
•RESEARCH PAPER• https://doi.org/10.1007/s11430-021-9956-5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Variations in terrestrial oxygen sources under climate change
Lei DING1, Jianping HUANG1,2*, Changyu LI1, Dongliang HAN1, Xiaoyue LIU1, Haiyun LI1,

Yan BAI1 & Jiping HUANG3

1 College of Atmospheric Sciences, Lanzhou University, Lanzhou 730000, China;
2 Collaborative Innovation Center for Western Ecological Safety, Lanzhou University, Lanzhou 730000, China;

3 Enlightening Bioscience Research Center, Mississauga L4X 2X7, Canada

Received November 19, 2021; revised May 16, 2022; accepted May 30, 2022; published online August 12, 2022

Abstract The terrestrial ecosystem is an important source of atmospheric oxygen, and its changes are closely related to
variations in atmospheric oxygen level. However, few studies have focused on the characteristics and driving forces behind
terrestrial ecosystem oxygen sources. In this study, based on observations and net carbon flux simulations from the Sixth
Coupled Model Intercomparison Project, we investigated temporal and spatial variations in terrestrial oxygen sources. As the
largest source of atmospheric oxygen, the terrestrial ecosystem can produce approximately 7.10±0.38 gigatons of oxygen per
year, and the tropics are the main oxygen producing regions. Notably, there are many “non-oxygen-producing lands”, where the
lands no longer provide oxygen to the atmosphere, located in the high latitudes and around the deserts of Central Asia. Long-term
analysis reveals that anthropogenic activities and climate change are responsible for the variations in terrestrial oxygen sources
owing to land-use changes and competing effects between net photosynthesis and heterotrophic respiration. By 2100, more
oxygen will be produced from the low-middle latitudes, while the high latitudes will serve as a larger oxygen sink due to extreme
land-use type changes and drastic increases in soil respiration. Through this study, we supplement the understanding of the
modern oxygen cycle and help provide better estimates for future variations in atmospheric oxygen level.
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1. Introduction

Oxygen (O2) is a vital atmospheric component for all aerobic
life, including human beings (Maltepe and Saugstad, 2009).
As the largest source of atmospheric O2, the terrestrial bio-
sphere continually absorbs carbon dioxide (CO2) and emits
O2 into the atmosphere through photosynthesis in auto-
trophic plants, thereby maintaining the atmospheric O2

concentration at a safe level (Chameides and Perdue, 1997).
However, since the beginning of the industrial revolution,
human activities have disturbed this balance and markedly
changed the modern oxygen cycle (Han et al., 2021; Huang

et al., 2021). In situ observations have revealed that the
concentration of atmospheric O2 has declined over the past
30 years (Keeling and Manning, 2014) due to increasing
fossil fuel combustion, which can consume almost 38.2
gigatons (Gt) of O2 per year (Huang et al., 2018). However,
few studies have focused on how terrestrial O2 sources re-
spond to anthropogenic activities and related climate change.
It is difficult to quantify changes in terrestrial O2 sources,

which involve variations in net photosynthesis and hetero-
trophic respiration (Rh). The O2 produced during net pho-
tosynthesis is offset by the cost of the Rh process. Compared
with preindustrial levels, the current global climate is war-
mer, and the atmospheric CO2 concentration is much higher
(IPCC AR5 Report, 2013), which influences both processes.
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On the one hand, net photosynthesis in plants can be im-
proved through fertilizing effects (Smith et al., 2016), ni-
trogen (N) deposition (Townsend et al., 1996; Sutton et al.,
2008; Whittinghill et al., 2012), and the lengthening of the
plant growing season (Nemani et al., 2003; Piao et al., 2007).
Additionally, precipitation increases along with enhanced
evaporation over the oceans (IPCC AR5 Report, 2013),
which is beneficial for tropical plant growth. On the other
hand, as temperature and soil moisture are the main factors
for soil respiration (Yang and Wang, 2001; Yu et al., 2018),
soil respiration can also be facilitated by increases in tem-
perature and soil moisture under climate change (Liu and
Fang, 1997; Bauer et al., 2008; Trumbore and Czimczik,
2008). As a result, increased net photosynthesis leads to in-
creased terrestrial O2 production, but increased Rh leads to
increased O2 consumption. Because of these competing ef-
fects, it is difficult to determine whether terrestrial O2 sour-
ces will increase, and quantitative analysis is needed.
Many studies have estimated terrestrial carbon sinks

through variations in atmospheric O2 content (Manning and
Keeling, 2006; Tohjima et al., 2019; Li et al., 2021); how-
ever, to date, no studies have estimated terrestrial O2 sources
through carbon fluxes from the land. The limited availability
of observations of oxidative ratios and net carbon fluxes have
impeded the development of this type of study. Since 2010,
many satellites, such as the Greenhouse gases Observing
SATellite (GOSAT) and the Soil Moisture Active Passive
(SMAP) satellite, have focused on monitoring the global
carbon budget. However, the durations of the observational
time periods from satellites are insufficient for analyzing the
historical response of terrestrial O2 sources to climate
change. For example, SMAP net ecosystem exchange data
cover only the years 2016 to 2019. In situ carbon flux ob-
servations, such as observations from the FLUXNET net-
work, are both spatially scattered and temporally
discontinuous, and thus, have difficulty exhibiting long-term
variations and distribution features. Therefore, biochemical
models that can simulate terrestrial carbon fluxes are con-
sidered when analyzing modern carbon and oxygen cycles.
Several dynamic global vegetation models (DGVMs) and
global ocean biogeochemical models have been used to es-
timate biotic and oceanic carbon sinks; they were utilized by
the Global Carbon Project (GCP) to estimate the global
carbon budget (Sitch et al., 2015; Friedlingstein et al., 2019).
Here, we use the results of coupled climate models from the
Sixth Coupled Model Intercomparison Project (CMIP6) to
explore the changes in terrestrial O2 sources in response to
climate change and anthropogenic activities.
To compensate for the lack of previous studies on terres-

trial O2 sources, we integrated a globally gridded oxidative
ratio database and provided a clear map of the current ter-
restrial O2 sources. Additionally, this study shows how and
why the main O2 source regions will change in the future

(Figure 1). Through this study, we highlight that as an im-
portant component of the modern oxygen cycle, terrestrial O2

sources and their changes due to anthropogenic activities
should be given ample attention.

2. Data and methods

2.1 Calculation of terrestrial O2 production

The exchange of atmospheric O2 with terrestrial ecosystems
can be expressed in terms of the net carbon flux from the
ecosystem to the atmosphere (the net ecosystem production,
NEP, units: kg m−2) and the net oxidative ratio (ORnet; a
molar O2 to CO2 ratio, unit: mol mol

−1) (Keeling and Shertz,
1992) as follows:

F
M
M= OR × NEP × , (1)O net

O

C2
2

whereFO2
represents the O2 flux between the atmosphere and

the terrestrial biosphere (unit: kg m−2). A positive FO2
value

indicates O2 emitted into the atmosphere, and a negative
value indicates O2 absorbed from the atmosphere. Here, NEP
is the net ecosystem production, defined as the net natural
flux of carbon from the atmosphere to the land calculated as
the difference between uptake associated with photosynth-
esis and the release of carbon from the sum of plant and soil
respiration and natural fire. The oxidative ratio is the molar
ratio of O2 production to CO2 consumption, or the ratio of O2

consumption to CO2 production, for a given process. It was
first introduced in a study by Keeling (1988). For example,
the globally averaged oxidative ratio of fossil fuel combus-
tion is approximately 1.39±0.04 mol mol−1 (Bender et al.,
1998) and each type of fossil fuel has its own typical oxi-
dative ratio value (Liu et al., 2020). In our study, ORnet is
defined as the ratio of net terrestrial O2 production to the net
terrestrial carbon sink. MO2

and MC are the molar masses of
O2 and carbon, and MO2

/MC≈2.667.

2.2 Integration of the global gridded ORnet

The overall chemical equations for the photosynthesis (2)
and respiration processes (3) are as follows:

6CO +6H O C H O +6O (2)2 2 6 12 6 2

C H O +6O 6CO +6H O (3)6 12 6 2 2 2

Therefore, one mole of O2 is emitted by the ecosystem,
while one mole of CO2 is absorbed (or vice versa), which
means that in theory, ORnet should be 1.0 mol mol

−1(Huang
et al., 2018). However, due to the existence of nitrogen (N) in
plant shoots and other N-rich tissues, the observed ORnet

values vary between 0.98 and 1.26 mol mol−1 (Bloom et al.,
1989). The global averaged ORnet was estimated to be
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1.1 mol mol−1 based on the results of the Biosphere 2 ex-
periment (Severinghaus, 1995), and this value has been used
in various studies to estimate the terrestrial carbon sink
(Keeling et al., 1996; Langenfelds et al., 1999; Battle et al.,
2000; Manning and Keeling, 2006). However, additional in
situ observations have shown that ORnet would change with
plant types, environmental conditions and seasons (Seibt et
al., 2004; Gallagher et al., 2017; Battle et al., 2019), implying
that ORnet should not be set as a constant value when ana-
lyzing the spatial and temporal characteristics of terrestrial
O2 sources. Therefore, to analyze the temporal and spatial
variations in the terrestrial O2 sources, both a long-term
global gridded ORnet database and a gridded NEP database
are needed.
However, there is no such ORnet database available on a

global scale. Previous observational studies have mainly
focused on ORnet in North America, Europe, and Australia
(Masiello et al., 2008; Gallagher et al., 2017). Using previous
in situ observations and satellite-observed land-use data, we
integrated a historical globally gridded ORnet database cov-
ering the years from 2001 to 2015 (Appendix Text S1,
https://link.springer.com). The ORnet values from previous
studies, their corresponding plant types, and the applied re-
gional information are listed in Table 1. We applied these
values to the corresponding locations in the grid. For the
regions lacking in situ experiments, we used the average

global ORnet values corresponding to the typical underlying
surfaces from Clay and Worrall (2015), which are listed in
Appendix Table S1. The ORnet value for unvegetated land
was set as the default value. Land-use types for 2001–2015
were obtained from the Terra satellite Moderate Resolution
Imaging Spectroradiometer (MODIS) products, which were
acquired from the NASA Goddard Space Flight Center
(http://ladsweb.nascom.nasa.gov/data/search.html). In this
database, the terrain is identified as water, grassland, shrubs,
broadleaf crops, savannah, evergreen broadleaf forests, de-
ciduous broadleaf forests, evergreen needleleaf forests, de-
ciduous needleleaf forests, unvegetated land, and urban,
totalling 11 types. The original resolution of this land-use
type data was 0.05°×0.05°, and after filling the grids with
specific ORnet values, we interpolated the ORnet database to a
1.0°×1.0° resolution.
To estimate and analyze the future changes in the total

amount of terrestrial O2 sources and their distribution char-
acteristics, we also need to develop an ORnet database under
future projections according to the future land-use projec-
tions under different Shared Socioeconomic Pathways
(SSPs). Here, we used fractional land-use patterns from the
second Land-Use Harmonization (LUH2) project (Hurtt et
al., 2020) to specify the future land-use types from 2015 to
2100. This database is also utilized by the Earth System
Models in CMIP6. In the LUH2 database, land use is cate-

Figure 1 Illustration of the overall methodology and procedural steps of this study. Based on the in situ observed oxidative ratios and satellite land-use data,
we integrated a long-term gridded, global oxidative ratio database. Combined with NEP simulations from CMIP6 models, we analyzed the temporal and
spatial variation in terrestrial O2 production. Then, based on land-use change and the competing effects of net photosynthesis and heterotrophic respiration,
we explored the influence of anthropogenic activities and climate change on oxygen sources.
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gorized into C3 annual crops, C3 nitrogen-fixing crops, C3

perennial crops, C4 annual crops, C4 perennial crops, pasture,
rangeland, primary vegetation on forest land, primary ve-
getation on non-forest land, secondary vegetation on forest
land, secondary vegetation on non-forest land and urban
land, totaling 12 types. To remain consistent with the
MODIS product, we merged all types related to crops into
one “crop” type and merged “pasture” and “rangeland” into a
“grassland” type. Then, we used the ORnet distribution for
2015 to estimate the global average value of each land-use
type in LUH2; the specific values and their uncertainties are
shown in Table S2. With these data, we completed the da-
tabase of the future land-use projections and developed a

database of future ORnet values under the SSP245 and
SSP585 scenarios, covering the period from 2015 to 2100.
To match the resolution of the historical ORnet database, the
future ORnet was also linearly interpolated from a
0.25°×0.25° resolution to a 1.0°×1.0° resolution.

2.3 Terrestrial net carbon fluxes

According to eq. (1), NEP, which is the net carbon flux from
terrestrial ecosystems, is also required to calculate terrestrial
O2 production. Satellite observations are of insufficient
duration to analyze the long-term changes in terrestrial O2

production, and in situ carbon flux observations are globally

Table 1 ORnet values, corresponding plant types, and location information from previous studies

Oxidative ratio Vegetation and observation location Applied regions Study information

1.30±0.05 Temperate grassland and forest, Kiel, Germany 54.25°–54.43°N, 10.03°–10.21°E Dilly, 2001

1.11 Temperate native grassland, Giessen, Germany 50.52°–50.64°N, 8.55°–8.78°E Müller et al., 2004

1.03±0.05 Deciduous forests, Massachusetts, USA 41°–43°N, 69°–73°W Seibt et al., 2004

1.01±0.06 Evergreen needleleaf forests, Scotland, UK 54°–61°N, 0°–8°W Seibt et al., 2004

1.08±0.16 Mixed forests, central Germany 49°–52°N, 7°–13°E Seibt et al., 2004

0.99±0.01 Deciduous broad-leaved forests, central Germany 49°–52°N, 7°–13°E Kozlova et al., 2005

2.1±0.2 Glaciers, Jungfraujoch, Switzerland 46.51°–46.56°N,7.90–8.00°E Sturm et al., 2005

2.2±0.2 Snow and ice, Puy de Dome, France 45.29°–46.26°N, 2.39–3.98°E Sturm et al., 2005

1.06±0.04 Mixed forest, northern Wisconsin, USA 42°–48°N, 86°–92°W Stephens et al., 2007

1.00±0.03 Corn, Michigan, USA 41°–48°N, 82°–86°W Masiello et al., 2008

1.07±0.04 Boreal black spruce forest, Alaska, USA 51°–72°N, 129°–170°W Hockaday et al., 2009

1.06±0.04 Temperate Mediterranean woodland, Australia 10°–45°S, 100°–160°E Hockaday et al., 2009

1.10±0.04 Subtropical woodland, Australia 10°–45°S, 100°–160°E Hockaday et al., 2009

1.20±0.02 Temperate grassland, California, USA 32°–42°N, 114°–125°W Hockaday et al., 2009

1.10±0.04 Temperate Mediterranean pasture, Australia 10°–45°S, 100°–160°E Hockaday et al., 2009

0.96±0.04 Subtropical native grassland, Australia 10°–45°S, 100°–160°E Hockaday et al., 2009

1.02±0.03 Deciduous broad-leaved forests, central Japan 30°–45°N, 129°–145°E Ishidoya et al., 2013

1.030±0.001 Crops, Michigan, USA 41°–48°N, 82°–86°W Gallagher et al., 2014

0.89±0.12 Evergreen forests, western Russia 50°–70°N, 28°–60°E van der Laan et al., 2014

1.05 Evergreen forests, Swaziland and South Africa 20°–35°S, 10°–35°E Clay and Worrall, 2015

1.08±0.03 Deciduous forests, Swaziland and South Africa 20°–35°S, 10°–35°E Clay and Worrall, 2015

1.08±0.02 Croplands, Swaziland and South Africa 20°–35°S, 10°–35°E Clay and Worrall, 2015

1.07±0.03 Grasslands, Swaziland and South Africa 20°–35°S, 10°–35°E Clay and Worrall, 2015

1.11 Mixed forests, Swaziland and South Africa 20°–35°S, 10°–35°E Clay and Worrall, 2015

1.10±0.02 Shrublands, Swaziland and South Africa 20°–35°S, 10°–35°E Clay and Worrall, 2015

1.09 Savannas, Swaziland and South Africa 20°–35°S, 10°–35°E Clay and Worrall, 2015

1.06±0.05 Woody savannas, Swaziland and South Africa 20°–35°S, 10°–35°E Clay and Worrall, 2015

0.99±0.04 Permanent wetlands, Swaziland and South Africa 20°–35°S, 10°–35°E Clay and Worrall, 2015

1.039±0.007 Deciduous broad-leaved forests, Tennessee, USA 35°–37°N, 81°–91°W Hockaday et al., 2015

1.069±0.014 Coniferous forests, Michigan, USA 41°–48°N, 82°–86°W Gallagher et al., 2017

1.039±0.006 Deciduous forests, Michigan, USA 41°–48°N, 82°–86°W Gallagher et al., 2017

0.97±0.02 Peat land, northern England, UK 49°–56°N, 5°W–2°E Worrall et al., 2017

1.081±0.007 Mixed deciduous forest, Massachusetts, USA 41°–43°N, 69°–73°W Battle et al., 2019
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scattered and temporally discontinuous. Therefore, the re-
sults of the coupled models from CMIP6 were used in this
study.
Several models from different institutes in CMIP6 couple

with the biochemical module and hence can provide major
terrestrial ecosystem fluxes (Eyring et al., 2016). The en-
semble mean of the NEP results from the CMIP6 models was
used in this study, which covers not only future projections
(SSP245 and SSP585 for 2015–2100) but also the historical
period (2001–2014). A historical experiment is a simulation
of the recent past, and its input conditions are consistent with
real historical observations. The SSP245 experiment is a
modified Representative Concentration Pathway (RCP)
scenario. In this scenario experiment, the models approxi-
mately follow the RCP4.5 global forcing pathway with SSP2
socioeconomic conditions, and the radiative forcing is pro-
jected to reach a level of 4.5 W m−2 in 2100. Similarly, the
SSP585 experiment follows the RCP8.5 pathway with SSP5
socioeconomic conditions. SSP585 represents the worst-case
scenario, whereas SSP245 is more optimistic. There are 15
models providing NEP data under the historical, SSP245,
and SSP585 scenarios, but only 12 of them consider the
nitrogen (N) cycle (Appendix Text S2). Therefore, these 12
models were used in this study and their detailed information
is listed in Table 2. To explore the causes of future variations
in terrestrial O2 production, net primary production (NPP)
and Rh simulation results from these CMIP6 models were
also used in this study. In addition, because the CMIP6
models have different spatial resolutions, all the simulated
fields were interpolated to a 1.0°×1.0° resolution to match
the ORnet resolution.
To verify the ability of the CMIP6 model simulation to

reproduce the changes in the terrestrial carbon sinks, we
compared the simulated net carbon flux to the results of
previous studies (shown in Figure 2a). NEP from the CMIP6
results shows that during the period from 2000 to 2014,
approximately 2.52±0.04 Gt carbon per year was absorbed
by the terrestrial ecosystem. This result is consistent with the
most recently published terrestrial carbon sink in the GCP
(http://www.globalcarbonproject.org) (Friedlingstein et al.,
2019). In the GCP database, the terrestrial carbon sink is
estimated through the ensemble mean of the results of var-
ious DGVMs participating in the “Trends and drivers of
regional-scale sources and sinks of carbon dioxide”
(TRENDY) project (Sitch et al., 2015), which represents a
terrestrial sink of 2.91±0.60 Gt per year. We also considered
the results of a satellite-driven Carnegie-Ames-Stanford
Approach (CASA) biogeochemical model. NEP in the
CASA model reached 2.30±0.58 Gt per year at the beginning
of the 21st century. All three databases show an increasing
NEP trend after 2000, which may be closely related to the
increasing greenness of vegetation observed by satellites
since the 1980s (Piao et al., 2020). The GOSAT satellite,
which was launched in 2009, is the first spacecraft to mea-
sure the concentrations of CO2 from space, and its ob-
servations are widely used for estimating the carbon budget
(Yokota et al., 2009; Frankenberg et al., 2011; Chen et al.,
2013). The global total amount of NEP from GOSAT is 2.70
±0.29 Gt, which is close to that of CMIP6, 2.63±0.12 Gt
during the period from 2010 to 2014, confirming that the
CMIP6 models can well reproduce the global amount.
Moreover, the GOSAT observations are in the range of the
CMIP6 models simulation results (Figure 2a), which also
proves the reliability of CMIP6 models.

Table 2 CMIP6 models used in this study to derive NEP, NPP and Rh and their information

Model Institute Land carbon component Resolutions
(latitude×longitude)

ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research
Organization, Australia

The CABLE land surface model with
biogeochemistry (CASA-CNP) (CABLE2.4) 1.25°×1.875°

CESM2-WACCM National Center for Atmospheric Research, USA The Community Land Model Version 5 (CLM5) 0.9°×1.25°

CESM2 National Center for Atmospheric Research, USA The Community Land Model Version 5 (CLM5) 0.9°×1.25°

CMCC-ESM2 Euro-Mediterranean Center on Climate Change, Italy The Community Land Model Version 4.5 (CLM4.5) 0.9°×1.25°

CMCC-CM2-SR5 Euro-Mediterranean Center on Climate Change, Italy The Community Land Model Version 4.5 (CLM4.5) 0.9°×1.25°

EC-Earth3-Veg-LR European Centre of Medium Range Weather Forecast The 2nd generation dynamic vegetation and
biogeochemistry model LPJ-GUESS 0.7°×0.7°

EC-Earth3-CC European Centre of Medium Range Weather Forecast The 2nd generation dynamic vegetation and
biogeochemistry model LPJ-GUESS 0.7°×0.7°

EC-Earth3-Veg European Centre of Medium Range Weather Forecast The 2nd generation dynamic vegetation and
biogeochemistry model LPJ-GUESS 0.7°×0.7°

MPI-ESM-1-2-LR Max Planck Institute for Meteorology, Germany Jena Scheme for Biosphere-Atmosphere Coupling
in Hamburg (JSBACH), Version 3.2 1.85°×1.875°

NorESM2-LM Norwegian Climate Centre, Norway The Community Land Model Version 5 (CLM5) 0.95°×1.875°

NorESM2-MM Norwegian Climate Centre, Norway The Community Land Model Version 5 (CLM5) 0.95°×2.5°

TaiESM1 Academia “Sinica”, Taiwan Province, China The Community Land Model Version 4.5 (CLM4.5) 0.95°×1.25°
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We also compared the seasonal variations in terrestrial
carbon production among CMIP6 and other databases. As
shown in Figure 2c, the amount of global terrestrial carbon
production among three databases showed similar seasonal
variations, although the amplitude of seasonal variation in
CMIP6 models results is smaller. The correlation coefficient
between CMIP6 and GOSAT is 0.77, and the correlation
coefficient between CMIP6 and CASA also reaches 0.64
(both are significant at the 99% confidence level; a t test is
used), indicating that the CMP6 models can also simulate the
seasonal variation in NEP well.
The accuracy of the spatial distribution is critical to our

study, and we compared the spatial distribution for NEP from
the CMIP6 models and other databases (GCP only provides
the global total value but doesn’t provide the distribution).
As shown in Figure 2b and 2d, the results show similar
distribution patterns. Both figures show that the largest car-
bon sink exists in the tropics, especially in central Africa and
areas of the Amazon. NEP decreases as latitude increases,
and some terrestrial carbon sources are located in the boreal
coastal regions. However, in the CMIP6 model results, NEP
may be underestimated in the mid-latitudes, and the carbon
sink in central Africa was also overlooked. Additionally, the

CASA model shows large carbon sinks located in central and
eastern Siberia. The CMIP6 model results also show similar
distribution patterns to those of GOSAT for both annual and
seasonal averages (Appendix Text S3; Appendix Figure S1).
All these results confirm that the CMIP6 models can re-
produce similar variations in the global total amount and
regional patterns, suggesting that the CMIP6 model results
are acceptable for deriving the terrestrial O2 source dis-
tribution.

2.4 Explanation of future variations

As shown in eq. (1), the change in net carbon fluxes from
terrestrial areas and the ORnet can both directly influence
terrestrial O2 sources. The net carbon flux can be represented
as follows:
NEP = NPP Rh, (4)
NPP is the net primary production and Rh is the amount of
heterotrophic respiration. Therefore, eq. (1) can be trans-
formed into
F = OR × (NPP Rh). (5)O net2

Thus, we can conclude that the terrestrial O2 source changes

Figure 2 Comparison of net carbon fluxes among CMIP6 and previous studies. The dashed black, blue, red and orange lines denote the total global NEP
from our study, GCP, CASA and GOSAT, respectively. The solid lines represent the 3-year (monthly) running means of the results. Orange asterisks represent
the annual NEP from GOSAT. The correlation coefficient between CMIP6 and GOSAT is r1, and between CMIP6 and CASA is r2. Both correlation coefficients
passed the 99% significance t test. (b) and (d) show the distribution of NEP from CMIP6 and CASA averaged from 2000 to 2014, in units of kg m−2.
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depend on the change in ORnet and the difference between the
changes in NPP and Rh, i.e., ΔNPP−ΔRh. In our study, an
ORnet database of future projections was derived from the
projections of the LUH2 land-use models, which were
mainly based on land-use changes. ΔNPP−ΔRh is derived
from the CMIP6 models results, which were mainly based on
climate change.

3. Results

3.1 The current terrestrial O2 source

As mentioned in Section 2.1, the terrestrial O2 source can be
directly derived from ORnet and NEP. However, previous
studies usually set the ORnet value to be a constant, and there
has never been a long-term, global ORnet database. With the
integrated ORnet global data in this study, we provide a clear
map of the current distribution of the ORnet (shown in Figure
3a) for the first time. The uncertainty in the ORnet can be seen
in Appendix Figure S2 and Appendix Text S4. The global
area-weighted average ORnet is approximately
1.05±0.03 mol mol−1, which is the same as that from Keeling
and Manning (2014) and falls between the results of
1.06±0.06 mol mol−1 from Clay and Worrall (2015) and
1.04±0.03 mol mol−1 from Worrall et al. (2013). These si-
milarities demonstrate that the results of our ORnet database
are credible. Regional features reveal that the ORnet in the
tropics, which are mainly covered by tropical savannahs,
shrubs, and broadleaf forests, is larger than that at mid-
latitudes, which are dominated by grass, and high latitudes,
which are covered by needleleaf forests and open shrublands.
Thus, there are wide variations in the ORnet among different
regions, which demonstrates that the ORnet should not be
considered a constant when discussing the distribution of
terrestrial O2 sources.
Furthermore, we obtained the current distribution of the

global terrestrial O2 sources. Figure 3b shows the global
distribution of O2 sources averaged from 2001 to 2014, and
the values of terrestrial O2 produced at different latitudes are
summarized in Table 3. From the averaged results, we can
see that the total amount of terrestrial O2 production can
reach 7.10±0.38 Gt per year, which shows that the terrestrial
ecosystem is the primary source of atmospheric O2 (global
oceans only provide approximately 1.6 Gt per year according
to the study of Li et al., 2020). The tropics (30°S−30°N) is
the main O2 source, providing approximately 4.78±0.30 Gt
of O2 yearly, or approximately 67.32% of the total terrestrial
production. Furthermore, the Amazon forests, Central Afri-
can forests, and Indonesian forests are the main sources
within the tropics. The mid-latitudes (30°−60°S, 30°−60°N)
provide approximately 2.23±0.16 Gt of O2 (~31.41%) but
show asymmetrical patterns between the two hemispheres
due to land and sea distribution. The mid-latitudes in the

Northern Hemisphere produce 2.05±0.13 Gt of O2 per year,
while those in the Southern Hemisphere produce only 0.18
±0.03 Gt of O2 per year. The two main mid-latitude O2

sources are in eastern North America and western Europe.
The high latitudes (60°S–90°S, 60°N–90°N), with low ORnet

values and small net carbon fluxes, emit only 0.09±0.06 Gt
(~1.27%) of O2 into the atmosphere per year.
Figure 3b also shows that there are many regions where the

O2 fluxes are negative, which means that the ecosystems in
these regions consume O2 from the atmosphere instead of
producing it. We defined these areas as “non-O2-producing
land”, which appear not only in regions around the deserts in
Central Asia but also in some boreal regions in the high
latitudes of the Northern Hemisphere. The presence of non-

Figure 3 Current (average from 2001 to 2014) global distribution of (a)
the ORnet and (b) terrestrial O2 sources. The unit of ORnet is mol mol

−1, and
the unit of the terrestrial O2 source is kg m

−2.

Table 3 Amounts of terrestrial O2 produced at different latitudes, aver-
aged from 2001 to 2014

Regions Average O2 produced (Gt)

Tropics (30°S−30°N) 4.78±0.30 (67.32%)

South Mid-latitudes (30°−60°S) 0.18±0.03 (2.54%)

North Mid-latitudes (30°−60°N) 2.05±0.13 (28.87%)

North High-latitudes (60°−90°N) 0.09±0.06 (1.27%)

Total 7.10±0.38

7Ding L, et al. Sci China Earth Sci

 https://engine.scichina.com/doi/10.1007/s11430-021-9956-5



O2-producing land informs that terrestrial ecosystems may
not always be O2 sources. Under climate change, a “global
greening” phenomenon appears in the leaf area index and
normalized difference vegetation index in various regions
and implies an increase in vegetative growth (Jong et al.,
2012). This phenomenon can be induced by a warming en-
vironment and be enhanced by the increased atmospheric
CO2 concentrations or by suitable land-use management,
such as afforestation and the conversion of farmland to for-
ests and grasslands (Chen et al., 2019). However, our study
shows that there are currently many non-O2-producing areas.
This disrupts terrestrial O2 production and should be con-
sidered in assessments of ecosystem health.

3.2 Future changes in terrestrial O2 sources

Since the 1850s, considerable quantities of greenhouse gases
have been emitted into the atmosphere due to industrializa-
tion, and these emissions have caused severe global climate
change over the last century. In the future, anthropogenic
activities, such as fossil fuel combustion and land-use
change, will further influence ecosystems directly and in-
directly. In this study, we utilized the CMIP6 model-simu-
lated net carbon fluxes, and ORnet derived from land-use
models to estimate the future effects of human activities and
related climate change on terrestrial O2 sources. Figure 4a
shows the temporal variation in the global total amount of
terrestrial O2 sources from 2001 to 2100. Terrestrial O2

sources showed a significant increase both during the his-
torical period and in future projections. The ensemble mean
of the CMIP6 models reveals that, by 2100, the amount of
terrestrial O2 emitted will increase from the current value of
7.10±0.38 to 7.51±0.27 under the SSP245 scenario or to
10.23±0.28 Gt under the SSP585 scenario. As shown by the
decadal variations in Figure 4b, terrestrial O2 production will
increase until the 2050s, when fossil fuel combustion de-
creases in this projection, implying that terrestrial O2 pro-
duction is sensitive to anthropogenic activities. In contrast,
terrestrial O2 production under the SSP585 scenario will
continue to increase in response to extreme anthropogenic
activities.
Moreover, we analyzed changes in the global distribution

of O2 sources under the two different scenarios, and there
were evident differences between them, as shown in Figure
5. In the future, the distribution of terrestrial O2 sources will
likely follow a scenario where more oxygen is produced
from the mid-low latitudes, while the high latitudes become
larger oxygen sinks (Figure 5c and 5d). Under the SSP245
scenario (Figure 5a), the Amazon forests, one of the main O2

sources, will experience a reduction. Meanwhile, O2 sources
in the midlatitudes, such as eastern North America and
western Europe, will also decrease. The non-O2-producing
land on the boreal coasts will show worse outcomes, re-

moving more O2 from the atmosphere than that during the
historical period. The main increases will occur in eastern
South America, central Africa, eastern Europe, and eastern
and southern Asia. Under the RCP8.5 scenario (Figure 5b),
production will increase nearly worldwide, except at the high
latitudes. Decreases will only occur in northern Europe and
in the northern coastal regions of Canada. It is difficult to
explain all these changes, including those in the global total
amount and distribution, because they could be caused by
human activities, such as land-use changes, or by climate
change, such as changes in temperature, precipitation, and
CO2 concentration. Here, we attempt to determine the
dominant factor.

3.3 Explanations of future change

Here, according to the methods introduced in Section 2.4, we
explain the future variations in terrestrial O2 sources through
the changes in ORnet and the difference between the changes
in NPP and Rh, i.e., ΔNPP−ΔRh.
Figure 6a shows the change in the global average ORnet

under the SSP245 and SSP585 scenarios, and it shows that
the ORnet will decrease in the future. This result is ecologi-
cally plausible because, with a larger population, humans are
likely to plant more crops, and herbaceous crops usually

Figure 4 (a) Temporal variation in terrestrial O2 sources and (b) its
decadal variation in the 21st century. The black, blue, and red lines re-
present the ensemble mean of the models from the historical, SSP245, and
SSP585 scenarios, respectively. The shading denotes the 95% confidence
interval of the models. The blue and red bars represent the annual terrestrial
O2 production per decade in the SSP245 and SSP585 scenarios, respec-
tively. The black lines denote the standard errors of the bars.
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have lower ORnet than woody plants (Poorter and Villar,
1997). However, the decrease in the ORnet is small and occurs
slowly, which is contrary to the increased terrestrial O2

source. According to our results, ORnet will experience a
decrease of only 0.001 mol mol−1, which is much smaller
than the decline of 0.01 mol mol−1 per century determined by
Randerson et al. (2006); this can induce only slight variations
in the terrestrial O2 sources. Therefore, we conclude that the
change in the total global amount of O2 sources mainly arises
from the difference between the changes in NPP and Rh
(shown in Figure 6b). The variations in ΔNPP−ΔRh are si-
milar to the variations in the O2 sources. This value also
shows a drastic and continuous increase under the SSP585
scenario, while the SSP245 scenario shows a smaller in-
crease in ΔNPP−ΔRh after the 2050s than that in the pre-
vious 50 years.
As concluded in previous studies that used the LPJ model

and CMIP5 models, increased CO2 and temperature are

beneficial for plant growth and cause strong net photo-
synthetic processes at both global and regional scales (Sun
and Mu, 2013; Wang et al., 2014; Zhu et al., 2018). Rh also
increases with increasing soil temperature and moisture, as
shown in situ observations and analyses through the Con-
ditional nonlinear optimal perturbation related to parameter
(CNOP-P) method (Zhou et al., 2013; Sun and Mu, 2017;
Francioni et al., 2019), and more O2 is consumed. Our results
from CMIP6 (Figure S3) can be mutually confirmed to the
conclusions derived from the other analysis methods. Our
study also finds that although the positive effects of climate
change and CO2 concentration on net photosynthesis will
generally increase (Appendix Text S5), the variations in the
trend under the SSP245 scenario imply that the response in
soil respiration may be stronger (Figure 6b, blue bars),
leading to disturbances in the carbon and oxygen cycles.
Variations in soil respiration are often overlooked when
discussing the effects of anthropogenic activities and related

Figure 5 Changes in terrestrial O2 sources under the (a) SSP245 and (b) SSP585 scenarios and their zonal means (c) and (d). The figures show the
difference between the future O2 sources (averaged from 2087 to 2100) and the current O2 source (average from 2001 to 2014) in units of kg m−2. The shaded
areas in (a) and (b) are significant at the 95% confidence level. The thick red lines in Figure (c) and (d) denote the values that passed the 90% significance t
test.

9Ding L, et al. Sci China Earth Sci

 https://engine.scichina.com/doi/10.1007/s11430-021-9956-5



climate change on ecosystems, but our results indicate that
they should be considered when evaluating land-use strate-
gies and changing climatic conditions.
Compared with the change in the total global amount,

variations in regional terrestrial O2 sources are easily af-
fected by many factors. As shown in Figure 7a and 7b, a
major decrease in the ORnet occurs at high latitudes, espe-
cially at approximately 60°N. According to the land-use
change in LUH2, this region is mainly covered by primary
forest vegetation, which will become secondary forest ve-
getation (seen in Appendix Figure S4, Appendix Text S6).
Therefore, vegetation in these regions is highly sensitive to
climate change, which corresponds to the results of previous
studies (Raich and Schlesinger, 1992). As shown in Ap-
pendix Table S2, the ORnet of the secondary vegetation is
smaller than that of the primary vegetation. Another evident
decrease occurs in central Africa, where the dominant ve-
getation is currently forest, which will be transformed into
mixed forests consisting of grassland, primary non-forest
vegetation, and secondary forest vegetation under future
projections. The impact of human activities is evident in this
region, and the ORnet decreases by approximately
0.01 mol mol−1. Increases mainly occur in eastern South
America, where vegetation transforms from grassland to
crops (Appendix Text S6), inducing a slight increase of
0.001 mol mol−1. This increase does not compensate for the
decreases at the high latitudes and in central Africa, which

ultimately lead to an overall decrease in the average global
ORnet.
Figure 8a and 8b compare the changes in NPP and Rh

under the SSP245 and SSP585 scenarios, respectively. We
found that the increase in Rh can exceed that of the NPP in
various regions under the SSP245 scenario, which explains
why several regions experience a decline in O2 production.
The greatest decline occurs in the Amazon forests, poten-
tially owing to more frequent droughts in the future (IPCC
AR5 Report, 2013). Amazon forests are sensitive to pre-
cipitation levels. When the eastern Amazon forests experi-
ence drought, reduced plant growth also leads to decreased
evapotranspiration; hence, the vapor transported to the
western forests decreases. Thus, the net photosynthesis
throughout the Amazon forests decreases through this posi-
tive feedback. However, the abundant soil moisture and in-
creased temperature ensure that soil respiration will continue
to increase in the future, which explains why the increase in
Rh exceeds that of the NPP by the end of the 21st century.
Overall, this change causes a decline in O2 production in the
Amazon forests.
High latitudes are another region that should be con-

Figure 6 Decadal variations in (a) biotic ORnet and (b) ΔNPP−ΔRh in the
future projections. The blue and red bars represent the results under the
SSP245 and SSP585 scenarios, respectively. The black lines denote the
standard errors of the bars.

Figure 7 Changes in the terrestrial biotic ORnet under the (a) SSP245 and
(b) SSP585 scenarios. The figures show the difference between the future
distribution of ORnet (averaged from 2087 to 2100) and the current ORnet
(average from 2001 to 2014) in units of mol mol−1. A missing value re-
presents no change in the future scenarios, or a missing ORnet value. The
shading areas are significant at the 90% confidence level.
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sidered, such as the northern regions of North America,
northern Europe, and Siberia. As shown in Figure 8, Rh
increases sharply in the projections, partly owing to a phe-
nomenon called “Arctic amplification,” in which the tem-
peratures at high latitudes in the Northern Hemisphere show
a dramatic increase under climate change (Cusbasch et al.,
2001; Braganza et al., 2003, 2004). The increased soil tem-
peratures, accompanied by the melting of snow and ice, re-
sult in increases in soil moisture, which leads to an increase
in Rh. Combined with the decrease in ORnet mentioned
above, high latitudes will experience a severe decline in
terrestrial O2 sources in the future.

4. Discussions

The results show that land will provide more O2 in the future
than during any other historical period. However, we must
stress that this situation is still not optimistic because the
amount of O2 consumed due to fossil fuel combustion is also
increasing to unprecedented levels. A previous study showed
that fossil fuel combustion increased from 1.99 to 29.76 Gt
per year from 1900 to 2005 (Huang et al., 2018). Enhanced

terrestrial O2 production still cannot compensate for this loss
of atmospheric O2; therefore, the decline in atmospheric O2

concentration is accelerating (Valentino et al., 2008; Sir-
ignano et al., 2010). Additionally, land-use changes, which
can result from deforestation, excessive grazing, and ex-
cessive cultivation, influence O2 production by changing the
ORnet. Therefore, if we rely solely on ecosystem adaptation
and recovery and do not reduce or limit fuel combustion and
other anthropogenic activities, the O2 concentration will
continue to decline.
Our study also shows the distribution of current terrestrial

O2 sources for the first time. This distribution also reveals
non-O2-producing land, which exists not only in the regions
around deserts but also worldwide. In regions near deserts,
desertification, which refers to the accelerated expansion of
deserts and arid land under climate change (Huang et al.,
2016), will restrain net photosynthesis and lead to decreases
in regional O2 production. At high latitudes, the vegetation
type is the main cause of non-O2-producing land. The O2

produced from evergreen and deciduous, coniferous forests
through net photosynthesis is usually overestimated and is
much less than that from tropical vegetation (Fang et al.,
2006). Therefore, in the future, the distribution of terrestrial
O2 sources will likely follow a scenario where more O2 will
be emitted from the tropics, but the O2 produced at the high
latitudes will decrease.
Our study derived terrestrial O2 sources from terrestrial net

carbon fluxes. In contrast with studies estimating carbon
sinks from the change in atmospheric O2 concentration,
which usually set ORnet as a constant, we developed a global
gridded ORnet database, which can reproduce the long-term
variations and regional characteristics of ORnet. Our results
show that the current global average ORnet can reach
1.05 mol mol−1, which is close to the latest results (Worrall et
al., 2013; Clay and Worrall, 2015). In addition, in recent
studies (Tohjima et al., 2019; Li et al., 2020), the biotic ORnet

was 1.10 mol mol−1, which is based on the soil respiration
oxidative ratio from the Biosphere 2 experiment (Sever-
inghaus, 1995). Our results demonstrate that changes in land
use can result in variations in the ORnet (see Figure 6a).
Human activities have extensively modified the vegetation
cover over the past 20 years, and ORnet values should be
updated accordingly. Additionally, improvements in ob-
servation methods and instruments that allow for the utili-
zation of the latest field observations lead to better estimates
for ORnet.
However, shortcomings are evident in our ORnet database.

First, the field observations used in this study were mainly
located in North America, Europe, Africa, and Australia.
There were almost no such observations collected from
South America and central and eastern Asia. For some im-
portant regions, such as the Amazon forests, which are
thought to be the primary carbon sinks and O2 sources, we

Figure 8 Change under ΔNPP−ΔRh in the (a) SSP245 and (b) SSP585
scenarios. The figures show the difference between the future distribution
of ΔNPP−ΔRh (averaged from 2086 to 2100) and initial ΔNPP−ΔRh
(average from 2015 to 2029) in units of kg m−2. The shaded areas are
significant at the 95% confidence level.
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could only utilize the global average ORnet values of typical
plants. This method may induce a large bias when estimating
the contribution of each region. Another deficiency is that
observations from arid and alpine regions are limited. In our
study, the ORnet values in the desert and polar areas were set
as missing values. Although vegetation coverage is sparse in
these areas, arid lands occupy approximately 14.9% of the
global land area (Huang et al., 2016), and their contributions
to the modern carbon and oxygen cycle should be con-
sidered.

5. Conclusions

In this study, based on a land-use database and previously
observed ORnet, we integrated a novel long-term global
gridded ORnet database. Combined with net carbon fluxes,
we obtained the current terrestrial O2 source distribution.
Currently, the land on Earth can produce approximately 7.10
±0.38 Gt of oxygen per year. The tropics are the main source
of atmospheric O2 and produce approximately 4.78±0.30 Gt
of O2 per year. The midlatitudes provide approximately 2.23
±0.16 Gt of O2 yearly, and two major O2 sources, eastern
North America and western Europe, are in the midlatitudes.
Long-term analysis reveals that terrestrial oxygen sources
are sensitive to anthropogenic activities and climate changes.
The future variations in terrestrial oxygen sources will likely
follow a scenario where more oxygen will be produced in the
low-middle latitudes, while the high latitudes will become
larger oxygen sinks. Through this study, we provide a better
understanding of terrestrial ecosystem oxygen-producing
processes, which supplement modern oxygen cycle studies.
Additionally, the analysis of drivers for variations in oxygen
sources can be used to couple the oxygen cycle into Earth
System Models (ESMs) to estimate future atmospheric
oxygen levels.
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