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Abstract Global assessments of ecosystem regeneration as a climate mitigation strategy have traditionally
focused on CO,, despite the acknowledgment that methane (CH,) and nitrous oxide (N,O) are also important
greenhouse gases (GHGs). We conducted a meta-analysis of studies that measured soil CH, and N,O fluxes in
unmanaged, regenerating forested and savanna ecosystems, with a focus on understanding biome-specific
differences in these GHG fluxes compared to a counterfactual of agricultural land use. We expected most
regenerating ecosystems to act as small CH, sinks and relatively larger N,O sources, with a net warming
combined CH,4-N,O effect. Three of the five forested biomes we studied followed this pattern: subtropical/
tropical forest, subtropical/tropical savanna and temperate conifer forest (0.60 = 0.30, 0.15 %+ 0.06, and

0.83 + 0.24 Mg CO,e ha™' yr™!, respectively). Results suggest that even after 100 years of regeneration, the
radiative cooling of the climate from CO, sequestration in aboveground biomass exceeds the radiative warming
driven by the net CH,-N,O effect among all ecosystems on average globally. We also found that the “climate
opportunity benefit” of ecosystem regeneration—the difference in the net CH,-N,O effects of agriculture versus
regeneration—yields a net cooling effect for all biomes. However, because the CH,-N,O effect diminishes the
cooling effect of ecosystem regeneration, our results underscore that it is unsound to use ecosystem regeneration
as a justification for continuing fossil fuel emissions.

Plain Language Summary When we let farmland return to nature, it helps fight climate change by
removing carbon dioxide from the air. But what about other greenhouse gases? Our research analyzed studies
measuring two other important greenhouse gases—methane and nitrous oxide—as landscapes transform from
farms or other disturbances back into forests and savannas. We made a few important discoveries. Even though
restored forests and savannas often release enough of these gases to cause warming, they release less than farms.
We also found that the carbon dioxide absorbed by growing trees outweighs the warming effects of methane and
nitrous oxide release from forest and savanna soils. However, this “net cooling effect” of regeneration is much
lower than expected if methane and nitrous oxide were not considered. This research is important because it
gives us a more complete picture of how ecosystem restoration affects climate change. While bringing back
forests and savannas can help cool the planet, our work underscores a crucial point: we can't use ecosystem
restoration as an excuse to keep burning fossil fuels. The climate benefits of restoration, while real, don't offset
the need to reduce emissions.

1. Introduction

Global estimates of the climate mitigation potential of terrestrial ecosystem regeneration are critical for achieving
international climate agreements (Cook-Patton et al., 2020; Gilroy et al., 2014; Heinrich et al., 2023; IPCC, 2022).
While many studies emphasize plant removal of carbon dioxide (CO,) from the atmosphere (e.g., Cook-Patton
et al., 2020; Robinson et al., 2024), the climatic impact of soil fluxes of methane (CH,) and nitrous oxide
(N,0) during regeneration remains less explored. Although less abundant than CO, in the atmosphere, CH, and
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N,O are 85 and 298 times more potent per molecule than CO, over a 20-year timeframe (IPCC, 2022) and they
account for 16% and 6% of overall radiative forcing, respectively (IPCC, 2021; Myhre et al., 2013). Including
CH, and N,O emissions can substantially modify global greenhouse gas budgets (Tian et al., 2015). Therefore,
changes in the fluxes of CH, and N,O during forest regeneration—as a consequence of the abandonment of
agriculture or during succession following a major disturbance event—could offset or amplify the CO, storage
benefits of ecosystem regeneration. Simultaneously, accounting for CH, and N,O from agriculture is needed to
comprehensively assess the climate implications of forest regeneration that replaces agriculture (Hayek
et al., 2020; Huddell et al., 2020; Saunois et al., 2020; Tian et al., 2023).

Both the magnitude and sign of soil fluxes of CH, and N,O vary substantially across ecosystems and environ-
mental conditions. Most unmanaged forested and savanna ecosystems act as small but positive CH, sinks,
absorbing more CH, through methanotrophy than they emit through methanogenesis, creating a net climate
cooling effect (Hatano et al., 2016; Itoh et al., 2012; Nagano et al., 2012; Sinha et al., 2007; Zhao et al., 2019).
However, inundated wetlands frequently act as net CH, sources because anoxia favors methanogenesis (Tian
et al., 2015; Yavitt et al., 1990). Conversely, soils in unmanaged forested and savanna ecosystems typically emit
more N,O than they absorb, through a combination of nitrification and denitrification, creating a net climate
warming effect globally (McDaniel et al., 2019; Tian et al., 2015). Under particularly wet conditions, however,
N,O can be consumed at higher rates than it is emitted, leading to a net sink in some regions (Tian et al., 2020).

To date, global international climate mitigation estimates of ecosystem regeneration do not consider CH, and
N,O soil fluxes (IPCC, 2022) due to limited knowledge about how these fluxes vary across large spatiotemporal
scales and due to recognition that these fluxes have a smaller total radiative forcing impact relative to CO,
(Hatano et al., 2016; Itoh et al., 2012; Melack & Hess, 2023; Tian et al., 2015). Most existing global meta-analyses
of unmanaged ecosystems focus on either CH, (Dutaur & Verchot, 2007; Yvon-Durocher et al., 2014) or N,O
(Aronson & Allison, 2012; Borchard et al., 2019; Kim et al., 2013; Wang, Hu, et al., 2022; Zhang et al., 2022;
Zheng et al., 2020; Zhou et al., 2022). Among those that incorporate both greenhouse gas (GHG) fluxes together,
we found three studies that investigated how CH, and N,O change through successional time (Feng et al., 2022;
He et al., 2024; McDaniel et al., 2019). Studies have reported initial spikes in CH, and N,O after conversion from
mature forest to agricultural land use (cropland, pasture or tree plantation) followed by declines toward zero
during the first several years after the land use change (Feng et al., 2022; McDaniel et al., 2019). However, the
studies did not point to conclusive results for the longer timescales of unmanaged regeneration (defined by Feng
etal. (2022), He et al. (2024) and McDaniel et al. (2019) over an 80-, 120- and 150-year period since previous land
use, respectively). While Feng et al. (2022) found declines in both CH, and N,O forest soil emissions during the
first ~5 years of succession, McDaniel et al. (2019) found no significant effects through the 150 years of suc-
cession they examined. He et al. (2024) found significant declines in CH, soil emissions during ecosystem
restoration, but this study combined data from grasslands and forests into the same model. He et al. (2024) did not
find significant changes in N,O soil fluxes for non-wetland ecosystems through restoration. This difference in
results may be due to a lack of data and/or a lack of spatially explicit models. In other words, it remains unresolved
whether soil fluxes of CH, and N,O in unmanaged ecosystems change among biomes and through time since the
last major disturbance or agricultural land abandonment.

Here, we built on these past studies to investigate CH, and N,O fluxes during ecosystem regeneration. We
conducted a new global meta-analysis to address three overall questions. (Q1) How do the net radiative effects of
CH, and N,O vary across natural forested and savanna biomes and through succession? (Q2) How does incor-
poration of the net radiative effects of CH, and N,O modify the aboveground CO, sequestration benefits of
forested and savanna ecosystem regeneration? (Q3) How do the net radiative effects of CH, and N,O in natural
forested and savanna ecosystems compare to those in agricultural ecosystems? Existing research points to some
hypotheses for our questions. For example, for Q1, there is considerable variation in the sign and magnitude of
CH, and N, O fluxes among ecosystems globally (Kim et al., 2013). Therefore, we hypothesized wide variation in
both CH, and N,O fluxes across the biomes we studied: boreal forest, subtropical/tropical forest, subtropical/
tropical savanna, temperate broadleaf forest and temperate conifer forest. We expected that most ecosystems
would be CH, sinks but N,O sources overall, and that the N,O effect would outweigh the CH, effect (i.e., there
would be a net warming effect). Additionally, given that soil moisture tends to decrease through succession
(Guariguata & Ostertag, 2001; Hogan et al., 2022; Vasconcelos et al., 2004; though see Fest et al., 2015), we
hypothesized an increasing CH, sink with increasing time since disturbance. As initial post-disturbance pulses of
high N availability from mineralization decrease with plant uptake and growth, we expected N,O emissions to
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show a modest decreasing trend over successional time—modest relative to the interannual variability in N,O
emissions observed within biomes (Briimmer et al., 2008; Butterbach-bahl & Papen, 2002). For Q2, we hy-
pothesized that accounting for the effects of CH, and N,O would decrease the aboveground CO, sequestration
benefit of ecosystem regeneration, but that regeneration would still be a net benefit. N,O emissions from un-
managed ecosystems are usually lower than those from agriculturally managed systems enriched with synthetic
and organic fertilizers (Briimmer et al., 2008; Huddell et al., 2020; Li et al., 2023), and CH, emissions from
animal agriculture can be large (Saunois et al., 2020). Therefore, for Q3, we hypothesized that natural ecosystems
would have a weaker net warming N,O effect relative to agriculture and a small net cooling CH, effect similar in
magnitude to the positive CH, fluxes (i.e., net warming) from agriculture.

2. Methods
2.1. Data Preparation

We obtained 12,003 peer-reviewed papers from the Web of Science database combining the following three
search terms:

1. Nitrous oxide OR N,O OR Methane OR CH,; AND

2. forest* OR ecosystem* OR wood* OR jungle OR temperate forest OR mixed forest OR tropical forest OR
subtropical forest OR rainforest OR moist forest OR wet forest OR dry forest OR arctic OR boreal OR tundra
OR high latitude OR taiga OR subarctic OR grassland OR savanna OR desert OR shrubland OR dryland OR
steppe OR meadow OR Cerrado OR Mediterranean OR fynbos OR chaparral OR matorral OR maquis OR
kwongan OR tree OR shrub OR scrub OR herb OR *lichen OR cyanobacteria OR moss OR liverwort OR free-
living OR heterotroph* OR soil crust OR biological soil crust OR biocrust OR cryptogamic crust OR
*symbio* OR cyanolichen OR endophyt*); AND

3. age OR time OR succession OR regeneration OR regrowth OR disturbance OR degradation OR land use OR
chrono* OR year*.

Of the original set of peer-reviewed papers returned in our search, we extracted data from 115 papers that met five
criteria (Table S1 in Supporting Information S1). These criteria excluded studies focused on peatlands and fully
inundated ecosystems (the latter defined as ecosystems where the water table was greater than or equal to 0 cm
relative to the soil surface for over a month of the study duration period). The criteria also focused on studies that
reported quantitative soil flux measurements and took place in forested and savanna biomes. If studies focused on
measuring GHG fluxes in response to a treatment, then we used GHG measurements from the control plots only.
For example, if a study included plots with different fertilizer treatments to test the effects of fertilization on GHG
emissions, then we would only include the control plots that did not receive any fertilization treatment.

The measurement strategy employed by the studies in our analysis fell within three categories: chronosequence
studies, “measurements through time” studies, or studies that featured both approaches combined. A chronose-
quence is a series of ecological sites that vary in age but share similar environmental conditions and soil types.
Our inclusion criteria for chronosequence studies with a measurement period less than 2 years ensured that such
studies included at least two plots of ages that differed more than 2 years. Studies that used a “measurements
through time” approach consisted of GHG measurements of one or more plots of the same age. All “measurement
through time” studies were required to have a measurement period greater than 2 years. Some studies measured
chronosequence plots with a measurement period greater than 2 years. We considered these studies to form a third
category of measurement by employing both approaches.

The final group of studies covered a range of geographical areas but were predominantly concentrated in Europe,
North America, and Asia (Figure 1). Sample size varied among biome types (Figure S1 in Supporting Infor-
mation S1). Temperate broadleaf forests had the largest sample size, with 414 plot-year observations (55.4%),
whereas tropical savanna/grassland had the smallest sample size of 26 (3.5%). We collected data for previous land
use or disturbance history corresponding to each study (Table S2 in Supporting Information S1). Previous land
use and disturbance histories varied among observations. Mature ecosystems (free of any major disturbance for
>200 years) comprised the largest subset of the observations (n = 263 or 35.2% of the total). Clear-cut forest
comprised the second largest category (n = 236 or 31.5%) followed by agriculture abandonment (n = 150 total or
22.06% among all cropland, pasture and unspecified agricultural uses combined). Note that some of the plot-year
observations reported here include measurements for both CH, and N,O while others only include measurements
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Figure 1. Locations of the measurement plots from the 115 studies in the meta-analysis colored by biome type. Inset:
Histogram of ecosystem ages in the final data set.

for one but not the other GHG type. See Table S2 in Supporting Information S1 for the land use-specific
breakdown of plot-year observations and Table S3 in Supporting Information S1 for the GHG-specific obser-
vation counts.

Among the total sample size of plot-year observations, 127 (17.0%) came from chronosequence studies, 346
(46.3%) came from measurements through time (minimum of 2 years between first and last measurement), and the
remaining 275 (36.8%) employed both approaches combined. Among the studies that took measurements through
time, the mean measurement period durations were 3.05 and 3.24 years for CH, and N,O, respectively.

We recorded the age of the ecosystem reported in the original study. Numerous studies tracked changes in soil
greenhouse gas emissions of old-growth forests whose ages were not reported. In these cases, we assumed ages to
be 200 years. Our selection of the 200-year duration corresponds to the approximate maximum time frame we
would expect sites to show evidence of a large-scale disturbance (Chazdon, 2003). This assumption allowed us to
include these studies in our subsequent quantitative analyses. For consistency, we also set studies reporting
ecosystem ages greater than 200-200 years at the start date of the data collection period. Ecosystem ages
exhibited a bimodal distribution, with the second peak near 200 years due to the age binning of old-growth forests
(Figure 1). The median and mean ecosystem age in the data corresponded to 63 and 94.1 years, respectively, with
a standard deviation of 77.1 years.

When reported in the original study, we used fluxes that were already scaled to yearly estimates. If a study only
provided flux estimates in a sub-yearly time scale, we averaged the available fluxes within each year and scaled
them to annual rates as follows. For temperate and tropical studies, where sampling across the entire year was
common, we assumed that the average of the measurements reflected the average annual rate and applied that rate
to the year (e.g., if a study reported hourly GHG fluxes, we multiplied the hourly rates by
24 hr day™! x 365 days yr™!. In contrast, most studies of boreal forests collected measurements during the peak
growing season. Thus, scaling fluxes by a constant in boreal regions would misrepresent the near-zero GHG
fluxes during winter months. We applied a sampling bias correction to all Boreal forest observations to reflect that
most observations were collected during summer months, when high temperatures drive soil thawing that leads to
high soil moisture conditions and the potential for high microbial activity (Mason et al., 2019; Sinha et al., 2007).
We adjusted for this by dividing the scaled yearly flux by 2 to follow the approximate length of the growing
season (Sinha et al., 2007).
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2.2. Statistical Analysis

The goals of our statistical analyses were to characterize how CH, and N,O fluxes changed across space and
through time (Q1), assess how the incorporation of the net radiative effects of CH, and N,O offset the CO,
sequestration benefits of forested and savanna ecosystem regeneration (Q2), and compare the net radiative effects
of CH, and N,O in natural forested and savanna ecosystems with those in agricultural ecosystems (Q3).

There was high variability in the CH, and N,O fluxes (Figures S2, S3 in Supporting Information S1). To
determine whether environmental variables driving greenhouse gas fluxes differed by biome, we first ran random
forest regression analyses (compare Figure S4 with Figure S5 in Supporting Information S1). These analyses
confirmed that the importance of different environmental variables in predicting CH, and N,O fluxes varied
substantially by biome. Based on this finding, we decided to model each biome separately.

Since GHG fluxes were highly skewed, we fitted biome-specific mixed-effect gamma regression models
explaining CH, and N,O fluxes for boreal forest, subtropical/tropical forest, subtropical/tropical savanna,
temperate broadleaf forest and temperate conifer forest. We used the Annual International Geosphere-Biosphere
Programme (IGBP) classification system land cover map to delineate the distributions of each biome. We treated
the study as a random effect (i.e., each study had a unique intercept) to control for differences in methodologies
and site characteristics across studies. The biome-specific models used a gamma log link function.

To obtain positive values necessary for gamma regression, we transformed CH, and N,O observations by adding
the absolute value of the minimum of all the GHG (CH, or N,O) flux observations plus 1.0001 to each soil flux
observation: GHG fluxgeqa = GHG fluXyiging + |min(GHG fluxes) | + 1.001, where GHG flux is the CH, or
N,O soil flux observation and GHG fluxes is the corresponding set of all soil flux observations in the data. To
simplify running the models and interpreting results, we standardized all covariates by subtracting the mean from
each observation and dividing this by the standard deviation.

For each biome-specific model, we used a model selection approach based on Akaike's Information Criterion
(AIC) to determine the optimal number of covariates. We started with a base model (m1) that included only
ecosystem age and then systematically added covariates in order of their importance as determined by random
forest variable importance measures (Figure S5 in Supporting Information S1). For each biome and greenhouse
gas combination, we evaluated models of increasing complexity (m1-m3), where each subsequent model added
one additional covariate. The final model for each biome-greenhouse gas combination was selected based on the
lowest AIC value, resulting in varying numbers of covariates across the different models (Table S3 in Supporting
Information S1). This approach optimized model performance while avoiding overfitting.

We tested all models for heteroscedasticity using the Breusch-Pagan test and for normality of residuals using the
Shapiro-Wilk test (Table S4 in Supporting Information S1). In cases where heteroscedasticity was detected
(p < 0.05 in the Breusch-Pagan test), we implemented robust mixed-effect models using the robustlmm R
package, which applies techniques that are less sensitive to heteroscedasticity and outliers. This approach resulted
in similar intercept and coefficient values from the originals (see comparison in Table S4 in Supporting Infor-
mation S1). We therefore decided that the small change in coefficient values we observed did not justify the added
complexity of using the robust modeling approach, so we used the original tests for our main results.

We also conducted a sensitivity analysis to evaluate model stability across different modeling choices, including
outlier removal strategies and random effects structures (Table S5 in Supporting Information S1). For each gas-
biome combination, we tested sensitivity to: (a) outlier removal (none vs. removal of observations beyond £3.5
SD), and (b) random effects structure (random intercept vs. random slope). This analysis quantified the variability
in Age coefficient estimates and identified which findings were most robust.

The covariates we assessed consisted of 18 climate variables including precipitation seasonality, mean annual
precipitation, temperature seasonality and mean annual temperature from the WorldClim bioclimatic variables
(Fick & Hijmans, 2017) as well as topographic variables including elevation, slope and aspect from the USGS
Global Multi-resolution Terrain Elevation Data (Danielson & Gesch, 2011) and soil composition variables
including soil texture, soil porosity, % sand, % silt and % clay from the World Soil Database version 1.2 (UN
FAO, 2012). We recognize that soil moisture is an important driver in the production and consumption of both
CH, (Teixeira et al., 2020; Vasconcelos et al., 2004; Verchot et al., 2000; Wang, Gao, et al., 2022) and N,O (Itoh
etal., 2012; Kim et al., 2013). However, soil moisture data were not provided for some of the studies in our meta-
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analysis and the spatial resolution of existing global satellite-based soil moisture products was too coarse to be
useful (~9 km per pixel).

To address Q1, we included Age as a covariate in all biome-specific models. The remaining covariates were
selected based on the output of variable importance measures from random forest regression computed for each
biome (Figures S5, S6 in Supporting Information S1) in the same way the uncorrelated best-performing covariates
for the global model were selected. If correlations between the top-ranking variables exceeded 0.35, then the next
best performing variable was used.

Each biome-specific model took the following general form:

CH, flux ~ By +6; + By« Age + [B, * Var2] + [B; = Var3] + [B, * Vard] + ¢ €))

scaled

N,O fluxyeq ~ Bo+ 8; + By # Age + [B, * Var2] + [B3 « Var3] + [By * Vard] + ¢ 2)

where CH, fluxg .4 and N,O flux,.,.q are the positively scaled CH, and N,O soil fluxes extracted from the
studies included in our meta-analysis, where positive scaling consisted of adding the absolute value of the
minimum soil flux to each observation plus 1.0001 as described above; B, is the fixed-effect intercept; J; is the
random variation in the intercept for each study #; B is the coefficient of Age, the age of the ecosystem (originally
in years but unitless because of the standardization Age = (Age,yigina — MEAN(ALZEqiginal))/SA(ALEoriginal); B2, B3
and B, are the coefficients of the standardized (as described for Age) best-performing, uncorrelated fixed-effect
variables identified based on a random forest variable importance measure of % increase in mean squared error
computed for each biome-specific model. The number of included variables varies by biome and gas combination
depending on the optimal model selected through AIC comparison. Terms in square brackets ([B,*Var3],
[B3*Var3] and [B;*Var4]) may be excluded in some models if their inclusion did not improve model perfor-
mance; and ¢ is residual error.

To compare the effects of CH, and N,O to each other and to CO,, we defined the “net CH4-N20 effect” to be the
sum of the radiative forcing from CH, (modeled in Equation 1) and N,O (modeled in Equation 2) in CO,-
equivalents. We reported the net CH,-N,O effect as CO,-equivalent fluxes to account for the radiative differences
in N,O and CH, in the atmosphere: over a 20-year horizon, CH, is 85 times as potent of a greenhouse gas as CO,
while N,O is 298 times as potent of a greenhouse gas as CO, (IPCC, 2022). A positive CH,-N,O effect indicates a
net warming effect on the climate, whereas a negative CH,-N,O effect indicates a net cooling effect. We also
computed the same models using a 100-year time horizon for the global warming potential (Table S6 in Sup-
porting Information S1). We focused on the 20-year horizon for the main results for two main reasons. First, a 20-
year horizon provides a more conservative estimate (stronger CH, effect and relatively smaller change in the N,O
effect). Second, a 20-year horizon is increasingly being adopted by the climate science community to improve
climate science communication, highlighting the immediacy and urgency of the climate crisis (Abernethy &
Jackson, 2022).

The global net CH,4-N,O effect was calculated by upscaling the spatially explicit model predictions. First, the net
CH,-N,0 effect predictions from the best-performing biome-specific models were rasterized onto a global grid
with a 0.5-degree resolution. The area of each grid cell was calculated in hectares, and this area was multiplied by
the corresponding predicted net GHG flux (in Mg CO,e ha™' yr™') to determine the total flux for each pixel.
Finally, the total global net effect was computed by summing the flux values of all non-NA grid cells across the
globe.

Unlike other global meta-analyses of N,O and CH, (Feng et al., 2022; He et al., 2024; McDaniel et al., 2019), we
did not use a statistical approach that would require the pairing of control-treatment plots (where “treatment” is
defined as the disturbed or regenerating plot and “control” as the mature/old-growth forest plot). Requiring this
pairing would have eliminated many of the measurement through time studies from our analysis and therefore
limit the sample size and strength of our results.

2.3. Net Radiative Effects of CH, and N,O Relative to Aboveground CO, Sequestration Through Time

Using the results of the statistical analyses described in Equations 1 and 2 above, we modeled the net radiative
effects of CH, and N,O through regeneration time with a 100-year timeframe. We chose to use a 100-year time
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period for regeneration to be consistent with previous work (Feng et al., 2022; McDaniel et al., 2019; Robinson
et al., 2024), though we acknowledge that many forests do not regenerate for this long due to anthropogenic as
well as climate-induced disturbances including agriculture, logging and fire (Schwartz et al., 2020). Each biome-
specific model took the following general form:

100

Net CH4—N20 effect = fBo_b, + B]_b,t dt (3)
0
By, 1 [100
=B r+——— 4
o_br ¥+ ) 0 €

where net CH;—N,O is the joint radiative effect of CH, and N,O soil fluxes; 7 is the age of the ecosystem in years;
By _p, is the sum of the back-transformed CH, and N,O fixed-effect intercepts of the statistical models described
in Equations 1 and 2, respectively (back-transformed to original unscaled units of Mg CO,e ha™' yr™"); and By 4,
is the sum of the back-transformed CH, and N,O coefficients of Age, the age of the ecosystem (back-transformed
from standardization to original units of years). Note that for extending results over 100 years, we treated the other
variables in Equations 1 and 2 as though they were also equal to their mean values (i.e., the variables were
assumed to equal O because of biome-specific standardization).

To address Q2, we determined an adjusted climate mitigation impact of ecosystem regeneration through time by
subtracting the net CH,-N,O effect shown in Equation 4 from the aboveground carbon accumulation curve
published by (Robinson et al., 2024). To create global maps of potential carbon accumulation in naturally
regenerating forests, Robinson et al. (2024) merged field measurements of carbon stocks with a comprehensive
set of environmental factors. They then developed multiple random forest models to predict carbon accumulation
across S-year age intervals from 5 to 100 years. This approach generated predictions of potential carbon accu-
mulation with a spatial resolution of approximately 1 km for the global terrestrial surface. Robinson et al. (2024)
further refined the analysis, by fitting a Chapman-Richards growth curve to each pixel, thus creating global maps
of the growth curve parameters. Refer to Robinson et al. (2024) for more details.

We note that this calculation does not include a number of factors that are necessary for an overall accounting of
radiative forcing, including but not limited to soil CO, fluxes, belowground C storage, albedo, atmospheric sinks
of CH, and N,0O, and GHGs aside from CO,, CH,, and N,O (Weber et al., 2024).

2.4. Uncertainty Quantification of the CH,-N,O Effect of Regeneration Through Time

We quantified the propagation of uncertainty for the net CH,-N,O effect of regeneration through time using an
analytical approach:

By %t
f(B()-br’Bl-br) = BO-br *1+ % (5)
- of 2 R of 2 o af  of Cov(By 1B, 1) ©)
= aBo_erBo"” 0B 1_er3“’” 0By_, 0B} 0—br>1_br
2, (7 PP
O'f = (t O-Bl]vbr) + EO-Blvbr + ECOV(BO-br’Bl-br) (7)

. is the combined standard

where 7, By_;,,and B, _,, are the same as described for Equation 3; The parameter 65,

error of the back-transformed CH, and N,O fixed-effect intercepts of the statistical models described in Equa-
tions 1 and 2, respectively (back-transformed to original unscaled units of Mg CO,e ha™! yrh), with

OB, , = \/ O-BOCHAVer + UBON:ovbrz where BOcyy - is the back-transformed CH, fixed-effect intercept and

BOn2o_pr N>O is the back-transformed CH, fixed-effect intercept; The parameter 6, , is the combined standard
error of the back-transformed statistically significant CH, and N,O coefficients of Age, the age of the ecosystem
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(back-transformed from standardization to original units of years only if the B; coefficients were significant with

p < 0.1, otherwise the age effect was treated as 0), withop, , = \/0p1,,, ,> + OB, ,> Where Bloys_p, is the

back-transformed CH, fixed-effect Age coefficient and B1yyo_,, N,O is the back-transformed CH, fixed-effect
Age coefficient; and Cov(By, , B, ) is the variance-covariance matrix of the By, (intercept) and B, (ecosystem age)
parameters of the gamma regression models described in Equations 1 and 2.

2.5. The “Climate Opportunity Benefits” of Regeneration Compared to Agriculture

For Q3, we defined the “climate opportunity benefit” of ecosystem regeneration as the subtraction of the mean net
CH,-N, 0 effect of agriculture from the net CH,-N,O effect of regeneration. To compute the agricultural net CH -
N,O effect, we leveraged the bottom-up CH, and N,O inventory data for all agriculture-related categories
available in the Emissions Database for Global Atmospheric Research (EDGAR) v8 global data set (Crippa
et al., 2023). EDGAR is a multipurpose, independent, global database of anthropogenic emissions of GHGs and
air pollution on Earth. EDGAR provides independent emission estimates compared to what reported by European
Member States or by Parties under the United Nations Framework Convention on Climate Change, using in-
ternational statistics and a consistent IPCC methodology. Using EDGAR data as opposed to relying on site-based
studies comparing regenerating ecosystems to agricultural sites allowed us to have more flexibility to model these
two land uses in a spatially explicit manner. Furthermore, there was a lack of information from most studies about
previous agricultural land use. For example, less than half of the studies measuring fluxes in post-agriculture soils
in our data set specified whether the prior agricultural land use was cropland or pasture (Table S2 in Supporting
Information S1).

The EDGAR v8 categories in the compiled agricultural CH, inventory data set included: “Agricultural waste
burning,” “Agricultural soils,” “Enteric fermentation,” and “Manure management.” We excluded CH, from rice
cultivation because we wanted to maintain a closer comparison with the non-wetland ecosystems in our analysis.
The categories in the agricultural N,O data set included: “Agricultural waste burning,” “Agricultural soils,”
“Indirect N20O emissions from agriculture,” and “Manure management.” We summed all of the emissions from
each category together for each year and subsequently computed the 2017-2022 mean agriculture CH, and N,O
fluxes (Figure S7 in Supporting Information S1).

We noticed that the gridded EDGAR agriculture CH, and N,O data (Figure S8A in Supporting Information S1)
reported emissions in numerous non-agriculture land cover classes as defined by the Terra and Aqua combined
Moderate Resolution Imaging Spectroradiometer Land Cover Type (MCD12Q1) Version 6.1 data product (Friedl
& Sulla-Menashe, 2022). We considered the emissions found in non-agriculture classes to be those outside the
MCD12Q1 land cover classes of “croplands,” “cropland/natural vegetation mosaics,” and “grasslands” following
the IGBP classification system. These fell into non-agriculture classes, including “open shrubland,” “closed
shrubland,” and various forest and savanna classes. This suggested that the per unit area agricultural emissions of
CH, and N,O may be artificially low because the emissions were spatially distributed over a region larger than the
actual extent of agriculture globally.

To address this issue, we spatially re-distributed all agricultural CH, and N,O observations outside of IGBP
cropland zones (i.e., pixels not categorized as “croplands” or “cropland/natural vegetation mosaics”) (Figure S8b
in Supporting Information S1; see Eris Ely in revision). The IGBP land cover system does not differentiate
between natural grasslands and pastures. We therefore defined pasture land by splitting the land area of grasslands
between 57°N/S (Ramankutty et al., 2010) into natural versus cultivated per grid cell based on the estimate that
cultivated pastures covered 26% of global grasslands in 2019 (FAO, 2023). Due to the latitude constraint (£57°
contains approximately 79% of global grasslands), this resulted in an effective pasture proportion of approxi-
mately 49.5% within the latitude bounds. The redistribution concentrated emissions from areas incorrectly
allocated to non-agricultural land cover classes into these estimated pasture areas.

The final estimate of the CH,-N,O effect from agriculture that we used to calculate the “opportunity benefit” of
regeneration relative to agriculture consisted of the pasture land adjustment, the removal of areas with rice
cultivation, and gap-filling of all NA pixels on naturally forest or savanna lands with the biome-specific means of
the CH,4-N,O effect of agriculture (Figures S8c and S8d in Supporting Information S1). We used the gap-filling
approach to estimate the “opportunity benefit” of regeneration in areas that are not currently agricultural but could
be, thus allowing for an estimate in all forest and savanna ecosystems globally regardless of current land use. Gap-
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filling with biome-specific mean values allowed us to provide a comprehensive global picture of the potential
opportunity benefit of regeneration. This is a simplification, but it provides a useful approximation for evaluating
the global climate opportunity benefit of regeneration.

The CH, and N, O emissions from agriculture that we report have numerous uncertainties beyond those related to
spatial allocation of pasture emissions. EDGAR estimation of emissions from the agricultural sector relies on
activity data from FAOSTAT (FAO, 2023) and emission factors following Tier 1 of the IPCC Guidelines for
National Greenhouse Gas Inventories (Eggleston et al., 2006). Information on key management practices that
significantly affect emissions—such as fertilizer application methods, timing, and rates, manure management
systems, and tillage practices—is often incomplete or missing from FAOSTAT databases. Relying on IPCC
emissions factors introduces uncertainties caused by missing information on observance of agricultural laws and
regulations (such as those related to handling and application of fertilizer and manure), and changing management
practices in farming.

The emission factors have other large sources of uncertainty due to climate variability and variability within units
that are assumed to be homogenous, such as spatial variability in a field or soil unit. Furthermore, the emissions
from on-farm energy use, fertilizers manufacturing, pesticide manufacturing, food household consumption, food
packaging, food processing, food transport, food retail, and food waste disposal are not included in our estimates
of the CH, and N,O emissions from agriculture. For more details, please refer to existing studies that quantify
uncertainty for these bottom-up GHG inventories (Saunois et al., 2020; Solazzo et al., 2021; Tian et al., 2023).

3. Results

We analyzed data from 115 peer-reviewed studies that met our inclusion criteria (n = 748 plot-year observations;
see SI). Our data set spanned all major biomes (Figure 1, Figure S1 in Supporting Information S1). Ecosystem
ages ranged from 0 to >200 years, with a median age of 66 years.

Consistent with our expectations, subtropical/tropical savannas and forests were CH, sinks on average
(Figures 2c and 2d, Table 1). The largest mean CH, sink was in subtropical/tropical savanna (—0.50 + 0.05 Mg
CO,e ha™! yr™"). Temperate conifer forests also tended toward being sinks (Figure 2A), though they were not
clearly (Dushoff et al., 2019) different from zero. Boreal forests and temperate broadleaf forests were the only
clear CH, sources (1.65 = 1.07 and 0.78 = 0.67 Mg CO,e ha™' yr™!, respectively).

All biomes acted as net N,O sources, consistent with our expectations (Figure 2, Table 1). Temperate conifer
forest was the largest N,O source (1.00 + 0.12 Mg CO.e ha™" yr™"), followed closely by temperate broadleaf
forest (0.83 £ 0.16) and subtropical/tropical forest (0.78 + 0.29), and subtropical/tropical savanna (0.65 %+ 0.03).

We found modest support for a relationship between ecosystem age and GHG fluxes in some biome models
(Table S3; Table S4 in Supporting Information S1). N,O and CH, emissions tended to increase with ecosystem
age. With each year increase in ecosystem age, N,O emissions tended to increase by 0.018 + 0.014 in temperate
conifer forest, 0.016 + 0.015 in temperate broadleaf forest, and 0.011 # 0.011 Mg CO,e ha™" yr™" in subtropical/
tropical savanna (p < 0.1). CH, emissions tended to increase by 0.011 + 0.011 Mg CO,e ha™" yr™" in subtropical/
tropical savanna (p < 0.1). However, note that most of the standard error values are nearly equal to the mean
values of the age coefficients for both GHG models, indicating that these trends are noisy.

To compare the effects of CH, and N,O to each other and to CO,, we defined the “net CH4-N20O effect” to be the
sum of the radiative forcing from CH, and N,O in CO,-equivalents (see Methods). A positive CH,-N,O effect
indicates a net warming effect on the climate, whereas a negative CH,-N,O effect indicates a net cooling effect.
The net CH,4-N,O effect was positive (net warming) across all biomes (Figures 2 and 3, Figure S3 in Supporting
Information S1). Three of the five biomes followed our expectation of an N,O source outweighing a CH, sink or a
trend toward a CH, sink, yielding a net warming CH,-N,O effect: subtropical/tropical forest, subtropical/tropical
savanna and temperate conifer forest (0.60 # 0.30, 0.15 + 0.06, and 0.83 + 0.24 Mg CO,e ha™' yr™", respectively)
(Table 2). The global mean among all biomes shows the overall pattern of a net warming CH,-N,O effect
characterized by a positive N,O source outweighing a smaller—in this case not clearly negative— CH, effect
(Figure 2f). Boreal and temperate broadleaf forests also had net warming CH,-N,O effects (1.83 £ 1.07 and
1.61 + 0.69 Mg CO,e ha™" yr™', respectively), but unlike the other biomes, this was driven by both a CH, source
and an N,O source.
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Figure 2. The modeled intercept and standard error of the CH, (purple), N2O (blue) and net CH,—N,O (yellow) effects of
ecosystem regeneration (“Eco,” dark colors) compared to agriculture (“Ag,” light colors) are shown for (a) temperate conifer
forest, (b) temperate broadleaf forest, (c) subtropical/tropical savanna, (d) subtropical/tropical forest, (e) boreal forest, and
(f) global means. Modeled intercepts for ecosystem regeneration show the expected fluxes of an average-aged forest in
biome-averaged environmental conditions (see details in Methods). Error bars for agriculture show the biome-specific
standard deviation of annual agricultural fluxes using a 5-year baseline of 2017-2022 (Figure S7 in Supporting
Information S1). Positive values indicate warming effects (i.e., sources of CH, or N,0), whereas negative values indicate
cooling effects (i.e., sinks of CH, or N,O).

Presenting the biome-specific GHG flux model results on a map (Figure 3) allows us to visualize the net CH,-N,O
effects in forests and savannas across the globe. The net N,O source outweighs the net CH, sink in most biomes,
leading to a 9.65 + 7.26 Pg CO,e yr~' net warming effect among all forested and savanna biomes globally.

The IPCC Sixth Assessment accounted for the direct CO, sequestration from biomass accumulation during
regeneration and its radiative cooling effect on the climate (IPCC, 2022). However, CH, and N,O fluxes from
unmanaged ecosystems were not considered. To address this gap, we explored the implications of our results in
the context of the global climate mitigation assessments for ecosystem regeneration. We leveraged a novel
aboveground biomass data set published by Robinson et al. (2024) (see Methods) to assess how the CH,-N,O
effect impacts our global understanding of the climate benefits of regeneration. The data from Robinson
et al. (2024) reveal that subtropical/tropical forests have the highest rates of aboveground carbon accumulation,
averaging 52.4 Mg CO,e ha™" yr™! after 50 years of regeneration. This is followed by temperate broadleaf forests
(29.0 Mg COqe ha™! yr™"), temperate conifer forests (22.33 Mg CO,e ha™! yr™"), subtropical/tropical savanna
(26.1 Mg CO,e ha™' yr™"), and boreal forests with the lowest accumulation rate (17.4 Mg CO,e ha™" yr™").

Our results suggest that after 50 years of regeneration, the net CH,-N,O effect reduces the CO, sequestration
benefits from aboveground biomass accumulation by 50% on average globally (Figure 4). Yet even after
100 years of regeneration, the radiative cooling of the climate from aboveground CO, sequestration still exceeds
the radiative warming driven by the net CH,-N,O effect among most ecosystems (with the exception of boreal
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Table 1

Summary of the Biome-Specific Model Results for Predicting Mean CH, and N,O Fluxes for Boreal, Subtropical/Tropical Savanna, Subtropical/Tropical Moist,
Temperate Conifer, and Temperate Broadleaf Biomes

CH, N,O
N pub [num. CH, intercept [Mg standard nobs [num. N pub [num. N,O intercept [Mg standard
Biome Studies] CO,e ha™! yr_l] error Plot-years] Studies] CO,e ha™! yr_l] error
Temperate conifer 8 —0.17 0.21 22 5 1.00 0.12
forest
Temperate 37 0.78 0.67 210 37 0.83 0.16
broadleaf
forest
Subtropical/ 6 —0.50 0.05 20 5 0.65 0.03
tropical
savanna
Subtropical/ 10 —0.18 0.03 81 13 0.78 0.29
tropical forest
Boreal forest 12 1.65 1.07 59 5 0.19 0.11

Note. The back-transformed model intercept (mean CH, and N,O evaluated with other coefficients are equal to their means) and standard error values are reported in

CO,-equivalent units of Mg CO,e ha™' yr~

1

and high-latitude temperate broadleaf forests). We also found that the radiative effects of agriculture from CH,
and N,O fluxes are more warming than the radiative effects of regeneration (including C sequestration in
aboveground biomass as well as CH, and N,O fluxes) among all ecosystems spanning the same 100-year
timeframe (Figure 4).

In temperate broadleaf forests, the net CH,-N,O effect from regeneration begins to outweigh the cooling effect
from aboveground biomass accumulation after 75 years of regrowth (Figure 4b). Similarly, in boreal forests, with
the second highest mean net CH,-N,O effect from regeneration, the radiative warming driven by the net CH,-N,O
effect from regeneration begins to outweigh the cooling effect from aboveground biomass accumulation after
62 years of regeneration (Figure 4e). Even in this case, where Boreal forest has the lowest mean net CH,-N,O
effect from agriculture among all other biomes, our model suggests that the radiative effects of agriculture are
more warming than the radiative effects of regeneration over 100 years.

The net warming CH,-N,O effect in most natural biomes lessens the climate benefits of ecosystem regeneration
by 236.3 Mg CO,e ha™' yr™' on average globally spanning a 100-year timeframe. This amounts to about 0.6% of
global CO, emissions from all energy combustion and industrial processes in 2022 (IEA, 2023). To explicitly take
into account the climate costs of alternate land uses, we compared a counterfactual of the net CH,-N,O effect of
cropland and pasture to the net CH,-N,O effect of forest regeneration that we calculated in the meta-analysis
(Figure 5). We defined the net CH,-N,O effect from agriculture to be the sum of the 2017-2022 mean CH,
and N,O fluxes from agriculture (Figure 5, Figure S7 in Supporting Information S1) based on the EDGAR v8§
bottom-up CH, and N,O inventory data for all agriculture-related categories (Crippa et al., 2023). The hotspots
from the agriculture CH4-N,O effect mostly correspond to areas of animal agriculture (since rice cultivation was
removed).

Accounting for the CH, and N,O emissions from agriculture highlights that in most regions, ecosystem regen-
eration remains a meaningful climate mitigation strategy, with a lower net CH,-N,O effect relative to the
emissions from current agricultural practices. In comparison to agriculture, we found that unmanaged ecosystem
regeneration in most regions of the globe provides a “climate opportunity benefit” (defined as the subtraction of
the mean net CH4-N,O effect of agriculture from the CH,-N,O effect of regeneration, Figure 5). The largest
climate opportunity benefits of regeneration averaged 1.83 and 1.75 Mg CO,e ha™" yr™! of net cooling relative to
agricultural land use in tropical/subtropical forest and temperate broadleaf forest, respectively (Figure 5b). The
large warming effect from boreal regions reflects the relatively low agricultural emissions reported in this region
compared to the net CH,-N,O effect of boreal forest regeneration, though emissions might increase as future
warming conditions allow for more agricultural activity and different management practices in this region
(Jagermeyr et al., 2021; King et al., 2018).
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Figure 3. Global estimates of the (a) CH,, (b) N,O and (c) net CH,-N,O effects of ecosystem regeneration from the best
performing gamma regression models for each biome (same models as results in Figure 2, Table 1 and Table S3 in

Supporting Information S1).

Table 2

Mean and Standard Error of the Net CH,~N,O Effect of Ecosystem Regeneration Among Biomes

Biome

Net CH,—N,0 effect (Mg CO,e ha™' yr™?)

Standard error

Temperate conifer forest

Temperate broadleaf forest
Subtropical/tropical grassland and savanna
Subtropical/tropical forest

Boreal forest

0.83
1.61
0.15
0.60
1.83

0.24
0.69
0.06
0.30
1.07

Note. The net CH,—N,O effects and standard error values are reported in CO,—equivalent units of Mg CO,e ha™" yr™".

1
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Figure 4. Differences between radiative forcing effects of ecosystem regeneration with and without taking into account CH,
and N,O fluxes for (a) temperate conifer forest, (b) temperate broadleaf forest, (c) subtropical/tropical savanna,

(d) subtropical/tropical forest, (e) boreal forest, and (f) global means. The gray line at zero is the balance between cooling
(positive) and warming (negative) radiative forcing effects (note the change in sign convention from Figures 2, 3 and 5 to be
consistent with published studies focused on aboveground CO2 sequestration including Cook-Patton et al., 2020; Robinson
et al., 2024). The dark green curves (means) and shading (=1 SD) show CO, sequestration during aboveground biomass
accumulation from regeneration, using estimates from Robinson et al. (2024). The light green curves show the combination
of CO, sequestration in aboveground biomass and the radiative forcing of the net CH,—N,0O effect. Orange curves show the
net CH,—N, 0O effect of agriculture. The agriculture-related emissions were based on the mean EDGARVS estimates during
2017-2022 (Figure S7 in Supporting Information S1) and were assumed to be constant over the 100-year time frame. Note
that we did not consider sequestered CO, from cropland aboveground biomass or changes in soil C sequestration.

4. Discussion
4.1. Spotlight of Key Results

We found that most regenerating ecosystems act as small CH, sinks and relatively larger N,O sources, with a net
warming combined CH,-N,O effect for all biomes (Q1). Yet even after 100 years of regeneration, the radiative
cooling of the climate from aboveground CO, sequestration exceeds the radiative warming driven by the net CH,-
N,O effect among all ecosystems on average globally (Q2). Furthermore, the results suggest that the “climate
opportunity benefit” of ecosystem regeneration yields a net cooling effect for all biomes relative to agriculture
when considering the same 100-year period of regeneration (Q3).

Although substantial in magnitude, the global net CH,-N,O warming effect we estimate from natural forests and
savannas (9.65 + 7.26 Pg CO,e yr™') is considerably smaller than the total global anthropogenic net CH,-N,O
emissions from fossil fuel burning, industry and agriculture. These anthropogenic sources emit 31.32 (95%
confidence limits 29.51-34.94) Pg CO,e yr~!, with anthropogenic gross N, O emissions contributing 1.94 (0.95—
2.98) Pg CO,e yr~' (Tian et al., 2023) and gross CH,, emissions contributing 29.38 (28.56-31.96) Pg CO,e yr™'
(Saunois et al., 2020).

Even after accounting for CH, and N, O fluxes, we found that the climate benefits (i.e., radiative cooling effect) of
keeping mature forests intact exceed the alternative of deforestation in all biomes. This finding extends our
understanding of the net radiative effects across succession (Q1) by highlighting the importance of preserving
existing forest carbon stocks. Our results showed that ecosystem age had modest and, in some cases, not clearly
positive or negative effects on CH, and N,O fluxes among most biomes (Table S3 in Supporting Information S1).
This suggests that cutting down a forest generally results in CH, and N,O fluxes during early succession—after
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Figure 5. Global maps of (a) the net CH,—N,O effect in CO,-equivalent flux per unit of agricultural land per year from the original Emissions Database for Global
Atmospheric Research v8 inventory data (most values are identical to Figure S8C in Supporting Information S1 with remaining NA pixels within regeneration extent
gap-filled using S3 biome-mean values shown in Figure S8d in Supporting Information S1), and (b) the “climate opportunity benefit” (i.e., the agriculture-adjusted
CH,—N,0 effect) of ecosystem regeneration defined as the subtraction of the mean net CH,—N,0O effect of agriculture from the CH,—N,O effect of regeneration. The
opportunity benefit calculation subtracts agricultural effects from regeneration effects for all areas where regeneration predictions exist. Prior to calculating the mean
agriculture estimates used in (b), we removed CH,, from rice cultivation (shown as dark red areas in (a) and adjusted for artificially low pasture fluxes (see Methods and
Figure S8 in Supporting Information S1).

the typical initial high pulse of post-disturbance CH, and N,O emissions immediately following many distur-
bance events (Pugh et al., 2019; Tian et al., 2015)—that are similar in magnitude to fluxes from the prior mature
forest. This relatively stable pattern of non-CO, greenhouse gas fluxes further supports our finding that above-
ground CO, sequestration benefits dominate the net radiative effect of regeneration (Q2).

4.2. Drivers of GHG Fluxes Among Biomes

The observed variations in CH, and N,O fluxes across biomes reflect complex interactions between climate
conditions, soil properties, and ecosystem processes that control greenhouse gas production, consumption, and
transport. In tropical and subtropical ecosystems, soil texture (particularly % sand) and topographic variables like
slope and elevation were more influential than precipitation metrics, possibly due to their effects on soil aeration
and gas diffusivity. These well-drained conditions favor methanotrophy, explaining the CH, sink behavior
observed in these upland tropical regions (Vasconcelos et al., 2004). Conversely, high-latitude ecosystems
including temperate broadleaf and boreal forests showed different patterns where temperature variables strongly
influenced CH, dynamics, consistent with seasonal freeze-thaw cycles in boreal systems creating microsite
anoxia conducive to methanogenesis (Borken & Brumme, 2009).

For N,O emissions, temperature-related variables consistently ranked highly across biomes, possibly reflecting
the temperature sensitivity of microbial nitrification and denitrification processes (Dobbie & Smith, 2001;
Koponen & Martikainen, 2004). Soil properties, particularly clay content in temperate conifer forests, clearly
affected GHG fluxes, possibly through influencing water retention and creating heterogeneous oxygen conditions
(Davidson et al., 2000). These biome-specific relationships raise important considerations for interpretation of
underrepresented regions —such as tropical forest and savanna ecosystems— as well as extrapolation to other
ecosystems not included in the study —such as montane tropical forests or Mediterranean ecosystems— which
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might exhibit distinctive and more nuanced GHG flux patterns driven by unique combinations of environmental
factors. Furthermore, as climate change alters temperature and precipitation regimes globally (Kharin
et al., 2013), the relative importance of these controlling factors may shift, potentially altering future GHG flux
patterns and the climate mitigation potential of forest regeneration across biomes.

4.3. The Importance of Mature Forest Conservation

While our analysis focused on regenerating systems, our findings include results from mature forests as well.
Despite their low net ecosystem productivity, old-growth forests act as long-term carbon reservoirs. Deforestation
causes the release of CO, into the atmosphere that otherwise would remain stored in forest biomass that, under
stable forest conditions (i.e., low disturbance rates), can be retained for longer than three centuries in some
ecosystems (Martin-Benito et al., 2021). This long-term storage capacity reinforces the importance of our finding
that natural forest ecosystems provide greater climate benefits than agricultural alternatives (Q3). However, many
forests—including tropical ecosystems with the greatest aboveground CO, sequestration potential among all
biomes—are experiencing disturbances at more frequent timescales (Schwartz et al., 2020; Taubert et al., 2018).
Increasing disturbances in old-growth forests release large amounts of stored carbon that can take centuries to
recover (Martin-Benito et al., 2021; Pugh et al., 2019) or that may not recover at all under current and future
climate change (Esquivel-Muelbert et al., 2020; McDowell et al., 2022; Parsons, 2020). This vulnerability
highlights the urgency of protecting existing forests while also pursuing the regeneration opportunities identified
in our study.

The climate importance of mature forest conservation is further supported by research on soil carbon dynamics.
Soils in old-growth forests store carbon longer than in more disturbed forests (Knohl et al., 2003; Luyssaert
et al., 2008). These old-growth forest soil C reservoirs have particularly important climate implications under the
ongoing decrease of turnover times in living vegetation forest carbon attributed to CO, enrichment as well as
changes in temperature and precipitation patterns (Schwartz et al., 2020; Yu et al., 2019). Furthermore, a recent
study in Southeast Asia showed that secondary forests can have greater soil C efflux rates than old-growth forests,
suggesting that conversion of old-growth forests into secondary forests may drive greater C loss from soils even
after 70 years of regrowth (Raczka et al., 2023).

4.4. Climate Policy Recommendations

Our findings on the climate opportunity benefits of ecosystem regeneration have important implications for
climate policy that must be communicated carefully to avoid misinterpretation. We recommend three policy
approaches based on the combination of our results and other studies to ensure that ecosystem regeneration is
appropriately valued and implemented alongside emission reductions:

4.4.1. Adopt a “Both/And” Framework for Climate Action

Our research demonstrates that regenerating ecosystems provide a net cooling benefit compared to agricultural
alternatives, but this benefit is fundamentally different from and cannot substitute for reducing fossil fuel
emissions. Climate policies could explicitly recognize the distinct and complementary roles of ecosystem
regeneration and emission reductions. Article 5 of the Paris Agreement provides a foundation for this approach by
encouraging both conservation and enhancement of carbon sinks alongside emissions reductions, but imple-
mentation requires stronger guardrails. Furthermore, voluntary carbon markets require fundamental reform to
prevent the use of nature-based carbon credits as a substitute for emission reductions. This includes establishing
stricter additionality requirements, longer permanence periods, prevention of offsetting claims and the estab-
lishment of public funding for ecosystem regeneration that operates independently from carbon markets. Direct
payments for ecosystem services, tax incentives for plant-based diets, public conservation funds, and green re-
covery investments can support regeneration without enabling continued fossil fuel emissions.

4.4.2. Improve Carbon Accounting Methodologies

Accurate carbon accounting methodologies must include the full climate implications of ecosystem regeneration,
including non-CO, GHGs as demonstrated in our study, as well as changes in surface albedo and ozone emissions
(Weber et al., 2024), plant-mediated CH, fluxes (Covey & Megonigal, 2019; Gauci et al., 2024), and below-
ground carbon storage (Jones et al., 2019; Terrer et al., 2021; Usuga et al., 2010).
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Furthermore, accounting for emissions from agricultural land use as a counterfactual to regeneration provides a
critical foundation for informed climate-friendly land use policies. Our findings on the climate costs of agriculture
contribute to a growing body of work focusing on the benefits of dietary shifts that reduce demand for animal
agriculture and create opportunities for ecosystem regeneration (Hayek et al., 2020). To support just transitions,
climate policies must include measures to support agricultural communities in transitioning to more sustainable
practices or alternative livelihoods.

4.4.3. Align With Local Contexts and Prioritize High-Benefit Regions for Regeneration

Our findings on spatial variation in climate opportunity benefits can inform the strategic prioritization of
regeneration efforts, particularly in tropical and subtropical regions where we found the largest opportunity
benefits. This spatial prioritization could integrate into national climate plans and biodiversity strategies to
maximize cross-cutting benefits while aligning with local contexts and priorities. The European Union's Nature
Restoration Law and similar initiatives worldwide provide models for ecological restoration that emphasize
multiple benefits beyond carbon sequestration.

Research demonstrates that forests remain intact longer and store more carbon when Indigenous Peoples have
secure land rights and management authority (Sze et al., 2022; Townsend et al., 2020). Effective ecosystem
regeneration initiatives recognize Indigenous Peoples' sovereignty, secure their land rights, and integrate
Indigenous knowledge systems (Ban et al., 2018; Dawson et al., 2021; Donkor & Marns, 2022; Gonzalez &
Kroger, 2020).

5. Limitations

As is common in meta-analyses (Gurevitch et al., 2018), the study sites with published CH, and N,O fluxes are
not randomly selected across space, with clusters in North America, Western Europe, and East Asia. This spatial
bias limits our ability to make robust inferences about underrepresented regions with relatively few measure-
ments, including South America, Africa, Australia, and Southeast Asia. Furthermore, our data set includes studies
that were conducted using a range of methodologies for quantifying CH, and N,O fluxes, with differences in
sampling protocol, chamber design, and emission rate calculation. Such methodological differences cause un-
certainty in the magnitude of flux estimates. While our mixed-effects modeling approach accounts for some of
this variability by including the study as a random effect, it cannot fully eliminate the influence of methodological
differences. There is high variability in the CH, and N,O fluxes (Figures S2, S3 in Supporting Information S1)—
both across sites and within a given site, even within a single day of data collection (Anthony & Silver, 2021;
Castaldi et al., 2013; Groffman et al., 2009; Lawrence et al., 2021). The high variability of CH, and N,O fluxes
through space (“hot spots”) and time (‘“hot moments”) further underscores the need for additional GHG flux
measurements, particularly in regions with low data availability (South America, Africa, Australia and Southeast
Asia). While our model selection approach optimized performance for each biome-gas combination, some models
still included covariates with relatively high p-values or lacked important drivers known to influence greenhouse
gas fluxes, such as high-resolution soil moisture data. Our sensitivity analysis (Table S5 in Supporting Infor-
mation S1) revealed that some model results, particularly for N,O in boreal forests, showed considerable vari-
ability depending on the modeling choices, highlighting the uncertainty in these estimates.

Our reliance on the EDGAR inventory data for agricultural emissions introduces several additional uncertainties
due to the limitations of Tier 1 IPCC emission factors and the challenges in accurately distributing emissions
spatially (see Methods). First, Tier 1 emission factors represent highly generalized estimates designed for global
application and do not capture the substantial variability in emission rates due to local environmental conditions,
management practices, and agricultural technologies. This generalization likely underestimates both the spatial
and temporal variability of emissions, potentially smoothing out emission hotspots. In regions with intensive
agricultural practices that exceed typical emission factors, we may underestimate the climate benefits of
regeneration. Conversely, in regions with more sustainable agricultural practices than assumed in Tier 1 factors,
the benefits might be overestimated. In general, our estimates of agricultural emissions in most regions are likely
to be conservative, which could lead to underestimation of the climate opportunity benefit of regeneration in these
areas. Second, the quality of the data used for scaling emissions varies considerably by region and agricultural
practice. Third, our spatial redistribution of agricultural emissions outside IGBP cropland zones required as-
sumptions about the distribution of pasture lands. While we based this on the best available global estimates (26%
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of global grasslands as cultivated pastures (FAO, 2023)), actual proportions vary widely by region and are not
well characterized in many areas. The spatial redistribution uncertainties further complicate regional compari-
sons, although global patterns remain robust. Overall, these limitations suggest that our estimates of climate
opportunity benefits from regeneration relative to agriculture should be interpreted as conservative approxima-
tions, with the understanding that site-specific assessments would be necessary for more precise local estimates.

6. Conclusion

This study provides insights into the global climate mitigation potential of ecosystem regeneration. We found that
regenerating mid- and low-latitude forest and savanna ecosystems tend to produce net warming effects from the
combination of CH, and N,O, typically because N,O sources outweigh small CH, sinks. The balance between
these two contrasting effects allows for a more comprehensive understanding of the climate impacts of ecosystem
regeneration. Our results suggest that the “climate opportunity benefit” of ecosystem regeneration—meaning the
avoided emissions by not converting these ecosystems into agricultural land— generally outweighs the warming
effects of agricultural CH, and N,O emissions, with the largest relative gains in the tropics. This result lends itself
to further analysis. For example, our findings could be subsequently assessed based on land use scenarios of
increased plant-based diets compared to the business-as-usual levels of animal agriculture, leveraging existing
work that quantifies the C “opportunity cost” of animal-sourced food production globally (Hayek et al., 2020).
Our findings promote ecosystem regeneration as a climate action that, in synergy with aggressive reductions in
fossil fuel emissions, can foster many co-benefits such as support of sustainable livelihoods and protection of
biodiversity.

Data Availability Statement

Our data and code used for analysis are publicly available. The data we extracted for our meta-analysis, including
the DOIs for each peer-reviewed publication from which all data were extracted, are publicly available on
FigShare (Cooley et al., 2024). Statistical analyses were conducted with R version 4.4.3 (R Core Team, 2024)
using the robustlmm package (Koller, 2016). Figures were made with ggplot2 package version 3.5.2 (Wickham
et al., 2025): The code used to conduct statistical analyses and create figures is publicly available on GitHub:
https://github.com/savcooley/ch4_metaAnalysis_public.git.
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