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The terrestrial biosphere can release or absorb the greenhouse gases,  
carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O), 
and therefore has an important role in regulating atmospheric 
composition and climate1. Anthropogenic activities such as land-use 
change, agriculture and waste management have altered terrestrial 
biogenic greenhouse gas fluxes, and the resulting increases in 
methane and nitrous oxide emissions in particular can contribute 
to climate change2,3. The terrestrial biogenic fluxes of individual 
greenhouse gases have been studied extensively4–6, but the net 
biogenic greenhouse gas balance resulting from anthropogenic 
activities and its effect on the climate system remains uncertain. 
Here we use bottom-up (inventory, statistical extrapolation of local 
flux measurements, and process-based modelling) and top-down 
(atmospheric inversions) approaches to quantify the global net 
biogenic greenhouse gas balance between 1981 and 2010 resulting 
from anthropogenic activities and its effect on the climate system. 
We find that the cumulative warming capacity of concurrent 
biogenic methane and nitrous oxide emissions is a factor of about 
two larger than the cooling effect resulting from the global land 
carbon dioxide uptake from 2001 to 2010. This results in a net 
positive cumulative impact of the three greenhouse gases on the 
planetary energy budget, with a best estimate (in petagrams of CO2 
equivalent per year) of 3.9 ± 3.8 (top down) and 5.4 ± 4.8 (bottom 
up) based on the GWP100 metric (global warming potential on a 
100-year time horizon). Our findings suggest that a reduction in 
agricultural methane and nitrous oxide emissions, particularly in 
Southern Asia, may help mitigate climate change.

The concentration of atmospheric CO2 has increased by nearly 40% 
since the start of the industrial era, while CH4 and N2O concentrations 
have increased by 150% and 20%, respectively3,7,8. Although thermo-
genic sources (for example, fossil fuel combustion and usage, cement 
production, geological and industrial processes) represent the single 
largest perturbation of climate forcing, biogenic sources and sinks also 
account for a significant portion of the land–atmosphere exchange of 
these gases. Land biogenic greenhouse gas (GHG) fluxes are those orig-
inating from plants, animals and microbial communities, with changes 
driven by both natural and anthropogenic perturbations (see Methods). 
Although the biogenic fluxes of CO2, CH4 and N2O have been individ-
ually measured and simulated at various spatial and temporal scales, 
an overall GHG balance of the terrestrial biosphere is lacking3. But 
simultaneous quantification of the fluxes of these three gases is needed 
for developing effective climate change mitigation strategies9,10.

In the analysis that follows, we use a dual-constraint approach from 
28 bottom-up (BU) studies and 13 top-down (TD) atmospheric inver-
sion studies to constrain biogenic fluxes of the three gases. We gen-
erate decadal mean estimates and s.d. of CO2, CH4 and N2O fluxes 
(mean ± s.d., with s.d. being the square root of the quadratic sum of 
standard deviations reported by individual studies) in land biogenic 
sectors by using the BU and TD ensembles as documented in Extended 
Data Table 1 and Supplementary Table 2. Grouping GHG fluxes by 
sector may not precisely separate the contributions of human activ-
ities from natural components. For instance, wetland CH4 emission 
is composed of a natural component (background emissions) and an 
anthropogenic contribution (for example, emissions altered by land 
use and climate change). Therefore, in this study, the anthropogenic 
contribution to the biogenic flux of each GHG is distinguished by 
removing modelled pre-industrial emissions from contemporary GHG 
estimates. To quantify the human-induced net biogenic balance of these 
three GHGs and its impact on the climate system, we use CO2 equiv-
alent units (CO2 equiv.) based on the global warming potentials on a  
100-year time horizon7 (GWP100; GWP defines the cumulative 
impacts that the emission of 1 g CH4 or N2O could have on the plan-
etary energy budget relative to 1 g reference CO2 gas over a certain  
period of years). This choice has been driven by the policy options 
being considered when dealing with biogenic GHG emissions and 
sinks7,11. To address the changing relative importance of each gas as a 
function of the selected time frame, a supplementary calculation based 
on GWP metrics for a 20-year time horizon is also provided (GWP20; 
Table 1 and Methods).

We first examine the overall biogenic fluxes of all three gases in 
the terrestrial biosphere during the period 2001–10 (‘the 2000s’; 
Fig. 1). The overall land biogenic CH4 emissions estimated by TD 
and BU are very similar, 325 ± 39 Tg C yr−1 and 326 ± 43 Tg C yr−1 
(1 Tg = 1012 g), respectively. Among the multiple land biogenic CH4 
sources (Extended Data Table 1), natural wetlands were the largest 
contributor, accounting for 40%–50% of total CH4 emissions during 
the 2000s, while rice cultivation contributed about 10%. The remain-
ing CH4 emissions were from ruminants (~20%), landfills and waste 
(~14%), biomass burning (~4%–5%), manure management (~2%), 
and termites, wild animals and others (~6%–10%). Both TD and BU 
results suggest a global soil CH4 sink that offsets approximately 10% 
of global biogenic CH4 emissions, but this flux is poorly constrained, 
especially by atmospheric inversions, given its distributed nature and 
small magnitude.
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Global biogenic N2O emissions were estimated to be 12.6 ±  
0.7 Tg N yr−1 and 15.2 ± 1.0 Tg N yr−1 by TD and BU methods, respec-
tively. Natural ecosystems were a major source, contributing ~55%–60% 
of all land biogenic N2O emissions during the 2000s, the rest being from 
agricultural soils (~25%–30%), biomass burning (~5%), indirect emis-
sions (~5%), manure management (~2%), and human sewage (~2%).

The estimates of the global terrestrial CO2 sink in the 2000s are 
−1.6 ± 0.9 petagrams of carbon a year (where 1 Pg = 1015 g) (TD) and 
−1.5 ± 1.2 Pg C yr−1 (BU). This estimate is comparable with the most 
recent estimates4, but incorporates more data sources (Supplementary 
Table 1).

Some CH4 and N2O emissions were present during pre-industrial  
times, while the global pre-industrial land CO2 uptake was approximately  
in balance with the transport of carbon by rivers to the ocean and a 
compensatory ocean CO2 source12. Thus, the net land–atmosphere 
CO2 flux reported here represents fluxes caused by human activities. 
In contrast, for CH4 and N2O only the difference between current 
and pre-industrial emissions represents net drivers of anthropogenic 
climate change. When subtracting modelled pre-industrial biogenic 
CH4 and N2O emissions of 125 ± 14 Tg C yr−1 and 7.4 ± 1.3 Tg N yr−1, 
respectively, from the contemporary estimates (see Methods), we find 

the heating capacity of human-induced land biogenic CH4 and N2O 
emissions is opposite in sign and equivalent in magnitude to 1.7 (TD) 
and 2.0 (BU) times that of the current (2000s) global land CO2 sink 
using 100-year GWPs (Fig. 1, Table 1). Hence there is a net positive 
cumulative impact of the three GHGs on the planetary energy budget, 
with our ‘best estimate’ being 3.9 ± 3.8 Pg CO2 equiv. yr−1 (TD) and 
5.4 ± 4.8 Pg CO2 equiv. yr−1 (BU).

An alternative GWP metric (for example, GWP20 instead of 
GWP100) changes the relative importance of each gas, and gives 
a different view of the potential of various mitigation options11. 
Using GWP20 values, the radiative forcing of contemporary (2000s) 
human-induced biogenic CH4 emission alone is 3.8 (TD) or 4.2 
(BU) times that of the land CO2 sink in magnitude but opposite in 
sign, much larger than its role using the GWP100 metric (Table 1). 
Therefore, cutting CH4 emissions is an effective pathway for rapidly 
reducing GHG-induced radiative forcing and the rate of climate warm-
ing in a short time frame8,11.

On a 100-year time horizon, the cumulative radiative forcing of agri-
cultural and waste emissions alone, including CH4 from paddy fields, 
manure management, ruminants, and landfill and waste, along with 
N2O emissions from crop cultivation, manure management, human 

Table 1 | Human-induced biogenic GHG emissions from the terrestrial biosphere based on GWP100 and GWP20 metrics
Metric Human-induced GHG (±s.d.) (Pg CO2 equiv. yr−1)

1980s 1990s 2000s

TD BU TD BU TD BU

GWP100

CH4 source 7.5 (±1.8) 7.9 (±1.5) 7.4 (±1.8) 6.9 (±1.6) 7.4 (±1.5) 7.5 (±1.7)
N2O source 2.8 (±1.9) 1.6 (±0.6) 2.9 (±0.7) 2.2 (±0.6) 3.3 (±0.7)
CO2 sink −1.4 (±3.9) −1.2 (±4.0) −3.2 (±3.8) −2.1 (±4.1) −5.8 (±3.4) −5.3 (±4.5)
Overall GHG balance 9.4 (±4.7) 5.9 (±4.3) 7.7 (±4.4) 3.9 (±3.8) 5.4 (±4.8)
Proportion of land CO2 sink being offset −860% −290% −460% −170% −200%

GWP20
CH4 source 22.6 (±5.4) 23.6 (±4.6) 22.2 (±5.5) 20.8 (±4.7) 22.3 (±4.6) 22.5 (±5.1)
N2O source 2.8 (±1.9) 1.6 (±0.6) 2.9 (±0.7) 2.2 (±0.6) 3.3 (±0.7)
CO2 sink −1.4 (±3.9) −1.2 (±4.0) −3.2 (±3.8) −2.1 (±4.1) −5.8 (±3.4) −5.3 (±4.5)
Overall GHG balance 25.2 (±6.4) 20.7 (±6.7) 21.5 (±6.3) 18.7 (±5.8) 20.4 (±6.8)
Proportion of land CO2 sink being offset −2,120% −760% −1,110% −430% −480%

Shown are estimated human-induced biogenic fluxes of CO2, CH4 and N2O in the terrestrial biosphere for the 1980s, 1990s and 2000s based on global warming potential on 100-year and 20-year 
time horizons (GWP100 and GWP20, respectively). Numbers in parenthesis represent 1 s.d. (standard deviation). TD and BU stand for top-down and bottom-up estimates, respectively. The percentage 
numbers represent the proportion of land CO2 sink that has been offset by human-induced CH4 and N2O emissions in the terrestrial biosphere. Detailed data sources and literature cited are provided 
in Supplementary Information.

Figure 1 | The overall biogenic 
GHG balance of the terrestrial 
biosphere in the 2000s. Top-
down (TD) and bottom-up (BU) 
approaches are used to estimate 
land CO2 sink, CH4 and N2O 
fluxes for four major categories 
merged from 14 sectors 
(Extended Data Table 1). Global 
warming potential (GWP100) is 
calculated after removing pre-
industrial biogenic emissions 
of CH4 (125 ± 14 Tg C yr−1) 
and N2O (7.4 ± 1.3 Tg N yr−1). 
Negative values indicate GHG 
sinks and positive values indicate 
GHG sources. TD* indicates 
estimates of agricultural CH4 and 
N2O emissions that include CH4 
sources from landfill and waste, 
and an N2O source from human 
sewage, respectively.
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sewage and indirect emissions, are estimated to be 7.9 ± 0.5 Pg CO2 
equiv. yr−1 (BU) and 8.2 ± 1.0 Pg CO2 equiv. yr−1 (TD) for the 2000s, 
offsetting the human-induced land CO2 sink by 1.4 to 1.5 times, respec-
tively. In other words, agriculture and waste are the largest contributor 
to this twofold offset of the land CO2 sink.

We further examine the change of human-induced biogenic GHG 
fluxes over past three decades (Fig. 2, Table 1). The net biogenic  
GHG source shows a decreasing trend of 2.0 Pg CO2 equiv. yr−1 per 
decade (P < 0.05), primarily due to an increased CO2 sink—(2.2 Pg 
CO2 equiv. yr−1 per decade (TD) and 2.0 Pg CO2 equiv. yr−1 per  
decade (BU), P < 0.05)—as driven by a combination of increasing 
atmospheric CO2 concentrations, forest regrowth, and nitrogen 
deposition3. The net emissions of CO2 from tropical deforestation, 
included in the above net land CO2 sink estimates, were found  
to decline or remain stable owing to reduced deforestation and 
increased forest regrowth13. However, one recent study based on 

satellite observations14 suggests that the decreased deforestation in 
Brazil has been offset by an increase in deforestation in other tropical 
countries during 2000–12.

There is no clear decadal trend in total global biogenic CH4 emissions 
from 1981 to 20105. Since 2007, increased CH4 emissions seem to result 
in a renewed and sustained increase of atmospheric CH4, although 
the relative contribution of anthropogenic and natural sources is still 
uncertain15–17. The BU estimates suggest an increase in human-induced 
biogenic N2O emissions since 1980, at a rate of 0.25 Pg CO2 equiv. yr−1 
per decade (P < 0.05), mainly due to increasing nitrogen deposition and 
nitrogen fertilizer use, as well as climate warming18. With pre-industrial  
emissions removed, the available TD estimates of N2O emissions dur-
ing 1995–2008 reflect a similar positive trend, although they cover a 
shorter period19.

The human-induced biogenic GHG fluxes vary by region (Fig. 3). 
Both TD and BU approaches indicate that human-caused biogenic 
fluxes of CO2, CH4 and N2O in the biosphere of Southern Asia (Fig. 3) 
led to a large net climate warming effect, because the 100-year cumu-
lative effects of CH4 and N2O emissions together exceed that of the 
terrestrial CO2 sink. Southern Asia has about 90% of the global rice 
fields20 and represents more than 60% of the world’s nitrogen ferti-
lizer consumption21, with 64%–81% of CH4 emissions and 36%–52% 
of N2O emissions derived from the agriculture and waste sectors 
(Supplementary Table 3). Given the large footprint of agriculture in 
Southern Asia, improved fertilizer use efficiency, rice management and 
animal diets could substantially reduce global agricultural N2O and 
CH4 emissions22,23.

Africa is estimated to be a small terrestrial biogenic CO2 sink 
(BU) or a CO2-neutral region (TD), but it slightly warms the planet 
when accounting for human-induced biogenic emissions of CH4 and 
N2O, which is consistent with the finding of a recent study24. South 
America is estimated to be neutral or a small sink of human-induced 
biogenic GHGs, because most current CH4 and N2O emissions in 
this region were already present during the pre-industrial period, 
and therefore do not represent new emissions since the pre-indus-
trial era. Using the GWP100 metric, CO2 uptake in North America 
and Northern Asia is almost equivalent in magnitude or even larger 

Figure 2 | Changes in the decadal balance of human-induced biogenic 
GHGs in the past three decades (based on GWP100). Data points show 
individual gases (blue for CO2, yellow for CH4, and red for N2O) and net 
human-induced GHG balance (black) derived from biogenic sources with 
pre-industrial biogenic CO2 sink, and CH4 and N2O emissions removed. 
Error bars, ±s.d. calculated from various estimate ensembles.
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than human-caused biogenic CH4 and N2O emissions but opposite 
in sign, implying a small but significant role of the land biosphere 
in mitigating climate warming. Europe’s land ecosystem is found to 
play a neutral role, similar to a previous synthesis study9 using both 
BU and TD approaches.

Compared to global estimations, much more work on regional GHG 
budgets is needed18,19, particularly for tropical areas, as large uncer-
tainty is revealed in both TD- and BU-derived GHG estimations. TD 
methods are subject to large uncertainties in their regional attribution 
of GHG fluxes to different types of sources. Furthermore, some TD esti-
mates used BU values as priors, and may be heavily influenced by these 
assumed priors in regions where atmospheric observations are sparse. 
In contrast, BU approaches are able to consider region-specific distur-
bances and drivers (for example, insects and disease outbreaks) that 
are important at regional scale but negligible at global scale. However, 
the shortcoming of BU estimates is that they may not be consistent 
with the well-observed global atmospheric growth rates of GHGs. Also, 
accurate BU assessments are hindered by our limited understanding of 
microbial and below-ground processes and the lack of spatially-explicit, 
time-series data sets of drivers (for example, wildfire, peatland drain-
age, wetland extent). The magnitudes of human-induced CH4 and N2O 
emissions reported here are more uncertain than the total emissions of 
these gases because they contain the uncertainty of both pre-industrial  
emission and contemporary emission estimates (see Methods for addi-
tional discussion).

This study highlights the importance of including all three major 
GHGs in global and regional climate impact assessments, mitigation 
option and climate policy development. We should be aware of the likely 
countervailing impacts of mitigation efforts, such as enhanced N2O 
emissions with soil carbon sequestration25, increased CO2 and N2O 
emissions with paddy-drying to reduce CH4 emissions26, enhanced 
CH4 emissions with peatland fire suppression and rewetting to reduce 
CO2 and N2O emissions27, and increased indirect emissions from  
biofuel production28. The future role of the biosphere as a source or 
sink of GHGs will depend on future land-use intensification pathways 
and on the evolution of the land CO2 sinks29. If the latter continues to 
increase as observed in the past three decades4, the overall biospheric 
GHG balance could be reversed. However, the evolution of the land 
CO2 sink remains uncertain, with some projections showing an increas-
ing sink in the coming decades3, while others showing a weakening 
sink due to the saturation of the CO2 fertilization effect and positive 
carbon–climate feedbacks3,30. Increasing land-use intensification 
using today’s practices to meet food and energy demands will probably 
increase anthropogenic GHG emissions23. However, the results of this 
study suggest that adoption of best practices to reduce GHG emissions 
from human-impacted land ecosystems could reverse the biosphere’s 
current warming role.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Methods
Definition of biogenic GHG fluxes. In this study, we define land biogenic GHG 
fluxes as those originating from plants, animals, and microbial communities, with 
changes driven by both natural and anthropogenic perturbations. For example, this 
analysis considers the biosphere–atmosphere CO2 flux resulting from the direct 
and indirect effects of anthropogenic activities, such as land use and management, 
climate warming, rising atmospheric CO2, and nitrogen deposition, but excludes 
CO2 emissions due to geological processes (for example, volcanic eruption, weath-
ering), fossil fuel combustion, and cement production. Biogenic CH4 fluxes include 
land–atmosphere CH4 emissions by natural wetlands, rice cultivation, biomass 
burning, manure management, ruminants, termites, landfills and waste, as well as 
soil CH4 uptake. Biogenic N2O emissions include those released from agricultural 
ecosystems (that is, fertilized soil emission, manure management, and indirect N2O 
emission from manure and synthetic nitrogen fertilizer use), natural ecosystems 
(that is, soil emissions and emissions from nitrogen re-deposition), human sewage, 
and biomass burning.
Data sources and calculation. We synthesized estimates of biogenic CO2, CH4 
and N2O fluxes in the terrestrial biosphere derived from 28 bottom-up (BU) stud-
ies and 13 top-down (TD) atmospheric inversion studies for two spatiotemporal 
domains (global scale during 1981–2010 and continental scale during the 2000s). 
First, the data we compiled include the most recent estimates of individual GHG 
gases from multi-model inter-comparison projects (for example, Atmospheric 
Tracer Transport Model Inter-comparison Project—TransCom31, Trends in net 
land atmosphere carbon exchanges— TRENDY32, and Multi-scale Synthesis and 
Terrestrial Model Inter-comparison Project—MsTMIP33). Second, the estimate 
ensembles included the published global synthesis results that report decadal land–
atmosphere GHG exchange during 1981–20104–6. Third, for those items that lack 
detailed information from the above estimations (for example, continental estimate 
of CH4 emission from rice fields and soil CH4 sink, Supplementary Table 1), we use 
multi-source published estimates and a recent process-based modelling result18.  
We limit literature reporting the continental GHG estimate to those studies that 
have close boundary delineation with our definition, and that have gas flux estimates 
covering all continents. Only part of the global studies we used has provided con-
tinental estimates (details on data sources can be found in Supplementary Table 1  
and Supplementary Information Section S3).

In Le Quéré et al.4, net land CO2 flux is the sum of carbon emission due to land-
use change (ELUC) and the residual terrestrial carbon sink (SLAND). Estimates of 
budget residual, as one of the top-down approaches, are calculated as the sum of 
ELUC and SLAND (cited from table 7 of Le Quéré et al.4). Land CO2 sink estimated 
by the TRENDY model inter-comparison project32 does not account for land-use 
effects on terrestrial carbon dynamics, and we therefore add land-use-induced 
carbon fluxes as estimated by IPCC AR53 (table 6.3) to obtain the net land carbon 
sink estimates. However, the land CO2 sink estimated by the MsTMIP project34 
is derived from model simulations considering climate variability, atmospheric 
CO2 concentration, nitrogen deposition, as well as land-use change. We directly 
use its model ensemble estimates in this study. In addition, BU estimates of land 
CO2 sink4,34 have been adjusted by removing the CO2 emissions from drained 
peatland globally13,35, because global land ecosystem models usually overlook this 
part of carbon loss.

We include TD and BU estimates of CH4 and N2O emission from biomass burning.  
The TD approach (for example, CarbonTracker-CH4, Bruhwiler et al.36) considers 
all the emission sources and growth rate in atmospheric concentration. For BU 
estimation (for example, DLEM simulation, Tian et al.37), they use historical fire 
data that is developed from satellite images and the historical record, to drive a 
process-based land ecosystem model, so the change in fire occurrence is naturally 
considered. Other BU estimates, for example, GFED (Van der Werf et al.38) and 
EDGAR39, all include peatland fire emissions. We remove pre-industrial CH4 and 
N2O emission that includes sources from biomass burning to estimate human-
caused gas fluxes in the terrestrial biosphere. The role of peatland fire in the esti-
mated CO2 flux is similar to CH4 and N2O estimation: fire emission is included in 
the TD approach and historical fire is included as one of input drivers (or counted 
as part of land-use change in most BU models—for example, fire occurrence in 
deforestation and cropland expansion) in some models. Although peatland fire 
emission caused by human activities is counted in our analysis, like other sectors, 
we cannot distinguish how much peat fire is caused by human activity since no 
specific information is available on pre-industrial peatland fire emission.

In summary, this study provides multi-level estimates on biogenic GHG 
fluxes, including global biogenic fluxes of CO2, CH4, and N2O during 1981–2010,  
continental-level estimates on biogenic fluxes of CO2, CH4 and N2O over the 
2000s, and sector-based estimates on biogenic CH4 and N2O fluxes over the 2000s. 
Extended Data Table 1 shows our estimates of biogenic CH4 fluxes for 8 sectors 
and N2O fluxes for 6 sectors. These sectors are further merged into four major 
categories for CH4 and N2O fluxes, respectively (Fig. 1).

All the raw data and relevant calculations can be found in Supplementary Table 2.  
Human-induced biogenic CH4 and N2O emissions are calculated by subtracting 
the pre-industrial emissions as estimated below.
Pre-industrial biogenic GHG estimations. Here we provide a description of how 
we estimated the pre-industrial GHG emissions. For CO2 flux, since terrestrial 
ecosystem models assume the net land–air carbon flux in the pre-industrial era is 
zero and the modelled C sink is solely human-driven, in order to make TD esti-
mates comparable to BU estimates, the CO2 sink from TransCom simulations31 has 
been adjusted by removing the natural CO2 sink (0.45 Pg C yr−1)12 due to riverine 
transport from land to ocean. This CO2 sink of 0.45 Pg C yr−1 was allocated to 
each continent by using continental-scale estimates of riverine carbon export by 
Ludwig et al.40 and assuming 100 Tg C yr−1 of organic carbon is buried and 50% 
of DIC (dissolved inorganic carbon) export is degassing41.

Human-induced biogenic CH4 and N2O emissions are calculated by subtract-
ing the pre-industrial emissions. We define pre-industrial emissions as the GHG 
source under pre-industrial environmental conditions and land-use patterns, 
including CH4 and N2O emissions from land ecosystems (for example, natural  
wetlands, forests, grassland, shrublands). The pre-industrial CH4 estimate 
(125.4 ± 14.4 Tg C yr−1) is composed of CH4 emission from natural wetland and 
vegetation (99.2 ± 14.3 Tg C yr−1 derived from Houweling et al.42, Basu et al.43 
and an unpublished result (H.T.) from DLEM model simulation with potential 
vegetation map (excluding cropland cultivation and other anthropogenic activi-
ties)), termites (15 Tg C yr−1, Dlugokencky et al.44), and wildfire and wild animals  
(3.75–7.5 Tg C yr−1 each, Dlugokencky et al.44). Pre-industrial N2O emission 
(7.4 ± 1.3 Tg N yr−1) is derived from the estimate of terrestrial N2O emission 
(6.6 ± 1.4 Tg N yr−1) by Davidson and Kanter6, and a DLEM simulation (H.T., 
unpublished results) (8.1 ± 1.2 Tg N yr−1) driven by environmental factors at 
pre-industrial level and a potential vegetation map.
Calculation and interpretation of GWP. GWP is used to define the cumula-
tive impacts that the emission of 1 g CH4 or N2O could have on the planetary 
energy budget relative to 1 g reference CO2 gas over a certain period (for example, 
GWP100 and GWP20 for 100 or 20 years). To calculate CO2 equivalents of the 
human-induced biogenic GHG balance, we adopt 100-year GWPs of 28 and 265 for 
CH4 and N2O, respectively, and 20-year GWPs of 84 and 264, respectively7. These 
values of GWP20 and GWP100 used in this study do not include carbon–climate 
feedbacks. The different contributions of each gas to the net GHG balance will vary 
using different GWP time horizons (for example, GWP20 versus GWP100, see 
Table 1). In this study, we applied the following equation to calculate the human- 
induced biogenic GHG balance:

= + × + ×­ ­ ­F F FGHG 44
12

16
12

GWP 44
28

GWPCO C CH C CH N O N N O2 4 4 2 2

Where ­FCO C2 , ­FCH C4  and ­FN O N2  are annual exchanges (unit: Pg C yr−1 or Pg N 
yr−1) of human-induced biogenic CO2, CH4 and N2O between terrestrial ecosys-
tems and the atmosphere based on the mass of C and N, respectively. The fractions 
44/12, 16/12 and 44/28 were used to convert the mass of CO2-C, CH4-C and 
N2O-N into CO2, CH4 and N2O. GWPCH4  (Pg CO2 equiv. per Pg CH4) and 
GWPN O2  (Pg CO2 equiv. per Pg N2O) are constants indicating integrated radiative 
forcing of CH4 and N2O in terms of a CO2 equivalent unit.

Nevertheless, it is noted that adoption of GWP100 to calculate CO2 equivalent 
is not fundamentally scientific but depends on a policy perspective. The relative 
importance of each gas at a certain time period and likely mitigation option could 
change due to GWP metrics at different time horizon (for example, GWP20 and 
GWP100 according to Myhre et al.7, Table 1). For example, CH4 has a shorter 
lifetime (~9 years), and its cumulative radiative forcing is equivalent to 84 times 
the same amount of CO2 over 20 years, and 28 times the same amount of CO2 over 
100 years. At a 20-year time horizon, anthropogenic CH4 and N2O emissions in the 
2000s are equivalent to 4.2–4.8 (TD–BU) times the land CO2 sink in magnitude 
but opposite in sign, and the net balance of human-induced GHG in the terrestrial 
biosphere is 20.4 ± 6.8 Pg CO2 equiv. yr−1 and 18.7 ± 5.8 Pg CO2 equiv. yr−1 as 
estimated by BU and TD approaches, respectively. Among them, anthropogenic 
CH4 emissions are 7–10 times (BU–TD) as much as N2O emissions in terms of 
GWP20. At a 20-year time horizon, the cumulative radiative forcing of contem-
porary anthropogenic CH4 emission alone is 3.8–4.2 (TD–BU) times as much as 
that of the land CO2 sink but opposite in sign, larger than its role at a 100-year 
time horizon (1.3–1.4 times the radiative forcing of the CO2 sink). Therefore, to 
cut CH4 emission could rapidly reduce GHG-induced radiative forcing in a short 
time frame7,8,44.
Statistics. We use mean ±1 standard deviation (s.d.) to indicate the best esti
mates and their ranges. Estimate ensembles are grouped for the TD and BU  
approaches, and the mean value of multiple ensembles is calculated for each gas in 
a certain region and period. In the TD and BU groups, we assume the individual 
estimates are independent of each other, and therefore, the s.d. for each ensemble 
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mean is calculated as the square root of the quadratic sum of s.d.s reported in 
each estimate.
Sample size. No statistical methods were used to predetermine sample size.
Continental-level estimations and divergence of biogenic-GHG fluxes. Using 
the TD and BU ensembles, we estimated the net human-induced biogenic GHG 
balance during the 2000s for 7 continents or regions, which include North America, 
South America, Europe, Northern Asia, Southern Asia, Africa and Oceania (Fig. 3).  
Primarily owing to large CH4 and N2O emissions, both approaches show that 
Southern Asia is a net human-induced biogenic GHG source of 6.3 ± 3.7 Pg CO2 
equiv. yr−1 and 4.4 ± 1.2 Pg CO2 equiv. yr−1 as estimated by TD and BU, respec-
tively, with the GWP100 metric (Supplementary Table 3). Southern Asia has 
about 90% of the global rice fields and represents over 60% of the world’s nitrogen  
fertilizer consumption. China and India together consume half of the global nitro-
gen fertilizer21. This leads to the highest regional CH4 and N2O emissions, as the 
two approaches consistently reveal. This finding is also consistent with previous 
studies conducted in China and India45–47. South America was estimated to be 
a CO2 sink with a large uncertainty (Supplementary Table 3). Although South 
America is a large CH4 and N2O source, most of these emissions are present at 
pre-industrial times. Natural wetlands in South America accounted for 31%–40% 
of global wetland CH4 emissions in the 2000s, and 26%–30% of the global natural 
soil N2O emissions were derived from this region. Therefore, the contribution of 
this continent to human-induced GHG balance is negligible or acts as a small sink. 
Likewise, Africa is estimated to be a small CO2 sink or a CO2-neutral region, but 
adding CH4 and N2O emissions makes this continent contribute a small positive 
radiative forcing, slightly warming the planet.

North America and Northern Asia are found to be a neutral region to a net 
human-induced biogenic GHG sink, with 100-year cumulative radiative forcing of 
biogenic CH4 and N2O emissions fully or partially offsetting that of the land CO2 
sink in this continent (Supplementary Table 3). The largest CO2 sink was found in 
North America, ranging from −0.37 ± 0.22 Pg C yr−1 to −0.75 ± 1.87 Pg C yr−1  
as estimated by BU and TD, respectively, probably due to a larger area of highly 
productive and intensively managed ecosystems (for example, forests, woodlands, 
and pasture) that were capable of sequestering more CO2. Our estimate falls within 
the newly-reported CO2 sink of −0.28 to −0.89 Pg C yr−1 in North America 
obtained by synthesizing inventory, atmospheric inversions, and terrestrial mod-
elling estimates48. Considering the three gases together, TD estimates showed that 
North America acts as a net GHG sink with a large s.d. (human-induced biogenic 
GHG of −2.35 ± 6.87 Pg CO2 equiv. yr−1, Fig. 3 and Supplementary Table 3). By 
contrast, BU estimates suggested that North America was a small GHG sink of 
−0.38 ± 0.93 Pg CO2 equiv. yr−1 based on GWP100. Our estimate is comparable 
to previous GHG budget syntheses for North America10,37. TD estimates indicated 
that Oceania and Europe act to give a small negative net radiative forcing over  
100 years (−0.98 ± 1.17 and −0.42 ± 3.86 Pg CO2 equiv. yr−1, respectively), while 
BU estimates indicated a negligible contribution in Oceania, and a positive net 
radiative forcing (0.76 ± 0.57 Pg CO2 equiv. yr−1) in Europe. According to BU 
estimates, CO2 emission from drained peatland in Europe accounted for about one-
third of the global total during the 2000s35, which partially explains the warming 
effect of biogenic GHG in this region as revealed by BU.

It is important to note that only human-caused biogenic GHG fluxes are 
included in this study, and the regional GHG balance will clearly move towards a 
net source if the emissions related to fossil fuel combustion and usage are taken 
into account.

Our analyses indicate that the TD and BU estimates show a larger divergence at 
the continental scale than at the global scale. We note that the high radiative forcing  
estimate of human-induced biogenic GHG balance (6.30 ± 3.66 Pg CO2 equiv. yr−1) 
in the TD approach in Southern Asia is partially because the land biosphere in 
this region is estimated to be a net CO2 source of 0.36 Pg C yr−1 with a large s.d. 
of 0.99 Pg C yr−1 by TransCom inversions31,49. It includes CO2 sources and sinks 
from respiration, primary production, disturbances, rivers outgassing, and land-
use change. In contrast, most BU estimations using land ecosystem models do not 
consider the full set of factors responsible for CO2 release32,33. The discrepancy 
between TD and BU estimates for Southern Asia may occur for several reasons. 
First, the land-use history data commonly used for driving terrestrial biosphere 
models, for example, HYDE50 and GLM51, were reported to overestimate cropland 
area and cropland expansion rate in China and to under-estimate it in India com-
pared to the regional data set52,53, thus biasing BU estimates of land conversion- 
induced carbon fluxes. But none of the BU models included in this study conducted 
global simulation with such a regional data set updated. Second, large uncertain-
ties exist in estimating carbon release due to tropical deforestation4,54–57. Third, 
carbon emissions due to peat fires and peatland drainage were a large but usually 
ignored carbon source in tropical Asia (EDGAR 4.239 and Joosten et al.35). In the 
BU estimates we included, some models consider peat fire by using an input driver 
of fire regime from satellite images, while most of them do not consider drained 

peatland and accelerated SOC (soil organic carbon) decomposition. Therefore, BU 
models may underestimate the CO2 emissions from intensively-disturbed areas, 
resulting in a small CO2 source of 0.03 ± 0.29 Pg C yr−1. BU estimations show 
that the net human-induced biogenic GHG balance in Southern Asia turned out 
to warm the planet with a 100-year cumulative radiative forcing of 4.44 ± 1.17 Pg 
CO2 equiv. yr−1.

Net GHG balance in Africa was positive but with a discrepancy between the TD 
and BU approaches. TD estimates suggested that Africa was a weak source of CO2 
and a strong source of CH4 and N2O, resulting in a positive net radiative forcing 
of 1.20 ± 3.05 Pg CO2 equiv. yr−1. However, BU ensembles estimated that African 
terrestrial biosphere acted as a relatively smaller climate warmer (0.34 ± 1.42 Pg 
CO2 equiv. yr−1) due to an anthropogenic land sink of CO2 (−0.52 ± 1.38 Pg CO2 
equiv. yr−1) and a strong source of CH4 and N2O. These divergent estimates in 
Africa occur for several reasons. First, it was difficult to constrain emissions using 
TD in this region, due to the lack of atmospheric data. No tropical continent is  
covered by enough atmospheric GHG measurement stations, making the TD 
results uncertain in those regions, with almost no uncertainty reduction from the 
prior knowledge assumed before inversion. Second, there were also large uncertain-
ties in BU estimates. Some of the BU models ignored fire disturbance that is likely 
to result in a carbon source of 1.03 ± 0.22 Pg C yr−1 in Africa24,38 and this emission 
has been partially offset by carbon uptake due to regrowth. Another reason might 
be the overestimated CO2 fertilization effect, which could be limited by nutrient 
availability. Only a few BU models addressed interactive nutrient cycles in their 
simulation experiments32.
Uncertainty sources and future research needs. A wide variety of methods, such 
as statistical extrapolations, and process-based and inverse modelling, were applied 
to estimate CO2, CH4 and N2O fluxes. TD methods are subject to large uncertain-
ties in their regional attribution of GHG fluxes to different type of sources58. BU 
approaches are however limited by our understanding of underlying mechanisms 
and the availability and quality of input data. In addition, the TD approach is 
dependent on BU estimates as prior knowledge, especially in the tropics where 
both uncertainties are very large.

For example, terrestrial CO2 uptake estimates from process-based model 
ensembles in Africa, South America, and Southern Asia are larger than those 
from TD approaches, while smaller than TD estimates in North America, Europe, 
Oceania and Northern Asia (Fig. 3, Supplementary Table 3). The larger BU CO2 
sink estimate might be related to biased land-use history data, excluded fire emis-
sion and CO2 release due to extreme disturbances such as insect outbreaks and 
windthrow24,32. Another reason is the lack of fully-coupled carbon–nitrogen cycles 
in most BU models that overestimate the CO2 fertilization effect particularly in 
regions of large biomass and large productivity59–61. However, a larger CO2 sink 
observed from tropical regrowth forests compared to intact forests55 might be 
underestimated because few models are capable of capturing CO2 uptake related 
to tropical secondary forest management and age structure. The post-disturbance 
and plantation-induced shift towards rapid carbon accumulation in young forests 
that were poorly or not represented in terrestrial ecosystem models might be one of 
the factors responsible for CO2 sink underestimation as revealed by several studies 
conducted in mid- and high-latitudes62–64. The modelled ecosystem responses to 
frequent occurrence of extreme climate events in BU studies are another uncer-
tainty in estimating variations of the land CO2 sink65,66.

The estimates of terrestrial CH4 fluxes remain largely uncertain. One major 
uncertainty in BU wetland CH4 emission estimate is wetland areal extent data67. 
Global inundated area extent was reported to decline by approximately 6% during 
1993–2007 with the largest decrease in tropical and subtropical South America 
and South Asia68. However, the majority of BU models failed either in capturing 
dynamic inundation area or in simulating inundation and saturated conditions. 
Tropical emissions, the dominant contributor for global wetland emission, are 
particularly difficult to quantify owing to sparse observations for both TD (atmos-
pheric mixing ratios) and BU (flux measurements) approaches and large inter-
annual, seasonal variability, and a long-term change in the inundation extent for 
the BU modelling approach5,36,68. At high latitudes, current dynamic inundation 
data could not well represent permanent wetlands67, most of which are occupied 
by peatland. Because of large soil carbon storage in peatlands, such areas are an 
important CH4 source. In addition, a large divergence exists in the estimation 
of rice field CH4 emissions (Supplementary Table 2). The estimated global CH4 
emissions from rice fields are sensitive to rice field area, management practices  
(for example, water regime, fertilizer application), and local climate and soil 
conditions that directly affect activities of methanotroph and methanogen20,69,70. 
Models need better representation of CH4 production and consumption processes 
modified by agricultural management, such as continuous flooding, irrigation 
with intermediate drainage, or rainfed70.

Compared to CO2 and CH4, there have been fewer studies of global N2O emis-
sions. The TD approach is constrained by sparse or inconsistent measurements 
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Extended Data Table 1 | Decadal estimates of global terrestrial biogenic CO2, CH4 and N2O fluxes

Estimates are derived from top-down and bottom-up approaches. The complete set of data used for these calculations can be found in Supplementary Table 2.
*Additional data sources are included in the calculation of GHG fluxes for this sub-total sector. Therefore, the sub-total GHG fluxes are not necessarily equal to the sum of individual sector values shown 
in this table.
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