O©oo~NO O B~ W N P

Submitted for review Janurary 2023.

Enhanced Carbon Uptake by Terrestrial Ecosystems

Authors: Sophie Ruehr!-*", Trevor F. Keenan'?, Christopher Williams3, Yu Zhou*, Xinchen
Lu2, Ana Bastos®, Josep P. Canadell®, lain Colin Prentice”®, Stephen Sitch®, Cesar Terrer®

Affiliations:

! Department of Environmental Science, Policy and Management, UC Berkeley, Berkeley CA,
USA

2 Climate and Ecosystem Sciences Division, Lawrence Berkeley National Laboratory, 1
Cyclotron Road, Berkeley CA, USA

3 Graduate School of Geography, Clark University, Worcester Massachusetts, USA

4 School of Integrative Plant Science, Cornell University, Ithaca, New York, USA

> Department Biogeochemical Integration, Max Planck Institute for Biogeochemistry, Jena, DE
6 CSIRO Marine and Atmospheric Research, Canberra, ACT, ASTL

" Department of Life Sciences, Imperial College London, Silwood Park Campus, Buckhurst
Road, Ascot SL5 7PY, UK

10 Department of Earth System Science, Tsinghua University, Beijing, CN

% College of Life and Environmental Sciences, University of Exeter, Exeter, EX4 4QE, UK

10 Department of Civil and Environmental Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts, USA

“Corresponding authors: trevorkeenan@berkeley.edu; sophie.ruehr@berkeley.edu

Figures: 7
References: 277
Word count; 8873


mailto:trevorkeenan@berkeley.edu
mailto:sophie.ruehr@berkeley.edu

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Submitted for review Janurary 2023.

Abstract

Climate change has been largely mitigated by an increasing carbon sink on land.
Understanding the causes of enhanced carbon uptake is essential for protecting, managing,
and projecting this important ecosystem service. In this Review, we critically examine
evidence of enhanced land uptake and attribute the observed response to drivers and
processes. We conclude that this enhanced carbon uptake results largely from the combined
effects of increased photosynthesis due to CO: fertilization, particularly in tropical forest
regions, and reduced cold-limitation due to elevated temperatures, primarily at higher
latitudes. Continued land carbon sequestration is projected through the end of this century
under various emissions scenarios. Therefore, appropriately managing ecosystems that can
mitigate climate change is essential to addressing the climate problem. We propose strategies
to improve understanding of future carbon uptake potential, calling for a new generation of
field experiments distributed globally to study belowground carbon release, CO:
enrichment, and long-term shifts in ecosystem functionality to better predict and manage the

land sink.

Keywords: carbon sequestration; terrestrial biosphere; ecosystem dynamics; global carbon cycle;
CO: fertilization
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1. Introduction

The terrestrial biosphere absorbs roughly 15% of the carbon in the atmosphere each year through
primary productivity but then returns nearly all of it via respiration and to a lesser degree biomass
combustion (Keenan and Williams 2018, Friedlingstein et al. 2022, Crisp et al. 2022). These gross
fluxes of photosynthesis and respiration approach a long-term balance if forced by steady climatic,
atmospheric, edaphic, and disturbance conditions. However, since the Industrial Revolution, the
biosphere has exhibited a growing imbalance between these gross fluxes due to increasing carbon
dioxide (CO2) emissions from the combustion of fossil fuels (Canadell et al. 2007), amongst other

factors such as deforestation and land use change.

To date, the imbalance between gross fluxes has caused a net gain in the terrestrial carbon sink.
Indeed, 25-33% of the CO2 emitted annually by human activities is offset, with land ecosystems
removing about 215 PgC from the atmosphere between 1750 and 2020 (Friedlingstein et al. 2022).
As a result, atmospheric CO2 concentration [Glossary Term I] remains 100 ppm lower than would
otherwise be expected given historic anthropogenic emissions. The rate of net carbon uptake has
also increased, doubling since the 1960s (Ballantyne et al. 2012, Graven et al. 2013, Keenan et al.
2016, Friedlingstein et al. 2022). However, future projections of the terrestrial carbon sink are
widely divergent, ranging from an expected acceleration in carbon dioxide uptake to a saturating

or even a net release of carbon over time (Friedlingstein et al. 2014, Huntzinger et al. 2017).

Understanding historic and future changes in the land carbon sink is paramount to addressing the
climate problem. The proportion of carbon emissions that is taken up by land and ocean carbon
sinks determines allowable anthropogenic emissions for specific global warming targets.
Knowledge of the terrestrial carbon sink can help guide climate change mitigation efforts,
specifically through the use of natural climate solutions such as reforestation, agroforestry, and
sustainable land management practices (Walker et al. 2022). More broadly, accurate estimates of
land-atmosphere feedbacks and their effects on atmospheric CO2 concentrations are needed for

reliable predictions of the Earth System.

Human activities influence terrestrial ecosystem carbon uptake in multiple ways. Historically, land

use change has resulted in a direct decrease of the natural land sink [Glossary Term I1] and reduces
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the net land sink [Glossary Term I11] (Guo and Gifford 2002, Smith 2008, Shevliakova et al. 2009
p. 300). Other indirect human influences include stimulation of plant photosynthesis and water use
efficiency from elevated atmospheric CO2 concentrations (Walker et al. 2021) and changes in
nitrogen availability (Wang et al. 2017), air quality (Talhelm et al. 2014), temperature (Richardson
et al. 2013, Keenan and Williams 2018) and precipitation patterns (Nemani et al. 2002, Gherardi
and Sala 2019). Climate change-induced regional droughts, changes in fire frequency and
intensity, and more frequent climate extremes may also reduce the terrestrial carbon sink
(Reichstein et al. 2013). The combined effects of these direct and indirect human influences

determine how much atmospheric carbon is sequestered by global lands.

In this Review, we examine the evidence for and implications of an enhanced terrestrial carbon
sink. First, we explore the evidence of lank sink enhancement from various observations and
methodologies. We then outline the key processes driving this change, before discussing projected
changes in terrestrial carbon uptake and associated implications for natural climate solutions and
society. We end by outlining future research priorities to better understand and manage dynamic

terrestrial carbon stocks and sinks.

2. Evidence for an Enhanced Land Sink

Various methods are available to estimate the strength of the terrestrial carbon sink, and each
provides insight into different aspects of land carbon sink changes, from global to regional uptake
(Table 1). Taken together, there is clear evidence of an enhanced land sink, although regional
trends are more difficult to identify. Descriptions of these methods are provided in Table 2. In this
section we review evidence of long term sink enhancement across spatial scales, along with

insights provided by terrestrial biosphere models.

2.1 Global

Atmospheric observations provide the clearest evidence of enhanced carbon uptake by natural
sinks globally (Ciais et al. 1995). Measurements over the past six decades show that only about
44% of anthropogenic CO2 emissions remains in the atmosphere each year (the airborne fraction
[Glossary Term 1V]) (Raupach et al. 2008, Ciais et al. 2019, Canadell et al. 2021b). Of the rest,
about one half is absorbed by the world’s oceans (Tans et al. 1990, Hauck et al. 2020), and the
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other half is taken up by ecosystems on land (Ballantyne et al. 2012, Schimel et al. 2015b, Keenan
et al. 2016, Friedlingstein et al. 2022). The land sink from the carbon budget is estimated to be 3.1
+ 0.6 PgC yr in the 2010s (Friedlingstein et al. 2022). Additional constraints on the global land
sink can be explored via atmospheric inversions (Peylin et al. 2013, Peiro et al. 2021). These
suggest a total land COz2 sink with a range of 1.3-2.0 PgC yr* and a long-term increase in the land
sink of about 0.1 PgC yr* since the 1960s (Peylin et al. 2013), in accordance with terrestrial
biosphere model simulations (Figure 1). Atmospheric measurements of CO2, Oz and §3CO2 also

unequivocally point to a strong land sink (Tans et al. 1990, Keeling et al. 2005, Ciais et al. 2019).

The airborne fraction has not increased with increasing anthropogenic emissions (Rayner et al.
2015, Canadell et al. 2021b). The relatively constant airborne fraction since the 1950’s implies
that the terrestrial and oceanic sinks have been increasing over time, even doubling (Ballantyne et
al. 2012, Huang et al. 2018, Tharammal et al. 2019). Without increasing carbon land sinks,
atmospheric CO2 concentration would have reached >500 ppm by 2020 (Figure 1). However, the
airborne fraction is highly variable from year to year and exhibits decadal periods of increases,
such as an 1.8% growth per year in the 1960s-1990s with a subsequent declining trend of —2.2%
per year (Keenan et al. 2016), associated with macroclimatic or land-use changes (van Marle et al.
2022).

A growing constellation of Earth-observing satellites provides information on ecosystem function
and carbon storage since the 1980’s (Schimel and Schneider 2019, Smith et al. 2020b). A
widespread greening of the Earth has been observed via satellites (Zhu et al. 2016, Mao et al. 2016,
Chen et al. 2019a, Piao et al. 2020) (Figure 2), with enhanced seasonality and an extension of the
growing season in high latitudes (Keenan et al. 2014, Park et al. 2016, Huang et al. 2018). About
12% of the increased global terrestrial carbon sink over the satellite era (1981-present) has been
attributed to increased leaf area index (LAI) (Keenan et al. 2016, Chen et al. 2019b). Trends in
global plant biomass from satellite passive microwave observations are positive and consistent in
magnitude with the global carbon budget and forest inventory estimates. Global estimates of land
cover change in combination with space-based lidar from ICEsat and ground plots from 2001-

2019 suggest a natural carbon sink in the world’s forests of 4.35 PgC yr!, offset by 2.2 PgC yr™*

due to emissions from deforestation and other disturbances (Harris et al. 2021). For example,
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boreal and temperate biomass increased by 0.13 PgC yr* in from 1993 to 2012 (Liu et al. 2015).
Despite widespread greening (Piao et al. 2020), increases in leaf area do not necessarily translate
to increases in the net land sink. For example, Europe’s carbon uptake has reportedly not benefited
from long-term vegetation greening due to offsetting increases in ecosystem respiration (Liu et al.
2021) and enhanced evapotranspiration, which increased summer drought (Lian et al. 2020).
Furthermore, the intensity and extent of greening trends differs across satellite products (Zhu et al.
2016, Jiang et al. 2017a) and depends on the methods used to detect trends (de Jong et al. 2012,
Cortés et al. 2021). Divergences between LAI products are more pronounced in highly vegetated
regions with dense canopies, resulting in larger uncertainty in areas with greater aboveground

biomass (Figure 2).

2.2 Regional and in situ

Despite unequivocal global evidence of an enhanced land sink, regional trends are more
challenging to identify. Long-term atmospheric CO2 measurements show a strong increase in the
seasonal cycle of atmospheric CO2 at northern latitudes, suggesting stronger summer uptake offset
by larger winter release (Keeling et al. 1996, Randerson et al. 1999, Graven et al. 2013, Thomas
et al. 2016, Piao et al. 2018, Tagesson et al. 2020). Land CO2 uptake during summer increased in
the northern latitudes by 0.6 + 0.5 PgC yr* during the 2000s (Ciais et al. 2019), but with a
corresponding larger release during winter (Commane et al. 2017). A 30-50% increase in the
seasonal cycle amplitude has been observed since the 1960s in surface and airborne measurements
north of 45°N, also suggesting enhanced summer uptake and larger releases in the winter (He et
al. 2022). =

Satellite products also suggest diverging regional trends. A 10% increase in vegetation over semi-
arid regions has been observed globally (Donohue et al. 2013), corresponding to widespread
greening in semi-arid regions of Australia (Ukkola et al. 2015). However, regional browning trends
are also evident (Zhou et al. 2014), though to a much lesser extent. Greening may also be slowing

down or reversing in some regions, especially in tropical rainforests (Winkler et al. 2021).

Additional carbon taken up by the land carbon sink is primarily sequestered in the live biomass

and soils, making repeated measures of plot level biomass a useful test of the growth enhancement

6
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hypothesis. Reports indicate widespread increased tree growth (Lewis et al. 2009b, Salzer et al.
2009, McMahon et al. 2010, Pan et al. 2011), with an average annual gain in woody carbon stocks
of 0.23 £ 0.09 PgC yr! from 2000 to 2019 (Xu et al. 2021). In the tropics, analyses of standardized
inventory data from forest plot networks such as RAINFOR, AfriTRON and CTFS suggest an
overall increase of 0.5 MgC ha~! yr™! in tropical forest plots globally (Lewis et al. 2009b, Qie et
al. 2017, Hubau et al. 2020). This is broadly consistent with a global review of biomass inventories
suggesting that intact tropical forests contribute up to 50% of the global land sink (Pan et al. 2011)
and also consistent with evidence of enhanced growth from temperate and boreal forests (Salzer
etal. 2009, McMahon et al. 2010). In addition to intact forests, rapidly regrowing secondary forests
following anthropogenic (e.g., agriculture land abandonment, slash and burn agriculture) or natural
disturbances (e.g., fire) account for half of the remaining land sink (Pan et al. 2011, Pugh et al.
2019b). Temperate forests in the United States have experienced significant increases in wood
volume since the 1990s (Davis et al. 2022).

Despite these gains, there is some suggestion that tropical forest biomass carbon sinks peaked in
the 1990s. Amazon forest above-ground biomass increases declined by one-third in the 2000s
(Brienen et al. 2015), with positive gains in biomass outweighed by deforestation (Hubau et al.
2020). African forests have remained stable at 0.66 + 0.13 tonnes C hectare* yr* (Hubau et al.
2020). Tree mortality in the Amazon has also increased due to stand dynamics, rising atmospheric
water stress and drought (Bauman et al. 2022), while global tree mortality since the 1970s is
associated with hot and dry climate anomaly events, expected to increase nonlinearly under climate

change (Hammond et al. 2022).

Tree ring characteristics provide some evidence of an enhanced sink. Unprecedented growth has
been observed (Salzer et al. 2009); for example, aspen trees in Wisconsin showed up to 0.7% yr*
increases in growth, after accounting for effects of age, water stress and other variables (Cole et
al. 2010). However, a lack of growth enhancement (Pefiuelas et al. 2011, van der Sleen et al. 2015,
Hararuk et al. 2019), only a limited response (Gedalof and Berg 2010), unexplained divergence in
the relationship between ring width, temperature (D’Arrigo et al. 2008, Stine and Huybers 2014)
and nutrient limitation (Guerrieri et al. 2020) have also been reported. New approaches are

emerging, combining theory with statistical models or satellite observations (Schippers et al. 2015,
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Levesque et al. 2019, Anderegg et al. 2020), that promise more accurate and insightful

quantification of tree growth enhancement.

The eddy-covariance technique directly measures the net exchange of carbon dioxide between
ecosystems and the atmosphere (Baldocchi 2020). Of the over two thousand sites around the world
(Burba 2019), many have now been in operation for three decades or more, allowing estimates of
annual net carbon uptake or release by ecosystems over multiple years (Novick et al. 2018,
Pastorello et al. 2020). Despite high background variability, long-term trends have emerged from
many sites with records long enough to allow separation of signal from noise. Enhanced uptake
has been observed at US and European sites (Dragoni et al. 2011, Pilegaard et al. 2011, Keenan et
al. 2013, Fernandez-Martinez et al. 2017). Synthesis across the global network of observation sites
indicates an increase of 0.46 + 0.09 PgC yr* from 1982 to 2016 (Cai and Prentice 2020, Chen et
al. 2022). When combined with empirical (Joiner et al. 2018) or process-based (Chen et al. 2022)
scaling approaches, eddy-covariance observations suggest an enhancement of global
photosynthesis.

2.3 Model output
State of the art models of the Earth system represent our best-guess approximations of terrestrial

carbon uptake. These models incorporate the known physiological and biological mechanisms
responsible for ecosystem function and carbon cycling and are compared to atmospheric and
ground observations to assess performance. There is strong theoretical and observational support
for a large stimulation of terrestrial uptake by increased CO2 growth rates. Indeed, a more
productive land surface is essential to explain the enhanced net terrestrial carbon uptake inferred
from the global carbon budget, with a land sink that has seen an increase from 1.2 + 0.5 GtC yr!
in the 1960s to 3.1 + 0.6 GtC yr in the 2010s (Friedlingstein et al. 2022). Regional models also
suggest an increasing terrestrial carbon sink, even when land use change is incorporated. For
example, ecosystem models estimate that rapid forest expansion (by a total of 58 Mha) from 1900
to 2019 made up 44% of the increase in China’s land sink of 8.9 = 0.8 PgC (Yu et al. 2022).
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2.4 Uncertainties

Atmospheric, satellite, and in situ observations, along with model output, all provide ample
evidence of an enhancement in the land carbon sink. However, each of these methodologies is
subject to uncertainty. At the global scale, atmospheric inversion model estimates of the land sink
depend on modeling assumptions and design, including processes that are not represented in
models and uncertainty in datasets used to drive models. Detecting long-term changes in biomass
from satellite observations is complicated by the lack of high-quality long-term instruments
capable of providing accurate biomass estimates (Smith et al. 2020b). Satellite records can
generate spurious trends that may be incorrectly attributed (Forkel et al. 2013). Issues such as
sensor degradation can lead to large differences between satellite products (Piao et al. 2020).
Assumptions regarding the incorporation of physiology needed to translate satellite observables,
such as reflectance or vegetation optical depth, to quantities of interest, such as photosynthesis or

plant biomass (Konings et al. 2019)

In-situ evidence of enhanced uptake is widespread but highly dependent on the region and scale
of investigation. Tree ring responses are highly variable and depend on the regional climate and
background stress conditions. Methods of analysis are also important, with results from traditional
trend-detection methods being sensitive to the choice of technique (Peters et al. 2015) and subject
to biases if demographic trends are not properly accounted for (Brienen et al. 2012, 2017,
Nehrbass-Ahles et al. 2014). Furthermore, changes in growth and carbon stocks for individual
trees do not necessarily apply to all trees in a stand and thus may not be relevant at the ecosystem
level. Conversely, higher stand density could lead to higher biomass even without a change in
individual growth rates. Ecological observatory network sites, such as eddy-covariance flux
towers, are far from optimally distributed around the globe and under-sample important regions,
particularly in the tropics (Villarreal and Vargas 2021), which may prevent these networks from
capturing extreme climate and disturbance events (Mahecha et al. 2017). Thus, empirical upscaling
products typically struggle to capture long-term trends and overestimate the magnitude of the
global land sink (Jung et al. 2020). Assessing the global significance of observed local and regional

processes remains challenging.
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3. Key Processes and Regions

Multiple drivers contribute to changes in the land sink at global and regional scales, including CO2
fertilization, warming effects on growth and growing season length, N or P fertilization and
changes in precipitation or light (Figure 3). Warming, longer growing seasons and elevated CO2
have been identified as large contributors to enhanced uptake, while temperature and moisture
stress are thought to have led to increased mortality in tropical regions (Bauman et al. 2022). The
rate of change in stand-level biomass and predictors such as mean climate, tree species, initial C
stocks, and N deposition suggest a long-term increase in vegetation water use efficiency (Adams
et al. 2021), increased growth of temperate deciduous forests (Thomas et al. 2009, Li et al. 2020),
and increase in soil carbon storage in tropical systems (Lu et al. 2021) (Figure 4). What follows is

a detailed discussion of the mechanisms involved in long-term changes in the land sink.

3.1 COg fertilization

It is very likely that CO: fertilization [Glossary Term V] is the leading mechanism behind
enhanced global land uptake (Schimel et al. 2015b, Keenan et al. 2016, Fernandez-Martinez et al.
2019, Tagesson et al. 2020, Walker et al. 2021, Chen et al. 2022). Ecosystem-scale experiments
provide the most direct observation of the CO: fertilization effect and indicate increased
photosynthesis, leaf area index, net primary productivity, water use efficiency and biomass growth
for plants grown in elevated CO2 conditions (Battipaglia et al. 2013, Baig et al. 2015, Walker et
al. 2019, 2021, Liu et al. 2019). Free air CO2 enrichment (FACE), though expensive, remains the
best approach to observe the response of production and allocation patterns in natural ecosystems
to elevated COz2. Early FACE experiments have provided invaluable insights into these processes.
However, even those that were a decade long still leave questions about the persistence of
measured responses (Reich et al. 2018). Some suggest a sustained enhancement of carbon uptake
by 20-30% (McCarthy et al. 2010) while others show a diminishing or negligible response over
time, particularly in grassland or arid sites (Dukes et al. 2005, Adair et al. 2009, Reich et al. 2014).
Large differences in the responses of different ecosystems to experimental increases in COz are a
function of primarily nutrient availability (Terrer et al. 2019), along with mycorrhizal association
(Terrer et al., 2016) and potentially differences in below-ground allocation (Terrer et al., 2022),

which are often unmeasured. The magnitude of the CO: fertilization effect varies across species,

10
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age, climate, and nutrient and water availability (Norby et al. 2010, Newingham et al. 2013,
Sigurdsson et al. 2013, Jiang et al. 2020).

Regionally in semi-arid lands, a 10% increase in vegetation cover was directly attributable to the
influence of elevated CO2 on plant water use efficiency (Donohue et al. 2013), and a 100-ppm
increase in CO2 increased aboveground biomass by 8.2% (Song et al. 2019a). Widespread global
greening has also been attributed to increases in atmospheric CO2 and changes in climate (Los
2013, Zhu et al. 2016). However, the estimated impact of elevated CO2 ranges from 40% (Los
2013) to 70% (Zhu et al. 2016) of the observed greening trend. In Australia, only 2.4% of greening
was attributable to elevated atmospheric CO2 (Ukkola et al. 2015).

Isotopic evidence from tree rings consistently indicates an increase in water use efficiency
(Bellassen et al. 2011, Frank et al. 2015, Guerrieri et al. 2019), with a global 40% increase driven
by rising CO2 (Mathias and Thomas 2021). This could be expected to result in increased growth
(van der Sleen et al. 2015, Hararuk et al. 2019, Guerrieri et al. 2020). Tree rings confirm the almost
universal increase in the WUE in response to increasing atmospheric COz2, but the result of the
water savings in terms of carbon sequestration remains under question. Tree ring development and
biomass accumulation can be decoupled from carbon source dynamics, however (Cabon et al.
2022a, Green and Keenan 2022), and thus may have lower sensitivity to rising CO: than that of
photosynthesis Furthermore, tree ring growth is complicated by other factors (temperature,
precipitation, light), which could lead to regional differences in trends. For example, temperate
forest biomass plots in the United States increased in wood volume by 1.15% from increasing COz,

but other factors enhanced or reduced overall growth (Davis et al. 2022).

Global terrestrial biosphere models attribute the stimulation of plant productivity and reduced
transpiration to elevated CO2 (Schimel et al. 2015b, Keenan et al. 2016, Haverd et al. 2020,
Tagesson et al. 2020). Models constrained by field experiments indicate that CO: fertilization
alone explains most of the observed increase in global land carbon sink since the 1960s (Liu et al.
2019). The simulated land sink is very sensitive to CO2 fertilization: a terrestrial ecosystem model
predicted that even a 20 ppm increase in CO2 resulted in a detectable increase in carbon

assimilation rates (Zhan et al. 2022). However, estimates vary considerably among models. Sixty

11
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(Schimel et al. 2015b) to 85% (Keenan et al. 2016) of the increase in the terrestrial carbon sink
over recent decades could be due to atmospheric CO2. The largest absolute response is expected
in forests because trees allocate carbon to long-lived carbon pools such as wood. Tropical forests
are particularly sensitive because of a) their high theoretical expectations of an absolute response
to elevated CO:2 proportional to average productivity (Hickler et al. 2008) and b) the stronger effect
of CO: fertilization at high temperatures, which correspond to higher rates of photorespiration.
This pattern is consistent with results from dynamic global vegetation models (DGVM), which
indicate the strongest sink enhancement in the tropics (Figure 5), albeit with wide scatter across
models. DGVMs attribute a 2.53 + 0.46 PgC yr? increase in the global land sink to CO:
fertilization alone over the 21% century, which is partially offset by negative effects of land use

and climate change (Figure 4).

The stimulation of ecosystem productivity by elevated CO2 can be reduced by various limiting
factors. Elevated COz2 is likely to increase turnover rates of recently-assimilated soil carbon
(Groenigen et al. 2017, Meeran et al. 2021). Negative impacts of climate change, such as drought
(see below), substantially offset the sink enhancement resulting from CO: fertilization (Wu et al.
2020) particularly in the eastern Amazon, south Africa, and western Australia (Figure 5). Low
nutrient (N and P) supply may represent another limiting factor (Luo et al. 2004, Reich et al. 2006,
Wang et al. 2010, Norby et al. 2010, Fleischer et al. 2019, Terrer et al. 2019, Fleischer and Terrer
2022) due to stoichiometric requirements of tissue formation and function. However, nutrient
limitation does not necessarily outweigh the effects of CO: fertilization, and the effects of P
limitation on COz2 fertilization remain uncertain in key areas such as the Amazon. Increased uptake
can however alleviate nutrient constraints, even in low-nutrient environments. Evidence suggests
a proactive belowground allocation under elevated CO: that stimulates nutrient uptake (Drake et
al. 2011, Song et al. 2019b). Mycorrhizal association can play a strong role (Terrer et al. 2016,
Soudzilovskaia et al. 2019), with an ectomycorrhizal-associated plant uptake of 24% more N under
elevated CO:2 (Terrer et al. 2018). Finally, tradeoffs between above and belowground carbon
storage under elevated COz could result in stable biomass even with CO: fertilization (Terrer et al.
2021). Unfortunately, the majority of these mechanisms are not represented in the current
generation of DGVMs.

12
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3.2 Increasing temperature

Climate change-induced increases in temperature have divergent effects across the globe. Longer
growing seasons in cold, wet climates may result in an enhanced sink. These regions are most
sensitive to increasing temperatures, consistent with experimental results (Zhou et al. 2021),
greening trends, and model predictions. High-latitude systems are thought to be greening due to
temperature increases (Figure 5), with 16.4% of high-latitude lands released from temperature
limitation during 1982-2012 (Keenan and Riley 2018), although seasonal water deficits might limit
some of these gains (Buermann et al. 2018, Lian et al. 2020). Increasing carbon sinks offset carbon
releases by 60% in springtime (Keenan et al. 2014). However, effects on carbon uptake vary in
magnitude (Piao et al. 2008, Dragoni et al. 2011, Keenan et al. 2014, Zhang et al. 2020a). Earlier
leaf-out dates might dampen summer (Xu et al. 2019, Lian et al. 2020) and autumn photosynthesis
(Zhang et al. 2020b, Zani et al. 2020) (but see Lu and Keenan (2022)), so that growing seasons
might not be as productive as previously projected, with fall respiration offsetting up to 90% of
spring carbon uptake (Piao et al. 2008, Zhang et al. 2020b).

In warm regions, higher productivity is partially or wholly offset by increased respiration due to
higher temperatures (Jung et al. 2020). Tropical forests may already be at optimal temperatures for
photosynthesis, which would indicate strong declines in canopy photosynthesis with further
increases in temperature (Huang et al. 2019). Increased temperatures in tropical regions also may
result in large releases of CO2 from soil carbon stocks (Nottingham et al. 2020). Globally, DGVM
model output suggests climate change alone reduced the land sink by 0.45 + 0.39 GtC yr from
2011 to 2020 (Friedlingstein et al. 2022).

3.3 Water availability

Changes in water availability have the potential to contribute to enhanced uptake. Water
availability is also a well-documented limit to plant productivity, net carbon uptake, and ecosystem
carbon stocks (Schuur 2003, Beer et al. 2010, Jung et al. 2011, Humphrey et al. 2018, Lian et al.
2021) in many regions, though not all (Wang et al. 2022). Strong regional wetting or drying trends
have been detected (Sheffield and Wood 2008, Jung et al. 2010, Yuan et al. 2019), driving carbon

uptake or releases (Scheff et al. 2021a) on the order of 2 PgC yr, which at times counteract the
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mean background sink (Schwalm et al. 2011). Significant drying trends have been detected in
western United States, mid-altitude regions, European peatland, and global islands (Cook et al.
2015, Karnauskas et al. 2016, Mankin et al. 2019, Swindles et al. 2019).

Semi-arid regions have been greening (Milly and Dunne 2016), which has been predicted (Lian et
al. 2021) and is already evident in the satellite record (Piao et al. 2020). This trend is likely due to
releases from water limitation with elevated CO2 (Ukkola et al. 2015). Approaches that account
for the effect of CO2 on plant water dynamics, including the majority of earth system models,
highlight a ‘drying but greening’ scenario, due to the dynamic role of vegetation responses to CO2
(Trenberth et al. 2014, Milly and Dunne 2016, Mankin et al. 2019, Yang et al. 2019, Berg and
McColl 2021). Many ecosystems are becoming more sensitive to water availability (Jiao et al.
2021, Denissen et al. 2022, Li et al. 2022), and therefore the magnitude of enhanced sink due to

water availability changes may be large in certain regions, especially drylands.

3.4 Nutrient availability

Nitrogen deposition is an important but regionally-specific potential driver of an enhanced sink
(Fernandez-Martinez et al. 2019). N is well known to stimulate plant growth and carbon uptake in
some regions of the world. These regions have seen drastic increases in N fertility due to industrial
production of N-fertilizers applied to agro-ecosystems, as well as emissions of NOx from fossil
fuel combustion reaching ecosystems via atmospheric deposition (Gruber and Galloway 2008).
Belowground carbon allocation is a substantial component of the land sink (Gherardi and Sala
2020); coarse woody debris transfers carbon from aboveground stocks with relatively short
turnover times to long-lived below-ground pools (Luyssaert et al. 2008). If realized into long-lived
carbon pools such as wood or slow-turnover soil carbon, N fertilization has the potential to
generate sizeable and lasting carbon sinks in ecosystems (Rastetter et al. 1991, Zaehle et al. 2010).
However, models suggest a fairly modest N-driven global-scale stimulation of C sequestration,
reaching only about 0.3 PgC y! in recent decades (Figure 4) (Thornton et al. 2007, Zaehle et al.
2010, Wang et al. 2017, Terrer et al. 2019). A meta-analysis of 138 experiments found that the
best predictor of carbon fertilization effects was soil C:N ratio (Terrer et al. 2019). P-limitation
can also play an important role in below-ground biomass (Hou et al. 2020), especially in tropical

regions, where gains via CO2 fertilization may be substantially offset by nutrient limitation
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(Fleischer et al. 2019, Fleischer and Terrer 2022). However, this effect is still poorly constrained
due to few studies conducted in P-poor soils, and the limited number of models that incorporate

the P cycle.

3.5 Light availability

Changes in light intensity and quality might have also contributed to enhanced land uptake. Light
quality appears to be the most relevant factor (Zhang et al. 2021). A global ‘dimming’ trend was
observed through the mid-20™ century, with less but more diffuse light, due to aerosol loading and
increased cloudiness (Roderick et al. 2001). Including a diffuse light effect in a land surface model
caused a net enhancement of land carbon uptake of ~0.4 PgC yr in recent decades (Figure 4)
(Mercado et al. 2009, O’Sullivan et al. 2021). Aerosol-induced cooling effects can also reduce
respiration, especially in the tropics, enhancing the global land sink (Zhang et al. 2019). Over the
longer term, anthropogenic aerosols have been reported to have induced a global land sink increase

of 0.14 PgC yr™1, or cumulatively 22.6 PgC since 1850 (Zhang et al. 2021).

3.6 Land use

The effects of land use and land cover change on the terrestrial carbon sink are largely uncertain,
undermining efforts to constrain the land sink and its trends. Disturbance events, for example, can
both increase and decrease the land carbon sink. Initial declines in aboveground biomass following
a disturbance, such as fire (Bowman et al. 2020), forest pathogen outbreaks (Lesk et al. 2017), or
land clearing (Pugh et al. 2019b), may lead to long term gains in carbon uptake as systems
regenerate. These disturbances could also reverse the historic sink enhancement trend and result

in net carbon releases to the atmosphere (Reichstein et al. 2013).

Over the 21% century, global land use change is estimated to have decreased the land sink by 1.2
PgC yrt (Figure 4). However, estimates of recent land use change emissions vary considerably.
Land use change emissions may have remained relatively flat, declined (van Marle et al. 2022) or
increased (Xu et al. 2021) since 2000.The role of agricultural intensification has been shown to
dominate greening trends in many parts of the world, particularly in India and China, which alone
accounts for 25% of the global increase in leaf area (Chen et al. 2019a). Agricultural expansion
and intensification at the expense of forests has also been linked in part to a global decline in fire
(Andela et al. 2017).
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Fire activity reportedly declined since the start of the century (Doerr and Santin 2016, Andela et
al. 2017), with a decline in forest fires from 0.5 to 0.1 PgC yr* from 2000 to 2019 and an average
2.2 PgC yrt total global fire emissions from 1997-2016 (Xu et al. 2021). Fires decreased
particularly in grasslands, though with a slight increase in forest burned area (Zheng et al. 2021).
Large-scale and long-term fire dynamics are particularly sensitive to the remote sensing product
used, however, and there are difficulties in separating climate and direct anthropogenic effects
(Forkel et al. 2019). Fire suppression in the United States has resulted in an increased carbon sink
(Houghton et al. 1999, Abram et al. 2021). In the northern boreal forests, increased fire activity
has reportedly led to increased carbon uptake, based on evidence from burn sites (Mack et al. 2021)
and is expected to continue to do so as fire increases in the future (Mekonnen et al. 2019).
However, fire also releases carbon to the atmosphere. Australia has experienced a 30% increase in
fire risk from 1920 to 2019 (van Oldenborgh et al. 2021), and the unprecedented bushfires there
in 2019-2020 (van der Velde et al. 2021) released an estimated 0.715 PgC to the atmosphere.
Recent increases in Australian megafires (Canadell et al. 2021a) are part of a multi-decadal upward

trend in burned area and frequency of fires, driven by long-term warming (Jones et al. 2022).

3.7 Complex, Coupled responses

COz stimulation and warming-induced elongation of growing seasons are likely to be the leading
factors driving an enhanced land uptake. However, ecosystem responses to all the above factors
are mediated by a host of plant and stand level adjustments. Changes to carbon allocation,
acclimation, tissue turnover rates, demographics and species composition strongly influence long-
term behavior and are poorly known. For example, plants are genetically constrained to approach
a certain morphology and size regardless of environment (i.e. CO2, or N availability) over the
course of a life cycle. Tree mortality depends on size: wind throw events (Seidl et al. 2011),
drought (Rowland et al. 2015), and stand-replacing disturbances vary between forest types (Pugh
et al. 2019a). Thus, it remains debated whether enhanced plant growth will result in larger live
carbon pools of similar longevity or whether plants will approach a maximum size faster and die
sooner. For example, trees across the globe experienced a 50% increase in early growth, which

was associated with a concurrent 23% decrease in lifespan (Brienen et al. 2020). If enhanced
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growth results in shorter life spans and faster turn over, these gains will not translate into an
enhanced carbon sink in the long term, except for the relatively small portion that may become
incorporated into stable soil carbon. Furthermore, observed enhancement of carbon fixation is
potentially unrelated to carbon sink rates (Cabon et al. 2022b), suggesting a mismatch between
carbon fixation and long term storage in woody tissue. Causes of enhanced growth, including CO2
fertilization or changes in disturbance dynamics, continue to be debated (Wright 2005, Clark 2007,
Lewis et al. 2009a, Muller-Landau 2009).

Complex regional interplays of global change drivers and other factors influence ecosystem
behavior. Detecting such expected responses can be challenging as many changes occur
concurrently. For example, increased growth due to nitrogen deposition (Thomas et al. 2009)
occurs in tandem with increased mortality due to warming-induced drought. Woody encroachment
in semi-arid systems is expected given increased water use efficiency from elevated CO2 (Donohue
etal. 2013, Stevens et al. 2017) but is also dependent on regional water availability. The enhanced
seasonal cycle of atmospheric CO: at northern latitudes has been attributed to climate and CO2
(Piao et al. 2018, Bastos etal. 2019, Liu et al. 2020), a greening of northern high-latitude vegetation
(Forkel et al. 2016, Park et al. 2016), an increase in vegetation light-use efficiency due to rising
CO2 (Thomas et al. 2016), and the intensification of North American agriculture (Gray et al. 2014,
Zeng et al. 2014).

Some processes can be counterintuitive, such as the estimated increase in carbon uptake due to
increasing fire regimes in boreal ecosystems, caused by compositional changes during recovery
(Mekonnen et al. 2019, Mack et al. 2021). The same process can even generate opposite net effects
on the carbon cycle depending on the role of other limiting factors. For example, an extension of
the growing season in autumn leads to a net release of carbon during autumn in high latitude
ecosystems (Piao et al. 2018), but a net increase in carbon uptake during autumn for mid-latitude
ecosystems (Dragoni et al. 2011, Keenan et al. 2014), due largely to variation in the extent of
temperature limitations on respiration in autumn. Positive impacts of warming on plant growth are
expected in temperature-limited regions, but negative impacts are expected where water is limiting

(Song et al. 2019b). Coupled responses and confounding factors (such as the uncertainty regarding
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land use change emissions) make attribution and detection of an enhanced sink challenging,

especially on regional scales.

4. Future projections

Across the current generation of models, terrestrial carbon sequestration is predicted to continue
to increase in the future. The Coupled Climate Intercomparison Project (CMIP6) predicts an
increasing sink under various emissions scenarios, albeit at a slower pace and with an approach to
saturation at high CO2 levels (Figure 6). This suggests that sink enhancement will persist despite

the increasing pressures of climate change on ecosystem resilience and health.

However, predictions of the biosphere remain uncertain (Luo et al. 2015). Models predict a wide
range of lank sink projections, ranging from negative to positive trends in uptake (Friedlingstein
et al. 2014, Huntzinger et al. 2017). Modeling studies often exclude important processes, such as
land cover change and disturbance, especially from fire (Sanderson and Fisher 2020, Canadell et
al. 2021a), and misrepresent carbon allocation (Terrer et al. 2021), all of which would likely
dampen the positive gains from the CO: fertilization effect. Models also exclude complex
interactions between meteorological drivers, management, demography and mortality (Pugh et al.
2019a). For example, including nitrogen cycling in models suggests a 50% smaller land carbon
sink (Huntzinger et al. 2017), though the processes controlling nutrient mineralization,
immobilization, fixation, and leaching are incompletely understood, and the degree to which
progressive nutrient limitation has limited the land sink enhancement remains debated. Together,
these omissions lead to a divergence in predictive performance between simulations of the historic

period and future projections (Fatichi et al. 2019).

Process knowledge remains insufficient to determine with confidence the true sensitivity of the
terrestrial carbon sink to CO2 (Walker et al. 2021), and whether the enhanced CO: sink will
continue into the future (Friedlingstein et al. 2014). The longevity of current carbon sinks may be
threatened by demographic or climate trends that increase the frequency or intensity of extreme
events and associated ecosystem disturbances (Reichstein et al., 2013; Anderegg et al. 2022). The

likelihood of a sustained sink into the future thus remains uncertain, and reports suggest near term
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saturation in important regions, such as in the Amazonian and African tropical forests (Hubau et
al. 2020).

Increasing temperature may continue to enhance the land carbon sink in cold climates, but this
effect is still uncertain and may be largely offset by concurrent carbon release. Warming of soils
and permafrost will likely result in sizeable carbon releases over the next century (He et al. 2016,
Soong et al. 2021), with an observed 34-37% increase in soil respiration concurrent in response to
4°C warming (Hicks Pries et al. 2017). However, concurrent increases in carbon inputs from plants
may offset some or all of these releases (van Gestel et al. 2018). Even if warming enhances net
land carbon uptake in cold regions, the response may tip toward net releases both locally, in
historically cold-limited regions, and more broadly at the global scale, with continued warming
also resulting in higher vapor pressure deficits, drier soil, and more frequent extreme events and
disturbances (Pefiuelas et al. 2017, Yuan et al. 2019, Scheff et al. 2021b). In tropical ecosystems,
warming temperatures may exceed the optimum for and therefore decrease photosynthesis (Huang
et al. 2019), though resilience to future warming in tropical ecosystems has also been predicted
(Sakschewski et al. 2016, Mercado et al. 2018, Ciemer et al. 2019, Sullivan et al. 2020, Smith et
al. 2020a).

Future water availability remains uncertain globally (Sheffield et al. 2009, 2012, Schwalm et al.
2011, Dai 2013, Kannenberg et al. 2020, Gampe et al. 2021). A drier global future is expected in
many regions (Trenberth et al. 2014, Cook et al. 2020, 2022). However, other evidence suggests
there will not be substantial decreases in water availability in the future (Milly and Dunne 2017,
Yang et al. 2019). The disagreement stems in part from alternate ways of quantifying drought
severity (Swann et al. 2016, Yang et al. 2019), as well as different methods for incorporating
warming-induced elevation of atmospheric vapor pressure deficit and its effects on plant stress and
mortality (Park Williams et al. 2013, Novick et al. 2016, Yuan et al. 2019, Bauman et al. 2022).
In particular, the degree to which plant stomata close in response to elevated CO2, and thereby
reduce evapotranspiration, is uncertain (Lian et al. 2021, Zhou et al. 2022), which may lead to an

overestimation of ecosystem water demand (Milly and Dunne 2016).
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5. Implications for natural climate solutions

Management and policy implications of enhanced growth are large (Cook-Patton et al. 2020),
particularly in light of the Paris Agreement, where two-thirds of the signatories indicated they
would use the land sink of natural and managed lands to offset emissions (Grassi et al. 2017,
Roelfsema et al. 2020). Effectively tackling climate change requires urgent action to reduce
anthropogenic emissions while simultaneously removing carbon dioxide from the atmosphere. The
challenge is vast and requires the removal of billions of tons of carbon dioxide from the atmosphere
to limit global warming to < 2 °C by 2100 (the Paris climate target). NbCS represent a growing
suite of strategies to increase land carbon storage and avoid greenhouse gas emissions through
natural ecosystem management (Griscom et al. 2017). NbCS represent low-cost methods to reduce
the atmospheric CO2 burden and can be designed to provide multiple co-benefits (Novick et al.
2022) such as improved soil health, nutrient retention, biodiversity and drought resilience.
Examples include ecological restoration, climate-smart commodity certification, and agricultural
land management. Estimates suggest NbCS could technically enhance the land sink by up to 30.6
Gt CO2 equivalents yr?, or 8.3 PgC yr?, globally (Roe et al. 2021). This value may even be
underestimated if CO2 and climate effects continue to increase the land sink (e.g., Walker et al.,
2022). Reducing deforestation, reforestation, and agroforestry account for the majority of

mitigation potential (20 Gt CO: equivalents yrt) (Figure 7).

Enhanced growth and carbon sequestration has implications for consideration of carbon credits
available from forest management that avoids degradation and deforestation (i.e. REDD+) or
promotes reforestation (Walker et al. 2022). Existing forests, even if old, continue to act as net
carbon sinks, as has been shown by numerous studies (Lewis et al. 2009b, Pan et al. 2011). On the
other hand, serious consideration must be given to the biogeochemical and biogeophysical impacts
of reforestation and afforestation for carbon sequestration (Winckler et al. 2019, Williams et al.
2021, Meier et al. 2021, Windisch et al. 2021). There is also ambiguity about the persistence of
growth-enhancement sinks given that some disturbance processes have a return time controlled in
part by the size of carbon pools (wind throw, fuel-limited fire regimes). These issues
notwithstanding, evidence of growth enhancement is good news for those concerned about rising

atmospheric CO2 and attendant climate changes. Biological responses to longer growing seasons
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or CO: fertilization, for example, offer a natural mitigation mechanism, though still modest

compared to current anthropogenic emissions of fossil carbon.

Despite high expectations, where, when, and how NbCS strategies could be most effective remains
unclear. Three challenges limit the feasibility of many potential NbCS projects. First, current
measurement, reporting and verification (MRV) methods rely on antiquated inventory techniques
and fail to leverage the wealth of ecological observations available (Novick et al. 2022). Second,
the models used for projecting the impact of NbCS strategies (Griscom et al. 2017) are highly
empirical, do not represent the risks posed by climate change, and therefore do not extrapolate well
to the future. Whether NbCS will continue enhancing carbon sinks or reducing emissions is
challenging to assess and predict, with initial gains potentially saturating or even reversing over
long time scales (Figure 7). Third, major technical advances are needed to reduce project costs in
order to reach the large implementation scales needed to effectively meet climate and conservation
goals. These challenges call for a deeper integration of the wealth of ecological observations with
process-based understanding that incorporates known biophysics and biochemistry, to project

ecosystem responses to management and climate change.

6. Summary and Future Perspectives

6.1 Summary

The land biosphere sequesters roughly one third of the CO2 emitted annually by human activities,
with a rate that has doubled from 1.2 + 0.5 GtC yr! in the 1960s to 3.1 + 0.6 GtC yr in the 2010s.
Understanding the causes of the enhanced carbon uptake is essential for evaluating the longevity
of this important ecosystem service. With this review, we critically examine evidence of enhanced
land uptake and attribute the observed response to drivers and processes. We conclude that there
is strong support for an enhanced terrestrial CO2 uptake globally. Indeed, a more productive land
biosphere is an essential requirement to explain the enhanced net terrestrial carbon uptake
independently inferred in the global carbon budget (Friedlingstein et al. 2022). Synthesis of the
diverse lines of evidence presented here offers compelling, collective support for the existence of
an enhanced land sink driven substantially by CO: fertilization and, at high latitudes, reduced cold-

limitation due to elevated temperatures. However, uncertainties in monitoring and predicting the
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terrestrial carbon sink persist. Long term ecosystem responses to changing climate regimes, land

use change, and nutrient cycling, for example, are still largely uncertain at the global scale.

6.2 Future perspectives

Large opportunities exist to advance understanding of whether the historic enhancement of the
land sink will continue into the future or whether limiting factors will begin to play a stronger role
(Pefiuelas et al. 2017, Yuan et al. 2019). Research should be targeted to address these key

questions.

First and foremost, research is needed to determine the fate of the extra carbon being taken up by
photosynthesis (Jiang et al. 2020). Therefore, we advocate for a new generation of large-scale
model-guided ecosystem manipulation experiments, where fundamental questions guide
experimental design, focused on long-term ecosystem responses, such as FACE experiments.
These may be complemented by less expensive, simpler experiments regarding leaf-level
photosynthesis and plant-level carbon allocation in controlled environments. Carbon cycle
responses to changes in growing season length, as well as the resilience of whole plant and whole
ecosystem carbon dynamics subject to climate extremes (Bahn et al. 2014, Kannenberg et al.

2020), is of high importance in predicting the future land sink.

The role of nutrient limitations in constraining ecosystem responses to elevated CO:2 is another
area in critical need of investigation, particularly in the tropics (e.g., NGEE-Tropics and Amazon-
FACE) (Fleischer et al. 2019, Fleischer and Terrer 2022). The ability of plants to actively stimulate
nutrient uptake through interactions with microbial communities and fungal associations (Drake
et al. 2011, Terrer et al. 2016) as well as flexibility in stoichiometry in phosphorus cycling
(Fleischer et al. 2019) and the ability to alleviate phosphorous limitations (Chen et al. 2020) remain
key unknowns. New experiments examining how the response to elevated CO: varies with
mycorrhizal association and microbial community composition along nutrient gradients are needed
(Terrer et al. 2016, 2019).

Research must address known terrestrial biosphere model deficiencies, in particular in relation to

altered competitive and successional dynamics driven by global environmental changes.
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Demographic models, such as the Functionally Assembled Terrestrial Ecosystem Simulator, are
being developed to replicate competitive interactions of individuals at a global scale (Koven et al.
2020). These promise a step change in predictive ability, though information with which to
constrain important processes such as competition for light (Weng et al. 2015), recruitment, and
mortality, is lacking at a global scale, undermining the reliability of their projections (Prentice et
al. 2015). Initiatives focused on model benchmarking and functional response analyses, such as
the ILAMB project (Collier et al. 2018, Seiler et al. 2022) provide a rigorous system for assessing
model efficacy, but efforts that use observations to directly inform predictive models within a data-
assimilation framework (Peylin et al. 2016) are still needed. Such efforts would benefit from
broader integration of the growing suite of satellite remote sensing observations relevant to the
carbon cycle (Schimel et al. 2015a, Schimel and Schneider 2019).

Sustained, in-situ and remote observation networks (FLUXNET, Earth Observing Satellites,
biometric inventories, global CO2 station networks) are essential for detecting and attributing
changes in the biosphere’s carbon metabolism and carbon stocks, with new insights coming from
each additional year and decade of observations. Improving the representativeness of in situ
networks, with attention to increased monitoring of disturbance events and underrepresented
regions, is essential in addressing remaining uncertainties of the land carbon sink. While it can be
difficult to secure funding for these long-term investments, many of the most valuable insights
have come from expensive, large-scale, coordinated activities. Comprehensive data integrations
present fruitful opportunities (Schimel et al. 2015b), as do combinations of observations and
models to interrogate hypotheses and develop holistic, predictive understanding (Medlyn et al.
2015, Norby et al. 2016, Song et al. 2019b). Research using recent remote sensing advances,
including in solar-induced fluorescence and vegetation optical depth, and increased temporal and
spatial resolution, will also advance understanding of the carbon cycle at the global scale (Schimel
and Schneider 2019).

By improving on previous experimental designs and using advances in model-experiment
integration, we expect major advances will narrow the gap between theory and observations. These
steps are crucial for understanding the magnitude and causes of the biosphere’s trend of increasing

carbon uptake and critical for projecting the future evolution of the Earth System.
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Glossary

CO2z atmospheric growth rate [I]

The difference in atmospheric CO2 concentration between the
start and end of each year, representing the sum of all CO: fluxes
into and out of the atmosphere by both natural and human
processes

Natural land sink [I1]

Net carbon sequestered by terrestrial ecosystems independent of
direct anthropogenic interventions such as land use and land use
change (or net primary productivity minus heterotrophic
respiration and other natural C losses to the atmosphere like fire,
VOCs etc.)

Net land sink [111]

The balance between terrestrial ecosystem CO2 exchange with
the atmosphere ecosystem carbon and land use change emissions

Airborne fraction [IV]

The long-term fate of anthropogenic CO2 emissions that remain
in the atmosphere (not taken up by the land or oceanic sinks)

CO:z fertilization [V]

The stimulation of both photosynthetic light and water use
efficiency by rising atmospheric CO2 concentrations, the
response to which can be an increase in photosynthesis and/or a
decrease in leaf level water use
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Table 1: Evidence of an enhanced sink

Spatial Time . . Certai o
Method Observations | Estimate nty (1- | Citations
scale scale 10)
(Raupach et
Yearly 1960s- 44% of al. 2008, Ciais
atmospheric | Global resent Enhancing | anthropogenic CO2 | 10 etal. 2019,
observations P emissions Canadell et al.
2021b)
Atmospheric 1990s- . 0.1 PgC yrt (Peylin et al.
inversions Global present Enhancing increase* 9 2013)
1.2+05GtCyrt
DGVM 1800s- . (1960s) t0 3.1 + (Friedlingstein
output Global present Enhancing 0.6 GtC yr* S etal. 2022)
(2010s)*
Satellite Global- | 1981- | Widespread | Global 0.8% mean 6 (Jiang et al.
observations | regional | present | greening LAl increase yr? 2017a)
. 30-50% increase in
Enhancing the seasonal cycle ©
ommane et

astﬁzznzleric Regiona | 1960s- zeisl,gri\ra]ll since 1960s, with a 8 al. 2017, Ciais
obser\f)ations I present nzrthern 0.6+ 0.5 PgC yr era. 20, e

hemisohere | (20008) summer etal. 2022)

P uptake

| d (Lewis et al.

: | Increase A el 2009b, Qie et
Bllomass Ecosyste | 1960s growth and Q.ShMgC h_a yr 9 al. 2017,
plots m present mortality in the tropics Hubau et al.

2020)
Eddy (Cai and
covariance Ecosyste | 1990- | Enhanced C | 0.46 + 0.09 PgC 7 Prentice 2020,
m present | uptake yr1(1982-2016) Chen et al.
flux towers 2022)
. Individu | 1600s- | Increased Upto 0.7% yr? (Cole etal.
Tree rings al present | growth rates | increase 8 2010)

*Atmospheric inversion models include fire and land use change in estimating the land carbon
sink, while DGVM output does not consider fire and land use change.
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Table 2: Methods of sink enhancement detection and attribution

Method

Description

Atmospheric
observations

Calculating the residual land sink from the global carbon budget based
on atmospheric observations of CO2 concentrations.

Atmospheric
inversion modeling

Combining available atmospheric CO2 measurements (both surface
observations and satellite-based information on the atmospheric
column) with inverted atmospheric transport models to infer optimized
land-atmosphere fluxes.

Climate models
(CMIP)

Multi-model predictions of historic and future climate changes from
natural variability or radiative forcing.

Dynamic Global
Vegetation Models

Models that simulate shifts in vegetation and resulting change in
biogeochemical and hydrological cycles in response to climate change.

observations

(DGVMs)
The current generation of satellites allows for spatially and temporally
explicit estimation of key aspects such as rates of photosynthesis, gross
Satellite carbon uptake, leaf area, biomass, canopy water content,

evapotranspiration, biomass and biomass burning. Despite the plethora
of observations, few are available over a long enough period to quantify
trends in ecosystem function.

Eddy covariance
flux towers

The eddy-covariance technique can directly measure the net exchange
of carbon dioxide between ecosystems and the atmosphere. Of the over
2,000 sites around the world, many are now over three decades in
operation, supporting estimates of annual net carbon uptake or release
by ecosystems over multiple years.

Free atmospheric
carbon experiments
(FACE)

Artificially enhancing the concentration of CO2 around a natural system
to observe effects on ecosystem function.
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Figure 1 | Historic enhancement of ecosystem carbon sequestration. Observed atmospheric
CO:2 concentrations (red line) and multiple estimates of the terrestrial carbon sink from 1900 to
2020. Theoretical atmospheric CO2 concentrations estimated in the absence of an increasing
terrestrial carbon sink (red dashed line) were calculated by detrending the terrestrial sink and
adding the residual carbon to the atmosphere. Historical estimates of the terrestrial sink (dots) and
mean ensemble dynamic global vegetation model (DGVM) projections from 1959 to 2020 (thin
black line) are provided by the Global Carbon Project (Friedlingstein et al. 2022) + 1 standard
deviation across the 13 models included in the ensemble (gray shading) and linear regression of
the ensemble mean over time (straight black line). Atmospheric inversion mean model estimates
of the land sink from 1990-2020 (thin blue line) = 1 standard deviation across 6 models (blue
shading) and linear regression line (straight blue line) are from the RECCAP-2 project (Ciais et al.
2022).
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Figure 2 | Global changes in vegetation cover. Long-term trends in maximum leaf area index
1982-2016, presented as percent change over time. Changes are estimated as the linear trend of the
annual maximum leaf area index (LAI) over vegetated land derived from satellite reflectance
observations from GLASS, LAI3g, and TCDR datasets (Jiang et al. 2017b), with mean and

standard deviations across the three products.
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Figure 3 | Changes to the land sink. The carbon sink on land may be enhanced by several
processes, including more diffuse light, release from temperature limitations resulting in a longer
growing season, increased water availability, agricultural intensification, increased mycorrhizal
associations, increased nutrient deposition, and carbon fertilization. These processes may stimulate
enhanced growth including larger and more individuals with increased above and belowground
biomass. The carbon sink on land may also be increasingly limited, resulting in less carbon storage
or enhanced carbon emissions to the atmosphere. Processes leading to sink limitation include
deforestation and other land use change, nutrient limitation, extreme events like drought, and
decreased water availability, along with ecosystem responses such as self-thinning. Together, these
processes may result in fewer, smaller individuals, with less above and belowground biomass and
a smaller carbon land sink. The past, present and future of the land sink is determined by the net

result of enhancement and limitation processes.
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730  Figure 4 | Global and regional carbon flux responses over the 215 century. Early 21% century
731  change in net biome carbon exchange reported for individual forcing factors including published
732  estimates for CO2 (Sitch et al. 2015), climate (Sitch et al. 2015), ozone (Os) (Sitch et al. 2007),
733 light (PAR, photosynthetically active radiation, both diffuse and direct) (Mercado et al. 2009),
734 nitrogen addition and deposition (N) (Zaehle et al. 2011), land use change (LUC) (Hansis et al.
735  2015), and their sum (total). Multi-model mean changes are calculated from 1901-1920 to 2001-
736 2019 for net ecosystem exchange (NEE = ecosystem respiration — gross primary productivity)
737  based on results from TRENDY-v7 (Sitch et al. 2015).
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Figure 5 | Carbon flux responses to CO: and climate change over the 20" century. Multi-
model mean changes are calculated from 1901-1920 to 2001-2019 for net ecosystem exchange
(NEE = ecosystem respiration — gross primary productivity) based on results from TRENDY -v7
(Sitch et al. 2015). Scatter plots denote CO2 (S2 — (S1 + baseline)) and climate (S1 — (SO +
baseline)) responses based on local temperature and precipitation regimes from the Climatic
Research Unit gridded Time Series Version 4 (Harris et al. 2020). Combined (net) effects are the
sum of COzand climate responses.
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749
750  Figure 6 | Historical and future projections of the natural land sink. Changes in the net biome

751  production (NBP) of terrestrial ecosystems projected by an ensemble of Earth system models
752 (NorESM2-MM, MPI-ESM1-2-LR, IPSL-CM6A-LR, INM-CM5-0, ESM1-2-LR, CESM2,
753  CanESMS5, and MIROC-ES2L) from the Coupled Model Intercomparison Project (CMIP6) for the
754 historical period (1850-2015) (black) and from 2015 to 2100, under different scenarios of future
755  change (SSP 4.5, 7.0 and 8.5 emissions scenarios; blue, purple, and red, respectively). Thin lines
756  show yearly average between all model simulations, with shading representing + 1 standard
757  deviation across models. Thick lines show loess smooths of mean yearly values.
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Figure 7 | Carbon emission mitigation potential on land. a) Carbon mitigation potential per year
in Gt COz2 equivalents for nature-based climate solutions by geographic area. Y-axis labels denote
various strategies, grouped by their method (e.qg., protecting existing carbon resources vs. restoring
previously degraded resources) (Roe et al. 2021). b) Theoretical projections of nature-based
climate solutions (NbCS). Enhanced carbon storage relative to baseline situations (red) may

enhance carbon uptake (blue) or reduce carbon emissions (brown) via non-saturating, saturating
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or non-additional NbCS. The amount of additional carbon captured (thick blue arrows) or

emissions avoided (thick brown arrows) relative to baseline conditions (thick red arrows) by the

enhanced land carbon sink varies over time, with non-additional NbCS potentially resulting in

little or no long term land carbon sink gains.
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