in this study compared with the distribution of global GPP from FLUXCOM; (d) scatter
plot between Rroot:Ra ratio and GPP from sites used in this study; (e) distribution of GPP
coverage of Ra:GPP ratio sites used in this study compared with the distribution of global GPP
from FLUXCOM; (f) scatter plot between Ra:GPP ratio and GPP from sites used in this study.
Generally, the ratio data used in this study have a similar coverage compared with the global
GPP, but lack coverage of environments with low production. GPP data are obtained from
FLUXCOM 3, averaged between 2001-2015 and scaled to 0.5° spatial resolution. FLUXCOM
data are downloaded from https://www.fluxcom.org/ (last access date: 2021/06/22).
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Figure 8. Pattern and distribution of global annual gross primary productivity (GPP) and soil
respiration (Rs) collected from the literature. (a) and (b) show the trend of global Rs and GPP
between 1980 and 2017, respectivily; (c) and (d) show the trend of aggregated global Rs and
GPP between 1980 and 2017, respectively; (e) distribution of global GPP estimates bootstrapped
from the raw data (GPPiit) or aggregated by year before bootstrap resampling (GPPiit-agg)
compared with the GPP implied by Rs (GPPrs); (f) distribution of global Rs estimates
bootstrapped from the raw data (Rsiit) or aggregated by year before bootstrap resampling (Rsjit-
agg) compared with the Rs implied by GPP (GPPrs). For more details about the Rs and GPP data
see supplementary Tables 1 and 2. Note that error bars are standard deviation reported in the
literature.
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Figure 9. Distributions of global gross primary productivity (GPP) and global soil respiration
(Rs) estimates bootstrapped from the raw data (a and b) or aggregated by year and GPP groups
before bootstrap resampling (c and d). GPPiit (GPP collected from the literature), GPPjit.agg (GPP
aggregated by method groups and year before bootstrap resampling), Rsiit (Rs collected from the
literature), Rsiitagg (Rs aggregated by year before bootstrap resampling). Distributions are based
on 10,000 random draws of the underlying estimates from published literature (summarized in

supplementary Tables 1 and 2).



0.15{ @
% 0.10 [ ] Rs1_no_SD
% |:| Rs2_miss_SD_median
(] |:| Rs3_miss_SD_max

0.05 [ ] Rs4_miss_SD_zero

0.00 1

80 90 100
Rs (PgCyr)

0.15 - b

0.10 1
% [] GPP1_no_SD
% GPP2_miss_SD_median
() 0.05 - GPP3_miss_SD_max

' [ ] GPP4_miss_SD_zero
0.00 1

80 100 120 140
GPP (Pg Cyr")

Figure 10. Comparison of four different methods (each N = 10,000 with replacement) for
resampling global soil respiration (Rs; a) and global primary productivity (GPP; b) estimates.
Method 1 does not use error information when resampling. Methods 2-4 use errors, but handle
missing values differently: method 2 replaces missing errors with values calculated from the
median coefficient of variability (CV) of non-missing values; method 3 replaces missing errors
with values calculated from the maximum CV across the dataset; and method 4 sets missing
errors to zero. We used method 3 in the main analysis, which is the most conservative (produces
the widest distribution for both Rs and GPP).
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Figure 11. Relationship between calculated GPPrs (global gross primary productivity as driven
by global soil respiration (Rs) flux estimates) and the various partitioning variables, all defined
in Table 1 in the main text. Black dots are those for which GPPrs was below the intersection
point (127.6 Pg C yrt), while the red dots are above the intersection in Figure 1a in the main
text. Rroot (root respiration), Ra (autotrophic respiration); NPP (net primary productivity).
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\Figure 12. Relationship between Rscpe (global soil respiration as driven by gross primary
productivity (GPP) estimates from the literature) and the partitioning variables, as defined in
Table 1 in the main text. Black dots are those Rscer below the intersection point (78.2 Pg C yr)
in Figure 1b in the main text, while the red dots are above it. Rroot (root respiration), Ra
(autotrophic respiration).
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Figure 13. Relationship between measured soil respiration (Rs) and predicted Rs using Random
Forest modeling. We used 80% samples to train the Random Forest model (a), the rest of Rs
samples (20%) were used to test the model performance (b). The results showed that the Random
Forest model explains approximately 66% Rs variability, and the performance is very consistent
between the train and test dataset. The regression line between predicted and measured Rs (solid
line) is very close to the 1:1 dashed line.
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Figure 14. Spatial distribution of soil respiration (Rs) sites and predicted global Rs. (a) Spatial
distribution of sites used in the Random Forest model; (b) Global spatial distribution of Rs
predicted by the Random Forest model, with spatial resolution of 0.1° latitude x 0.1° longitude.
We used the International Geosphere-Biosphere Programme (IGBP) classification layer in the
MCD12Q1 to mask all pixels with the land cover types of snow/ice, water, and barren.



Table 1. Global soil respiration estimates from the literature (Rsiit, Pg C yrt), with any reported
95% confidence interval or stadard deviation (Cl or SD, Pg C yr?) and trend (Pg C yr?). Note
that n.a. means not available; 2 Confidence interval; ® Standard deviation; "from ref °.

Year Period Rsiit Clor SD Trend Ref.
1989 1966-2012 91.0 4.0 0.09 4
1985 1962-2008 98.0 12.0° 0.10 5
1986 1961-2011 87.9 n.a. n.a. 6
1990 1964-2016 78.8 n.a. n.a. 7
1990 1964-2016 88.2 n.a. n.a. !
2014 n.a. 93.9 n.a. n.a. 8
2014 n.a. 80.3 n.a. n.a. 8
2014 n.a. 108.6 n.a. n.a. 8
1985 1960-2010 94.3 17.92 n.a. °
1990 1964-2016 78.3 2.2 0.03 10
1990 1964-2016 72.6 7.1° 0.03 10
1987 1980-1994 80.4 16.9° T 0.10 1
1977 n.a. 75.0 n.a. n.a. 12
1992 n.a. 68.0 4.0 n.a. 13
1995 n.a. 76.5 n.a. n.a. 14
1995 1980-2010 79.0 15.52 n.a. 15
1989 1970-2008 94.4 9.0 0.04 16
2007 2000-2014 72.6 n.a. 0.13 1
1986 1960-2012 93.3 6.12 0.04 18
2000 n.a. 69.0 n.a. n.a. 19
2016 n.a. 95.5 n.a. n.a. 20
2001 n.a. 94.8 n.a. n.a. 21
2009 n.a. 93.8 n.a. n.a. 21



https://paperpile.com/c/EFFiXU/wIhmM
https://paperpile.com/c/EFFiXU/HlGlH
https://paperpile.com/c/EFFiXU/lcV4p
https://paperpile.com/c/EFFiXU/RbyaP
https://paperpile.com/c/EFFiXU/xgSlP
https://paperpile.com/c/EFFiXU/xgSlP
https://paperpile.com/c/EFFiXU/xgSlP
https://paperpile.com/c/EFFiXU/cXXOJ
https://paperpile.com/c/EFFiXU/GWV2s
https://paperpile.com/c/EFFiXU/WkSh0
https://paperpile.com/c/EFFiXU/mwLEH
https://paperpile.com/c/EFFiXU/6fVBN
https://paperpile.com/c/EFFiXU/hTG1p
https://paperpile.com/c/EFFiXU/8tizU
https://paperpile.com/c/EFFiXU/QWoBt

Table 2. Global gross primary productivity collected from the literature (GPPji, Pg C yr™), with
any accompanying standard deviation (SD, Pg C yr!) and trend (Pg C yr?). Note that n.a. means
not available.

Year Period GPPiit | SD Trend | Notes Ref.
2002 2001-2003 | 109.3 27.3 n.a. MODIS 22
2015 n.a. 167.0 |5.0 n.a. SIF 2
2009 2000-2017 | 1355 8.8 n.a. SIF 24
2004 1997-2010 | 112.0 n.a. 0.01 MODIS %
1991 n.a. 133.1 | na. n.a. TURC-Satellite 2
2009 2008-2010 | 111.0 n.a. n.a. FLUXCOM 8
2009 2008-2010 | 122.0 n.a. n.a. FLUXCOM 3
2009 2008-2010 | 136.0 n.a. n.a. FLUXCOM 8
2005 2000-2010 | 112.0 n.a. 0.28 MODIS 2
2005 2000-2010 | 120.0 n.a. n.a. FLUXNET-MTE 2
1995 1980-2009 | 162.5 n.a. n.a. o8 !
2000 2000-2003 | 108.0 n.a. n.a. MODIS 28
2001 2000-2003 | 110.3 n.a. n.a. MODIS 28
2002 2000-2003 | 107.4 n.a. n.a. MODIS 28
2003 2000-2003 | 107.1 n.a. n.a. MODIS 28
2001 n.a. 120.0 | na. n.a. IPCC 29
2006 2000-2011 | 107.0 |na. n.a. Satellite %0
2002 2001-2003 | 118.0 26.0 n.a. MODIS 81
1993 1982-2004 | 117.0 n.a. n.a. FLUXNET-MTE 32
2002 1998-2005 | 123.0 n.a. n.a. FLUXNET-MTE 3
2000 1992-2008 | 119.0 6.0 0.08 FLUXNET-MTE 34
1988 1981-1994 | 125.0 n.a. n.a. Isotope 2
2009 2003-2015 | 147.0 16.0 n.a. NIRv %
2007 n.a. 140.0 | na. n.a. SIF %



https://paperpile.com/c/EFFiXU/TSPYv
https://paperpile.com/c/EFFiXU/LRU9L
https://paperpile.com/c/EFFiXU/msIGC
https://paperpile.com/c/EFFiXU/F0mtd
https://paperpile.com/c/EFFiXU/F0mtd
https://paperpile.com/c/EFFiXU/jbBGH
https://paperpile.com/c/EFFiXU/jbBGH
https://paperpile.com/c/EFFiXU/jbBGH
https://paperpile.com/c/EFFiXU/qaV4h
https://paperpile.com/c/EFFiXU/qaV4h
https://paperpile.com/c/EFFiXU/TSPYv
https://paperpile.com/c/EFFiXU/vLwVd
https://paperpile.com/c/EFFiXU/vLwVd
https://paperpile.com/c/EFFiXU/vLwVd
https://paperpile.com/c/EFFiXU/RbyaP
https://paperpile.com/c/EFFiXU/GWV2s
https://paperpile.com/c/EFFiXU/lcV4p
https://paperpile.com/c/EFFiXU/z7MUi

2002 2000-2003 | 110.5 21.3 n.a. MODIS 37
2008 2000-2016 | 125.2 n.a. 0.39 MODIS-VPM 38
2006 2001-2011 | 122.0 25.0 0.27 BESS 39
2000 1985-2015 | 124.7 5.0 0.45 MODIS MOD17A2H 40
2000 1985-2015 | 106.0 5.0 0.45 MODIS MOD17A2H 40
2003 2003 132.0 22 n.a. BEPS 41
1980 1953-1999 | 121.5 n.a. n.a. MODIS 42
2000 2001-2003 | 108.4 n.a. n.a. MODIS 43
2001 2001-2003 | 110.8 n.a. n.a. MODIS 43
2002 2001-2003 | 107.8 n.a. n.a. MODIS 43
2003 2001-2003 | 107.5 n.a. n.a. MODIS 43
2000 2001-2003 | 101.8 n.a. n.a. MODIS 43
2001 2001-2003 | 102.7 n.a. n.a. MODIS 43
2002 2001-2003 | 124.8 n.a. n.a. MODIS 43
2003 2001-2003 | 125.8 n.a. n.a. MODIS 43
2000 2001-2003 | 123.4 n.a. n.a. MODIS 43
2001 2001-2003 | 123.7 n.a. n.a. MODIS 43
2000 2000-2001 | 132.3 n.a. n.a. MODIS 44
2007 2000-2014 | 144.0 n.a. 0.07 FLUXNET-SVR 45
1997 1982-2013 | 109.0 n.a. 0.01 FLUXCOM-ANN 45
1997 1982-2013 | 120.0 n.a. -0.01 FLUXCOM-MARS 45
1997 1982-2013 | 123.8 n.a. 0.02 FLUXCOM-RF 45
2008 2001-2016 | 100.2 n.a. 0.36 MODIS-C6 45
1996 1982-2011 | 1339 | na. 0.30 Global carbon data (PR) | %
1996 1982-2011 | 102.0 n.a. 0.14 MODIS-GIMMS 45
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https://paperpile.com/c/EFFiXU/84zs5
https://paperpile.com/c/EFFiXU/2Ioju
https://paperpile.com/c/EFFiXU/2Ioju
https://paperpile.com/c/EFFiXU/2Ioju
https://paperpile.com/c/EFFiXU/2Ioju
https://paperpile.com/c/EFFiXU/2Ioju
https://paperpile.com/c/EFFiXU/2Ioju

Table 3. Summary of potential biases when using in-situ soil respiration (Rs) measurements to
estimate global Rs and when using remote sensing technology to estimate global GPP.

Bias

Description and method to reduce related bias

Estimate global Rs based on field measurements

Measurement
protocols and
Rs temporal
variability

More than 97% Rs measurements in SRDB involve collar insertion, which likely
lead to root mortality and reduced Rs “6.

In situ Rs measurements may not be representative of Rs at ecosystem-scale ',
Global Rs estimated by the RF model parameterized based on the monthly
global Rs database (79 Pg) is about 9 Pg smaller than global Rs estimated by the
RF model parameterized based on the annual global Rs database (88 Pg) ’.

A new study showed that upto 2/3 of Rs was removed by subsurface processes,
therfore, measuring vertical (upward) gaseous may significantly underestimate
Rs“.

Rs measurement
frequency and
measurement
time

Overall, measurement time and frequency causes no significant bias on annual Rs,
possibly due to canceling effects “.

Estimate global GPP based on remote sensing technology

Remote sensing | @ Remote sensing signals become less reliable over time due to sensor degradation
image related 49,50

Cloud contamination 5-%2,

In areas with sparse vegetation, soil background albedo influences reflectivity .
Eddy e Products such as FLUXCOM do not account for all C loss pathways or CO,
covariance fertilization effects 3.
related e Uncertainties and mismatches in the algorithms that partition towers’ net

ecosystem exchange into GPP and respiration .
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https://paperpile.com/c/EFFiXU/Re7A
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https://paperpile.com/c/EFFiXU/rSyj+1qrA+v7NM
https://paperpile.com/c/EFFiXU/WLsg
https://paperpile.com/c/EFFiXU/jbBGH
https://paperpile.com/c/EFFiXU/wjblw

Table 4. Summary of global carbon fluxes from published literature. Net primary production
(NPP), herbivore consumption (Chen), fire losses (Crire), dissolved organic carbon (DOC)
exports, biogenic volatile organic compound emissions (BVOC), and terrestrial carbon sink to
terrestrial ecosystem (Csink). Note that n.a. means not available.

Flux Period Amount (Pg C yr?) Ref.
NPP 1862-2011 56.20 (average of 237 %
observations)
n.a. 1.40 (£ 0.20) S
Cherb
n.a. 3.00 %8
Cfire 1997-2016 2.20 59
1960s 3.50 (= 1.50) 60
n.a. 7.30 61
1901-2002 4.00 62
1980-2000 5.10 63
1920-1970 2.02 64
1970-2010 2.71 64
1900-2000 3.02 (= 0.30) 65
1960-2000 2.08 66
Csink 1959-2014 2.10 (= 0.28) 67
DOC n.a. 1.90 68
n.a. 2.90 69
n.a. 2.10 (£0.25) ol
BVvVOC n.a. 1.007 2
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https://paperpile.com/c/EFFiXU/89Y9l
https://paperpile.com/c/EFFiXU/bC5uo
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Table 5. Summary of field measured root respiration to autotrophic respiration ratio (Rroot:RA)
collected from studies.

Year Rroot:RA (%0) Rshoot:RA (%) | Vegetation type | Ref. Temporal
coverage

1997 71.00 29.00 EF & Annual
1997 77.70 22.30 EF & Annual
1997 53.98 46.02 EF & Annual
1997 51.77 48.23 EF & Annual
1997 57.35 42.65 DF & Annual
1997 75.54 24.45 EF & Annual
1997 71.78 28.22 EF & Annual
1997 65.42 34.58 DF & Annual
1976 50.00 50.00 EF 74 Annual
1983 88.00 12.00 EF s Annual
1978 55 45.00 EF & Annual
1981 54.00 46.00 DF m Annual
1996 72.50 27.5 EF 78 Annual
1999 46.52 53.48' EF & Annual
2011 75.08 24.92 CRO 80 Growing season
2000 53.30 46.70 DF 81 Annual
2003 30.00 70.00 SAV 82 Annual
2004 42.68 57.32" MF 83 Annual
2005 57.28 42.72 MF 84 Annual
2006 70.99 29.01 EF 8 Annual
2006 65.22 34.78 MF 8 Annual
2006 50.96 49.04 EF 87 Annual
2007 63.57 36.43" EF & Annual
2007 63.29 36.71" EF 89 Annual
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2009 64.43 35.57 EF % Annual
2009 53.53 46.47" EF o1 Annual
2009 71.72 28.28 EF 92 Annual
2009 50.01 49.99 EF 9 Annual
2009 63.79 36.21 GRA 94 July

2010 65.45 34.55 EF 9 Annual
2010 57.27 42.73" EF % Annual
2010 74.94 25.06 EF o7 Annual
2010 76.45 23.55 CRO % Annual
2012 73.85 26.15" EF 9 Annual
2015 76.00 24.00" MF 100 Annual

" Root respiration estimated based on soil respiration from ref. 10,
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Table 6. Global factors used for monthly soil respiration (Rs) random forest modeling and
predicting the global Rs map. Note that n.a. means not available.

Group Factors Temporal | Spatial Unit Ref. and sources
averaged | resolution
Landcover | Landcover 2010 500m Unitless 102
Climate Monthly 1960-2018 | 1km °C 103
precipitation
Monthly air 1960-2018 | 1km mm
temperature
N nitrogen | N-deposition 1980-2017 | 0.5°x0.5° | gNm2yr?t [104
deposition https://www.isimip.org/g
ettingstarted/details/24/
Soil Clay content n.a. 1km Unitless 105
: https://files.isric.org/soil
Bulk density n.a. 1km gcm? grids/former/2017-03-
o | 10/data/ (last access:
SOC n.a. 1km Mg C ha Dec. 2020)
Biomass Above ground 2010 0.0028°x | MgChat |00
biomass 0.0028° https://daac.ornl.gov/cgi-
bin/dsviewer.pl?ds_id=1
Below ground 2010 0.0028° x Mg Cha! | 763
biomass 0.0028°
Enhanced EVI 2000-2017 | 1km Unitless lo7
Vegetation
Index
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